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POWER SPECTRA OF ULTRASONIC DOPPLER RESPONSE FROM BIOLOGICAL
OBJECTS USING SYNTHETIC APERTURE TECHNIQUE
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The influence of dynamic change in the steering angle of incident and scattered wave beams on the spectra of the ultrasonic Doppler
response is studied on the basis of the previously developed continuum model of ultrasound waves scattering in biological objects for
the case, when the Doppler response signals are averaged over the period of changing the steering angle. A general expression is
obtained, which combines the resultant spectrum of the power of the ultrasonic Doppler response signal from the region of interest,
the spectral characteristics of the ultrasound scatterers movement, and the sensitivity function of the diagnostic synthetic aperture
system. It is shown that, as compared to the Doppler response, which is a sequence of discrete values of the response signals from
different steering angles, the use of averaging allows to reduce the width of the Doppler spectra without deterioration of their
resolution. It is concluded that the achievement of better spatial resolution, when using the synthetic aperture method, is possible
without deterioration of the spectral characteristics and, accordingly, of the accuracy of Doppler measurements of diagnostic
parameters, which are determined during the ultrasound studies. The results obtained make it possible to optimize different Doppler
techniques within the framework of the general synthetic aperture method.

KEYWORDS: ultrasound, Doppler spectra, synthetic aperture technique, continuum model of scattering, sensitivity function,
dynamic focusing, response formation.

Currently, promising methods of ultrasound Doppler diagnostics of the state of the cardiovascular system and soft
biological tissues are widely used, rapidly developing and being introduced into medical practice [1, 2]. Such
methods include, in particular, spectral Doppler studies and Doppler color blood-flow mapping [3, 4], vector flow
imaging [5, 6], tissue Doppler [7], vibro- and sonoelastography [8-11], etc. One of the major advantages of
ultrasound methods, as compared to the other methods of medical diagnostics, is the possibility to obtain images in
real time, what allows visualizing the dynamic structures in the human body. To provide a correct clinical
interpretation [12] of the obtained data, ultrasound Doppler systems must meet certain requirements to the
measurement accuracy.

In conventional Doppler ultrasound methods, to obtain an image, the diagnostic system utilizes an ultrasound
transducer for sequential transmitting the ultrasonic pulses in the given direction, and for receiving the scattered waves
[1, 12]. In this case, the entire sequence of emitted pulses is characterized by the same geometry of wave fronts and
direction of their propagation. This approach has a number of disadvantages associated with limitations of the
resolution, the ability to obtain a sufficient amount of data for accurate resolution of flows velocity, and the ability to
focus, when radiating, only at one fixed depth.

The mentioned limitations can be removed by applying the synthetic aperture data acquisition technique. A
distinctive feature of the synthetic aperture method is the use of wave fronts, in particular, flat [14, 15], differing as to
the steering direction, with subsequent coherent compounding of the recorded ultrasonic responses [13, 16, 17]. The
possibility to apply the synthetic aperture technique in medical ultrasound imaging is shown by many authors [6, 13,
18-20]. This method can be realized both in systems with a single-element transducer [21, 22], where the same element
is used to transmit and receive ultrasound waves, and for systems with a multi-element transducer [17, 23, 24]. In
particular, the synthetic aperture method for a circular aperture was investigated in [25].

Synthetic aperture technique is computationally intensive. Therefore, along with methods of reducing the number
of computations [26], the synthetic aperture technique has received significant development with the advent of
ultrasound scanners, which use parallel signal processing to produce image. [19, 27-30]. As a result of the introduction
of multilinear data processing into ultrasound diagnostic systems, it became possible to visualize in-vivo blood flows
using the synthetic aperture method, which, in comparison with the conventional Doppler techniques, allowed to
improve spectral estimates [31], to determine the velocity vector [32], and to increase the sensitivity to slow velocity
flows [33]. The methods of shear wave elastography [34, 35], estimation of local pulse wave velocity [36, 37],
visualization of contrast agents [38] and of the brain activity [39] have been developed.

To date, the properties of B-images, obtained using the synthetic aperture technique, have been well studied. In
particular, the dependence of the focusing quality on the number of different steering angles of plane waves has been
established [40]. In [41], a technique for optimizing the parameters of plane wave radiation, which are essential for
obtaining high-resolution images and estimating the velocity of both fast and slow flows, is proposed. The optimal

©1.V. Sheina, O.B. Kiselov, E.A. Barannik, 2020
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values of the parameters of the amount of radiation, the steering angle of the transmitted waves, and the size of the
aperture are found, with the balance between the image quality and the frame rate taken into account. In [42] different
effects, that influence the focusing in this synthetic aperture vector velocity estimation method, are investigated. They
include the effect of phase errors in the emitted spherical waves, motion effects, and the effect of various interpolation
methods in beam formation. Verification of the vector flow methods for laminar blood flows in the common carotid
artery was carried out by comparing the parameters of peak systolic velocity and volumetric blood flow, obtained by
independent methods such as Spectral Doppler [43-45] and magnetic resonance angiography [46]. In vivo the accuracy
of plane wave vector flow imaging was investigated for the quantitative assessment of the laminar and turbulent flows
dynamics [47], as well as for determining the volumetric flow rate and experimental measurement of errors in its
determination, which were described earlier theoretically [48].

To date, the theoretical description of the influence of dynamic changes in the parameters and geometry of probing
ultrasonic fields on the spectra of Doppler signals and, accordingly, on the assessment of the parameters of the
biological objects motion is less developed. In this paper, to study the influence of dynamic change in time of the
steering angle on the spectra of ultrasonic Doppler signals, we used a continuum model of ultrasonic waves scattering
by inhomogeneities of density and compressibility [49-56]. Basing on this model with stationary probing fields, used in
conventional Doppler techniques, practically important solutions were obtained for the power spectra of the Doppler
response in the cases of uniform, correlated, vibrational [50] and uniformly accelerated [51, 52] motion of the
ultrasound scatterers. These results are utilized, in particular, in ultrasound Doppler vibroelastography, spectral Doppler
studies, Doppler color blood flow mapping and other applications. In [53], the spectral characteristics of Doppler
response signals were theoretically investigated for the case, when ultrasonic probing was carried out using incident and
reflected wave beams with the propagation direction, periodically changing in time.

In the present paper, we investigated the influence of dynamic change in the steering angle at transmitting and
receiving the wave beams on the spectral characteristics of the sensitivity function of the probing system and the
spectrum of the ultrasonic Doppler response in the case, when the Doppler response signals were averaged over the
period of the change in the steering angle.

THEORETICAL MODEL
This theoretical study of the process of ultrasound scattering by blood and soft tissues is based on the assumption
that these biological objects interact with the emitter field as if they are an isotropic continuous medium [54-56]. Within
the framework of the continuum model, the scattering occurs on inhomogeneities of the density and compressibility of
the medium, and the correlation function of the ultrasonic response signals can be represented as
follows [50-52, 57-60]:

R(z)=k* [[&" DG (7.1, ) G, (7uty ) (7 = Ty )Ry, 0

R

where k and k=27/A are the wave vector and the wave number of the ultrasonic transducer field in the plane
wave approximation, respectively, A is the wavelength, ¢ is the velocity of ultrasonic waves in the medium,
G; (? ,t) is the complex function of the ultrasound system sensitivity distribution over the field, which is determined
by the shape of the probing pulses, as well as by the amplitude and phase characteristics of the incident and reflected
wave beams. The value C (}71 —70,1) is the correlation function, which describes the space-time characteristics of
fluctuations in density and compressibility. In the case of stationary motion of the ultrasound scatterers after
averaging over the statistical ensemble, this function depends only on the difference coordinate and the difference
timer =t —t,.

Regardless of the method for determining the Doppler shift frequency and the spectral characteristics of
Doppler signals, described in [61], when the synthetic aperture method is used, the sensitivity function also depends
on time. The bar in the expression (1) means averaging over the initial moment of time #, since for a complete

averaging of the autocorrelation function, it is necessary to take into account different initial steering angles at
different ¢,. Whereas for both stationary and non-stationary motion of ultrasound scatterers, the correlation function

(1) turns out, in reality, to be a function of only the difference coordinate and the difference time.
The power spectrum of the Doppler signal is the Fourier transform of the correlation function

S(m)sz(r)e"‘”dr, (2)

at calculation of which it is necessary to take into account the explicit time dependence of the ultrasound system
sensitivity function.
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RESULTS AND DISSCUSSION
There are two possible ways of generating an ultrasonic Doppler signal using responses, obtained for different
steering angles of a dynamically changing sensitivity function. In one of them, the Doppler response is a sequence of
discrete values of the response signals for a sequence of different steering angles. In this case, the resultant power
spectrum of the Doppler signal can be written as follows [53]:

G(q+21€,a)j)2

(e, ZJqua)k /)

Jj=—©

) (€))

where @, =27k /T is the variable of the Fourier series expansion, and 7 is the period of the steering angles change.
It is obvious, that in this case a change in the direction of the wave vector and the sensitivity function in time leads to
the corresponding change in the Doppler angle 3 between the wave vector and the direction of the motion velocity.
As a result, even at a constant velocity of the ultrasound scatterers V', the measured speed V cos$ also constantly
increases or decreases, depending on whether the angle & decreases or increases. This situation is physically
equivalent to the accelerated movement of ultrasound scatterers, what leads to broadening of the Doppler signal
spectrum, as shown in [52]. This circumstance is a disadvantage, as compared to the traditional methods of Doppler
ultrasound probing.

The other method of generating an ultrasonic Doppler signal is that, at which the discrete values are obtained by
summing the discrete values of the response signals for different steering angles over the entire period of changing the
angles T . In the sense, such summation means averaging over the period 7', taking into account of which the sensitivity
function G/, (7,t) is described by the expression

T/2

G, (7.t)= [ G, (F.t+t)dt'" )
-T/2

Substitution of formula (4) into (1) leads to the following expression for the autocorrelation function:

T/2 T/2

k4J'J' 21kr1 7) J' G I’b,t +Z‘)dtJA G’(1,t1+t')dt'.c(}_’i_ﬁ)ar)dﬁ)d}_ﬂi (5)

=T/2 -T/2

As in the derivation of equation (3), we assume that the registration of the ultrasonic Doppler response signals is
performed within a finite time interval 7. In the case of a periodic change in the sensitivity function, it is natural to use
for this value, in particular, this period of change. In general, the periodic extension of the sensitivity functions and the
correlation function of scattering fluctuations allows using their expansion in Fourier series:

G o) 3076 (1,250,

n=—0

G;: (’7;:[1 +t') — i e—2lzj(l1+l /TGy ( 1’2777].] i e—2zz/ t+zﬂ+r)/rG, ( 7 2;2' jj

J=—0 Jj=—0©

C(7~Fur) -

i (7 -7, S -2 zimr 2
(27[)3 Ge (A7) Z_ o2 /TC( ;mj

Here, the value C (E],2ﬂ'm/T ) describes the spectral components of the correlation function of the space-time

characteristics of fluctuations.
Substituting these expressions into formula (5), we obtain a general expression for the spectrum of the ultrasonic
Doppler response, with the averaging over the period taken into account

S(w,)= ""‘Tj.dqﬂdrldro (@28)3%)
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/2 /2
r¥| - 27[ —2 7§ T 1| = 272— . ! —27imt. 27[
% J‘ eZmn(t0+t)/TG ( i, njdt J‘ e i (' +ty+ TG ( 7, ]jdt e /TC( mj
-T/2 T ) T T

For convenience, we rearrange the factors in the last expression as follows:

o i ir( 27r/ 27:»1] . i(g+2k)(7-7)
S(wk):n,j,;w—(bz)} Idre J-qu.J.drld y
T/2 2t g 2 T
XG;*[_;),zﬂ' JG' (_. 272']} j el dt J‘ e T di'-e T ——(n= j)C(q,z—ﬂ-mj ©
T r ) -T2 T

Then calculating the average value over the initial moment of time leads to the Kronecker symbol

ity T2 2mity,
eT( j)zlJeT( j)dt:5.
T

=T/2

what allows summing up over one of the indices in (6):

- 4 it - 2/{,/ 27rm R S~
sto)= 3 A fard T fagffaraet
j,m=—oo(27z-)
T2 2rmijt T/2 _27!1']'2"
xG’*(rO,zﬁ ]G' (71,2—”]} J e T dt I e T dt'-C(qaz—ﬁmj
T -T/2 -7/2 T

Then, the integration over time leads to a similar outcome, as a result of which we find:

T/2 2zijt T/2 2zt
. 2
[erat|ear=1"5,

-T/2 -T/2

Given this, after summing over the index j , the expression for S (a)k) takes the form:

w 27zm
S(a)k)Z 3 4 Idre J.dqﬂ‘drd-' i(g+2k)( '0)-G:(770,0)G; (}71,0) C(C[,%m]
Besides,
. 27m
[ are T B st

as a result of which we find

S( d]ji) ll]+2k R- G,*(%,O)G;} (;‘;’O)C((_i’a)k)

By definition of the three-dimensional Fourier transform of the function, we have

jd*’q*” (7,0)=G(q +2k,0).
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Then, taking into account this Fourier transform, we obtain the final form of the power spectrum of the ultrasonic
Doppler response signal in the considered case of averaging over the period T :

2

S(@)=%T2jdqc(q,wk) ™

G(é+2l€,0)‘

In contrast to the expression obtained in [52] and expression (3), formula (7) does not contain the frequency
convolution of the correlation function of space-time fluctuations and the sensitivity function. This means that the width
of the Doppler signal spectrum is narrower than that in the first version of the ultrasonic Doppler response signal
generation. In this sense, formula (7) is similar to the integral expression for the power spectrum

g :Lquc(gj,a;)‘c(q + 219)‘2 :

(27)

which was obtained for stationary probing fields, used in conventional methods of Doppler probing [50]. In this case,
sequential radiation in the given direction of ultrasonic pulses is used, which is characterized by the same spatial
geometry of wave fronts and by the same direction of radiation. At the same time, the application of such techniques in
practice has some disadvantages. The first of them is associated with a fixed focal length at transmitting, what worsens
the spatial resolution, and the second one is caused by a long data acquisition time for imaging, thus, the attainable
frame frequency is severely limited.

Coherent compounding of response signals in the synthetic aperture method provides high resolution for radiation
in the entire range of depths. The resulting expression (7) shows that such an improvement in resolution can be
achieved also with ultrasonic Doppler probing without deterioration of spectral characteristics and, in particular, the
width of the spectrum of the ultrasonic Doppler response signals. The accuracy of measurement of the Doppler
spectrum average frequency is discussed, as a rule [55, 62], proceeding from the known Nyquist limit and the Rao-
Cramer inequality. Both of these criteria lead to the requirement for the minimum bandwidth of the Doppler signal. The
results obtained make it possible to optimize specific Doppler and spectral-Doppler ultrasound medical diagnostic
techniques, implemented by using the synthetic aperture technique.

CONCLUSIONS

To increase the efficiency of ultrasonic Doppler diagnostic methods, it is important to study the Doppler response
spectra under the given area of interest, which directly affect the accuracy of estimation of the investigated parameters
of the biological objects motions. Therefore, it is still relevant to study the influence of the factor of dynamic changes in
the parameters and geometry of probing ultrasonic fields on the spectra of Doppler signals and, accordingly, on the
estimates of the parameters of the biological objects motion.

This paper presents a general theory, which is suitable for describing the spectral characteristics of ultrasonic
Doppler signals, using the up-to-date technique of dynamic focusing of the emitted ultrasonic beams by the synthetic
aperture method. In accordance with this technique, each probing pulse of ultrasound waves is characterized by its own
direction of propagation, and coherent compounding of ultrasonic response signals, received from a set of such probing
pulses, is used for focusing the waves at transmitting and forming the image of a biological object. The influence of
dynamic change in the angle of transmitting and receiving the wave beams on the spectral characteristics of the
sensitivity function of the probing system and the spectrum of ultrasonic Doppler response, in the case, when the
Doppler response signals are averaged over the period of the change in the steering angle of probing, are studied. A
general expression is obtained, which connects the resultant power spectrum of the ultrasonic Doppler response signal,
the spectral characteristics of the ultrasound scatterers movement, and the sensitivity function of the system. The results,
obtained in this paper, show the difference between two possible strategies for collecting information while forming the
Doppler signals, and can contribute to the improvement of various Doppler techniques within the framework of the
general synthetic aperture method.
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CIHIEKTPHU IOTYKHOCTI YJIbTPA3BYKOBOT'O JOIIIIVIEPIBCBKOT O BIAT'YKY BIOJIOITTYHUX OB’€EKTIB
IIPA 3ACTOCYBAHHI TEXHOJIOT'TI CHHTE3OBAHOI AITEPTYPH
LB. llleina®, O.B. Kicenbos, €.0. Bapannuk
Kageopa meouunoi gizuxu ma biomeduunux nanomexunonoziu, Xapxiecokuii nayionanonuil ynieepcumem imeni B.H. Kapasina
M. Ceob00u 4, Xapxis, 61022, Vkpaina

Ha ocHOBi po3BHMHEHOI paHillle KOHTHHYaJIbHOT MOJIei PO3CIIOBaHHS YJIBTPAa3ByKOBHX XBHJIb y OI0JOTIYHHX 00’€KTaxX JOCIIJDKEHO
BIUTUB AWHAMIYHOI 3MiHHM paKypCiB BHIIPOMIHIOBAaHHS Ta MPUIOMY YJIBTPa3BYKOBHX IMYyYKiB XBHJIb HAa CIIEKTPH YJIBTPa3BYKOBOTO
JOMIUIEPIBCHKOTO BIATYKY Y BHIIAIKY, KOJHU MPOBOIUTHCS YCEPEIHEHHS CHUTHAIIB JOMIUICPIBCHKOTO BIATYKY 3a MEpiofoM 3MiHU
KyTiB 30HOyBaHHA. 3700yTO 3araJbHUH BHpa3, IO TOB’S3y€ MOBHUI CHEKTP MOTYXHOCTI CHTHAIy YIBTPa3ByKOBOTO
JOMNIUIEPIBCHKOTO BIATYKY 3 00JIacTi iHTEpeCy, CIEKTpalbHI XapaKTEPUCTUKU PyXy PO3CiIOBaUiB YIbTPa3ByKy Ta QPYHKI{ 4y TIIMBOCTI
JiarHOCTHYHOI CUCTEMH 3 CHHTE30BaHOI anepryporo. ITokazaHo, 10 MOPIBHSHO 3 JOIILUICPIBCHKUM BiATYKOM, KW SIBJISE COOOO
MOCIIJOBHICTh JAMCKPETHHX 3HAYCHb CHUTHAIIB BIAryKy 3 PI3HHUX PaKypcCiB, 3aCTOCYBAHHS YCEPEIHCHHs Ja€ 3MOrY 3MCHIIMTH
LIMPUHY JOMIUIEPIBCEKUX CIIEKTPIB 0€3 MOTipUIeHHs PO3AiIIbHOI 34aTHOCTI. 3p0oOJEHO BHCHOBOK HPO Te, LIO JOCSATHEHHs Kpamiol
PO3/LIBHOI 3[]ATHOCTI PH 3aCTOCYBAaHHS METOJLY CHHTE30BaHOI allepTypH MOXJIMBE Ge3 MOTipIICHHS CIEKTPAIbHUX XapaKTePUCTHK
i, BIANOBIZAHO, TOYHOCTI AOMIUICPIBCHKUX BUMIPIOBaHb [IarHOCTHYHUX NApPaMETpiB, IO BU3HAYAIOTh B XOi YJIBTPa3BYKOBHX
nociiukerb. Onepikani pe3yiabTaTd JAlOTh 3MOTY ONTHUMI3yBaTH pi3HI JONIUICPIBChKI TEXHIKM B MeXaX 3araibHOI0 METOLY
CHUHTE30BaHO]1 alepTypH.
KJIFOYOBI CJIOBA: ynbTpa3ByK, IOMIUICPIBCHKUI CHEKTP, METOJ CHHTE30BAaHOI amnepTypH, KOHTHHYalbHA MOJEIb PO3CISTHHSA,
(GyHKIIS 9y TIIMBOCTI, AMHAMIUHE (OKYCYBaHHS, (OPMYBaHHS BIITYKY

CIHIEKTPBI MOIIIHOCTH YJIBTPA3BYKOBOI'O JOMIIJIEPOBCKOI'O OTKJIUKA BUOJIOT MYECKHUX
OBBEKTOB ITPA UCITOJIb30BAHUH TEXHOJIOTMA CAHTE3UPOBAHHOM ATIEPTYPBI
N.B. lllenna, A.b. Kucenés, E.A. Bapannuk
Kageopa meouyuncxoii uzuxu u buomeouyuHcKux HaHOmMexHoA02Ull,
Xapvkosckutl hayuonanvhvlil ynusepcumem umenu B.H. Kapasuna
ni. Ceob00wl 4, Xapwvros, 61022, Yrkpauna
Ha ocHoBaHHH pa3BUTOI paHee KOHTHHYAIbHON MOJICNH PACCESHHUs yIbTPa3ByKOBBIX BOJH B OHOJIOIHYECKHX OOBEKTaX H3YYCHO
BIIMSIHUE TUHAMHYECKOTO U3MEHEHHs PaKypCOB M3IIydeHHs U MpuéMa My4KOB BOJIH Ha CHEKTPBI YJIBTPa3ByKOBOTO JOMILICPOBCKOIO
OTKJIMKa B Cilydyae, KOrJa MpPOU3BOIMTCS YCPEAHCHHWE CUTHAJIOB [OMIUICPOBCKOTO OTKJIMKA IO MEPHOLY H3MEHEHUs YIJIOB



12
EEJP. 4 (2020) Iryna V. Sheina, Olexander B. Kiselov, et al

3oHaMpoBanusd. [lomyueHo oOmee BBIpaKEHUE, CBS3BIBAIONIEE MONHBIM CIEKTP MONIHOCTH CUTHAla YJIbTPa3ByKOBOTO
JONIIIEPOBCKOTO OTKIMKA U3 OONAacTH MHTepeca, CIEKTpalbHbIE XapaKTEPHCTHKM JBIKEHHUs paccedBaTelel yIbTpasByKa M
(YHKIUM YyBCTBUTEJIBHOCTH IMAarHOCTHUECKOHM CHCTEMBI C CHHTE3MPOBaHHOW amepTypod. I[lokasaHo, 4TO MO CpaBHEHUIO C
JONIUIEPOBCKAM OTKJIMKOM, KOTOPBII NPEACTAaBIAET COOOH IOCIeNOBAaTENbHOCTh ANUCKPETHBIX 3HAUYEHHWI CHUTHAJIOB OTKIHKA C
Pa3HBIX pPaKypCcOB, IPUMEHEHHE YCPEAHEHUs I03BOISIET YMEHBIINTh IMMPHUHY MIOIMIUIEPOBCKHX CHEKTPOB 0€3 yXyAIIeHHs
paspematomeif cnocobHocTH. CrenaH BEIBOJX O TOM, YTO JOCTIDKEHUE JTydIleH MPOCTPAaHCTBEHHOHN pa3pelIalomeil ciocoOHOCTH IpH
HCTIONIB30BaHUH METOAa CHHTE3UPOBAHHOH alepTypsl BO3MOXKHO 0e3 yXYIIISHNs CIIeKTPATIbHBIX XapaKTePUCTUK H, COOTBETCTBEHHO,
TOYHOCTH JONIUIEPOBCKUX HM3MEPEHUH AMAarHOCTHUYECKUX IapaMETPOB, ONpPEIENseMbIX B XOJE YJIbTPa3ByKOBBIX HCCIICIOBAHUM.
[TonyueHHBIE pe3yJbTAaTHl JAIOT BO3MOXKHOCTH ONTHMH3HMPOBATH pa3HbIEe JOMIUICPOBCKHE TEXHUKH B paMKax OOILIEro Meroja
CHUHTE3UPOBAaHHOM arepTypshl.

KJIFOYEBBIE CJIOBA: ynpTpa3ByK, AONIUIEPOBCKUM CIIEKTpP, TEXHOIOTUS CHHTE3UPOBAHHON anepTypbl, KOHTHHYaJIbHAs MOJEINb
paccesHus, QyHKIHS TyBCTBUTENBHOCTH, ANHAMIYeCKoe (GoKycupoBaHue, GOPMUPOBAHNE OTKINKA
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The existence of the effect of heat metastable localization in the medium in the blow-up heating regime was experimentally proved.
This is the regime in which the heating energy for a finite period of time tends to infinity. Previous theoretical studies have shown
that in this case some regions, inside of which the temperature increases, may arise, while their size remains constant or decreases
with time (heat localization regions). These regions exist as long as there is some energy input from the outside. An installation for
the experimental study of the thermal blow-up regimes in a solid was developed. The object of research was an aluminum rod with a
heater at its end. The temperature distribution along the rod was measured with thermocouples. The temperature of the rod end could
vary according to the given law. Calibration of the installation was performed. The sensitivity of thermocouples was determined. The
inertia of the heating and cooling process was estimated. The mathematical description of the thermal processes, occurring during the
experiment, was made. The nonlinear equation of heat conduction for the rod was solved, with the heat exchange with the
environment by convection and radiation taken into account. The thermal regime at the boundary, which is necessary to create the
thermal structures, was determined. The temperature distribution in the rod in the blow-up regime and non-blow-up regime was
measured. In the blow-up regime the heat front (the coordinate of the point with the temperature equal to half the maximum
temperature) initially shifts from the heat source, and then in the opposite direction, and the size of the area under heating decreases.
In the non-blow-up regime the size of the heated region increases all the time. The predicted effect was supposed to be used in
installations for thermonuclear fusion where the target was heated by laser radiation pulses of a special shape. This effect can also be
used for localized heating in cutting and welding, when the adjacent regions are not to get very hot, and in other similar situations.
KEY WORDS: heating, blow-up regime, heat structures, experiment

The blow-up regime is a system development regime, in which one or several parameters tend to infinity within a
finite period of time. Real physical quantities, of course, do not reach infinite values, but they can increase sharply in a
short time. The analysis of the blow-up regime shows that unbounded solutions manifest their characteristic properties
before the infinite values are reached. This allows estimating the parameters of such a regime at the moments of time
close to "disastrous".

The blow-up regimes exist both in physics and in the animate nature.

1. In the special theory of relativity it is indicated, that the increase in the particle mass, as the speed of its
movement approaches the speed of light, occurs according to the hyperbolic law, that is, in the blow-up regime.

2. It is stated, that the population of the Earth is currently growing in the blow-up regime [1]. The investigations
of the mathematical model of this process and comparison with graphs, plotted on the basis of historical data on the
number of population in different epochs, were carried out in [2, 3]. They show the validity of this model.

3. The growth in the number of scientific publications and the growth in the number of research papers also take
place in the blow-up regime. The articles have an autocatalytic effect. Each article facilitates writing the next one. And
the more articles are published in a particular area, the easier it is to conduct subsequent researches in it.

4. There are thermal blow-up regimes. They were predicted by the team of A.A. Samarsky-S. P. Kurdyumov at
the Keldysh Institute of Applied Mathematics RAS, Moscow, Russia. The theoretical studies have shown that under
such regimes some new physical phenomena should arise, namely, localization of heat in certain areas of the body
under heating and formation of heat structures, i.e. of regions with a high concentration of energy, which are sharply
separated from the cold regions. The structures are self-sustained; they exist as long as there is an influx of energy from
the external sources. This phenomenon is called “the effect of metastable heat localization” [4-7].

In these works the problem of heat propagation into a cold half-space, when the boundary was heated in the blow-
up regime, was solved. In the one-dimensional case, the process of heat propagation is described by the nonlinear
equation of heat conduction:
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where T is temperature, a(T)=k/cp is thermal diffusivity of the medium (it is emphasized that it depends on the

temperature), k is heat conductivity factor, c is specific heat capacity, p is the medium density.

It has been found that if the temperature at the boundary of the medium with the coefficient of thermal diffusivity,
which is growing with the temperature, increases, tending to infinity at approaching the finite moment of time, then
there is no heat propagation deep into the medium during the time interval when the heat is supplied.
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Let, a(T)=a, T°, where 6 > 0, then the initial temperature of the medium is 7{(z,0) = 0.

At the boundary the temperature rises according to the law:
T

(tf -t )ﬂ

E

7(0,¢) =

where #/1s the time, called in these problems as “focusing time”.
There are three heating regimes:
1. Atn > 1/c (HS - regime) — the heat localization is absent. The heat propagates into the cold environment in the
form of a wave with a growing half-width of the temperature front.
2. Atn=1/oc (S - regime) the problem has the analytical solution:

e . 2/c
T(z,t)=1{" (_:) , 0<z<z,
0, z>z, ?)
where zr is the depth of heating the matter by a thermal wave. The wave does not vary in time, although the amount of
heat in the localization zone increases indefinitely. But the heat does not propagate further away into the medium.

3. Atn < 1/o (LS - regime) the depth of heat penetration into the medium decreases with time, the wave front
does not advance further, and the half-width of the front decreases.

Thus, the thermal effect of the boundary S - regime and LS — regime on the medium is localized.

In [7] the experiment conditions for the case, when the effect of heat localization could be observed, were
formulated:

1. the presence of the blow-up heating regimes S or LS, when the amount of incoming heat increases in time
drastically;

2. the medium thermal diffusivity grows as the temperature increases, what increases the influx of heat into the
heated region and decreases the heat transfer to the cold region.

3. during the heating period the temperature at the boundary should increase by 10-30 times.

However, in [8] it was shown that the experiment conditions may not be so stringent. The effect of heat
localization can also be observed in the media with the thermal diffusivity, which does not depend on the temperature.
In this case there is no strict boundary for heat localization zr. The coordinate of this point is constantly moving upward.
But the half-width of the heat front remains constant or decreases in the process of exposure to heat. The temperature
difference can be considerably less — by 5-6 times.

Further works on the study of the blow-up regimes were carried out in other directions; they were mainly
associated with the analyses of these regimes in the nature and in human society. The investigations were devoted to
connections of the emerging phenomena with synergetics, i.e. the science explaining the formation and self-
organization of structures in open systems, which are far from the thermodynamic equilibrium [9]. These works were
only of theoretical character.

The exception were studies of a new physical phenomenon — the T-layer effect — the occurrence of a stable zone in
the plasma placed in a magnetic field with the stable zone temperature being higher than that of the rest of plasma. The
phenomenon was discovered in 1965 by a team of scientists directed by A. N. Tikhonov and A. A. Samarsky at the
Institute of Applied Mathematics of the USSR Academy of Sciences. The T-layer phenomenon plays an important role
in theoretical and applied plasma physics (development of MHD generators, controlled thermonuclear fusion). The T-
layer, like a piston moved by a magnetic field, allows controlling the behavior of low-temperature plasma and
transforming its energy into optical radiation.

This phenomenon was experimentally investigated at the Institute of Theoretical and Applied Mechanics SB RAS
(Novosibirsk) [10].

Several experimental works have appeared in recent years [11-16].

In work [16] were studied an insulator-metal transition (IMT) in vanadium dioxide films. Main features of the
voltage-induced IMT in these systems can be understood within a theory of the blow-up overheating instability. In the
blow-up regime, the IMT occurs locally even in uniform films: a narrow “hot” metallic channel occurs along the current
direction. This was compared the obtained theoretical results with the experiments taken from literature [14, 15] and our
own and find a good agreement between calculated and measured quantities.

Observed voltage-induced IMT is the local character of the transition nucleation. The IMT occurs within a narrow
“hot” channel along the direction of the current flow, while the remaining sample is in the insulating “cold” phase. It
was shown that this feature is an inherent property of the overheating instability in the geometry studied and does not
require any additional suggestions about film homogeneity.

In all of these cases the blow-up regimen arises from the emergence of positive feedback between the current growth
processes and the heating temperature, that there is a connection between the exit and the entrance of the system.

But in our work, studies have been carried out, when the heating regime of the system can be regulated completely
regardless of the results of heating. There can be completely different cases - constant heating, slow mode without blow-
up, rapid heating with or without blow-up. This is the first work to directly study of such processes.
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EXPERIMENTAL SYSTEM
The block diagram of the experimental system is shown in Fig. 1. The target under heating is an aluminum rod 140
mm long with the end face of 10 x 14 mm. An electric heater is located at the end of the rod. he heating power can vary
according to the given law. Ten copper-constantan thermocouples are placed along the rod at the distance of 10 mm
from one another. The first thermocouple measures the temperature of the rod end. The signals from the thermocouples
enter the indicator unit, where the temperature distribution in time at the control points is recorded.
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Figure 1. Experimental system

THERMOPHYSICAL PARAMETERS OF THE TARGET
To calculate the thermal conditions, it is necessary to know the target parameters: thermal conductivity %, specific
heat capacity ¢, density p, thermal diffusivity a, coefficient of heat exchange with the environment a.. The information
about these values, except the heat exchange coefficient, was taken from reference books [17, 18]. Their values for the
sample used in the experiment could differ from the tabulated values. However, this affects the values of the heating
temperature, but not the nature of the thermal process.
Thermophysical parameters depend on the temperature. The linear approximation of the data for aluminum gives
the following relations:
k(T)=244-0.0486T, Br/(M'Tpan)
c(T)=878+0.528T, Ix/(kr Tpam)
p(T)=2710-0.218T,xr/m’
a(T)=10" -5.18-10° T, m*/c

In these formulas, T is the temperature in Celsius degrees.
The heat exchange coefficient depends on the shape of the object, its location in space (vertical, horizontal),
surface treatment and other factors. To determine it an experiment was carried out.
It is known from the theory of heat transfer, that cooling of a heated body occurs according to the exponential law:
T(t)=T,exp(-t/1), “

where t=mc/aS is the thermal time constant, that is, the time, during which the temperature of the body at its cooling

3)

decreases by the factor of e, S is the body surface, m is its mass.

The analysis of the cooling curve (4) shoved the value of the thermal time constant being 380 s, the value of the
heat exchange coefficient . = 14 W/(m? - deg) at the temperature of 20° C, and the temperature dependence o7)=
12+0.0136 T, W/(m*deg).

THEORETICAL DESCRIPTION OF THE TARGET HEATING PROCESS
The thermal conductivity equation for the rod was used to describe the thermal processes in the target. The
dependences of the thermophysical parameters on the temperature and heat removal into the environment from the
lateral surface by convection and thermal radiation were taken into account. As long as the area of the ends is much
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smaller than that of the lateral surface, heat removal from them can be ignored. In the presence of internal heat sources,
the heat conduction equation has the following form [19]:
T (z,t) 1 0T(z0) LA
oz’ a(T) ot k(T)

6))
A=AP/AV . . . .
Here is the volume density of the heat energy transferred from the rod by convection and thermal radiation

per unit of time to the environment.
The initial condition is:

T(z,0)=TO’ 6)

where T} is the ambient temperature.
The boundary conditions:

7(0,t) =T(t), 0

OT(L,t) _
0z . )
They show that one end of the rod with length L (z = 0) gets heated according to the given law 7(¢), and the heat

exchange between the other end (z = L) and the environment is absent.
The power delivered to the environment by convection from the section of the rod with length Az is described by

Newton law for thermal processes

AP, =aS(T=T,)=2a(d + )T ~T)) Az

Here §=2(d+h)Az is the section surface, d and / are the dimensions of the rod cross-section.
Therefore, for the convective heat exchange
AP,
4 =0 20D g
AV dh )

®

At high heating temperatures, which occur in the blow-up regimes, the thermal radiation of the body should be
taken into account. The radiation intensity / is described by Stefan-Boltzmann equation. With the non-zero ambient
temperature taken into account, it has the following form:

I=eo|(T+273)" (1, +273)' |

where ¢ is the absorption coefficient, ¢ is the Stefan-Boltzmann constant, 7 and 7 are the temperature of the body and
the environment, respectively, in Celsius degrees.
The power, radiated from the section of the rod with the length Az, is

AP =18 =2(d+heo| (T+273)' ~(T,+273)' |ac

Therefore, the volume density of the radiated power
_AP _2(d+h)ec

»

. (T+273)" —(1, +273)"
AV dh I: :I ) 9)

The heat total power transferred to the environment is the sum of the convective and radiated powers:
A=A +A4

Substitution of expressions (8) and (9) with the “minus” sign into formula (5) gives the following equation:

2
6T2_20L(d+h) 2(d+h)80|:(T+273)4—(7;)+273)4:|—18—T=0
0z kdh kdh a ot
. (10)
Equation (10) with the initial condition (6) and boundary conditions (7) was solved for two cases: the blow-up regime
— HS, and the non-blow-up regime — LS.
In the non-blow-up regime the temperature of the rod end varies linearly:

T(t)=5t+20

(T-T)) -

QY
In the blow-up regime the temperature law is set as hyperbolic:
3-10°

T() = ——
© (158-1)"

(12)



17
Heat Localization in the Medium in Blow-Up Regime EEJP. 4 (2020)

The diagrams of these processes are shown in Fig. 2. The heating time is 100 s. The parameters of equations (11) and
(12) were chosen, so that in both cases the temperature at the onset of the heating process would be about 20°, and at the
end — about 600°.
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Figure 2. Variation of temperature at the boundary
a) HS (non-blow-up regime), b) LS (blow-up regime)

Fig. 3 shows the temperature distribution in the target at different moments of times. The dots indicate the width of
the heat front at half the maximum temperature. In the non-blow-up regime (Fig. 3a) a constant expansion of the heated
region occurs. In the blow-up regime (Fig. 3b) the heated area first increases and then decreases.
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Figure 3. Heat propagation in the target (calculation)
a) in the non-blow-up regime , b) in the blow-up regime
1-¢t=10s,2-¢=20s,3-¢t=30s5,4—-¢t=40s,5-1t=50s,
6-t=60s,7-t=70s,8—t=80s,9-1=90s.

EXPERIMENT
In the experiment, the target was heated by passing the electric current through the heater located at the end of the
rod. The current varied in time, so that the temperature changed according to the law in the non-blow-up regime (11),
and in the blow-up regime (12). The heating duration was 90 s.
Fig. 4 presents the results of the experiment, i.e. the measurements of the temperature distribution in the target.
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Figure 4. Heat propagation in the target (experiment)

a) in the non-blow-up regime, b) in the blow-up regime
1-t=10s,2-¢=20s,3-¢=30s,4—t=405s,5-1=50s,
6-1=60s,7-t=70s,8—¢t=80s,9-t=90s.

The results of the experiment agree with those of the calculations. In the non-blow-up regime, the heat front moves
along the rod, and the size of the heated region reaches the coordinate z = 50 mm. In the blow-up regime, the heat front
reaches the coordinate z = 40 mm and then moves in the opposite direction.

The maximum heating temperature in both cases is approximately the same (350° - 400°), but the energy input in
the blow-up regime is about 2 times lower than that in the non-blow-up regime.

CONCLUSION

1. The existence of the effect of heat metastable localization in blow-up regimes, predicted by A. A. Samarskii
and S. Kurdyumov (Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia), has been experimentally
proved.

2. The maximum heating temperatures of the body in both regimes are approximately the same — about 400° C.
But in the blow-up regime the energy input into the body is lower than that in the non-blow-up regime. This is due to
the smaller size of the heated area. Thus, the way of strong local heating of the target at a lower input energy is shown.
After the end of the process, the size of the heated area increases. But the maximum heating temperature at any point of
the medium in the case of the blow-up regime is lower than that in the non-blow-up regime, since the input energy is
lower.

3. The effect can be used, when strong local heating of a certain area of the body is required, while the adjacent
areas are not to get very hot.

4. The investigations were carried out within the framework of the research work "Energy interaction of
electromagnetic radiation with thin conducting fibres", state registration number 0119U002531, at the Department of
Quantum Radiophysics of V.N. Karazin Kharkiv National University with participation of the Department of
Biophysics and Information Technologies of the National University of Pharmacy.
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JIOKAJII3ALIS TEIUVIA B CEPEJJOBUIII B PEXXUMI 3 3BATOCTPEHHSAM
M.I'. Kokoniii*?, C.B. Iloropesios®
“Xapxiecvkuil Hayionanvhuil yHieepcumem imeni B.H. Kapa3sina, Xapxie, Yxpaina
bHayionanonuii papmayeemuunuii ynieepcumem, Xapxie, Yxpaina

ExcriepuMeHTabHO IOBE/ICHO iCHYBaHHsI e(eKTy MeracTalOinpHOI JoKamizamii Tema B CEepelOBHINI B PEeXHMMI HarpiBaHHS 3
3arocTpeHHsAM. Lle pesxum, Tpu SKOMy TyCTHHA €HEprii HarpiBaHHS 3a KiHEUHMH MPOMDKOK Yacy pocTe IO HEeCKiHYeHHOCTI. PaHimre
TEOPETUYH] JOCITi/KCHHS MOKa3ald, IO NMPH IbOMY MOXXYTh CTBOPIOBATHUCH OOJACTi, TeMIepaTypa BCEpeIWHi SKHX 3pOCTae€, a
PO3MIip 3aJHIIAEThCSA TTOCTIHHUM a0 3MEHIIyeThesl 3 4acoM (00raacTi Jiokamizarii Terura). O61acTi iCHYIOTh, TOKH BinOyBaeThes
HaJXOJUKeHHs eHeprii 330BHI. CTBOpEHa YCTaHOBKA IS CKCIEPUMCHTAIBHOTO BHBUYCHHS TEIUIOBUX PEKUMIB 3 3arOCTPCHHSM B
TBepaoMy Timi. OO'€KTOM IOCHTIKEHHS OYB aFOMIiHIEBUI CTPHKEHBb 3 HarpiBaueM Ha Topii. Temmeparypa TOPIsSl CTPUXKHS MOTrjia
3MIHIOBAaTHCS 32 3aJaHUM 3aKOHOM. Po3monis TemnepaTypu B3JOBXK CTPHXKHS BUMIpIOBaBCsl TepMorapamu. [IpoBeneHa kaniOpoBka
ycTaHOBKU. Bwu3nauena uyriuBicth Tepmomap. OuiHeHa iHEepUiHHICTH MpoLecy HarpiBaHHA 1 OXOJNOMKEHHS. 3pobieHO
MaTEeMaTHYHUI OMKC TEIUIOBHMX MPOLECIB, SKi MPOTIKAIOTh MPU IPOBEACHHI EKCIEePUMEHTy. Po3B'sa3aHe HemiHiiiHE pPiBHSIHHSI
TEIUIOTIPOBIAHOCT] U CTPIDKHS 3 ypaxyBaHHSM TEIUIOOOMiHY 3 HAaBKOJIMIIHIM CEPEOBHINEM KOHBEKIIEIO i BHUIIPOMIHIOBAHHIM.
Bu3HaueHO TemoBHi peXMM Ha TpaHUI, HEOOXiAHWI AJS CTBOPEHHS TEIUIOBHX CTPYKTYp. IIpoBeaeHi BUMipIOBaHHA pPO3IOALTY
TEMIIEpaTypy B CTPUXKHI B PEKUMaX 3 3arOCTPECHHSM 1 03 3arocTpeHHs. Y PexXuMi 3 3arOCTPEHHSAM TeIUIoBUH QpOHT (KoopauHaTa
TOYKH 3 TEMIIEPaTypoo, B [[Ba pa3W MEHIIOK MaKCHMAJIbHOI TEMIIEpaTypH) CIIOYaTKy MOLIMPIOETHCS B CTOPOHY Bl MiCIst
HarpiBaHHsi, a MOTIM ITOYMHAE PyXaTHCS Yy 3BOPOTHHUH Oik, 1 po3Mip Harpitoi oGiacTi 3MEHIIYeThCs. Y pexuMi 0e3 3arocTpeHHs
po3mip HarpiToi obmacti Bech 4Yac 30imbinyeThes. EdexT mepemdavanocss BHKOPHCTOBYBAaTH B YCTaHOBKAaxX Ui 3IiHCHEHHS
TEPMOSIIEPHOTO CHHTE3y NPH HArpiBaHHI MillleHi IMITyJIbCaMH JIa3epPHOT0 BUIPOMIHIOBAaHHSI crieiaibHoi popmu. Edext Takox Moxe
OyTH BUKOPUCTAHUI IS JIOKAJILHOTO HArpiBaHHs IPH Pi3aHHi i 3BapIOBaHHi, KOJM CyCiaHi 00acTi He TIOBHHHI CHJIBHO HAarpiBaTHC,
1 IHIIUX MOAIOMX BUIIAAKAX.

KJIFOYOBI CJIOBA: HarpiBaHHS, pEXXUM 13 3aTOCTPEHHSM, TCIUIOBI CTPYKTYPH, €KCIIEPUMEHT

JOKAJIN3ALUS TEIIJIA B CPEJIE B PEXKUME C OBOCTPEHUEM
H.T'. Koxomnii*’, C.B. Iloropesnos®
“Xapvroeckuil HayuonaroHulld ynusepcumem umenu B.H. Kapasuna, Xapvkos, Yxpauna
bHayuonanonwiii hapmayeemuveckuii ynusepcumem, Xapokos, Yrpauna

DKCHEePUMEHTAIBGHO J0Ka3aHO cyllecTBoBaHHE d(dexTa MeracTaOMIBHON JIOKANIW3aLUKM TeIUla B Cpele B PEKHUME Harpesa C
o6ocTpeHreM. DTO PeXUM, IPH KOTOPOM MOIIHOCTh SHEPIHH HArpeBa B TE€UYECHHE KOHEYHOTO MPOMEXKYTKA BPEMEHH CTPEMHUTCS K
OeckoHeyHOCTH. PaHee TeopeTHYecKHe WMCCICIOBAHUS IMOKA3alli, YTO MPH 3TOM MOTYT BO3HHUKATh OOJNACTH, BHYTPH KOTODPBIX
TEMIIepaTypa pacTeT, a pa3Mep o0JacTeil OCTacTCsl MOCTOSHHBIM I YMEHBIIAETCS C TCUCHHEM BpeMeHH (00JIaCTH JIOKATU3AIHU
tera). OOJacTH CYIIECTBYIOT, TIOKA MPOUCXOMUT IMOCTYIUICHHE dHepruu u3BHe. Co3/aHa yCTaHOBKA JUIS DKCIIEPHUMEHTAIBHOTO
HM3yUYCHHS TEIUIOBBIX PEKUMOB € obOocTpeHreM B TBepaoM Teiie. OOBEKTOM HCCIICAOBAHUSA ObUI ATFOMHUHHEBBIA CTEPKEHb C
HarpeBarteleM Ha Topue. PacripesiesneHne TemrepaTypsl BIOJb CTEPXKHS U3MEpPSUIOCh TepMonapamu. TemmepaTypa Topua CTep)KHS
MOTIJIa MEHATHCS 10 3alaHHOMY 3akoHy. [IpoBesiena kanuOpoBka ycranoBku. OmpeneneHa 4yBCTBUTENBHOCTh TepMomnap. OreHeHa
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HMHEPLUUOHHOCTh Mpolecca HarpeBa W ocThiBaHMsA. ClETaHO MaTeMaTHYECKOE ONUCAHHE TETUIOBBIX MPOLECCOB, MPOTEKAIOUIUX MPU
MIPOBEAECHUN 3KCHEPUMEHTa. PellleHO HenMHelWHoe ypaBHEHHE TEIUIONPOBOJHOCTH JUI CTEPXKHS C Y4eTOM TemIooOMeHa ¢
OKpY’Karoleil cpenoil KoHBeKIMeH W u3inydeHHeM. OmpeneneH TEIIOBOW PEXHM Ha TIpaHHIE, HEOOXOAMMBIN A CO3daHUs
TEIUIOBBIX CTPYKTYyp. IIpoBereHBI HM3MEpeHUsl paclpeleleHus TEMIepaTypsl B CTEpXKHE B pPEXHMax c obocTpeHHeM u 0e3
oboctpenus. B pexume ¢ o60cTpeHHEM TEIUIoBOi (PpOHT (KOOpAMHATA TOYKH C TEMIEpaTypold, paBHOI MOJOBHHE MaKCHMAaTbHON
TeMIlepaTypbl) BHadaje IBHTAeTCsi OT MCTOYHHMKA TEIUIa, a 3aTeM B OOpaTHYI0O CTOPOHY, M pa3Mep HarpeBaeMoi oOmacTé
yMeHblIaercs. B pexnme 0e3 obGocTpeHus pa3smep Harperoil oOiacTh Bce BpeMsi yBenmumBaeTcs. [IpenckazaHHBIH d¢dext
MIPE/INONATaIOCh HCIIONb30BaTh B YCTAHOBKAX IS TEPMOSJECPHOTO CHHTE3a NPU HArpeBe MHIIEHH HMITYJIbCAMH JIa3epPHOTO
H3ITy4YeHUsl creluanbHoi GopMel. DddexT MoxkeT OBITh TaKKe UCIIOIB30BaH JUIS JIOKAJIBHOTO HarpeBa Mpu pe3aHuy U CBapKe, Korjaa
coceHNe 00IacTH He TOJKHBI CHIIBHO HarpeBaThesl, U B IPYTHX MOZOOHBIX CITydasX.

KJIFOYEBBIE CJIOBA: Harpes, pekuM ¢ 000CTPEHUEM, TEIUIOBBIE CTPYKTYPBI, SKCIICPUMEHT
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Among many emerging nanoelectronic devices, single-electron transistor (SET) is one of the frontier device architectures that can offer
high operating speed at an ultra-low power consumption. It exploits controlled electron tunneling to amplify current and retains its
scalability even on an atomic scale. A new island based SET device architecture is proposed which is made of monolayer tungsten
disulfide nanoribbon (WS2 NR) in zigzag pattern. The quantum physics based analytical model is developed in order to investigate the
tunneling drain current flowing through the proposed WS2 NR SET. It has been observed from the simulation study that the device
current did not struggle in the coulomb blockade region whereas outside this region drain current value gradually decreases for longer
nanoribbon likely due to formation of wider potential well in the island regime which helps to drop the rate of tunneling electrons.
KEYWORDS: Coulomb blockade, Nanoribbon, Single electron transistor, Tungsten Disulfide, Tunneling current

In digital integrated circuits, transistors operate in switching mode to change the desired logic voltage levels either
0 or 1. Downscaling of individual device size has been the driving force for improving the performance of ultra-large-
scale integrated circuits (ULSIs) [1-2]. In this regard, Metal-oxides semiconductor field-effect transistors (MOSFETs)
have been the most successful electronic devices for ULSI application. However, MOSFETs are now facing serious
challenges to continue downscaling owing to its fundamental physical limitations in the deep-submicron regime. In this
respect, single-electron transistors (SETs) are promising as emerging nanoscaled devices since these devices are scalable
even on an atomic scale. Meanwhile, SET are able to control individual movement of electron. Therefore, if SETs are
implemented in ULSI design, it will have the attributes of extremely high integration and low power consumption [2].

SET demonstrates unique switching characteristics utilizing quantum mechanically governed coulomb blockade and
single electron tunneling phenomena mediated via island regime [3-5]. Furthermore, room temperature operation is the
key for practical implementation of SET in ULSI. Although, the first experimentally demonstrated SET in 1987 was
operable only at ultra-low temperature ranges (1.1-4.2 K), however, it was improved later on for room temperature
operation by adopting silicon as island [6-7]. As soon as it was realized that the band structure and electrical properties
of the island materials are the key for room-temperature operation, SET made of new island materials such as two-
dimensional (2D) graphene have been demonstrated recently [8].

In this context, lower dimensional semiconductors particularly transition metal dichalcogenides (TMDs), as for
example, MoS,, MoSe>,WSe,, WS,, WS, efc. possess additional benefits due to atomically smooth and dangling-bond
free surface, charge carrier scattering or even thickness (hence bandgap) variation, thus, guarantees robust device
performances at room temperature [9-10].

Therefore, in this study, a new island material made of monolayer tungsten disulfide (WS;) nanoribbon in zigzag
pattern is proposed in SET design. Quantum physics based analytical modelling of tunneling current has been developed
in order to accurately predict the electrical performances of SET at room temperature via numerical simulations coded in
Matlab and Mathematica.

MODELING AND SIMULATION OF SINGLE ELECTRON TRANSISTOR WITH ISLAND
MADE OF MONOLAYER WS:-NANORIBBON
Fundamentals of SET operation with island

Single-electron transistor is governed by quantum mechanical tunneling effect. A single electron transistor is simply
constructed with an island sandwiched between two tunneling junctions formed at source and drain side. It is also
connected through a capacitor into the gate electrode as shown in Figure 1a below. SET can also be seen as a confined
box that has two separate junctions for the entrance and exit of a single electron. Now, according to the fundamentals of
quantum mechanics, the electrical conduction of any tunnel junction purely depends on how effectively the barrier
transmits the electronic waves. The electric current flow decreases exponentially with the barrier thickness.

As soon as an electron tunnels through the junction, the tunnel capacitance is charged with a single electronic charge
and as a result tiny amount of potential is built up. This additional potential might be sufficient to prevent another electron
to tunnel through the junction. In this scenario, the resistance of the tunnel junction rises consistently, thereby coulomb
blockade condition arises which ultimately stops the flowing of current. When external bias is applied, the coulomb
blockade situation overcomes then electrons resume tunneling one by one from source to the island, hence, adding excess

©OMK. Bera, 2020
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electrons to the island (see Figure 1b). A similar tunneling process will also occur from the island to the drain. Eventually,
single electron transistor monitors the flow of electronic charge between source and drain with the assistance of gate
electrode.
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Figure 1. Schematic structure with equivalent circuit of single electron transistor, (b) Coulomb-blockade condition with zero current,
(c) adequate drain-source bias voltage will assist to transfer of an electron across the barrier.

Basic structure of zigzag-WS:-nanoribbon
Monolayer WS, nanoribbon can be patterned into two different forms, one in armchair and other in zig-zag shape.
Zig-zag patterned WS, nanoribbon is composed of an inner layer of W metal atoms orderly positioned in triangular lattice.
It is sandwiched between two layers of chalcogen sulfide (S) atoms positioned on the triangular lattice of interchanging
hollow sites in a triangular prismatic style [11].
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Figure 2. Top view of lattice structure of monolayer WS in zig-zag pattern. Red and green spheres denote the metal (W) and
chalcogenide (S) atoms, respectively. The shaded area indicates the unit cell in zig-zag pattern. The position of lattice sites are
demarcated by coordinates (m, n).

The S-W-S layers are bonded by weak van der Waals forces. A schematic is shown in Figure 2. The unit cell
described as (m, n) indices is illustrated by shaded rectangular area.

Modeling of tunneling current flowing through the proposed WS: NR SET
As per discussion in earlier section, a single electron transistor is made of source, gate, and drain electrodes along
with an island which is located between source and drain but is not actually connected to them. It is shown schematically
in Figure 3. The basic operation of SET is controlled by quantum tunneling of electrons to amplify the current values. As
depicted in Figure 3, SET can be divided into three regions, corresponding to source, island and drain parts. The energy
as a function of position alongside SET is also demonstrated. The proposed WS, NR island of length L can be assumed
as a quantum well whose potential profile along the island is shown in Figure 3.
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Now, following the fundamentals of quantum mechanics in solving Schrédinger equations, the electronic wave
functions in various regions can be established as follows [03, 12]:

Reg — I: Y, = Ae¥* + Be™"* put 1y, - 0 when x - —oo, hence,B = 0 (D)

Reg — II:;; = Ce'ku* 4 pe~ikux )

Reg — IlI: v = Ee*mr* 4+ Fe~kumi* pyt s, » 0 when x > +o0, hence, e = 0 3)

where k; = k;;; = 2:128 and k;; = —“zmivo_s) , € (< 0) is the energy of electron, v, is potential well m; is the effective

mass of WS, NR, # is the reduced Planck’s constant. The negative value indicates bound electronic energy states.

Island
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Figure 3. Schematic of proposed single electron transistor with island made of WSz nanoribbon. The biasing points at different
electrodes as well as potential profile along the device are also shown.

Now, as per boundary conditions, the wave functions and its first derivatives must be continuous for the
neighbouring regions at x = -L/2 and x = +L/2. Therefore, applying boundary conditions the above equations becomes:

—kjL _ kL ikprL

Ae 2 =Ce 2 +De 2 atx=-L/2, Y=y, )
—kiL ikjL ik L

AkIeTI = Cik,,e_% - Dik”e% atx = —L/2, (Z—d: = % ®)

ikyyL —ikyL =kl
Cez +De" 2 =Fe 2 atx=+L/2, Y; =Y, ©)

ikyL —ikyL kL
Cikue% — Dikje 2 = —Fkye ! atx = +L/2, % = d:fllzlc” @

Next, the electron transmission coefficients in WS; NR SET can be calculated as follows:
1 kZ 2k2

Towsnr(€) = o)l ®)

(cos (Lky)(—1+kH)ky—sin (L) ki (1+k%))2

The calculation details of the aforementioned equations can be found from Appendix.
Finally, the quantum current flowing through WS, NR SET can be easily estimated using Landauer formulae [03] as:

lowsng = fop(n)TQWSNR (&) [s=p(e) — fp-s(e))de 9

1
(e=¢5)
1+e kBT

function, ¢ is the Fermi energy level, ks is the Boltzmann constant and T is the temperature.

where e is the electronic charge, p(n) is the electron density, f(E) = is the Fermi-Dirac distribution

RESULTS AND DISCUSSION

The electrical characteristics of proposed WS, NR SET related to variation in nanoribbon length have been
investigated. The simulation results are shown in Figure 4.

It is noteworthy that changes in WS, nanoribbon length does not have significant influences in the coulomb blockade
region (i.e. nearby zero voltage). It can be farther evident from Figure 5 as the current value near zero bias does not
struggle rather increases almost linearly. However, it has a direct impact on the SET current values particularly for applied
bias (V) outside the coulomb blockade regime. Meanwhile, the drain current, I reduces moderately when nanoribbon
lengths are varied from ~0.546 nm to ~2.002 nm. The physical phenomena of these behaviours could be interpreted as a
consequence of formation of longer potential well in the island owing to increase in nanoribbon length.
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Because of wider potential well formation between source-drain, the tunneling of electrons decreases, hence, the
value of current drops significantly. The influence of operating temperatures on SET current flow have also been
investigated. The temperature variation in /4 vs. Vg characteristics of WS> NR SET is shown in Figure 6. It can be easily
seen from the figure that as temperature rises the tunneling current value increases mainly due to temperature dependent
electron occupancy as per Fermi-Dirac distribution such that more electrons are available for tunneling. In addition, carrier

freez-out effect may also affect the flow of current at lower temperature particularly at 4K [13].
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Figure 4. The simulated output characteristics (/us vs Vas) of proposed zigzag-WS2 NR SET with various nanoribbon length but keeping

gate voltage constant at 1 mV.
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Figure 5. The simulated /s vs Vas characteristics of zigzag-WS2 NR SET with varying island length but keeping gate voltage constant

at 1l mV.
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Figure 6. The output characteristics (lus vs Vas) of armchair-WS; nanoribbon SET at room temperature (300 K) with varying gate

voltage in the range of 1-9 mV.
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On the other hand, in order to evaluate the gate controllability of the proposed single electron transistor, the
simulations were performed on 1.341 nm long zigzag-WS; nanoribbon with applied gate voltage varies from 1-9 mV as
can be seen from Figures 7.

Again, it can be noticed that there is no significant influence of coulomb blockade during applied gate bias, rather
normal device characteristics have been observed.

6 —I z-WS, nanoribbon SET }

NR length 1.341 nm
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- V=3IMV
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Figure 7. The gate control on the output characteristics (1us vs Vas) of single electron transistor with WSz nanoribbon in zigzag pattern
is shown.

CONCLUSIONS

In the present study, a new island material based on monolayer tungsten disulphide (WS,) nanoribbon is proposed
to design single electron transistor. Quantum physics based analytical model is developed to simulate the quantum current
behaviour of proposed single electron transistor at room temperature. It has been observed that the variation of WS,
nanoribbon length either does not have any significant influence on the coulomb blockade region. Instead, the values of
SET current decreases slowly just outside of the coulomb blockade region presumably due to formation of longer potential
well in the island, whereby deteriorating the rate of electron tunneling. In addition, variation in operating temperature
from 4-300 K drastically improve the tunneling current mainly due to increase in electron occupancy so that more
electrons can tunnel through. On the other hand, the gate controllability have also been investigated which exhibits
reasonable device performances at room temperature without any trouble of coulomb blockade. Therefore, the proposed
single electron transistor utilizing WS, nanoribbon in zigzag pattern as an island material might be potentially useful by
embedding and integrating into advanced ULSI circuit design.

APPENDICES
Solution of Schrodinger equations with boundary conditions
Applying fundamentals of quantum mechanics, Schrodinger equations in all the regions of WS, NR SET can be
established as follows [12]:

Reg—I: = 2o &1 here £ < 0 & v(x) = 0 1
eg—I = =05 = &Y, (wheree v(x) =0) 1
—h? d®yy
Reg —II: = o oz T v(x)Y;; = EY;; (Wheree < 0&v(x) = —vg) 2)
e
_hZ dZ
Reg —III: = E% = Ey,, (wheree < 0&v(x) = 0) 3)

The general solution of Schrédinger equation established in region-I (i.e. source side of SET) can be obtained as follows:
Reg — I:1); = Ae*1* + Be~ki* 4)

But according to basic postulates in quantum mechanics, the wave functions must be finite, continuous and single
valued to form a wave packet, however, when x — —oo, 1]y, = oo that is the probability of finding the electron will
be infinity, therefore, in order to have finite probability, ¥;i; = 0 at x - —oo, which requires to set B= 0.
Meanwhile, at region-II, (i.e. island side of SET), the solution becomes:

Reg —_ [[ lp” = Ceikllx + De—ik11x (5)
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Similarly, at region-III (i.e. drain side of SET), the solution of the Schrédinger equation can be easily obtained as
follows:

Reg — lI: Yy = Eekiux 4 Fe~kuix ©)

Again, Yy = +00 when x — 400, hence, in order to have a finite probability of finding electrons in region-1II, F

must be zero. In the above equations, k; = k;;; = —“2:188 and k;; = —Vzmil(v(’_s) , where € (< 0) is the energy of electron,

. . . . ho.
v is potential well m; is the effective mass of WS, NR, A = 7 i the reduced Planck’s constant.

Nevertheless, the wave functions must be continuous for any quantum mechanical system, thus, boundary conditions
play important roles to unite the otherwise separated waves at the boundary region. Following boundary conditions, the
wave functions and its first order derivatives must be continuous at the boundary of the neighbouring region which yields
following equations:

Ae kit/2 = Ce~ikul/2 4 peikul/2 (gt x = —L/2, P; = Py)) ™)
Akye™1H2 = Cikye it/ — Dik; elknt/? (at x = —L/2, St =220 ®)
Cetkul/2 4 pe=tkul/2 = Fe=kil/2 (gt x = +L/2, Yy = Pyp;) )
Cikjetvut/z — Dik,,e_“;”L = —Fk,,,e# (atx = +L/2, % = %) (10)

Calculation of transmission coefficient
Now, the coefficients of the abovementioned equations from 7-10 can be obtained utilizing transfer matrix method
[3,12]. From the x = -L/2 boundary condition, equations 7 & 8 can be written in matrix form as:

A\ _ C
 (2) = () o
(A Z i (€ I _ -1
. (B) =M (D),whereM = MM, (12)
_Lk; _iLky iLky
where M, =( € _ZLﬁ 0) and My, =( € _ziLk” € ziLk”> and M; ! is the inverse of M; matrix.
kiez 0 ikje 2z —ike 2

. . d . . .
In a similar way, continuity of 1(x) and % at x = +L/2 gives the matrix equation as:

C E
M () = Ma () (13)
CY_ yu(E I _ -1
(D) =M (F),where M = MM, (14)
iLkyp _iLky
e 2 e 2
where M = ( iLky iLk”) and
ik”eT —ik,,e_ 2
_Lk;
M, = (0 € ZLk1> and Mj;} is the inverse of M;;; matrix.
0 —kie =2
Combining Egs. 11 and 13 gives an equation of the form:
A\ _ E — vl
(5)=m(;).M=mm (15)

where the 2x2 matrix is the product of two matrices of Eqs. 12 and 14. Then, the transmission coefficient can be obtained
from the component of transfer matrix (M) as:

2

(16)

1
T = |—
QWSNR ML,

The parameters used for the numerical simulation for WS, NR are listed in Table.
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Table.
Parameters used in the modelling of tunneling current flowing through single electron transistor
with island made of WS, nanoribbon

Symbol Parameters Value [unit]

a Lattice constant 3.153 (A)

(4 Angle between W-S bond 0.71 (rad)
z—m; Effective mass of electron (armchair nanoribbon) 0.309 my®
zZ—mg Effective mass of electron (zigzag nanoribbon) 0.412 my®

T Temperature 4-300 K

E, Band gap 1.55eV

h Reduced Planck’s constant 6.5821x10"1% eV.s

ks Boltzmann constant 8.6 x103 eV.K!

3 Electron rest mass
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KBAHTOBOMEXAHIYHE AHAJITUYHE MOJEJIOBAHHSI CTPYMY CTOKY OJHOEJEKTPOHHOI'O
TPAH3MCTOPA 3 3ATBOPOM I3 3UI'3ATONOAIBHOI HAHOCTPIYKHU JUCYJIb®ITY BOJIb®PAMY
Mianan K. Bepa
Jloyenm xagheopu ¢izuxu Maxapiwi Mapranoeweap (s88axcacmuvcs yHigepcumemom)

Mynnana, Ambana, Xap'aua, Inois
Cepen 0aratbOX HOBHX HAaHOEGJIEKTPOHHUX IMPUCTPOIB OXHOENEKTpOoHHUH Tpan3uctop (SET) € onHielo 3 TpaHUYHUX apXiTEKTyp
NPHUCTPOIB, SIKA MOXKE 3alpONOHYBATH BHUCOKY pOOOYYy IIBHIKICT IPHU HAJHU3BKOMY CHEPrOCIOXKHMBaHHI. BiH BHKOPHCTOBYE
KOHTPOJIbOBAaHE SJICKTPOHHE TYHETIOBAHHS [UIs TOCHIICHHS CTPyMY i 30epirae cBoro MacIiTaboBaHICTh HABiTh B aTOMHOMY MacuITali.
3anpornoHOBaHO HOBY apxitekTypy npuctpoto SET Ha OCHOBI 3aTBOpy, SIKMH BHKOHAHMI 3 OJHOIIApPOBOI 3Mr3aronofioHol
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This paper reports on the development, manufacturing and testing of proportional y-ray detectors filled with gas mixtures based on
high-purity xenon. To let the gas mixtures into the detector, a special installation was developed and manufactured, consisting of
components designed to work with high-purity gases. The influence of the gas pressure, its composition (pure Xe or its mixture with
Ha, CH4), and the voltage at the anode on the spectrometric resolution and gas gain of the detectors was studied. The addition of Hz
or CHa to xenon is used to increase the charge carrier drift velocity. These additives also stabilize the gas mixture, i. e. decrease the
probability of gas breakdown at high voltage between the detector electrodes. Gas xenon, as well as its mixtures, of research purity
grade (99.9999%) have been used. Proportional y-ray detectors based on xenon gas can operate in both counting and spectrometric
modes. To study the characteristics of the detectors, we used standard sources of y-radiation 2! Am, ¥’Cs, 1%?Eu, !33Ba. The best
energy resolution values to date were obtained for a detector filled with a gas mixture of Xe + 2.1% CHas at a pressure of 2.5 bar and
an anode voltage of 2500 V; they were ~ 9.5% for an energy of 40 keV and ~ 5% for 120 keV. In the manufacturing of detectors
intended for radiation monitoring and identification of radioactive materials, in particular in nuclear power, complex materials
science problems have been solved. To increase the thermal and radiation resistance, all elements of the detector construction are
made of materials that are weakly activated by ionizing radiation. In addition, the design of the detectors is completely free of glass
elements and organic components. The detectors are designed to monitor technological processes and to work as part of radiation
monitoring systems, including those at nuclear power plants.

KEY WORDS: detector, gamma radiation, count rate, spectrometry, xenon, gas gain

Gas-filled counters are well known and used to register alpha-, beta-particles, protons, gamma quanta, neutrons
in various fields of fundamental and applied research. Proportional gamma-ray counters-spectrometers filled with
xenon gas have a number of advantages: a wide range of operating temperatures, high sensitivity, long-term stability,
and high radiation resistance. The unique combination of physical properties of xenon gas makes it very attractive as
an active medium in radiation detectors: high stopping power, low Fano factor, mechanical and chemical stability, as
well as low energy required to create an electron-ion pair. Xenon detectors, in particular, have proven themselves
well in astronomical applications in space [1], where they operate in highly aggressive radiation and temperature
regimes.

The specificity of using detectors for radiation monitoring and identification of radioactive materials, in
particular in nuclear power, requires the solution of rather complex materials science problems: the choice of
materials with low activation in intense fluxes of ionizing radiation, including neutrons, the rejection of the use of
glass elements, the complete absence of organic components in the design of the detector, the provision of very low
(at the picoampere level) leakage currents between the detector electrodes.

This paper presents the first results of a study of the counting and spectrometric characteristics of a proportional
gamma radiation detector of a special design filled with pure Xe.

DETECTOR DESIGN

Be, Al, Mg and Ti [2] are the structural elements that are more suitable, in terms of their activation properties, in
the manufacture of detectors designed to operate in intense fields of ionizing radiation. Considering the properties of
nuclei, it is undesirable to use alloys containing Mn, Co and Ag in the design of detectors. The prevalence of stainless
steel in the manufacturing of the detectors is determined by its manufacturability, corrosion and temperature resistance,
despite its activation in neutron fluxes. When iron and nickel, the main components of stainless steel, capture a neutron,
they form radioactive nuclides with a half-life of more than three years.

For the manufacture of anodes, molybdenum or tungsten is typically used, and tungsten is used for anode
tensioning springs. Molybdenum powder and copper solder are the main components used in sintering metal elements
with ceramics. Currently, mainly kovar or titanium is used in metal-glass and metal-ceramic insulators.

Fig. 1 shows the schematic of the design of the developed and manufactured detector. The detector body is a
seamless thin wall pipe made of 12X18H10T steel (25.5%0.3 mm, length 250 mm). The design includes a coaxial
vacuum current feedthrough with a "guard ring" and a high-voltage connector, as well as protective insulators designed
to reduce edge effects. The cylindrical design was selected as the one most used, however, there have been studies of
alternative designs, i.e. in [3,4], which are potentially interesting.

The disadvantages of metal-glass insulators, which are usually used in gas-discharge counters, are the limited
abrupt temperature changes to 45°C and the limited neutron flux density up to 107 cm™?s™. In this detector, for the
© S. Sokolov, A. Pudov, A. Rybka, V. Kutny, A. Abyzov, G. Kholomyeyev, S. Melnikov, 2020
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manufacture of insulators, we used Macor ceramic glass manufactured by Corning Incorporated, USA. This new kind of
glass-ceramic can be processed mechanically. The accuracy of machining is determined by the size of the mica crystals,
the diameter of which is ~20 um. The composition of the material is as follows: SiO; - 46%, MgO - 17%, Al,Os - 16%,
K>0 - 10%, B2O3 - 7%, F - 4%. Some mechanical, thermal and electrical properties of the ceramic are given in Table. 1.

y-source detector

Feedthrough ~ Anode Cathode Spring
y | \
‘. £
; —
Coaxial |J “ Insulator
connector
gas ﬁllir%g preamplifier
installation
Figure 1. Detector design Figure 2. Installation for filling the detector with gas mixtures
Table 1.
Properties of glass-ceramics "MACOR"
Thermal expansion coefficient, 25 - 300°C 93-1077/°C
Heat conductivity, 25°C 1.46 Wt/m-°C
Working temperature 800 °C
Density 2.52 g/em®
Young’s modulus, 25°C 66.9 Gpa
Dielectric strength (for thickness 12 mm and 25°C) 62.4 kV/mm
Bulk resistance, 25°C >10'Ohm-cm

The anode is a tungsten wire with a diameter of @60 pum, tensioned with a spring. Thus, the detector does not
contain organic materials or glass.

To ensure the purity of the gas and prevent contaminants’ release from the surface of the detector parts, various
methods and cleaning technologies were used in the manufacture of all parts, and the detector as a whole. Sandblasting
was carried out using aluminum oxide (Al,Os) particles with a size of 50 um. We also used electrochemical polishing of
the inner surface of steel pipes, electrochemical cleaning and polishing of thin tungsten wires, and final cleaning of the
surface of all elements was carried out with dry ice CO,. The detector was assembled by using laser welding. At various
stages of cleaning and assembly, the control measurements of the resistance of the ceramic elements of the detector at
high voltage were carried out.

To fill the detector with pure xenon and its mixtures, an installation was developed and manufactured, which
used accessories from Spectron GCS GmbH (Fig. 2). Before filling, the detector, the valves and corresponding
connecting tubes were evacuated and the detector was further degassed at an elevated temperature (~110°C). The
detector was filled with pure xenon or its mixture with H, (0.25%) or CH4 (2.1%) to various pressures from 0.5 to
3 bar. These additives to xenon are used to increase the drift velocity of charge carriers [5] in gas, as well as to
suppress secondary ionization processes. We used purified xenon gas, as well as purified xenon-hydrogen and
xenon-methane gas mixtures of research grade purity (99.9999%). It was estimated that the gas in the detector had
no more than 1 ppm contaminants. Table 2 shows the typical composition of impurities, in this case for the
Xe+H2(0.25%) gas mixture. The Xe+CHa4(2.1%) mixture has the same total amount of impurities and is assumed
to have a similar impurity composition.

The counting and spectrometric characteristics of the detectors were investigated. A voltage bias from 100 to
2700 V was applied to the anode by using an Ortec 659 high-voltage power supply through an RC filter. The
measurements were carried out by using an Ortec 142AH preamplifier, a 672 shaper amplifier, and a 927 ADC. The
gain value was 100, the time constant of the shaping amplifier was 3 ps. The count rate and amplitude distributions of
the detector signal were measured by using standard y-sources > Am, '3’Cs, '*?Eu, !**Ba.
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Table 2.
Contaminants’ composition in the gas mixture Xe+0.25%Ho.
% H» Contaminants, ppm. (not higher than)
Kr O, N, Ar C.Hn, CO+CO, SF¢ S,Fs H,O
0.25 0.1 0.1 0.2 - 0.1 0.1 0.1 0.1 0.1
RESULTS AND DISCUSSION

The dependence of the detector counting rate on the voltage measured for the y-source 2*' Am at different pressures
of pure Xe or the xenon mixture Xe + 2.1% CHy is shown in Fig. 3. For all gas pressures in the detector, the counting
rate of the detector begins to increase sharply when the voltage applied to the anode is above a certain threshold value.
This threshold voltage shifts to higher values with increasing pressure in the detector. Thus, in practice, at higher
pressure, a higher detector sensitivity is achieved, but higher voltage values are required.

3000 4 Xe+2.1% CH, 1.5 bar
] 241 A /| Xet2.1%CH,
2500 A m Xet2.19% CH, _2.0bar
1.0bar / 2
<2000 4
R Xe+2.1% CH,
[ 0.5 bar
5 15001 —
= Xe, 3.0 bar
= 1000 +
o |
o
500 -
0.- /""" backeround
' ! ' T T T T T T T .
0 500 1000 1500 2000 2500 3000

Voltage (V)

Figure 3. The count rate for 2! Am at different pressures of the gas mixture. Dashed lines represent the background measurements

The count rate measured as a function of the applied voltage for a detector filled with pure Xe up to a pressure of
1.5 bar is shown in Fig. 4. As can be seen, the number of counts in the background measurements is much lower than
that in the measurements with the y-source. Table 3 shows the signal-to-noise ratio values for the Xe+2.1%CH4 mixture
for the isotopes **'Am, '**Ba, *’Eu at a pressure of 1.5 bar and anode voltage of 1900 and 2550 V.

Table 3.
Signal-to-noise ratio for the mixture Xe+2.1%CHjat 1.5 bar
GOAm 133Ba 152Eu
Isotope (59.5 keV) (80.9 keV) (121.8 keV)
Signal-to-noise ratio, 1900 V 8 11 16
Signal-to-noise ratio, 2550 V 25 34 50

With an increase in the pressure of the Xe+2.1%CHs mixture to 2.5 bar (Fig. 5), the look of the counting
characteristics significantly differs depending on the type of the radiation source: the counting rate increases gradually
with the anode voltage for 1*’Cs, while for 2*' Am it practically does not change at low voltage values, and above 1000 V
begins to grow rapidly. This behavior corresponds to different energies of gamma rays emitted by these sources. Indeed,
for 37Cs, most of the detector signal is due to the broad spectrum of Compton scattered y-quanta, since the quanta from
the 1’Cs photopeak with an energy of 662 keV are not registered at such Xe pressures. On the other hand, 2! Am has
several low-energy y-lines (60 keV and below), and in the spectra of 2! Am, these lines (peaks) began to appear at
voltages above 1000 V, therefore, the counting characteristic begins to increase significantly at these voltages.

Similar dependences were measured for the other mentioned gas mixtures and pressures, though it turned out that
the addition of H, or CHy did not lead to significant changes in the counting characteristics of the detectors.

The examples of the measured amplitude distributions of the detector signal (spectra) are shown in Fig. 6. For
comparison, the spectrum on the left shows a line obtained with an Ortec 419 precision pulse generator. As can be seen,
the detector can register radiation with energies up to ~120 keV ('**Eu line). However, at a higher gas pressure in such
detectors, it is possible to detect radiation with higher energies [6]. The energy resolution (from full width of a
photopeak at the half-amplitude level, FWHM) of the detectors was determined from the photopeaks of different
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y-sources. For the detector filled with the Xe+2.1%CH4 mixture at the pressure of 2.5 bar, and a voltage of 2500 V
(Fig. 6), it ranged from ~9.5% for an energy of 40 keV to ~5% for 120 keV. Such values of the energy resolution of the

detector are sufficient to identify a reasonable number of radioactive isotopes.
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Figure 4. Voltage dependence of count rate for different
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Figure 6. The measured spectra for 2! Am and '3?Eu, Xe+2.1% CHs mixture at 2.5 bar, and the anode voltage of 2500 V

The gas gain M is an important characteristic of a gas-filled detector operating in the proportional mode. For
various values of pressure and composition of gas mixtures in the detector, it was determined by using the following

formula [7]:

M=""0

VC,
1
Aee &

X

where w is the average energy required to create one ion-electron pair in a gas mixture (21.5 eV for Xe), V is the pulse
amplitude, Cy is the detector capacitance (in our case, 20 pF), 4 = 100 is the amplifier gain, e is the electron charge, €, is
the photon energy (for example 60 keV for 2! Am).

Before determining the coefficient, the correspondence of

12 the channel number of the measurement channel to the

amplitude of the signal after the shaping amplifier was first

o~ 94 s carried out. The resulting dependence is linear (Fig. 7), with a

e, - linearity coefficient of 0.9999. Such a high degree of linearity

o N 1 indicates a high accuracy in determining the energy of spectral

= . i lines by the detector, which is necessary for the identification of
= - radioactive isotopes.

- 3 . ~ The values of M depending on the applied voltage,

._,."'J = Experiment calculated from the amplitude distributions for different values of

e Linear Fit pressure of the Xe+2.1%CH4 mixture, are shown in Fig. 8. As can

DOI 500 1000 1500 be seen, on a logarithmic scale, the dependence of the coefficient

Channel number

Figure 7. Dependence of the detector signal amplitude

on the ADC channel number

M on the applied voltage is nearly linear and shifts to the right
with increasing gas pressure. Fig. 9 shows a comparison of the
gas gain values for different gas compositions. As can be seen, the
dependence of the gas gain on voltage is practically the same for
the compositions of all mixtures, which were used.
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Figure 9. Gas gain as a function of the anode voltage at a
pressure of 1.5 bar for clean Xe, Xe+2.1%CHs and
Xe+0.25%H:2

Fig. 10 and Fig. 11 show the gas gain values calculated from the photopeaks of several different isotopes for pure
Xe and a mixture of Xe + 2.1% CH,, respectively. As can be seen in both cases, the M values calculated using different
gamma lines practically coincide. This behavior suggests that the gas gain does not depend on the number of charge
carriers created during the primary ionization event, which corresponds to the proportional operating mode of the
detector. The dependence of M on voltage in a significantly wider range was obtained for the mixture of Xe + 2.1%
CHa,, and it can be seen that for high voltages it is practically linear on a logarithmic scale (dashed line in Fig. 11). This
behavior indicates that there is no effect of secondary ionization on the gas gain at the given applied voltages. The very
fact that for the mixture of Xe + 2.1% CHa, in contrast to pure Xe, it was possible to carry out measurements at a much
higher anode voltage indicates the stabilization of the gas mixture upon the introduction of additives such as methane,
i.e. lowering the probability of gas breakdown.

The results obtained are in good agreement with the values of the gas gain obtained for similar compositions of
mixtures [8]. Note also that, in the case of using a thinner anode [9] in the detector, lower voltage to achieve the same
detector performance would be required.
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Figure 10. Gas gain for pure Xe at 1.5 bar, calculated for several
gamma-ray energies

Figure 11. Gas gain for Xe + 2.1% CHa4 mixture at 1.5 bar,
calculated for several gamma-ray energies

CONCLUSIONS

Thus, the y-radiation detectors filled with xenon, which have both high counting (dosimetric) and spectrometric
properties have been developed, manufactured and tested. The detectors were made without using glass or organic
materials. The influence of gas pressure, its composition (pure Xe or its mixture with H,, CHs), and the anode voltage
on the spectral resolution and gas gain of the detectors was investigated. The detectors have shown sufficient
operational characteristics, which will allow them to be used in various fields of application, including at nuclear power
plants.

To improve the characteristics of the detector, it is planned to use a thinner anode (@<30 um), as well as to use '°B
in the detector design, which will lead to the possibility of using it as a neutron detector. It may also be promising to
investigate the effect of mixtures of noble gases such as Xe and Ne in attempts to reduce the anode voltage due to a
process of energy transfer between the two species, which produces extra electrons [10].
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TA3OHAITIOBHEHMI JETEKTOP TAMMA-BUITPOMIHIOBAHHSI HA OCHOBI BUCOKOUYHMCTOI'O KCEHOHY
C. CokoJ0B, A. Ilynos, A. Pudka, B. KyTHiii, A. A0u3os, I'. Xos0meeB, C. MebHiKOB
Hayionanvnuii nayxosuii yenmp «Xapxiscokutl (pizuxo-mexniunuil iHcmumymy
Xapkis, Ykpaina

l'a3oHamoBHEHI JEeTEKTOpPH 10HI3yIOYOTO BHIIPOMIHEHHS 3HAWNIIM MIMPOKE 3aCTOCYBAaHHA MJs BUMIDIOBAaHHA SACPHUX Ta
palioaKTUBHUX MaTepialliB, a TaKOX B MEIUIIMHI, aCTPOHOMIi, MaTepiao3HaBCTBi. [IpomopiiiiHi IEeTEeKTOpH Y-BUIIPOMIHEHHS Ha
OCHOBI a3y KCEHOHY MOXYThH IIPAIIOBATH SK B PAXyHKOBOMY, TaK i B CIIEKTPOMETPHUYHOMY pexuMax. [ BHUKOPHCTaHHS IHX
JIETEKTOpIB JUIs pajiallifHOro KOHTPONIO Ta ifeHTH(iKamii pagioakTHBHUX MaTepianiB, 30KpeMa B aTOMHIN €HepreTHIli, NoTpiOHO
BUPIIINTH JOCUTH CKJIaIHI Marepiaysio3HaBui 3aBmaHHs. lle BuOip MaTepianiB 3 HHM3bKOIO AKTHBAI[€l0 B iHTCHCHBHHMX IIOTOKaX
IOHI3YI04YOr0 BHIPOMIHEHHS, B TOMY 4YHCIi HEHTPOHIB, BiIMOBA BiJl BHKOPHCTaHHS CKJSIHUX €JIEMEHTIB, NOBHA BiJICyTHICTh
OpraHiyHMX KOMIIOHGHTIB B KOHCTPYyKILii JeTekTopa. Y MaHiii poOOTI MOBIZOMIISETBCS MHPO PO3pPOOKY, BHTOTOBICHHS Ta
BUMPOOYBaHHs MPOMOPLIHHNAX AETEKTOPiB TaMMa-BHIIPOMIHIOBAaHHSI, HAIIOBHEHNX Ta30BHMH CyMillIlaM{ Ha OCHOBI OCOOJIMBO YHCTOTO
KceHOHY. [l HamycKy B JETEKTOp Ta30BHX CyMimeil Oyma po3poOiieHa 1 BHUTOTOBIICHA CIIEIiajbHA YCTAaHOBKA CKIIANAETHCS 3
KOMITOHEHTIB, IPU3HAYEHHX I POOOTH 3 OCOOIMBO YHCTHMH razam. J{ociikeHO BIUIUB THCKY a3y, HOTo CKIany (YucTuii Xe abo
foro cymimi 3 Hz, CH4) 1 Hanmpyru Ha aHOAI Ha CIIEKTPOMETPUYHE PO3PI3HEHHS 1 KOe(ilieHT ra30BOT0 MOCHICHHS AETEKTOPIB.
JobaBka Hz abo CH4 10 KCEHOHY 3acCTOCOBYETHCS IUISl IIABUINECHHS MIBUAKOCTI npeidy HociiB 3apsmy. Lli mobGaBku Takox
MIPU3BOAATH JIO CTabimi3amii ra3oBoi cymimi, TOOTO 3HM)KEHHS HMOBIPHOCTI Ta30BOr0 MHpoOOI0 IIPU BHCOKIH HamIpysi Mk
CJICKTPOJIAaMH JICTEKTOPa. BUKOPHCTOBYBaBCS T'a3 KCEHOH, a TAaKOXK HOTO CyMilli JOCHTiTHUIEKOT Mapku 4iucToTH (99,9999%). Jlnst
JOCIIUKEHHSI PaXyHKOBUX 1 CIIEKTPOMETPUYHHUX XapaKTEPHCTHK JIETEKTOpa B PoOOTI BUKOPHUCTOBYBAINCS CTAaHIApPTHI JKepena y-
punpominenns 24'Am, '37Cs, 13?Eu, '3’Ba. Kpaui, Ha januii MOMEHT, 3HAY€HHsI €HEPIETUYHOIO PO3PI3HEHHs OyJM OTPUMAHi IUist
JIeTEKTOpa, HAIIOBHEHOT'0 ra3oBoto cymimo Xe + 2,1% CHa npu tucky 2,5 6ap i Hanpysi Ha anoai 2500 B; Bonn cxianu ~ 9,5%
1ust eneprii 40 keB i ~ 5% nia 120 xeB. [l nigBuieHHS TepMiuHOT i pajiauiifiHoi CTIHKOCTI, BCI €IeMEHTH KOHCTPYKIIiT €TEeKTOpiB
BHTOTOBJICH] 3 MartepiaiiB, Mo c1ab0 aKTUBYIOThCA MiJ M€ 10HI3YIOYOTO BHIPOMiHEHHs. JleTeKTOpH mpu3HAueHi Ui KOHTPOIIIO
TEXHOJIOTTYHHX IPOIIECIB 1 [T pOOOTH B CKIIAJi CUCTEM paliallifHOTO KOHTPOIIO, B ToMy uncii Ha AEC.

KJIIOYOBI CJIOBA: nerexkrop, raMMa-BUIIPOMiHEHHSI, IIBUKICTh BIIJIKY, CIIEKTPOMETDis, KCEHOH, T'a30B€ IiICHIICHHS

TA3OHAIIOJTHEHHBIN JETEKTOP TAMMA-U3JIYYEHHSI HA OCHOBE BBICOKOUYHMCTOI'O KCEHOHA
C. Coko.10B, A. IIynos, A. Prioka, B. KyTHuii, A. A6b130B, I'. Xo10MeeB, C. MeIbHUKOB
Hayuonanenwiii nayunoiii yenmp « XapbKo8CKUull Qu3uKo-mexHuyecKuti uHCmunmymy»
Xapvros, Ykpauna
l'a3oHamonHeHHBIE AETEKTOPHl HOHM3HMPYIOIIMX W3JIYyYeHWH HANUIM [IMPOKOE TPHMEHEHHE M HU3MEPEHUS SIACPHBIX U
PaAnOaKTUBHBIX MAaTEpHAJIOB, a TAK)KE B MEAULIMHE, ACTPOHOMUH, MaTepuanoBeaeHuu. [IponopiionanbHble AETEKTOPHI Y-U3ITy4eHHS
Ha OCHOBE ra3a KCEHOHa MOTYT pa0OoTaTb Kak B CYETHOM, TaK M B CHEKTPOMETPHYECKOM peKMMax. JJs NMpUMEHEHUs 3THX
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JETEKTOPOB Ul PAJHAllMOHHOTO KOHTPOJIA M MASHTH(OHUKALMY PaJOAKTUBHBIX MaTEPUAIOB, B YACTHOCTH B aTOMHOH 3HEpreTHKe,
TpeOyeTcs peUIMTh JOBOJNBHO CIIOXKHBIE MaTepUaloBeIUecKHe 3aJadd. OTO BBIOOD MaTepHanoB C HHU3KOH akTuBamued B
HWHTEHCUBHBIX MOTOKAaX MOHM3MPYIOUIMX M3TyYeHUH, B TOM 4HCIIe HEHTPOHOB, OTKA3 OT HCIOIb30BAHHS CTEKISIHHBIX 3JIEMEHTOB,
MOJTHOE OTCYTCTBHE OPTaHMYECKMX KOMIIOHEHTOB B KOHCTPYKIMH JeTeKTopa. B mammoii pabore coobmaercss o pa3paboTke,
H3TOTOBIIEHHN ¥ WCIIBITAHUH MPONOPIHOHANBHBIX AETEKTOPOB IaMMa-H3IydeHHs, HAIOJHEHHBIX T'a30BBIMU CMECSMH Ha OCHOBE
0c000 YHCTOro KceHoHa. [ Hamycka B JETEKTOp Ta3oBBIX cMecel Obuia pa3paboTaHa M M3TOTOBJIEHA CHENUANbHAs YCTaHOBKA,
COCTOSIIIAsl U3 KOMIOHEHTOB, IIPeIHAa3HAYCHHBIX Ul PabOTHl ¢ 0000 YHCTHIMU ra3amMu. VcciaenoBaHo BIMsSHHE JAaBICHHS Ta3a, €ro
coctaBa (uncTeii Xe win ero cmecu ¢ Ha, CH4) 1 HampspkeHHsT Ha aHOJZIE Ha CIIEKTPOMETPHYECKOE paspeleHue u KodpduuueHt
ra3oBoro ycmieHus nerekropo. Jlo6aBka H: mim CHs k KCeHOHY mpuMeHsieTcs A HOBBILICHUSI CKOPOCTH Apelda HocuTenel
3apsna. OTU N00aBKHM TakXKe NMPHUBOAAT K CTAaOMIIM3alMU Ta30BOH CMecH, T.€. MOHMKEHUIO BEPOSTHOCTH Ta30BOr0 MpoOos Ipu
BBICOKOM HaNPSDKEHUHM MEKAY NIEKTPOAaMHU AeTeKTopa. Mcrnomb30oBacs ra3 KCEHOH, a TaKKe ero CMECH MCCIIEJOBATENIbCKOH MapKH
gucToTHl (99,9999%). [l mccnenoBaHMs CUSTHBIX M CIIEKTPOMETPHUYECKUX XapaKTEPUCTHK JETEeKTopa B pabOTe HCIIOIb30BAINCh
CTaHIApPTHBIE MCTOUHMKHU Yy-u3nydenus >*'Am, 37Cs, '52Eu, 3*Ba. Jlyumue, Ha NaHHBIH MOMEHT, 3HAYEHHUS SHEPTETHYECKOTO
pa3sperieHus ObIIH MOMYYEHBI U JETEKTOPa, HAIOJIHEHHOTO ra30Boi cMechio Xe+2,1% CHa4 npu maBienun 2,5 6ap 1 HanpsHKEHUH
Ha a”oze 2500 B; onm cocraBumu ~ 9,5% mna sHepruum 40 x3B um ~5% pna 120 xoB. [l mOBBILIEHUS TEPMUYECKOH U
paIManoHHON CTOMKOCTH, BCE 2JIEMEHTHl KOHCTPYKIHUH JCTEKTOPOB M3TOTOBJICHBI W3 MaTepHajoB, CIa00 aKTUBHPYEMBIX IO
JeCTBUEM MOHHM3HMPYIOUIMX U3JIy4eHHi. J[eTeKTOphl IpeqHa3HaYeHbl Il KOHTPOJIS TEXHOJIOTHUECKUX IIPOLIECCOB U ISl paboThl B
COCTaBE CHCTEM PaJHallMOHHOTO KOHTPOIIs, B ToM uncie Ha ADC.

KJ/IFOYEBBIE CJIOBA: nerexrop, raMMa-u3iay4eHHe, CKOPOCTh CUETa, CIIEKTPOMETPHs, KCEHOH, Ta30BOE YCHIICHUE
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The paper deals with angular dependence of ionoluminescence from transparent glossy silica samples. We measured silica
ionoluminescence spectra at wavelength range of 400-700 nm for different projectiles (Hi*, H2", He* 210 and 420 keV) and
registered two most common intensive emission peaks (blue with a maximum at 456 nm and red one at 645 nm). To study
luminescent angular dependence, the behavior of the blue peak maximum as a function of observation angle in the range of 0-70°
was examined, namely, the indicatrix at the wavelength of 456 nm was found. The intensity corresponding to ionoluminescent
indicatrices were found to be higher with respect to values from Lambertian angular distribution reaching approximately 20 % at
large observation angles. We also calculated angular distribution of light above the sample surface taking into account refraction and
reflection at the solid-ambient interface. The results obtained were in a good agreement with silica ionoluminescence experimental
data for the average indicatrix curve. The latter indicates that the model assumption (luminescent light generated by fast ions within
silica is unpolarized and isotropic) is correct. It was demonstrated that geometry of the experiment is very important, i.e., considering
the light collected by the measuring system in a certain solid angle, one has to take into account that mutual arrangement of the
sample and detector can distort angular distribution. The refraction at the border between a sample and vacuum (or air) strongly
influences the luminescent light angular distribution.

KEY WORDS: SiO2; spectroscopy; refraction; reflection, ions, radioluminescence, spectrum, indicatrix

Luminescent methods have been used for diagnostic purposes in various fields of science and technology recently.
Their main advantage is high sensitivity to phase transitions, small concentrations of specific defects and
impurities [1, 2]. These changes in crystal structure are easily diagnosed, since they become apparent by luminescent
measurements of spectra with characteristic bands at certain wavelengths. These techniques of optical spectroscopy are
well developed, and diagnostic tools are available and well-engineered.

Luminescent spectrum shape is sensitive to impurities, stresses, dislocations, nonstoichiometry and inclusions;
therefore, systematic study requires qualitative control in sample preparation (see, for example [3]). In addition, many
defects can combine together to minimize lattice stresses or electronic mismatches between dopants and lattice points.
Luminescent methods enable to monitor the presence of an easily identifiable impurity, for example, a rare-earth metal
ion, because there are characteristic emission spectra in this case. It should be noted that it is possible to detect the
radiation associated with the defect under study in the spectrum despite the abundance of other defects [4-8].

The mentioned above reasons explain wide use of luminescent techniques not only by physicists [8, 9], but also by
mineralogists and geologists, as well as by scientists of other specialties (see, for example [10, 11]). Recently,
luminescence has been widely put into practice in medical applications, such as optical diagnostic methods of cancer of
various types, diseases like caries, dose assessment technique for medical triage [12].

The features of luminescent technique applications for an analysis of various objects were scrupulously discussed
(see, for example [13—14]). However, it should be noted that one aspect of luminescent research is poorly covered in
publications, namely angular distribution of emitted light. An influence of observation angle on the light flux is more
often taken into account in experiments with light emitting objects of limited geometry, such as nanorods, LEDs and
various other radiating objects [15—17]. The experimental angular dependence study of the opal nanoscale spheres
showed the influence indicatrix (dependence of light intensity on observation angle at certain wavelength) of the
observation angle parameter on the measured spectra [18]. But, unfortunately, the reasons for the dependence were not
discussed. In order to optimize operation of medical light devices some researchers dealt with the angular distribution of
luminescent light from a point Lambert source [19]. It should be noted that they took into account the influence of the
CCD cover glass. The results indicated a good agreement of the experimentally measured data with the Monte Carlo
simulation of the emitted light angular distribution. Angular distributions of luminescence are also of great importance
for X-rays screens in medical imaging detector applications [20]. The simulations and experimental measurements
pointed out to a more directional angular distribution in comparison with the predicted Lambert’s cosine distribution.
The authors took into account absorption and scattering of light in matter in the calculations. When the light is
generated inside a transparent extended bulk sample, the angular dependence of light radiation intensity under the
surface can also appear due to the refractivity and transmittance on the boundary.

Optical measurements of luminescent radiation have some limitations associated with geometry of experiment
(positioning and finite dimensions of registering detector). Light measurements are often carried out in a certain solid
angle. Mutual arrangement of the sample being studied and the optics for analysis can define intensity variations of
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luminescent signal. This paper is devoted to the dependence of luminescent intensity on observation angle for
transparent polished samples on the example of silica.

EXPERIMENTAL SETUP

To study the angular characteristics of luminescence, we performed a series of experiments on the irradiation of
silica by fast helium and hydrogen ions (both molecular and atomic species). The measurements were carried out at
room temperature under vacuum conditions (residual gas pressure not less than 10~ Pa) in the experimental setup,
which is described in detail here [21]. We used the following bombarding projectiles: H;™ 210 and 420 keV, H,"
420 keV and He" 420 keV. A beam of ions from the Van de Graaf accelerator passed through the diaphragm system and
impinged the target at an angle of 30° (the angle is measured from the normal to the surface of the target). The beam
diameter on the target was 1.5 mm. Luminescent radiation was detected by a spectrometric complex based on the
grating monochromator. Light emitted at an observation angle B was collected by a light guide with an effective input
aperture of 2 mm (in the plane of incidence). The light guide entrance slit was attached to the movable holder at a
distance of 50 mm from the beam point on the target. It was possible to move the light guide in the plane of beam
incidence along the circle with the center at the beam point on the target, thus observation angle could be changed from
0 to 70°. The beam axis, the normal to the target surface and the observation direction were in the same plane. The
optical channel (light guide — focusing system — monochromator — photomultiplier) was calibrated by means of
incandesce spectrometer lamp. We also measured ion beam current (wire probe diagnostics) simultaneously with the
light signal registration. The samples were prepared from Imm thick plane-parallel silica plate with finely polished
surface.

EXPERIMENTAL RESULTS

As it is well-known silica showed bright ionoluminescence in the wavelength region 400—720 nm (visible light),
due to intrinsic defects and impurities [22, 23]. In this spectral range, silica has two most common intensive emission
peaks (blue with a maximum at 456 nm and red one at 645 nm). In our experiments we obtained the same two-band
luminescent spectra with more intensive blue peak in comparison with red one. To study angular luminescent
characteristics, we examined the behavior of the blue peak, namely, we studied the indicatrix at a wavelength of
456 nm. Figure 1 shows the generalized angular dependences of luminescence for several types of irradiating ions at
low absorption doses (some experimental data were taken from our previous papers: H," 210 keV [21], He"
420 keV [24]). The spectral intensity /() was normalized to /(0°) value, i.e. I,(B) = I(B)/1(0°), where I,(B) is normalized
intensity.

As we mentioned above Lambert’s cosine law imposes that the luminous intensity /(B) directed at an angle B, is
given as I(B)=I(0°)cosP [25, 26]. Correspondingly, it is reasonable to replot the indicatrix normalized to cosp (see
Fig. 2). An additional curve corresponding to a Lambertian angular distribution is also shown for comparison purposes.

As it may be observed from Fig. 1-2: (1) sort of ion has no noticeable effect; (2) the shape of normalized
indicatrices differs clearly from the shape of the Lambertian curve. Intensity values corresponding to ionoluminescent
indicatrices were found to be higher with respect to values from Lambertian distribution. The difference was found to
vary up to approximately 20 % at large observation angles. But Lambert’s cosine law one should use only in diffusion
solid-ambient surface case. In our experiments samples was polished and experimental distribution can’t be explained
by that law. Similar dependencies of the indicatrix were observed not only for the maximum of the blue band, but also
for the maximum of the red band [27].
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Figure 1. Angular dependences of ionoluminescent intensity for Figure 2. Ionoluminescent angular dependences

several types of irradiating ions (A=456 nm) normalized to cosf3
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Angular dependence calculations

To understand the nature of the angular dependences of luminescence we considered the physical model that
includes light refraction and reflection on solid-vacuum boundary. We formulated model’s approximation based on
analysis of the experimental condition and assumption about spatial distribution and polarization of the luminescent
radiation in silica.

As the ions have been accelerated to energies of several hundred keV, the penetration depth reached several
microns in silica [28]. The energetic projectiles provide intensive electronic excitation and induce light emission along
their trajectories. Despite the fact that there is anisotropy associated with the ion beam, the photon emission is most
likely not related to the projectile direction. The diameter of the beam spot on silica target was approximately 1.5 mm,
while the distance between light detector (the light guide entrance slit) and silica target was equal 50 mm. So the
luminescence is being observed at a distance large compared to the extent of the emitting zone. Taking into account the
value of ion penetration depths in silica, we can assume the luminescent source to be point in our proposed model.
Schematic representation for our model is presented on Fig. 3.

As far as detector moves in a plane perpendicular to the interface between media (the task is symmetrical with
respect to azimuthal angle) the numerical problem is automatically reduced to 2D geometry. As one can see from Fig. 3
X-axis coincides with the separating surface and Y-axis is perpendicular to it and intersects the point source of
luminescence.

The ray of the light emitted from the source at an angle o to the Y-axis is passing through the separating surface
and refracts due to the difference between refraction indexes n; and n,. We neglected absorption of luminescent light
within the matter due to low extinction coefficient of silica in our wavelength range. Further the ray is traveling at an
angle B to the Y-axis and enters the detector that moves in (X, Y) plane around the coordinate origin on a constant
distance. The current angle position of the detector to the Y-axis is denoted by p.

To obtain relationship between angles of light generation inside a solid o and its further propagation in vacuum 3
we use well-known Snell’s law (1)

n,sina = n, sinf (1)

that binds the refractive indices with the angles of incidence and refraction.

In order to simulate transmittance distribution one should firstly recall Fresnel’s equations [29] that describe the
behavior of light pass the separating surface of two media with different refractive indices. The fraction of the intensity
R, of light reflected from the boundary for s-polarized case is given by

n, Cos oL — A,
R = @)
n, cosoL+ 1,
and the intensity R, of reflection for p-polarized case is
2
2
(nz ! j
n,,|l=| —=sina | —n cosa
nl
R, = : 3
(nz ! J
n,,|l—=| —=sino | +n, coso
nl
Following the energy conservation law the corresponding transmittances 7 and 7, have the forms
T =1-R, “
And
T =1-R 5)

When the light includes both s- and p-polarizations, for example if it is unpolarized, that means both polarizations
are present as half to half. Then the transmittance reads as
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1
T:I—E(RS+RF) (6)

All the mentioned expressions where included in the numerical code and linked to the expression for angle
dependencies (1) that allowed solving the problem of light transmittance at the interface between two media.

On Figure 4 one can see calculated transmittance versus the observation angle § dependence for several refractive
index values (the data were normalized to the values at =0°).
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Figure 3. Schematic representation of light refraction at the Figure 4. Normalized transmittance versus the detector angle
interface between two mediums position B for different refractive index n2 values (n1=1)

Let's consider our 2D geometry experimental case (see Fig. 5). S is point luminescent source. The luminescent
light power emitted in some angle range Aa from a; to o. It is evident that we registered light emission in the angle A,
which is corresponding to the angle Aa inside the sample. So luminescent intensity of the light collected in small angle
AB is proportional to value of Aa. If AP is constant (which is most often realized in experiments), Ao will depend on
due to refractive law at the sample surface.

Snell’s law defines the relationship between angles:

n,sina, = n, sin 7
n,sino, =n, sinf, ®)
Ll
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Figure 5. Luminescent light refraction at the interface between Figure 6. The normalized relation between Aa and the detector
two mediums angle position for different refractive indices n2 (n1=1)

As we mentioned above, for our experimental geometry the light guide entrance slit had dimension of 2 mm and
moved along a circle with a diameter of 50 mm. In our case constant angle AP during the indicatrix measurements has
value =2° (so we can consider this angle as small). It is possible to relate the detector angle position § and angles B, B2:

_ps AP
B, =p+— (€))
B, = _A_B (10)

2



39
Angular Dependence of lonoluminescence for Silica Case EEJP. 4 (2020)

Using expressions (7-10) it is possible to calculate Ao =0, —o, depending on the detector angle position f3. The

dependence Aa=f{3) was calculated for three refractive indices (see Fig. 6).

As we pointed out earlier luminescent intensity of the light collected by the detector is proportional to value of AB,
this nonlinear dependence Aa=f(B) predicts that registered luminescent intensity is changed at different observation
directions. For example for n,=1.5 normalized Aa changes from 1 (at f=0°) to 0.35 (at p=75°). It means that different
detector positioning relative to the luminescent source leads to the intensity variations.

Validation of calculation model and discussion

Taking into account our previous calculations, indicatrix for the light leaving solid will be affected by the
dependencies of the transmittance and reflectance. We calculated the normalized transmittance T and the normalized
dependence Aa versus the detector angle position B for the silica case. The refractive index of silica at 456 nm is
approximately 1.46 [30]. The result is analogical to one shown on Fig. 4 and Fig.6. Assume that light from point source
is isotropic within silica and unpolarized light (s- and p-polarizations are present as half to half), then the indicatrix is
constant for any angle o (/(a)=[,). We calculated normaled functional dependence of the luminescent light collected by
our detector on observation angle by multiplying the indicatrix within silica by the mentioned above relations
I(B)=Io-T(B)-Aa(P) (see solid curve on Fig. 7). We also showed on Fig. 7 the average experimental indicatrix based on
our data for different projectiles under study and Lambertian (to perform comparative analysis we normalized the data
to 1(0°) values).

The results of calculated angular distribution are in good agreement with the experimental average indicatrix
curve. This agreement confirms applicability of our model and initial assumption, that the light is initially unpolarized
and emitted isotropically within silica.

We performed the calculations for our specific experiment. The reception path of the monochromator always
limits the angular size of the region from which light is collected. In general, obtained results can be adapted for other
cases. For that one has to vary AP and solid refractive index in equations. Moreover, two aspects must be taken into
account. If there are other factors affecting the angular distribution (for example the presence of optical filters or etc.),
then this can be taken into account in the indicatrix by multiplying by the corresponding dependence. Secondly, when
you deal with substances with a strong dispersion in the wavelength range under study, not only the intensity but also
the shape of the luminescence spectrum can change.
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Figure 7. Normalized indicatrices of silica luminescent light: measured average angular dependence of light
emission (squares), calculated angular distribution (solid curve), Lambert’s cosine law (dashed curve).

CONCLUSION

The influence of the observation angle on the measured intensity of the luminescent radiation induced by ions
from silica was shown. The functional angular dependence is significantly different from the well-known Lambert’s
law. The previously obtained experimental angular dependences of the silica ionoluminescence for several types and
ion energies were the basis for the calculations performed. A good agreement between the experimental data and the
calculated angular distribution was obtained.

The results obtained make it possible to draw the following conclusions:

a) Luminescent light generated by fast ions within silica is unpolarized and isotropic.

b) Geometry of the experiment is very important. Considering the light collected by the measuring system in a
certain solid angle, one has to take into account that mutual arrangement of the sample and detector can distort angular
distribution.
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¢) The refraction at the interface between the sample and vacuum (or air) strongly influences the luminescent

light indicatrix.

The results are applicable for any glossy transparent materials.
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KYTOBA 3AJIEXKHICTh HOHOJIIOMIHECIEHIIII 1JIs1 KBAPIIEBOI'O CKJIA
C. Kononenko, I. Muciopa, B. ’Kypenko, O. Ilumkin, O. Kananrap’su
Xaprxiecokuti Hayionanvhuil ynisepcumem im. B.H. Kapaszina
61022, Yxpaina, m. Xapxis, ni. Ceoboou, 4

V cTaTTi po3rsOaEThCs KYyTOBA 3aJICKHICTh HOHOJMIOMiHECHEHLIT [UIsi MPO30PHX MOJIIPOBAHMX 3pa3KiB KBapLOBOro ckia. Mu
BUMIPSUTH CIIEKTPU HOHOJNIOMIHECHICHIIIF0 KBapIOBOTO CKiIa B Jiama3oHi noBxuH XBWIb 400-700 HM ais pi3HHX OOMOapIyroumx
wonis (Hi*, H2", He™ 210 ta 420 x3B) Ta 3apeectpyBaiy 1Ba BiIOMHX HaNMOMIMPEHIMINX IiKH iHTEHCHBHOTO BHUIIPOMIHIOBaHHS
(cuHili 3 MakcuMyMoM Oiiist 456 HM Ta yepBOHMI — 645 HM). J{i15 BUBUEHHS KYTOBOI 3aJIe)KHOCTI JIIOMIHECHEHIIT OyJI0 JOCIIPKEHO
MOBEIIHKY MaKCUMyMy CHHBOTO MiKy 5K (YHKIIIO KyTa criocTepexeHHs B fianasoni 0—70°, a came OyJo 3HalACHO iHIMKATPHUCY HA
JOBXKHUHI XBHI 456 HM. BcTaHOBIICHO, 110 IHTEHCHBHICTD, SIKa Bi/AMOBiJa€ HOHOIIOMIHECIIEHTHUM iHAMKATPHUCAM, BHIIA 3HAYCHB,
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XapaKTepHUX Ul KyTOoBOro posmoniny Jlambepra, csArarouM 3Ha4eHb NepeBUIEHHA npuOnmusHo 20 % U BEJNMKHX KYTiB
criocTepekeHHs. MU Takox po3paxyBalli KyTOBHiT PO3IOALI CBITJIAa HAJl IIOBEPXHEIO 3pa3Ka 3 ypaxyBaHHSAM 3aJIOMJICHHS Ta BiIOUTTS
Ha TOBEpXHi TBeproro Tina. OTpuMaHi pe3ynabTaTH J00pe Y3rOMKYIOTHCS 3 EKCIHEPUMEHTAIBHUMH JaHUMH  IIOJO
Honomominecuennii kBaprosoro ckia (Hi*, Ho", He* 210 Ta 420 xeB), a came cepenHboro iHaumkaTprcoo. OcTaHHE BKasye Ha
MPAaBWIBHICTh MOJENBHOTO TIPHUITYIICHHS (JTFOMIHECIIEHTHE CBITIIO, SIKE€ T€HEPYETHCS MIBHIKAMH iOHAMH B KBapIOBOMY CKIi, €
HETIOJSIPH30BaHUM Ta i30TponHHM). Byno mponeMoHCTpoBaHO, IO TeOMETpisl eKCIICPHMEHTY Iy’Ke BaKJIHMBa, TOOTO, aHAJI3yIOUd
CBITIIO, SIKe 30Mpae BUMIpIOBaJIbHA CHCTEMA ITijl IEBHUM TIJIECHUM KYyTOM, CJIii BpDaXOBYBATH, 10 B3a€EMHE PO3TAIIyBaHHS 3pa3Ka Ta
JIETEKTOpa MO BIUIMHYTH HA KYTOBHH PO3MOILI. 3aJIOMJICHHS HAa MEXIi PO3/iTy 3pa3Kka Ta Bakyymy (200 MOBITps) CHIIBLHO BILIMBAE
Ha KyTOBHI PO3IIOJI1JI JIIOMiHECLIEHTHOTO CBiTJIA.

KJIIOUYOBI CJIOBA: SiO2, crieKTpOCKOIIisl, 3aJI0MICHHSI, BiIOUTTs, IOHHU, PaioNOMiHECLCHIIis, CIEKTp, iHANKATpUCa

YIJIOBASI 3ABUCUMOCTD HOHOJTIOMUHECHEHIIUH OJIs1 KBAPHEBOI'O CTEKJIA
C. Kononenko, . Muciopa, B. ’Kypenko, A. Hlnmkun, O. Kanarapbsan
Xapvrosckuii Hayuonanvuvlil ynueepcumem um. B. H. Kapasuna
61022, Yxpauna, e. Xapvkos, ni. C60600vi, 4

B craTbe paccmaTpuBaeTcs yriioBasi 3aBUCHMOCTh HOHOJTIOMHHECLICHIMHN TTPO3PAYHbIX ITOJMPOBAHHBIX 00Pa3IOB KBAPLEBOTO CTEKIIA.
MBI M3MepHIH CHEKTPhl HOHOJIIOMHUHECLEHIMH KBaplLEBOro CTekia B jauana3zoHe MH BoiH 400-700 HM Ui pasidyHbIX
6ombapaupyronmx nonoB (Hi", H2", He® 210 u 420 x3B) u 3aperucTpupoBany [Ba H3BECTHBIX PACHPOCTPAHCHHBIX ITHKA
MHTEHCHBHOI'O U3NIy4YeHHs (CHHHHA C MaKCHMyMOM OKOJIO 456 HM U KpacHbli — 645 HM). [l u3ydeHHs yTJIOBOH 3aBHCHUMOCTHU
JIIOMHHECIIEHIINH OBIIIO MCCIIEIOBAHO MOBEICHHE MaKCUMyMa CHHETO THKa Kak (yHKLHWIO yriia HaOmoaeHus B auanasone 0-70°, a,
HMMEHHO, Obla HalIeHa WHIMKATpHca Ha JIMHE BOJHBI 456 HM. YCTaHOBJIEHO, YTO HMHTEHCHBHOCTb, KOTOpask COOTBETCTBYET
HOHOJIOMHHECIICHTHBIM HMHAWKATPHCaM, BBIIIE 3HA4YCHWH, XapaKTepHBIX JUIL YIJIOBOro pacmnpenenenus Jlambepra, nocruras
npesbimenust npumepHo 20 % mus GONBIINX YIIOB HaOMIoAeHWs. MBI pacCUMTalH yIJIOBOE pACIpeieleHHe CBeTa Haj
MOBEPXHOCTEIO 00pa3ia ¢ y4eToM HPEJIOMIICHHUSI M OTPKSHHUS Ha IIOBEPXHOCTH TBepAoro Teia. [lomydeHHbIe pe3ynbTaThl XOPOLIO
COIJIACYIOTCS C DKCIIEPUMEHTAILHBIMU JIAHHBIMK [0 HOHOJOMUHecHeHnuu kBapiesoro crexna (Hi*, Ha*, He* 210 u 420 x3B), a,
HMEHHO, cpeiHell nHankarpucoil. Ilocnennee ykaspiBaeT Ha MPaBUIBHOCTh MOJEIBHOTO MPEANONIOKEH S (JTIOMHHECHEHTHBIN CBET,
TeHEpUPYEMBIii  OBICTPHIMH ~HMOHAMU B  KBapLEBOM CTEKJe, SBISIETCS HEMONAPU30BAaHHBIM M H30TPONHBIM). beITO
MIPOJEMOHCTPHUPOBAHO, YTO T€OMETPHUS SKCIEPUMEHTA OUCHb Ba)KHA, TO €CTh, AHAIM3UPYS CBET, KOTOPBIH COOMPAET M3MEpPHUTEIbHAS
CHCTeMa MO/ ONPENEICHHBIM TEIECHBIM YTJIOM, CIEIyeT yYHTHIBaTh, YTO B3aHMMHOE PACHOIOXKEHHE o0pasa M JEeTEeKTOpa MOXKET
TIOBJIMATE Ha yIIIOBOE pactpenenenue. [Ipenomienne Ha rpaHune MexX Iy 00pasloM M BaKyyMOM (MJIH BO3yXOM) CHIIBHO BIIMSIET Ha
YTJIOBOE pacIpe/ielICHNE JTIOMHHECLICHTHOTO CBETA.

KJIFOYEBBIE CJIOBA: SiO2, criekTpockonusi, MpeIoMICHHE, OTPAKCHHUE, HOHBI, PaJUOIIOMUHECIICHIINS, CIICKTP, HHAUKATPUCCA
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STRUCTURAL, ELECTRONIC, MECHANICAL AND THERMAL PROPERTIES OF
CoVZ (Z= Si, Ge, Sn, Pb) HALF-HEUSLER COMPOUNDS
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Half-Heusler compounds pose unusual behavior because of their variable band gap and as well as both metallic and semi-metallic
nature. These compounds can be used in different applications on the basis of band gap tenability. We have discussed the structural,
electronic, elastic and magnetic properties of CoVZ (Z = Pb, Si, Sn, Ge) by using WIEN2k simulation code based on density
functional theory (DFT). We have optimized the all-possible structural configuration of each compound and considered which
optimized with lowest energy and lowest equilibrium volume. For determination of electronic exchange correlation energy, the
generalized gradient approximation (GGA) is used in both platforms. We have also obtained the individual elastic constants, shear
modulus, Young's moduli, B/G ratio and Poisson's ratio, which shows that these compounds are ductile except CoVGe shows little
ductility. Debye temperatures are calculated by compression wave velocity, shear wave velocity and with their average value.
KEYWORDS: Half-Heusler compounds, structural properties, electronic properties, mechanical properties

The structure of Half Heusler compounds is a combination of rock salt and zinc blend type sublattices. This class
of compounds can be represented as XYZ (Pb, Si, Sn, and Ge) type. Half-Heusler compounds, crystallize in the face-

centered cubic having structurbericht designation Clb with the space group F-43 m [1]. These compounds can be
111

viewed as Co and V form zinc blend sublattice arranged in a primitive cell at Wyckoff positions (0, 0, 0) and (Z a ’Z)
whereas NaCl sublattice is formed by V and Z at (% ,% ,%). We can also mention the ordering by interchanging above said
Wyckoff positions, but the preferred atomic arrangements have a dependency on the size of involved atoms and the
inter-atomic interaction between them [2-4]. Nevertheless, the size dependence on the transition metal configuration is
the predominant influence over the inter-atomic interaction formed by the electronegativity of atoms. One can study the
properties of such compounds simply by knowing the number of valence electrons per formula [5]. The properties of
these XYZ compounds are highly dependent on the concentration of the number of valence electrons (ny) in the primary
cell, which predict the band structure and physical properties of the compounds [6].

The half Heusler compounds can be used to decrease electric power consumption by using them in photovoltaic
devices. The most efficient way to do so is by transforming sunlight into electrical energy using semiconductor-based
materials products. It is found that compounds with eight valence electrons are likely to be classic semi-conducting
behaviors such as GaAs, Si. As with a K-shell, these valence electrons are tightly bound, as a result of which some gap
separates the conduction and valence band. Similarly, the half Heusler compounds demonstrate the same behavior with
the composition of the first, second and fifth group elements and can be used as traditional semiconductors to replace
classical ones. The same behavior, however, is observed in compounds with 18 and 24 valence electrons.

In this study, we have 18 valence electrons compounds and it has been observed that this particular valence
electrons count alloys shows the semiconducting behavior in both majority and minority spin states. The alloy's elastic
constants are important mechanical properties, as well as correlated with other thermodynamic properties such as Debye
temperature specific heat and heat of expansion. In addition, the elastic constants also provide useful information about
the anisotropic bonding as well as mechanical stability. We have obtained the individual elastic constants, shear
modulus, Young's moduli, B/G ratio and Poisson's ratio, which shows that these compounds are ductile [7,8]. The
Debye temperatures obtained from the average sound velocity and have been discussed. In this paper, we have used the
first-principles calculations to systematically examine structural, mechanical, electronic and magnetic stability to
explore the potential properties of these compounds.

COMPUTATIONAL DETAIL

In order to explain the interaction between atomic core and valence electrons, the first principles calculations are
made using the full potential linearized aungumated plane wave (FP-LAPW) method implemented in the WIEN2k
simulation code [9,10]. The electronic wave function is extended keeping in mind the valance electrons. Generalized
gradient approximation (GGA) is used at Perdew-Burke-Ernzerhof (PBE) to define the energy of exchange-
correlation [11-13]. To optimize the geometry of the electronic structure; we have used the FP-LAPW method, which is
the part of the spin-polarized density functional theory (SDFT). The value of I is taken as 4 to extend the spherical
harmonics in the atomic sphere. In the central region, the charge density and the potential were developed as Fourier series

© L. Mohan, Sukhender, S. Kumar, S.R. Bhardwaj, A.S. Verma, 2020
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with a wave vector up to Gmax = 12. The muffin-Tin radii of a particular atomic sphere as per the alloys studied and are
listed in Table 1 [14]. The RKnx value are 6.68, 6.85, 6.84, 6.86 for CoVZ (Z= Si, Ge, Sn, Pb). Core states are considered
relativistic and valence states are considered semi-relativistic, and the energy between these two states has been set -
6.0 Ry. The SCF cycle are considered to be converged; when the energy difference and the integration of absolute charge
density difference between subsequent iterations is less than 10 Ry and 0.001 Coulomb/formula unit respectively. Total
numbers of K - point are kept 1000 for irreducible Brillouin zones in Wien2k. ElaStic 1.0 based on ab initio total-energy
and/or stress calculations is used to calculate the full second-order elastic stiffness tensor for crystal structures. The
maximum absolute value for Lagrangian strain is considered to be 0.5 with number of distorted strain structure are set to
value 11.

Table 1.
For the prevention of overlapping spheres during the SCF process, the muffin-Tin radii of the specific atomic sphere for

optimized lattice parameter of the individual alloy are shown.

Compounds CoVSi | CoVGe | CoVSn | CoVPb
Atom
Co 2.2 2.30 2.36 2.35
\Y 2.09 2.19 2.30 2.35
Z 1.82 2.19 2.36 247
RESULT AND DISCUSSION

The lattice constants were determined in the first step. The total energies are measured as a function of the lattice
constant for the said compounds with a half-Heusler structure. The constants for the equilibrium lattice were obtained
by minimizing the total energy.

Structural Properties
Half-Heusler compounds, crystallize in the face-centered cubic having structurbericht designation C1b with

the space group F-43 m. These compounds can be viewed as V and Co form zinc blend sublattice arranged in a
111
272"
Volume optimization has been performed for all possible arrangements of each compounds based on the
Murnaghan equation of state. The volume vs. energy curves is shown in Figurel and which has minimum energy

primitive cell at Wyckoff positions (0, 0, 0) and (i ,i ,i); whereas NaCl sublattice is formed by V and Z at (

and electronegativity order is to be considered [15-17].
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Figure 1. Total energy as a function of volume per formula unit corresponding to CoVSi, CoVGe, CoVSn and CoVPb alloys.
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For the each arrangement electronegativity and energy for CoVPD are tabulated in Table 2.
Table 2.

We displayed the measured values of the equilibrium lattice constant ao, equilibrium volume, the bulk modulus B
(GPa), the bulk modulus pressure derivative and minimum energy during optimization.

Co v Pb Energy (Ry) Equilibrium Band Gap
. gy (RY Volume (a.u.?) (eV)
Electronegativity 1.88 1.63 2.33
Type a (% % i (0,0,0) (% g % -46542.82 349.97 0.69
Type b Gsay) | Gag (0, 0, 0) -46542.73 389.50 0
Type ¢ 00,00 | G55 | Gias -46542.67 415.20 0

Murnaghan’s state equation [18] provides the total energy and pressure value as a function of volume and is described

as:
B BV 1 Vo\BP BV,
P = o [B—P(w,, () + 1) NS 1)]
Pw) = {27 -1}

The structural parameters values have been presented in Table 3. To predict the electronic and magnetic properties of
compounds, the optimized value of the lattice constant was used for the DOS, band structures and magnetic moment

calculations.
Table 3.

Calculated values of the equilibrium lattice constant a,, equilibrium volume, the bulk modulus B (GPa), the pressure
derivative of bulk modulus Bp and minimum energy during optimization.

Compound Lattice Parameter Equilibrium Bulk Modulus By Eneray
(A9 Volume (Vo) (GPa)
CoVSi 5.44 270.85 193.97 4.42 -5265.79
CoVGe 6.30 283.89 176.87 10.77 -8883.84
CoVSn 5.81 330.99 150.23 5.89 -17043.85
CoVPb 5.92 349.97 131.67 5.82 -46542.82

Electronic Properties
To get an in-depth analysis of the electronic structure for the CoVZ alloys (Z = Si, Ge, Sn, Pb), which have 18
valence electrons respectively, we first analysis their complete DOS configuration. Because the half-metallic band gap
is an important factor in these materials partial DOS are also shown in Fig. 2 for all the four compounds.
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Figure 2. Total and atomic spin- density of states of all the compounds at their equilibrium lattice constant. Negative of DOS axis
represents the minority spin (Continued on next page)
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Figure 2. Total and atomic spin-density of states of all the compounds at their equilibrium lattice constant
Negative of DOS axis represents the minority spin

As illustrated in Fig. 2, their shapes are similar and the characters can be defined as follows: the low-energy
component below -4.5¢V, -3.7 eV, -4 eV, -3.5 eV is primarily the p states of the Si, Ge, Sn, Pb atom in the occupied
valence states, which hybridize the Co atoms with and d electrons and decide the degree of occupation of the p — d
orbitals. 3d metal atom states range from -0.5 to + 5.3eV, and hybridize with each other. CoVZ chemical bonding
character can be studied from the density of State. It is evident from the partial densities of the figure below that the key
mechanism of the chemical bond is the hybridization between the Co and V's d- states. Chemical bond has a covalent
and ionic character at the same time, covalent since the d states of both transition elements are strongly hybridized and
degenerate over much of their extension and ionic because the relative quantity of the 3d states of Co and V is different
below and above Fermi point, the 3d states of V dominate.

To determine the band gap, we have also calculated the band structures of Half-Heusler compounds as shown in
Figure 4. In the band structure of all half Heusler compounds, the valence band maximum (VBM) is at the W-point and
the conduction band minimum (CBM) at the X-point. Thus, the band structure shows semiconducting behavior with an
indirect energy gap. The origin of the gap is mainly attributed to the covalent hybridization between the d-states of the
Co and V atoms, leading to the formation of bonding and anti-bonding bands with a gap in between [19].
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Figure 3. Orbital projected band structure of CoVSi for Co-d, V-d & Si-p states.

The orbital projected band structures (wide bands) of CoVSi as shown in Figure 3. The nearest V coordinating
neighbors are 4 Co and 4 Si atoms. Analogous to the binaries, we have obtained in Figure 3 that the lowest bands
below -5 eV are Si - p bands, separated by a pseudo gap from seven primarily V - d bands, which in turn are separated
by an indirect gap from relatively wide Co-d bands. The relative positions of the Fe d and V d levels with respect to the
Sb p levels are summarized in Table 4. The characteristic feature of all half-Heusler compounds is a d—d gap close to
the Fermi level. All the states below this gap are occupied for the 18 valance electrons compounds; due to this the
compound with 18 valence electrons doesn’t have half metallic nature as shown by compounds with more than 18
valence electrons.

Table 4.
Indirect band gaps for hybridized d states and total energy band gaps
Compound Co M Eq T Baqg
Ed Eeg Eog Ed Eeg Eog ransition
CoVSi 0.44 0.45 0.61 0.23 0.28 0.56 0.59 W—X
CoVGe 0.51 0.53 0.71 0.28 0.29 0.64 0.69 L—X
CoVSn 0.45 0.5 0.64 0.21 0.57 0.55 0.66 L-X
CoVPb 0.47 0.48 0.71 0.16 0.28 0.49 0.69 L—X
CoVSi Compound CoVGe
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Figure 4. Band structure diagram of compounds corresponding to their equilibrium lattice constant.
(Continued on next page)
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Figure 4. Band structure diagram of compounds corresponding to their equilibrium lattice constant.

Elastic properties

Hardness, stress and other structural deformations caused by pressure have been examined with the help of elastic
constant. These constants play an important role in studying the Poisson ration effect, Young's modulus, Shear modulus,
Debye temperature, and melting temperature of solid. They have three distinct elastic constants for cubic crystal namely
Ci1, Ci2 and Ca4. Here the Cjj are the elastic constant tensors (in Voigt notation) resulting from the change in internal
energy deformation [20,21]. The bulk modulus B defines the resistance of the solid to volume change and the shear
modulus takes into account its resistance to shear deformation preserving volume.

Mechanical stability. Elastic structures play a significant role in the research and development of materials.
Elastic tensors of any order are characterized by Taylor's expansion of the elastic energy or stress in terms of the applied
strain. To define the dynamic and mechanical behavior of studied alloys there are three second — order elastic constants
(SOEC) Cyy, Cy12 and Cus need to be determined. According to Hooke's law, for cubic crystal structures, there are only
three distinct elastic constants Cii, Ci» and Ca4. From the symmetry of the second — order elastic constant matrix in
Voigt notation

C11=C=Cs3; C12=C13=C3; C44=C55=Ces.

None of the eigen value of elastic constant matrix is zero confirms the stability of compound.
Apart from this condition, the stability criteria based on Born’s theory given below [22]

Ci1>0; Css>0; Cii>|Cral; (Ci1+ 2C12)>0.

Computation of elastic properties. The elastic constants of the cubic crystals are assumed to be compatible with
the above stability conditions, so studied XYZ compounds are mechanically stable. Different elastic properties based on
SOEC’s have shown in Table 5, 6 and 7 in Voigt, Reuss and Hill averaging scheme from elastic constants [23, 24]. The
Shear constant Cs and elastic stiffness constant Cy. are expressed in terms of SOECs as

C11—C C11+C12+2C
Cs= 112 12’ CL= 11 122 44

Bulk modulus (B), the measure of compressibility resistance have measured using the expression

N 3

The bulk modulus for a cubic structure is same for Voigt, Reuss and Hill averages [25].Shear modulus (G) is the
deformation caused by force applied on any parallel face by keeping opposite face fixed by applying opposite forces,

C11—C12+3C. 5C44(C11—C
Gy = 11—C12+3Cyq and Gp = 44(C11—C12)
5 4Cy4+3(C11-C12)

The Young’s modulus (E) and Poisson’s ratio (1) are calculated by the following relation [26]

9BG 3B-E
E = and 1=
3B+G 6B
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To quantify the anisotropy of these cubic crystals Zener’s anisotropy index (A) can be calculated as

A=
Cll_C12

The degree of elastic anisotropy (A*) has some practical importance. If A" has value zero or A=1 crystal represent
elastic isotropy and A" gives relative magnitude of the actual elastic anisotropy possessed by crystal.

_ 3(4 —1)?

T {3(4—-1)% + 254}

Kleinman parameter () and Lame’s coefficient (1) for cubic crystals can be obtained as:

A*

_ C11+8Cq2 .
T 7C1142C10°

A

A=Cop— 5

Hardness of a material is determined by Vickers hardness factor (Hy) followed by relation [27]
HV — 2[(K2G)0.585 _ 3]

Where K is the Pugh ratio define as [28]; K = %

Table S.
Elastic constants of CoVSi,CoVGe,CoVSn and CoVPb in the units of GPa.
Compounds CoVSi CoVGe CoVSn CoVPb
Cu 295.10 294.20 223.60 204.60
Cu 135.70 113.30 108.80 106.90
Cu4 89.00 119.30 92.70 82.60
Table 6.

Voigt bulk modulus(Bv), shear modulus(Gv), Young modulus (Ev), Poisson ratio(ny), Reuss bulk modulus(Br), shear
modulus(Gr), Young modulus (Eg), Poisson ratio(ny), Hill bulk modulus(Bg), shear modulus(Gy), Young modulus
(En), Poisson ratio(nn) and B/G ratio calculated from ElaStic 1.0.

Compounds CoVSi CoVGe CoVSn CoVPb
Bv= Br= Bu 188.84 173.60 147.07 139.47
Gv 85.25 107.78 78.58 69.09
Gr 85 105.83 74.39 64.72
Gu 85.13 106.81 76.48 66.90
Ev 222.30 26791 200.11 177.89
Er 221.73 263.87 190.96 168.14
En 222.02 265.89 195.55 173.04
nv 0.30 0.24 0.27 0.29
MR 0.30 0.25 0.28 0.30
M 0.30 0.24 0.28 0.29
Bu/Gu 2.22 1.63 1.92 2.09
Table 7.

Values of Zener anisotropy index (A), degree of elastic anisotropy in percentage (A"), Kleinman parameter ({), Lame’s
coefficient (A), Pugh ratio (K) and Vickers hardness of material.

Compounds CoVSi CoVGe CoVSn CoVPb
A 1.12 1.32 1.62 1.69
A (%) 0.15 0.92 2.75 3.27
4 0.59 0.53 0.61 0.64
A -0.05 -0.14 -0.13 -0.12
K 0.45 0.62 0.52 0.48
Hvy 4.61 11.4 5.77 3.9

Thermodynamic Properties
Many physical properties of solids such that acoustic velocity, specific heat capacity, thermal expansion
coefficient, elastic constants and melting temperature are related to Debye’s temperature [29]. At low temperature, the
vibrational excitation is induced solely by the acoustic vibrations, so that Debye temperature derived from elastic
constants is the same as that determined by specific heat measurements. From the data of elastic properties of the
materials, we have calculated the wave velocity Vs, longitudinal wave velocity Vp and average wave velocity Vy, and
obtained from Navier’s equation given below listed in Table 8 [30, 31]
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Another method to calculate Debye temperature is to estimate it from average elastic wave velocity Vi, is represented as

_ h[3n (Np>]1/3
P klan\M/] ¥
here i, K, N, n, M are plank’s constant, Boltzmann’s constant, Avogadro’s number, number of atoms per formula unit,
molecular mass per formula unit respectively, p=M/V is the density of compound.
Table 8.
Thermodynamic parameters shear wave velocity (Vs), compression wave velocity (V,), average wave velocity (Vm),
molecular mass (M), crystal volume (V), density (p).

Compounds CoVSi CoVGe CoVSn CoVPb
M(g/mol) 137.96 182.51 228.58 317.07
V(a.u®) 160.99 250.05 367.06 543.34

p(g/ce) 5.69 4.85 7.74 10.15
Vs 3867.99 4692.83 3143.43 2567.32
Vo 7289.48 8072 5672.40 4746.48
Vi 4322.68 5206.73 4787.94 4634.16

6p 565 588 586 556

SUMMARY AND CONCLUSIONS

In this paper, we have presented first-principles calculations on cubic CoVZ (Z = Pb, Si, Sn, Ge) half Heusler
compounds including structural parameters, structural stability, band structure, density of state, elastic constants, Debye
temperature and velocity of the acoustic wave in different directions. We have observed that for structure stabilities of
these Heusler compounds, the electronegativity is an important factor to select the suitable structural arrangement.
These compounds have indirect band gap and can be used in solar cell applications over the similar compounds obey
Nowotny—Juza phase. Apart from this, these compounds also have useful aspects towards thermoelectric devices and
topological insulators. Elastic properties of these compounds show that they have ductile nature except CoVGe, which
is close to ductility. The Poisson ratio of CoVGe represent covalent character and others have metal character; which
have predicted by their narrow band gaps. The hardness of materials can be compared by arranging them in decreasing
order i.e. CoVGe>CoVSn>CoVSi>CoVPb. Debye’s temperature is also calculated with the help of compressed,
strained, average wave velocities.
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CTPYKTYPHI, EJEKTPOHHI, MEXAHIYHI I TEIIJIOBI BTJACTUBOCTI
HAMIBXEMACJEPOBUX CITOJYK
CoVZ (Z = Si, Ge, Sn, Pb)
Jlanit Moxan?, Cykxenaep?, Cyaem Kymap®, lllus P. Bxapasanx®, Axxaii Cunrx Bepma?
“@isuunuii paxyromem, banacmxani Biovanimx, Banacmxani 304022, [noia
b Ximiunuii gaxynemem, bBanacmxani Biovanimx, banacmxani 304022, Inois
“@izuunuii paxynomem, Koneoaw b.C.A., Mamxypa 282004, Indis

HamniBxeiiciepoBi CIIOIyKH JEMOHCTPYIOTh HE3BHYAHHY MOBEAIHKY depe3 iX 3MIHHY IIMPHHY 3a00pOHEHOI 30HHM, a TaKOX depe3 ix
MeTalleBy, i HamiBMeTaneBy npupony. L{i cnomykn MOKyThb BUKOPHUCTOBYBATHCSI B PI3HMX 3aCTOCYBaHHSX 3JISKHO B IIUPHHU
3a0opoHeHOi 30HHM. Mu OOrOBOPWMIIM CTPYKTYpPHI, €JIEKTPOHHI, NpPYXHI i MarHiTHi BiactuBocti CoVZ (Z = Pb, Si, Sn, Ge)
BUKOpUCTOBYIouH Kox MozemtoBanus WIEN2K, sikuii 3acHoBanuit Ha Teopii dynkiionana mineHocti (DFT). Mu onTumisyBaiu BCio
MOXJIMBY CTPYKTYpPHY KOH(QIrypaui0 KOXXHOTO 3’€[HAHHsS 1 PO3IJISIHYNH, sIka 3 HUX ONTHMIi30BaHa 3 HAMMEHIIOI EHEeprielo i
HaMEHIINM pPIiBHOBAXHMM 00’eMoMm. Jlisi BH3HA4YEHHS eHeprii Kopessiuii enekTpoHHoro oOMiHy B 000X miatdopmax
BHKOPHUCTOBYETHCS HAOMIKEHHA y3arajabHeHoro rpamieaTa (GGA). Mu Takox OTpUMaid iHAWBIAyalbHI MPYKHI MOCTiiHI, MOAYIIb
3cyBYy, moayni fOwnra, BinHomenHs B/G 1 koedimient [Tyaccona, siki mOKa3yroTs, IO I CHOIYKH IUIACTHYHI, 32 BUHATKOM CIIOJYK
CoVGe, siki MOKa3ylOTh HHU3bKY IDIaCTHUHICTh. Temmneparypu JleGast po3paxoBaHi IO IIBHAKOCTI XBHJI CTHUCHEHHS, MIBUAKOCTI
3CYBHOI XBHJIi Ta iX CEpeJHROTrO 3HAUCHHSI.
KJIIOUYOBI CJIOBA: HamniBxelciiepoBi CIIOIYKH, CTPYKTYPHI BIaCTHBOCTI, €JIEKTPOHHI BIACTUBOCTI, MEXaHIUHI BJIaCTUBOCTI

CTPYKTYPHBIE, 3JIEKTPOHHBIE, MEXAHUYECKHE U TEILJIOBBIE CBOMCTBA
IOJIYXEMACJIEPOBBIX COEIUMHEHMM CoVZ (Z = Si, Ge, Sn, Pb)
Jlagut Moxan?, Cykxenaep?, Cyaem Kymap®, lllus P. Bxapasamk®, Axkaii Cunrx Bepma®
“@usuueckuti paxyrvmem, banacmxanu Buovanumx, banacmxanu 304022, Huous
b Xumuueckuii ¢axynomem, Banacmxanu Buovsnumx, banacmxanu 304022, Huous
“@uzuueckuii paxyromem, Konneosxc b.C.A., Mamxypa 282004, Hnous
[MonyxelcnepoBsl COSIUHEHHsT AEMOHCTPHPYIOT HEOOBIYHOE MOBEJCHHE M3-3a MX NEPEeMEHHOW IIUPHHBI 3alpEelIeHHON 30HBI, a
TaKKe KaK METAUIMYECKOH, TaK W IOJyMETAJUIMYECKOH HPUPOABL. DTH COEJUHEHWS] MOTYT HCIIOJb30BAaThCS B Pa3IMYHBIX
MIPUIIOKEHHSAX B 3aBUCUMOCTH OT IIMPHHBI 3aNPEIIeHHON 30HBI. MBI 00CY NN CTPYKTYPHBIE, SIEKTPOHHBIE, YIIPYTHE U MAarHUTHBIE
cpoiictBa CoVZ (Z = Pb, Si, Sn, Ge) ¢ nomorsio koga moaenuposannst WIEN2kK, ocHoBaHHOTO Ha TeOpHH (YHKIHOHANA MIIOTHOCTH
(DFT). MBI ONTUMHU3HPOBAIN BCIO BO3MOYKHYIO CTPYKTYPHYIO KOH(PHTYPALUIO KaXXI0T0 COCOMHEHHS M PACCMOTPENH, KaKas U3 HUX
ONTHMHU3MPOBAHA C HAMMEHBIIEH JHEpPruell W HAaMMCHBIINM paBHOBECHBIM 00beMOM. [l ompemeneHHs SHEPrHU KOPPeNsIuu
JIEKTPOHHOTO 0OMeHa B 00erX InIaTdopMax MCHoNb3yeTcs npudmmkeHne obodmennoro rpaguenta (GGA). Mbl Takxe IOIyqmIn
HHJIIBHyaJbHBIE YIPYTHE MOCTOSHHBIC, MOAYJb caBura, Moxyiau lOura, orHomenue B/G u xoaddumument Ilyaccona, xoTopsie
NOKa3bIBAIOT, YTO OTH COCIMHEHWS IUIACTHYHBL, 3a uckiaodeHneM CoVGe KOTOpble IOKa3bIBAIOT HU3KYIO IDIACTUYHOCTB.
Temneparypsr J{ebast paccYMTaHBI 10 CKOPOCTH BOJIHBI CXKATHSI, CKOPOCTH BOJIHBI CIIBHI'A ¥ UX CPEAHEMY 3HAYCHUIO.
KJ/IFOYEBBIE CJIOBA: nonyxeiiciepoBbl COSANHEHNUS, CTPYKTYpHBIC CBOMCTBA, SIEKTPOHHBIC CBOWCTBA, MEXaHUYECKUE CBOWCTBA
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Here in, we have investigated electronic, optical, elastic and magnetic properties of Co2VZ (Z= As, B, In, Sb) full Heusler
compounds by using two different computational methods. One is full potential linearized augmented plane wave (FP-LAPW)
method as implemented in WIEN2k and second one is pseudo potential method as implemented in Atomistic Tool Kit-Virtual
NanoLab (ATK-VNL). All these compounds show zero band gaps in majority spin channel in both computational codes and in
minority-spin conduction band or valence band crosses the Fermi level. Magnetic moment calculated by these compounds Co2VZ
(Z= As, B, In, Sb) are 3.64 and 3.76, 2.00 and 1.97, 1.99 and 1.99, 3.96 and 3.82up in WIEN2k and ATK-VNL simulation codes
respectively. Optical properties of these compounds such as reflectivity, refractive index, excitation coefficient, absorption
coefficient, optical conductivity and electron energy loss have been analyzed. Absorption coefficient and electron energy-loss
function values are increases as we increase the value of energy. Absorption and reflection are inversely proportional to each other at
same instant of time. Pugh’s ratio B/G is greater than 1.75 for Co2VZ (Z= B, In, Sb) compounds showing ductile in nature, but B/G
value for Co2VAs is less than 1.75, so this compound is brittle in nature. Values of Cauchy pressure (Cp = Ci2 — Ca4) derived and
these compounds Co2VZ (Z= As, B, In, Sb) shows metallic nature.

KEYWORDS: band gap, Spintronics, magnetic moment, elastic constants

Half metallic ferromagnetism is those Heusler compounds, which shows zero band gap in spin up form
representing metallic nature and a finite gap in spin down form exhibiting semiconducting nature [1-5]. Spin of
electron is responsible for such type of dual nature of material and named as Spintronics. The materials which are
metallic in majority spin and non-metallic in minority spin reveals 100% spin polarization at Fermi level [6-8].
Heusler alloys represent high magnetic moment and Curie temperature [9]. Due to such type of electronic and
magnetic characteristics, half metallic ferromagnetic materials have wide application in Spintronics devices, such as
magnetic tunneling junctions with tunnel magneto-resistance (TMR), magnetic sensors, spin torque oscillators
(STO), non-volatile magnetic memory, spin light emitting diodes (LED) and so on. These devices increase the data
processing speed and decrease the power consummation [10-15]. Ishida et al. [16] have put their results represent
that the compounds CooMnZ (Z= Ge, Sn) are semi metals and showing 100% spin polarization. Shreder et al. [17]
have studied the electronic, optical and magnetic properties of Fe,TiAl, FeoVal and Fe,CrAl. They observed radical
conversion in band spectrum in domain of Fermi energy and when change Y= Ti, V, Al, there are significant changes
in optical and electrical properties. Their results have good agreement with experimental results. Seema et al. [18]
have studied the electronic, optical and magnetic properties of Co.CrZ (Z= Al, Ga, Ge, Si). From their study, they
have observed three types of disorders, namely DOs;, A, and B,. In these disorders DO; and A, disorder leads
decrease in the spin polarization and B, disorder retains the spin polarization at Fermi level. In this paper, we have
performed the first principle calculation of the structural, electronic, optical, elastic and magnetic properties of
Co,VZ (Z= As, B, In, Sb) compounds, by using WIEN2k code and Atomistic Tool Kit-Virtual NanoLab (ATK-VNL)
code within Generalized-gradient approximation (GGA) for exchange correlation functions.

COMPUTATIONAL DETAILS

We have performed by using full-potential linearized augmented plane wave (FP-LAPW) [19] executed by
WIEN2k simulation code [20]. During optimization different parameters need to set, like RmKmax, k-point, lattice
constant and optimized energy, Generalized-gradient approximation (GGA). Where Ry denote plane wave smallest
radius of muffin-tin sphere and Kmax is used for elaboration of flat wave function by making maximum modulus of
reciprocal lattice vector. Here Rt Kmax (cutoff parameter), which is used for control the basis set size and we set 7.0
values for this. The energy between two states (core states are considered relativistically and valence states are
considered as semi-relativistic) was set 6.0Ry. In first Brillouin zone, we fix 1000 k-points. This value of k-points is
increased to 10000, when we calculate the optical properties of Heusler compounds. Angular momentum is used to
expand the spherical harmonics in the atomic sphere taken as Imax = 10. In the central region the charge density and
potential were elaborated with wave vector up to Gmax=10. The value of energy convergence criterion was set to
0.0001Ry. For the each atom muffin tin sphere radii (Rmr) are tabulated in Table 1.
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Table 1.
Muffin tin radius (Rmr) for Co,VZ (Z= As, B, In, Sb).
Compound
Ryr(a.u) Co,VAs Co,VB Co,VIn Co,VSb

Co 2.35 2.20 2.37 2.21

\'% 2.24 2.09 2.31 2.15

Z 2.24 1.82 2.37 2.21

A pseudo-potential method has been carried out in the framework of density functional theory is also apply for
study of above physical fundamental properties of full Heusler alloys, used by a code Atomistic Tool Kit-Virtual
NanoLab (ATK-VNL) [21]. Electronic and magnetic properties of Co.VZ (Z= As, B, In, Sb) are calculated by using
Pulay Mixer algorithm. Double-zeta () polarized basis set is applied for expanding the electron wave function and
GGA (Generalized-gradient approximation) for exchange-correlation functional. When each atom achieves force
convergence criteria 0.05 eV/A; then we have obtained an optimized structure of a compound having maximum stress is
0.05 eV/A3. Maximum 200 numbers of steps are executed with a fix step size 0.2 A for the optimization. Convergence
is achieved by deciding mesh cutoff energy on the ground of convergence principle and for this computation 150 Ryd
has been projected all over calculation as the most favorable after several convergence tests. Initial state has been
selected up and down for spin polarization purpose in an atom. We used 10 x 10 x 10 Monkhorst-Pack k-mesh [22] for
brillouin zone sampling to maintain balance between computational time and for accuracy results. Further, no any
constrain in X, y and z directions are applied for structure optimization.

RESULTS AND DISCUSSIONS
Structural parameters

In this study, we have concentrated on the Full Heusler compounds with formula X,YZ and having atomic
composition 2:1:1. They are inter-metallic alloys formed by four penetrating FCC-lattices with atomic positions at X
(1/4, 1/4, 1/4), X, (3/4, 3/4, 3/4), Y (1/2, 1/2, 1/2) and Z (0, 0, 0). Where X and Y atoms are transition metal and Z is
main group metal or semimetal. Their cubic lattice structure is of the L2, type having space group Fm-3m (no. 225)
[23]. The equation of state given by Murnaghan [24] gives the value of total energy and pressure as a function of
volume is stated as:

BV 1 Vo

E(V)=E 1 (o) 1) BV
"= 0+[B_P(cBP—1>(7) * )‘wp—n]

Pw) = 5-{e0 - 1)

dE d’E
Pressure (P) = —— —

Bp=-VE-_yLL

av av av
In the above equations E, is the minimum energy at T = 0K, B is the bulk modulus, Bp is the pressure derivative of
the bulk modulus and V, is the equilibrium volume. Structural optimization curves have been presented in figure 1.
Comparison of lattice constants compiled from both the computational codes WIEN2k and ATK-VNL, revels the
results that values of lattice constants of ATK-VNL are slightly greater than the lattice constants of WIEN2k. But in
case of bulk modulus, there is a significant difference between the values generated by these computational codes. Bulk
moduli of WIEN2k are slightly greater than the bulk modulus of ATK-VNL. The compound Co,VSb have the lowest
value of Pressure derivative while Co,VIn have the highest value of Pressure derivative. Calculated values of the

optimized lattice constant, equilibrium energy and pressure derivative have been presented in Table 2.

Lattice parameter, Bulk modulus, Equilibrium energy and Pressure derivative for Co,VZ (Z= As, B, In, S;:.lble >
Lattice Constants ag (A) Bulk modulus (GPa)
Compound Calculated Calculated ]];:r(llgrilibrium Lressure
gy (Ry) derivative
WIEN2k ATK WIEN2k ATK
Co2VAs 5.814 5.794 170.66 182.91 -11994.720 4.193
Co,VB 5.431 5.359 263.33 287.67 -7522.265 5.541
Co2VIn 6.005 5.794 183.19 210.39 -19239.105 6.072
Co,VSb 6.036 5.957 178.51 234.92 -20439.77 0.662
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Figure 1. Volume optimization for the lattice parameters

Electronic and magnetic properties

Co-based Heusler alloys attracted researchers due to this trait half metallic ferromagnetic. Co-based Heusler
alloys, which does not show any band gaps in up spin, are metallic by nature and down spin have a finite band gap and
are semiconducting or insulating by nature. Then these Co-based materials are half metallic ferromagnetic showing
100% spin polarization at Fermi level. Now a day’s Spintronics is a new growing field of research with numerous of
applications. These materials have high Curie temperature and magnetic moment [25]. Due to such type of electronic
and magnetic characteristics, half metallic ferromagnetic materials have wide application in Spintronics devices, such as
magnetic tunneling junctions with tunnel magneto-resistance (TMR), magnetic sensors, spin torque oscillators (STO),
non volatile magnetic memory, spin light emitting diodes (LED) and so on. These devices increase the data processing
speed and decrease the power consummation. Different magneto-electronic and high processing devices are developed
using the concept of Spintronics. These devices reduce electric power consummation and there is also decrease in heat
dissipation. Spin polarized calculations of Co.VZ (Z= As, B, In, Sb) compounds within Generalized-gradient
approximation (GGA) have been carried out at the optimized lattice parameters. Value of spin polarization can be
derived theoretically using the formula as given below.

_ nT—nl
nT+nl

=

If either ny =0 or n; = 0, then P, =1 or -1. It means, if either up or down spin is existing then the spin polarization
is 100%. These types of materials are known as half metals ferromagnetic. If the value of P, is vanishes; then the
materials are paramagnetic or anti-ferromagnetic even below the magnetic transition temperature. Study of energy gap
from DOS and band structure of the compounds Co,VZ (Z= As, B, In, Sb) shows that there are valence band extreme
and conduction band extreme exists around the Fermi level. It is clear in minority spin that minima of conduction band
crosses the Fermi level of compounds Co,VZ (Z= As, B, Sb) and maxima of valence band touches the Fermi level of
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compound. There does exist a significant band gap in WIEN2k code. The study of these graphs for those materials is
near to half metallic. Both codes produce the same results with zero band gaps in majority spin representing the material
is metallic. Graphical study of ATK-VNL also shows that the compounds Co,VZ (Z= B, In, Sb) are near to half
metallic, because their minima of conduction band crosses the Fermi level. But, the compound Co,VAs is metallic in
nature. The detailed results of band structures and density of states are shown in Figures 2-5.
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Figure 2. DOS of Co2VZ (Z= As, B, In, Sb) using WIEN2K Code
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Figure 3. DOS of Co2VZ (Z= As, B, In, Sb) using ATK-VNL Code
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Figure 5. Band Structure of Co2VZ (Z= As, B, In, Sb) using ATK-VNL Code

These magnetic moments and Curie temperature can be calculated by counting the total number of valence
electron present in the compounds. Curie temperature is equal to the integral multiple of 175 K by the difference of total
valence electron. In the same manner, magnetic moment per unit cell is equal to the difference between total numbers of
valence electron. These theoretical results of magnetic moments are driven by Slater-Pauling rule [26]. Here, total
number of valence electron of the compounds Co,VZ (Z= As, B, In, Sb) are 28, 26, 26 and 28. According to the Slater-
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Pauling rule their magnetic moments are 4, 2, 2 and 4 pg respectively and Curie temperature of these compounds
Co,VZ (Z= As, B, In, Sb) are 700, 350, 350 and 700 K respectively. We have summarized that these compounds have
very good agreement with Slater-Pauling rule. The calculated results for magnetic moments for Co,VZ (Z= As, B, In,
Sb) obtained by full potential linearized augmented plane wave (FP-LAPW) method implemented in WIEN2k and
pseudo-potentials method implemented in Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) within Generalized-
gradient approximation (GGA) for exchange and correlation functions and is tabulated in Table 3.

Table 3.
Total magnetic moments of the compounds Co,VZ (Z= As, B, In, Sb).
Magnetic moment (Ug)
Compound Zy WIEN2k ATK Slater-Pauling
(Z:-24)
Co2VAs 28 3.64 3.76 4.00
Co,VB 26 2.00 1.97 2.00
Co,VIn 26 1.99 1.99 2.00
Co,VSb 28 3.96 3.82 4.00
Optical properties

These optical properties are such as reflectivity, refractive index, excitation coefficient, absorption coefficient,
optical conductivity and electron energy loss. The optical spectra for different optical properties are shown in

Figure 6 (a-h).
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Figure 6. Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) optical
conductivity, (d) absorption coefficient, (e) electron energy-loss function, (f) reflectivity, (g) refractive index and (h) extinction
coefficient for Co2VZ (Z= As, B, In, Sb).
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Figure 6. Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) optical
conductivity, (d) absorption coefficient, (e) electron energy-loss function, (f) reflectivity, (g) refractive index and (h) extinction
coefficient for Co2VZ (Z= As, B, In, Sb).

From the Figure 6 (d-e), we have observed that along the increase of energy, values of absorption coefficient
and electron energy-loss function are increases. The value of energy of fast moving particle is decreases or absorbed,
when passes through a medium. Small wave vector optical response of material is described by complex dielectric
function. This complex dielectric function can be written as &(m) =¢;(m) + ig(m). Where €(m) is the real part of
complex dielectric function and (e2(m)) imaginary part of complex dielectric function. Which describe the
polarization for material; when electric field is applied and gives the value of absorption in a material or loss of
energy into the medium respectively [27-29]. The main peaks of imaginary part of dielectric function are obtained in
infrared region from 0.08 to 0.30eV. After that, imaginary part of dielectric function decreases rapidly and some
small peaks are observed near visible region. From figure 6 (a-b), we have obtained the zero frequency values of real
(e1 (0)) and imaginary part (& (®)) of complex dielectric functions are 166.34 and 39.81, 180.54 and 78.45, 130.11
and 51.64, 136.16 and 37.02 for the compounds Co,VZ (Z= As, B, In, Sb) respectively. Figure 6 (c), sharp peaks of
optical conductivity are obtained in visible region and highest sharp peak is observed at 2.73eV by Co,VB
representing more conduction of electron as compared with other compounds. From figure 6 (f), we have determined
the ability of material to reflect from material surface responding electromagnetic radiation. Zero frequency
reflectivity values of the compounds Co,VZ (Z= As, B, In, Sb) are 0.738, 0.756, 0.717 and 0.716 respectively.
Reflection and absorption are inversely proportional to each other at the same instant of time. Plasma resonance
corresponding frequency is known as plasma frequency at which sharp peaks are associated. Above the plasma
frequency, material shows the dielectric behavior and below which the material shows metallic behavior. Refractive
index has vast area of application such as dispersive power of prisms, focusing power of lenses, light guiding, and
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critical angle for total internal reflection etc. Zero frequency value of refractive index from Figure 6 (g) for the
compounds Co,VZ (Z= As, B, In, Sb) were obtained as 12.98, 13.73, 11.62 and 11.77 respectively. Figure 6 (h)
shows sharp peak of extinction coefficient infrared region and then some smaller peaks are obtained in visible
region. Further, the values of extinction coefficient are decreases in the ultraviolet region.

Elastic properties
These constants provide information about structure stability, mechanical properties, bond indexes and anisotropy
of material. The cubic crystal must satisfy the traditional mechanical stability condition of elastic constant, which is as
below [27].

Cii—Ci2>0,C1>0,Cy; +2C12>0,Cs4>0,C2<B<Cpy

Structural stability is necessary for any material, which is determined by anisotropic factor and denoted by ‘A’.
The material is anisotropic for the value of ‘A’ is other than one. A property of material which does not depend on the
direction is known as isotropic. Anisotropic is related with reduced elastic constants as.

A= 2
Cll_ C12

Bond index can determine the Stiffness and flexibility of a material by using Cauchy pressure, which is expressed
as CP = Cis — Cu4. If the value of Cauchy pressure is positive, then the material is metallic and ductile nature in nature,
otherwise material is nonmetallic and ductile in nature. Pugh’s ratio B/G is used to determine the material is brittle or
ductile. If the B/G ratio is less than 1.75 then material is brittle type otherwise it is ductile. Mechanical properties of the
compounds are determined by Bulk modulus (B), young modulus (E), Shear modulus (G) and Poisson ratio (v) by
Voigt-Reuss-Hill (VRH) averaging method [30]. Formulas for B, E, G and v by using elastic constant can be expressed
as.

B:BV:BR 3

Gy + Gg
G= ——2&
2

Ci1— Cip+ 3Cyy
5

G — 5C4-4- (Cll - C12)
B [4Cy + 3(Cyy — Cp2)]

GV=

(V = Voigt and R = Reuss)
Stiffness of material can be determined by Young modulus. This can be calculated in term of B and G.

_ 9BG
" 3B4+6G

The value of Poisson ratio can be calculated with the help of B and G. The values of Poisson ratio lie between O -
0.5 for most of the material.

_ 3B-2G
V= 2BB+06)

Here, we have used Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) package using Pseudo-potential method
carried out in the framework of density functional theory (DFT). All the results carried out from this code are assembled
in Table 4.

From the Table 4, we observe that traditional mechanical stability condition C;; — Cj2 > 0, Cy; > 0, Ci +2Cop2
>0, Cs4 >0, C2 < B < Cy; for the compounds Co,VZ (Z= B, In, Sb) is satisfied but Co,VAs compound does not show
mechanical stability. Results of anisotropic constant ‘A’ are not equal to one for these compounds showing anisotropic
in nature. Values of Poisson are lie between zeros to 0.5 except Coo,VAs. Table 4 revel the result that Pugh’s ratio B/G
is greater than 1.75 for Co,VZ (Z= B, In, Sb) compounds showing ductile in nature; but B/G value for Co,VAs is less
than 1.75 and is brittle in nature. Values of Cauchy pressure (Cp = Ci2 — C44) derived from the Table 4 and are positive
for these compounds Co,VZ (Z= As, B, In, Sb) and shows metallic nature.
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Table 4.
Elastic constants and bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus £ (GPa), B/G values, Poisson’s
ratio v and anisotropy factor 4 of Co,VZ (Z= As, B, In, Sb) compounds.

Elastic constant B (GPa) | G (GPa) E (GPa) B/G \ A
Ci Cix Cas

Compound

CoVAs 150.56 199.08 104.21 182.91 -20.19 -76.14 -9.06 0.57 -4.30

Co,VB 351.34 255.85 104.68 287.68 76.39 135.73 3.77 0.42 2.19

Co2VIn 242.77 194.20 132.10 210.39 68.28 70.16 3.08 0.44 5.44

Co2VSb 251.04 226.86 112.70 234.92 49.24 35.66 4.77 0.47 9.32

SUMMARY AND CONCLUSIONS

First principle investigations are performed of full Heusler compounds Co,VZ (Z= As, B, In, Sb). For it we
calculate structural, electronic, optical, elastic and magnetic properties of these compounds by using first principle
methods. Two computational codes are applied for above properties of Co.VZ (Z= As, B, In, Sb) compounds. Results
obtained by two computational codes are analyzed. First one is full potential linearized augmented plane wave (FP-
LAPW) method implemented in WIEN2k and second one is pseudo- potentials method implemented in Atomistic Tool
Kit-Virtual NanoLab (ATK-VNL) within Generalized-gradient approximation (GGA) for exchange and correlation
function. Band structures in majority spin compounds have zero band gaps and in minority spin conduction or valence
band crosses the Fermi level. Calculated magnetic moments per unit cell have good agreement with the Slater-Pauling
behavior. Optical properties of these compounds named as reflectivity, refractive index, excitation coefficient,
absorption coefficient, optical conductivity and electron energy loss have been observed. With the increase of energy,
values of absorption coefficient and electron energy - loss function are increases. Results of elastic properties suggest
that Co2VZ (Z= B, In, Sb) compounds are ductile in nature and Co,VAs is brittle in nature. Compounds are metallic in
nature.
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EJIEKTPOHHI, OIITUYHI, IIPY?KHI TA MAT'HITHI BJACTUBOCTI
MOBHUX XENCJIEPOBUX CIIOJYK CO:VZ (Z = As, B, In, Sb)
Cyxennep?, Jagir Moxan?®, Cyxem Kymap®, lllus P. BxapaBanxx®, Amxkaii Cinrx Bepma?
“@izuunuil paxynomem, Banacmxani Bio'snim, banacmxani 304022, Inois
b Ximiunuii gaxyremem, banacmxani Bio'anim, Banacmxani 304022, Indis
“Disuynuii paxyremem, Koneoowe b.C.A., Mamxypa 282004, Inodin

3a JOMOMOTOI0 JBOX Pi3HUX OOYMCIIOBANEHMX METOMIB JOCTIKEHI €IEeKTPOHHI, ONTHYHI, €JacTHYHI Ta MAarHiTHi BJIaCTHBOCTI
cnonyk Xeticiepa Co2VZ (Z = As, B, In, Sb). Onun — 11e METo1 MOBHOTO MOTEHIATY JIiHEAPH30BaHOT JOMOBHEHOT IIOCKOI XBHUII
(FP-LAPW), peamizoannii y WIEN2k, a npyruit — meTox nceBnonorenmiaiy, pearizoBanuii B Atomistic Tool Kit-Virtual NanoLab
(ATK VNL). Bci 1i crionyku 1eMOHCTPYIOTh HyJILOBY IIMPUHY 3200pPOHEHOI 30HH SIK B Ma)KOPUTApHOMY CIIIHOBOMY KaHalli B 000X
00YMCITIOBANEHUX KOJAX, TaK 1 B 30HI IPOBIJHOCTI 3 HEOCHOBHHM HAINPSIMKOM CIiHY, a00 30Hi BaJCHTHOCTI, L0 NIEPETUHAE PIBEHb
@epmi. MarnitHuit MOMEHT, po3paxoBaHuil s mux crnoiyk Co2VZ (Z = As, B, In, Sb), cranosurs 3,64 Ta 3,76, 2,00 ta 1,97, 1,99
ta 1,99, 3,96 ta 3,82 up Bigmosiguo B MoaenpHux komax WIEN2k ta ATK-VNL. IIpoananizoBaHO ONTHYHI BIACTHBOCTI LUX
CTIONYK, TaKi SIK BiIOWBHA 3/1aTHICTh, IOKa3HUK 3JIOMJICHHS, KOe(ili€HT 30yIKEeHHS, KOe(ilieHT MOTTHHAHHSI, ONTHYHA MPOBiIHICTH
Ta BTpaTH €Heprii e’xekTpoHiB. [1o Mipi 30iMbIICHHS 3HaYCHHS eHeprii kKoedillieHT MOTJIMHAHHS Ta 3HA4eHHs (YHKLIl BTpAT eHeprii
CJICKTPOHAMH 30UIBIIYIOTECS. [lormuHaHHS 1 BigOMTTS OOEpHEHO NPONOPLiHHI OAMH OJHOMY B OIMH 1 TOH )XE MOMEHT dacy.
Cnissignomenns 1’1o — B/G nepesumiye 1,75 s cnonyk Co2VZ (Z = B, In, Sb), sixi MaloTh IIaCTHYHY IPHPOLY, ajle 3HAUCHHS
B/G mna Co2VA wmenme 1,75, omke L CIOIyKa € KPUXKOI 3a CBO€lo mpupoxporo. OTpumaHo 3HaueHHs THCKy Komi
(CP =C12 - C44), mo ans cionyk Co2VZ (Z = As, B, In, Sb), moka3sye ix MeTajieBy IpUpPOIY.

KJIFOYOBI CJIOBA: 3a60poHeHa 30Ha, CHIHTPOHIKA, MATHITHHI MOMEHT, IPYXHI KOHCTAHTH

JIEKTPOHHBIE, ONTUYECKUE, YIIPYTUE U MATHATHBIE CBOMCTBA
HOJHBIX XEXCJIEPOBAX COEAUHEHHUI CO:VZ (Z = As, B, In, Sb)
Cyxenaep?, Jlaaut Moxan?®, Cyaemr Kymap®, Illus I'. Bxapasamk®, Axkaii Cunrx Bepma?
“Quszuueckuti paxynomem, banacmxanu Buovanum, banacmxanu 304022, Hnous
b Xumuueckuti gaxynomem, Banacmxanu Buovsnum, banacmxanu 304022, Huous
c@usuueckuti paxynvmem, Konneoxe b.C.A., Mamxypa 282004, Hnous

C momouipio ABYX Pa3iIM4YHBIX BBIYHUCIUTENIBHBIX METOJIOB HMCCIIEIOBAHbI JJIEKTPOHHBIE, ONTHYECKHE, DJIACTUYHBIE M MarHUTHBIE
cBoiictBa coexunenuil Xeiiciepa Co2VZ (Z = As, B, In, Sb). OauH — 3TO MeTOA MOJHOTO MOTEHIMANA JHHEAPU30BaHHOU
JonoiaHeHHoH miockoi BonHbl (FP-LAPW), peammuzoBanneiii B WIEN2kK, BTOpoil — MeTox mceBROMOTEHIMANA, PEaTU30BaHHBIN B
Atomistic Tool Kit-Virtual NanoLab (ATK VNL). Bece 3T coequHeHsS IeMOHCTPUPYIOT HYJIEBYIO IIHPHHY 3alpPEUICHHON 30HBI Kak
B Ma)XOPHTAPHOM CIHHHOBOM KaHaJe B 00OMX BBIUHCIUTENBHBIX KOJAxX, TaK U B 30HE IIPOBOJMMOCTH C HEOCHOBHBIM HAIPaBICHUEM
CIIMHA, UM 30HE BAJICHTHOCTH, IlepeceKaroluil yposeHb @epmu. MarHuTHbI MOMEHT, pacCUMTaHHbIN A1 9TUX coequHeHui Co2VZ
(Z = As, B, In, Sb), cocrapnser 3,64 u 3,76, 2,00 u 1,97, 1,99 u 1,99, 3,96 u 3 82 up coorBeTcTBHH B MOJENbHBIX kKogax WIEN2k u
ATK-VNL. IIpoaHanu3upoBaHbl ONTHYCCKUE CBOMCTBA 3THUX COCIAMHCHHM, TaKHE KaK OTpa)kaTelibHas CHOCOOHOCTh, TMOKa3aTeib
npesioMyIeHus, Kod(pduiueHT Bo30yxIeHUs, KOd()(UIUEHT NOIJOMEHNUs, ONTHYECKas IPOBOJUMOCTh M IIOTEPU DHEPrHU
9NeKTpOHOB. [lo Mepe yBenM4eHMs 3HAYEHUS SHEPruM KO3(PQULHUEHT INOIJOLIEHHS M 3HaueHHe (YHKLUUM INOTEPb SHEPruu
JNEKTPOHAMH yBeNnW4uBaoTcs. Iloryomennus u oTpaxeHHs 0OpaTHO MPOMOPLMOHAIBHBEI APYT APYTYy B OJHH M TOT K€ MOMEHT
Bpemenu. Cootnomenne IIsio — B/G mpessimaer 1,75 mnst coenunennit Co2VZ (Z = B, In, Sb), KoTopble HMEIOT MIACTHIECKYIO
npupony, Ho 3HaueHue B/G mns Co2VA wmenee 1,75, ciemoBaTenbHO 3TO COCOMHEHHE SIBISETCS XPYNKHM II0 CBOSH IpUpOIE.
[onyyeno 3nauenue paBienus Komm (CP = C12 - C44), uto s coempmuenuit CooVZ (Z = As, B, In, Sb), moka3eBaeT ux
METAJUINIECKYIO IPUPOTY.
KJ/IFOYEBBIE CJIOBA: 3anpenieHHas 30Ha, CIMHTPOHUKA, MAaTHUTHBI MOMEHT, YIIPYTe KOHCTAHTbI
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In this work the computation of the equilibrium ko and limiting koims distribution coefficients (DC) of the components according to
the state diagrams of binary metal systems Mg—-Ag, Ag-Mg, Al- Mg, Mg—Al, Ni-Ga, and Nb—Ge was achieved. These systems
belong to systems with limited solubility and for them the approximating equations of the solidus and liquidus lines are obtained in
the form of second-order polynomials in the temperature range from the melting point of the main component Tma to the eutectic
temperature Tea. A mathematical analysis of the obtained equations for calculating DC is performed. For the first time by calculated
and graphical methods the values of the limiting distribution coefficients koiims for such systems as Mg — Al, Mg — Ag, and Al — Mg
were determined. The complete coincidence of the koimp values obtained by different methods is confirmed. For the Ag—Mg, Nb—-Ge
and Ni—Ga systems adjusted values of the limiting coefficient were obtained, which are in good agreement with the reference values.
The dependences of the equilibrium distribution coefficients on temperature and concentration for the investigated systems are
constructed. In the studied temperature range from Tma to Tka, a linear dependence of the distribution coefficients on temperature
and concentration is observed.

KEY WORDS: equilibrium and limiting distribution coefficients, binary metal systems Mg—Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga,
Nb-Ge

Crystallization from melt is an important process that most materials undergo during their manufacture, refining,
and shaping. Directional crystallization is especially significant in the production of ultrapure materials, primarily in
semiconductor technology. The most important parameter of the crystallization process for the targeted use of its
refining action and the formation of solid solutions is the interphase distribution coefficient (DC).

The distribution coefficient characterizes the ratio of the concentration of components in various phases in
thermodynamic equilibrium. By their physicochemical definition, DC differ for each concrete pair of a base -
component. In this work, the distribution coefficient is used only to describe the concentration ratio at the liquid — solid
interphase equilibrium, in this case it is determined by the concentration ratio in the solid and liquid phases. The general
expression for equilibrium DC has the form of dependence: ky = x5/ x;. In the following considerations, the existence of
binary metal systems consisting of two components A - B is assumed.

The following distribution coefficients are considered in the literature [1-4]: effective DC kg, equilibrium DC ko
and limiting DC koimp. There are various both experimental and computational methods for determining the distribution
coefficients. In turn, the choice of the determination method of DC depends on the nature of the solubility of the second
component in the base: low solubility, limited and unlimited solubility. In [3], an analysis was made of the methods for
determining distribution coefficients depending on the type of solubility of the second component in the base.

FORMULATION OF THE PROBLEM

The effective distribution coefficient kg during directional crystallization is the ratio of the impurity concentration
in the initial and final part of the ingot (zone melting, the Bridgman method), or the ratio of the impurity concentration
in the ingot and the residue in the crucible (Czochralsky method). The kg coefficient varies over a wide range from
values less than 1 - 1073 to values greater than 10, which depends on the solidification conditions — crystallization rate
and degree of mixing of the liquid. The kg values determined in different experimental methods and conditions of
directional crystallization cannot be compared with each other and cannot be operated on to construct any dependencies,
correlations, etc. The kg values can be used only for a rough estimate of the behavior of the components during
crystallization. The kg experimental values for a wide range of binary systems are given in [1].

The limiting distribution coefficient koims is based on the value of the equilibrium distribution coefficient kog upon
extrapolation of the content of the second component to zero concentration. The calculation methods for determining
koiimp depend on the type of solubility of the impurity in the base and are described in [3, 5, 6]. In these works, the
calculated values of the limiting distribution coefficient are given for many systems with different solubilities of the
components in the solid state. The temperature and concentration parameters were established there to achieve the
limiting values of koims: xrg <0.1 at. % and ATma <1 K. Below the specified parameters koims is defined uniquely and
assumes its constant value.

The equilibrium distribution coefficient of the impurity kog is equal to the ratio of the equilibrium concentrations
of this component in two adjacent phases, and not concentrations in general. Although in practice, equilibrium
© A.P. Shcherban, O.A. Datsenko, 2020
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solidification is rarely achieved, because the rate of diffusion in the solid state is usually low; to estimate the
distribution of the second component during crystallization of a substance from a melt, it is precisely the kop
equilibrium DC that have the main practical value as a reference material.

In the reference literature, experimental and calculated values of kog are given [1, 6]. As a rule, these values are
given for one concentration value of the second component, or even without indicating concentration. The equilibrium
distribution coefficient ko, by definition, characterizes the ratio between the concentrations of components in two
phases that are in equilibrium with each other under isothermal conditions. Based on the binary state diagram, the
dependence of this coefficient on temperature and concentration is determined in general terms by the formula:

kos (T, x) = f (xsp(T)/xLa(T)). (1)

Thus, the distribution coefficient can be considered as a function of temperature and concentration. If the liquidus
and solidus lines of the state diagram (SD) are known with sufficient accuracy, then it is possible to determine the
dependence of the equilibrium distribution coefficient functions on temperature and concentration for a fragment of the
SD, for example, on the melting point of the main component to the singular points on the diagram (minimum point ,
maximum, eutectics, etc.). The literature data of the dependence of the equilibrium distribution coefficient kog on
temperature and concentration for binary metal are very limited, therefore, research in this direction is of interest.

The aim of the work is to study the dependence of equilibrium distribution coefficients on temperature and
concentration for individual metal systems with limited solubility of components in the solid a-phase.

CALCULATION METHOD
In this work, we studied the following binary metal systems: Mg — Ag, Ag — Mg, Al — Mg, Mg — Al, Ni — Ga, and
Nb — Ge. The choice of these systems is due to the fact that they relate to systems with limited solubility and they were

——1
investigated for calculating such thermodynamic quantities as the partial dissolution enthalpy AH s, activity

coefficients ]/f; , and component activity ag in these systems [7].

An analysis of the state diagrams of the explored systems [8] showed that their solidus and liquidus lines in the
temperature range from the melting point of the pure component to the eutectic temperature are not linear and therefore
kog is a function of temperature and concentration in this interval according to expression (1).

To calculate the dependence of the equilibrium DC kos on temperature and concentration, we used the method for
determining the equilibrium distribution coefficients from binary state diagrams described in [6, 9]. This method
consists in the mathematical expression of the shape of the solidus and liquidus lines of state diagrams in the form of
second-order polynomials:

*2 *

Ty = popXep + qspXss + Ty (@)
*2 *

T, =pipXip 49X + Ty, 3

where Ts and T}, — solidus and liquidus temperatures, 7T).4 — melting point of the main component A, X, X, — molar

fractions of component B in the solid and liquid phase, expressed in at.%, pss, gss, prs, qis - regression coefficients of
approximating equations.

Since equilibrium DC is an isothermal concentration ratio x; / xz , equality have been observed
AT¢ =AT, =T,, -1, =T,,-T, =AT,,. 4)
Considering condition (4), from expressions (1) and (2), it is possible write the equality:
*2 £ _ *2 £ 5
Pss¥sp Y 9spXsp = PreXis + 918%X15 - (%)
From this expression it is possible to derive the obvious expression kog as a function of the impurity concentration:
C * £
ko = (pLBxLB +4q.s )/(pSBxSB t4qs3 ) (©)

In the same way, excluding concentration, it is possible to obtain an expression for the temperature dependence of the
equilibrium distribution coefficient:
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, Pis (i\/ qu —4puAT,, _qSB)
R .
Psp (i\/ qzs - 4PLB ATMA 4. )

The degree of temperature influence is determined by the specific properties of the considered pair of substances.

(M

The regression coefficients pg;, P,g, qg5. 4,5 Were determined by the least squares method using the pairs of

values taken from the state diagrams: Ts), Xss(i) and Twg), XLg). It should be noted the scope of the regression equations
(2) and (3). Their application is limited in the range from the melting temperature of the Tua of the main component to
the maximum temperature equal to the eutectic temperature Tmax = Tra.

As noted above, the limiting distribution coefficient koimg is determined by extrapolating the content of the second
component to zero concentration xg — 0 or at T — Twma. This value can be obtained from formula (6) for

* *

X =X =0.

Koims =418/ 455 - (¥

Table 1 shows the values of the regression coefficients of the approximating equations of the solidus and liquidus
lines of the investigated systems and the temperature range of applicability of the equations, as well as the first
calculated values of the limiting distribution coefficients koimg for such systems as Mg—Al, Mg—Ag, Al-Mg. For the
Ag— Mg, Nb — Ge, and Ni — Ga systems, the refined values of the limiting coefficient were obtained, which are in good
agreement with the reference values [6].

Table 1.
The values of the regression coefficients of the equations of the solidus and liquidus lines in the AB investigated
systems, the temperature range of the equations applicability and koimp values

System Ps gs pL qu ATwa, °C KolimB Koiim [6]
Ag-Mg | 0,0394 -8.3938 20,0458 46347 202 0.55 0.56
Mg - Ag 13,8307 -92,5442 -0,2139 -6,5556 178 0,07 -
Mg - Al 0,0799 -18,8156 -0,0917 -4,2488 212 0,23 -

Al - Mg 0,3810 -17,8458 -0,0210 -4,7629 210 0,27 -
Nb - Ge 3,7895 -89,9375 -0,4615 -15,4285 569 0,17 0,3
Ni -Ga 0,2098 -15,9277 -0,1198 -4,2990 243 0,27 0,4

Figure 1 shows the dependences of the equilibrium distribution coefficients kOTB depending on the ATwma
constructed by expression (7) for Ag—-Mg, Ni-Ga, Al-Mg, Mg—Al, Nb-Ge, Mg—Ag systems.

0,85 -]
0,80 -]
0,75
0,70 -]
0,65 -

I ' I ' I ' I ' I
100 0 125 150 175 200
AT ."C
Figure 1. Dependences of equilibrium distribution coefficients on ATma for systems
Ag-Mg, Ni-Ga, Al-Mg, Mg—Al, Nb-Ge, Mg-Ag.

An analysis of the obtained dependences shows that for the investigated systems, a linear dependence kOT g from ATma

is observed in the temperature range from the melting point of the main component Tma to the eutectic temperature Tga.
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The nature of the concentration, as well as temperature, dependence of the equilibrium distribution coefficient is
determined by the topology of the phase diagram drawing: the mutual disposition of the liquidus and solidus lines. To

determine the concentration dependence of equilibrium DC koc 5 » €xpression (6) is used. Table 2 shows the calculated

values koc » and kOT p in the investigated systems obtained from expressions (6) and (7) for the same ATwma values. As

can be seen from the table, either a complete coincidence of the obtained values is observed, or a slight deviation (<1%)

Table 2.
The calculated values of distribution coefficients koc B ,kOT » obtained for the same values ATma
Ag-Mg Nb-Ge Mg-Al
kop | kop | AT | ks | kgy | ATW ) ks | kg | AT
0.61 0.608 38.93 0.203 0.207 90.756 0.252 0.252 23.97
0.635 0.635 57.93 0.231 0.236 168.55 0.275 0.275 48
0.662 0.664 78.93 0.231 0.236 168.55 0.298 0.298 75.7
0.703 0.703 106.93 0.269 0.269 248.93 0.353 0.353 150.16
0.748 0.745 136.93 0.299 0.298 313.756 0.386 0.385 200
Mg-Ag Al-Mg Ni-Ga
ks | kip | AT ] ki | kg | AT ] kg | kg | AT
0.089 0.09 41 0,29 0.293 42.322 0.306 0.306 19.776
0.103 0.104 71 0,302 0.304 58.822 0.393 0.393 75
0.12 0.121 99 0.345 0.345 109.572 0.482 0.482 134.27
0.146 0.145 129 0.364 0.364 127.452 0.532 0.531 164.45
0.195 0.21 157 0.384 0.387 146.452 0.573 0.573 188.388

From the obtained coinciding values kOT g and koc » for the same ATwa values (table 1), it is possible to conclude

that the concentration dependence of the distribution coefficients will have, as well as the temperature, a linear
dependence.
From the expressions (2) and (3) it follows that the distribution coefficient can be represented as:

koy = f(x;); 9)
koy = f(xg). (10)

The extrapolation of these functions as xg — 0 allows us to determine the value of the limiting coefficient.
Figure 2 shows the dependence curves kOA s =1 (x 1>X B) for the binary systems studied in this work. To build the

concentration dependences, atomic percentages (at.%) of the components concentrations of the corresponding lines of
liquidus and solidus were used.
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Figure 2. Dependences of equilibrium coefficients on the concentration of the second component in solid kg, = f(x;) - 1 and liquid
koy = f(x) - 2 phases for binary systems Mg-Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga, Nb-Ge.
(Continued on next page)
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Figure 2. Dependences of equilibrium coefficients on the concentration of the second component in solid kg, = f(x;) - 1 and liquid

ki =f (xL) - 2 phases for binary systems Mg—Ag, Ag-Mg, Al-Mg, Mg—Al, Ni-Ga, Nb-Ge.

The curves have a different character depending on the curvature of the solidus and liquidus lines. However, they
have a common intersection point as B — 0, which characterizes the limiting value koAlim 5 - The above calculations can

be considered an additional graphical method for determining the limiting DC, and (or) use it to refine and verify the
values of the limiting coefficients obtained by other methods.

CONCLUSIONS
By approximating the solidus and liquidus lines of the state diagrams in the form of second-order equations, the
parameters for determining the equilibrium distribution coefficients in the Mg — Ag, Ag — Mg, Al - Mg, Mg — Al, Ni —

Ga, Nb — Ge systems depending on the interfacial temperature equilibrium kOT 5 and concentration of components kOC 3
are obtained.

The dependences of the equilibrium distribution coefficients on temperature kOT 5 and concentration kOC » for the
investigated systems are constructed. In the temperature range from the melting point of the main component of Tma to
the temperature of the eutectic Ta, a linear dependence of k_, and kJj are observed.

By method of the analysis of binary state diagrams, the limiting distribution coefficients koimp for such systems as
Mg — Al, Mg — Ag, and Al — Mg were first determined. For the Ag — Mg, Nb — Ge, and Ni — Ga systems, refined values
of the limiting coefficient were obtained, which are in good agreement with the reference values.

Based on the constructed dependences, the limiting distribution coefficients koimg Were obtained for the Mg — Ag,
Ag— Mg, Al— Mg, Mg — Al, Ni — Ga, Nb — Ge systems, whose values coincide with the calculated values.
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3AJIEXKHICTH MIK®A3ZHUX KOEPIIMIEHTIB PO3MOJLTY BIJIl TEMIIEPATYPH I KOHIEHTPAIIIT
KOMIIOHEHTIB Y MOABINHUX METAJIEBUX CUCTEMAX
O.I1. Illep6ansb, O.A. Jauenko
Hayionanenuii Haykosuti yenmp XapKiecvoKuil Qisuxo-mexHiuHull iHcmumym
eyn. Akademiuna, 1, 61108, Xapkis, Ykpaina

B po06oTi BUKOHAHO pO3paxyHOK PiBHOBAXHHX Ko i rpaHndHHX Koim KoediuieHTiB po3noninenHs (KP) koMIoHeHTIB 1o miarpamax
CTaHy MOJBIMHMX MeTaneBUX cucteM Mg-Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga, Nb-Ge. Lli cucremu BiZHOCATBCS /O CHUCTEM 3
00MEKEHOI0 PO3UMHHICTIO 1 ISl HUX OTPUMaHi ampoOKCUMYIOUi PiBHSHHS JIiHIH cojiayca i JMKBiAyCcy y BHIJISIAI MONIHOMIB JAPYyroro
MOPSZIKY B 1HTEpBaJli TEMIEPATyp BiA TOUKH IUIABICHHS OCHOBHOTO KOMITIOHEHTa Tma 10 TemIepaTypu eBTEKTHKH Tea. BukonaHo
MaTeMaTHYHUI aHalli3 OTPHMAaHMX DiBHAHB A po3paxyHkiB KP. PospaxyHkoBuM i1 rpadiyHIM MeETOZaMH BIepIIe BH3HAYEHO
3HAUCHHS TPaHMYHUX KoedilieHTiB posnominy koims st Takux cucreM sk Mg-Al, Mg-Ag, Al-Mg. IlinTBepmkeno noBHuil 36ir
3HAUCHb KolimB, OTPUMaHMX pi3HUMHU MeTomamu. [l cucrem Ag-Mg, Nb-Ge, Ni-Ga orpumaHi yTOYHEHI BEJMYHHU T'PaHUIHHX
Koe]ilieHToM, sIKi 100pe 30iraroThCs 3 TOBIIKOBUMHE 3HaUCHHAMH. [100y10BaHO 3aJIC)KHOCTI PIBHOBAXHUX KOS(IIIEHTIB PO3MOALTY
BiJl TemIepaTypH i KOHIEHTpauil JuIs JOCHIDKyBaHMX CHUCTeM. Y JOCHiJDKyBaHOMY iHTepBaii Temmeparyp Bif Tma 10 Tea
CIOCTEepIraeThest JIiHIHHA 3aJIeKHICTh KOS]iLieHTIB PO3MOAiTY Bill TeMIiepaTypH i KOHIEHTpauil.

KJIIOUYOBI CJIOBA: piBHOBaxkHi i rpaHuyHi Koe(illieHTH pO3MOAiTy, MOJBiHHI MeraneBi cucremu, Mg-Ag, Ag-Mg, Al-Mg,
Mg-Al, Ni-Ga, Nb-Ge

3ABUCUMOCTDb MEX®A3HBIX KOO®PUIIUEHTOB PACIIPEAEJTEHUSA OT TEMIIEPATYPBI 1
KOHITEHTPAIIMM KOMIIOHEHTOB B IBOMHBIX METAJIIMYECKUX CHUCTEMAX
A.IL. lep6ansb, O.A. lanenko
Hayuonanvnorit Hayunwiii [Jenmp Xapbko6ckuil (huzuko-mexHuueckutl UHCmumym
ya. Akademuueckas, 1, 61108, Xapvros, Yxpauna

B paboTe BBINONHEH pacueT paBHOBECHBIX Ko M mpenenbHbIX Kolimp Kod(hduunentos pacnpenenenust (KP) koMnoHeHTOB Mo
JUarpaMMmaM COCTOSIHMSI BOMHBIX MeTaiulnueckux cucteM Mg—Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga, Nb-Ge. DTu cucremsl
OTHOCATCSL K CHCTEMaM C OrpaHHYCHHOW PACTBOPUMOCTBIO M U HUX OBUIM HOJYHYCHBI AMIIPOKCHUMHPYIOIIUE YPABHEHUS JUHUH
CONUJyCa M JINKBUIYCa B BHJIC IIOJIMHOMOB BTOPOT'O MOPS/IKa B MHTEPBAJIC TEMIIEPATYP OT TOYKH IIJIaBICHHS OCHOBHOI'O KOMIIOHEHTA
Twma 10 TeMHepaTypsl 9BTeKTHKH Tra. BrlnmonHeH MaTeMaTnueckuii aHamu3 MOJyYeHHBIX ypaBHeHHH 1t pacdetoB KP. Pacuernsim
1 rpaduuecKkuM METOAaMH BIICPBBIE ONPEeICHBI 3HAUSHUS TIPEETbHBIX KOd((GHUIMEHTOB pacpeesIeHUs! Kolim JUI TAaKHX CHCTEM
kak Mg—Al, Mg-Ag, Al-Mg. IToaTBepxJICHO TOJIHOE COBMAJICHUE 3HAUCHHUN KolimB, TIOJIyUYCHHBIX Pa3HBIMU MeToAaMmu. J[is cuctem
Ag-Mg, Nb—Ge, Ni-Ga mnoiy4eHbl YTOYHEHHBIC BEIHYHMHBI IPEEIBHBIX KOI((GUIMEHTOM, KOTOPHIE XOPOIIO COBHANalOT CO
CIPaBOYHBIMH 3HA4YEHUSAMH. [IOCTPOCHBI 3aBHCHMMOCTH DPaBHOBECHBIX KOI(Q()HUIMEHTOB paclpeiesieHHs OT TeMIepaTypsl H
KOHIIEHTpaLlMK JUIS HCCIIeNyeMbIX cucTeM. B unccnenyemom mHTepBane Temmeparyp ot Tma no Tea HaGmonaercss nuHeiiHas
3aBHCHUMOCTb KO3()(HHUIIEHTOB pacipe/iesIeHNs OT TEMIIEPaTypbl U KOHICHTPALIUH.
KJIIFOUYEBBIE CJIOBA: paBHOBecHBIE W TpelenbHble KOI(D(OUIMEHTH pacHpeleNieHHs, IBOWHBIC METAUTHYECKHE CHCTEMBI,
Mg-Ag, Ag-Mg, AI-Mg, Mg—Al, Ni-Ga, Nb-Ge
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Two dimensional (2D) materials are currently gaining a lot of interest due to excellent properties that are different from their bulk
structures. Single and few-layered of Transition metal dichalcogenides (TMDCs) have a bandgap that ranges between 1-2 eV, which
is used for FET devices or any optoelectronic devices. Within TMDCs, a ton of consideration is focused on Molybdenum Disulfide
(MoS2) because of its promising band gap-tuning and transition between direct to indirect bandgap properties relies upon its thickness.
The density functional theory (DFT) calculations with different functionals and spin-orbit coupling (SOC) parameters were carried out
to study the electronic properties of bulk and monolayer MoS.. The addition of SOC brought about a noteworthy change in the profile
of the band energy, explicitly the splitting of the valence band maximum (VBM) into two sub-bands. The indirect bandgap in bulk
MoS: ranges from 1.17-1.71 eV and that of the monolayer bandgap was 1.6-1.71 eV. The calculated parameters were compared to the
obtained experimental and theoretical results. The obtained density of states (DOS) can be used in explaining the nature of bandgap in
both the bulk and monolayer MoS:. These electronic characteristics are important for applications in material devices and energy-
saving applications.

KEYWORDS: Electronic properties, Density functional theory, Spin-orbit coupling, Density of states, MoS», bandgap

One of the greatest discoveries in science is the successful flaking of graphene into a 2D sheet of carbon in 2004 by
Novoselov et al [1]. Graphene exhibits excellent mechanical, electronic, and physical properties. It’s unanticipated Zero
bandgap limits its applications [2, 3]. The introduction of graphene has resulted in a great interest in other 2D materials
such as phosphorene [4], silicone [5], TMDCs [6], and monochalcogenides [7, 8], creating huge attention in
Nanoelectronic and optoelectronic devices [9-11]. From the various available 2D materials, 2D TMDCs exhibits superb
physical properties like large bandgap which is needed in Photocatalytic water splitting [12,13].

Layered TMDCs materials are the best candidates for 2D materials because their bandgap lies between 1 to 2 eV [14].
Within the TMDCs, MoS, is the most sought for due to its industrial application starting from the use in lubricant [15],
energy storage [16], photovoltaics [17], and catalyst [18]. Bulk MoS; is a semiconductor having an indirect bandgap of
1.23 eV, with its monolayer possessing a direct energy bandgap of 1.8 eV [19]. The electronic structure undergoes an
excellent transition upon exfoliation from the bulk [1, 19-23]. Currently, field-effect transistor (FET) based on single-
layer MoS; using HfO, as a gate insulator has been experimentally implemented [21]. These extraordinary properties
have made monolayer MoS; an interesting material in optoelectronic devices and next-generation FET. Also, the transition
from indirect to direct bandgap upon thinning shows excellent photoluminescence in 2D monolayer [24]. Albeit various
brilliant investigations have been performed on the basic and electronic properties of MoS, [25-28]. The size-subordinate
tunability of the electronic properties makes MoS, a novel material for nanoscale field-effect transistors and optical
sensors [29-31]. However, as far as we could possibly know, the impact of SOC on both bulk and monolayer MoS; band
structure has not been widely examined.

In this study, the band structure of bulk and monolayer MoS, were numerically investigated by the plane-wave based
CASTEDP, and local density approximation (LDA) and generalized gradient approximation (GGA) exchange-correlation
functional were used. The influence of the spin-orbit coupling (SOC) effect on the electronic energy band structure of
both monolayer and bulk MoS, has also been calculated in this study. Our results indicate that both bulk and monolayer
MoS; materials are very good candidates for Opto- and spintronic device applications.

COMPUTATIONAL METHOD

First principle’s calculation based on the pseudopotential plane-wave method [32] is executed in the Cambridge
serial total energy package (CASTEP) [33]. This method has been used to study the electronic properties of monolayer
Gel [34] and bulk and monolayer WSe,. The generalized gradient approximations (GGA) of Perdew-Burke-Ernzerhof
(PBE) and Local density approximations (LDA) functional [35, 36] including the spin-orbit coupling (SOC) [37] for
exchange-correlation interactions. Furthermore, norm-conserving pseudopotential was used in the treatment of ion-
electron exchange. The energy cut off for all calculations in this work was 700 eV, for both bulk and monolayer MoS, a
k-points separation of 0.015/angstrom and SCF tolerance of 1.0x10™° eV/atom were employed. The electronic minimizer
was set to all bands/EDFT. Generally, the density mixing is the proposed choice for electronic minimizer, but to perform
the calculation with SOC effect, the required electronic minimizer is set to all bands/EDFT in order to make a meaningful
© M. Gyan, F.E. Botchway, J. Parbey, 2020
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comparism. The Monkhorst-Pack K-point was set to 7x7x7 and 7x7x1 for bulk and monolayer respectively. For
monolayer MoS; case, we created 20 A vacuum along Z axis in order to prevent any interaction between the layers. The
pseudo atomic calculation performed for S:3S*,3P* and Mo: 4d°,5S" . The simulation of the band structure is performed

in high symmetry direction ' - M — K -T.

RESULTS
Structural parameters
Molybdenum disulfide has a hexagonal crystal structure linked to space group P 6_3/mmc (194). The structure is
made up of the stacking of three atomic layers S-Mo-S layer. Monolayer MoS; has a single S-Mo-S layer as shown in
Fig. 1b, whiles the bulk MoS, has a two-layer monolayer MoS, with one-layer Mo atoms place on top of the Sulphur
atoms of the other layer, illustrated in Fig. 1b. From geometry optimization, the lattice constants for bulk MoS; are 3.192A
in a and b axis and 12.478 in the c-axis. The monolayer slab was cleaved in 001 direction and a vacuum layer of 20A.

Figure 1. A ball and stick model of one-unit cell of the (a) bulk MoS: and (b) Monolayer MoS:.
The blue atoms represent the Mo atoms, and the yellow atoms represent the S atoms.

Electronic properties and density of states
A series of calculations were performed on the bulk and monolayer MoS, with LDA CAPZ and GGA PBE
functionals incorporated with or without SOC. The electronic band pattern of monolayer MoS, as shown in Fig. 2 has a
direct bandgap situated at K — K of k point.
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Figure 2. Band structure of (a)-monolayer MoSz PBE without SOC, (b)-Monolayer LDA CAPZ without SOC, (c)-Monolayer MoS:
PBE with SOC, (d)-Monolayer MoS2 LDA CAPZ with SOC
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This transition in bandgap makes monolayer MoS; applicable to different devices. Interestingly, all the calculations
either with or without SOC captures the direct bandgap feature for monolayer MoS,. Also, the application of SOC for
monolayer MoS; affects the band gap value. Furthermore, the valence band maximum and that of the conduction band
both occur at high symmetric K point indicating a direct bandgap semiconductor as shown in Fig. 2(a-d) above. The
bandgap value for monolayer MoS, ranges from 1.60 to 1.71eV. The experimental result indicates a slight shift from the

theoretical result. The theoretical work gives a slight difference in bandgap than the experiment as illustrated in Table.

Table
Energy band gap (eV) and bandgap type for both Bulk and Monolayer
Bulk MoS, Monolayer MoS;
Functionals Indirect bandgap Bandgap value Direct bandgap Bandgap value
GGA PBE no SOC Yes 1.27 Yes 1.70
LDA CAPZ no Yes 1.23 Yes 1.73
SOC
GGA PBE SOC Yes 1.22 Yes 1.60
LDA CAPZ SOC Yes 1.17 Yes 1.64
EXP REF Yes 1.23(ref [19]) Yes 1.80 (ref [19])
1.29(ref [27])
THEOR REF Yes 0.7(ref [38]) Yes 1.55 (ref [25,26])
1.05(ref [26]) 1.70 (ref [40])
1.15(ref [39]) 1.78 (ref [41])
1.9 (ref [42])

From Fig. 2(a-d), the valence band maximum (VBM) and the conduction band minimum (CBM) lie below and
above the Femi level respectively along with the K- symmetry. For the monolayer MoS,, there is a reasonable band
splitting as seen in Fig 2 (¢) and (d), this band splitting is brought about by the utilization of SOC and can likewise help
in the application of spintronic and valleytronics [43-47]. The band splitting is observed distinctly in the valence band
(VB) of the high symmetry K-direction. This result is good agreement with previously reported literature [28, 43, 48].
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Figure 3. Band structure of (a) Bulk MoS2 PBE without SOC (b) Bulk LDA CAPZ without SOC (c) Bulk MoS: PBE with SOC
(d) Bulk MoS2 LDA CAPZ with SOC

Fig. 3. (a)- (d) represents the band structure of bulk MoS; for PBE and LDA functionals. The band structure profiles
obtained indicate an indirect semiconductor since the maxima of the valence band is situated at KT - path whiles that of
the minimum of the conduction band is located at T" -point. The obtained bandgap values range from 1.17-1.27 eV which
is consistent with the experimental value [19, 27] shown in Table. From the obtained results of the electronic structures,
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we realized that there are slight changes in the energy band with or without SOC. Also, it was observed that the bandgap
value Of the compound with SOC is smaller than the one without SOC. Fig. 3 (c) and (d) show a slight Valence band (VB)
splitting on a high symmetry K direction. This splitting can be ascribed to the utilization of SOC [43, 49-53]. The SOC
influences the valence band of the compound as appeared in Fig. 3(c,d).

Fig. 4. (a-d) represents the partial density of states of bulk and monolayer MoS, using two different functionals i.e.
PBE and LDA. MoS; exhibits a neutral charge due to the presence of +4 in the valence of Mo and a charge of -2 for the
S- atom. From Fig. 4(a-d), the partial density of states can be divided into three classes of states. For the first class, the
density around -14¢V is due to 3s orbital of S atom which is separated by a wide gap. The second class is the one below
the Fermi level in which the contributing orbitals the 3p orbitals of S atom and 4d orbitals of Mo. This class possesses a
strong hybridization. The third class is the one above the Fermi-level, here the contributing orbital is the 4d orbitals of
Mo and is separated by the second class with a narrow gap. For both functionals, the bandgap occurs due to the 4d orbitals
of Mo and 3p orbitals of S atoms in monolayer and bulk MoS,.

Bulk MOS2 PBE Bulk MoS2 LDA
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Figure 4. Partial density of states of (a) Bulk MoS: using PBE functional (b) Bulk MoS: using LDA (c) MoS2 monolayer using PBE
functional (d) MoS2 monolayer using LDA

CONCLUSION

The electronic properties of bulk and monolayer MoS, have been studied using first-principle calculations based on
the pseudopotential plane-wave method. Our results show that monolayer MoS; is a direct semiconductor whiles bulk
MoS; has an indirect bandgap. Also, our calculations show that the bandgap of monolayer MoS, ranges from 1.6-1.73 eV
whereas the bulk is 1.17-1.27 eV which is consistent with the available experimental and theoretical results. The electronic
structure and density of states indicate many similarities between the monolayer and bulk MoS,. The main contribution
to the valence and conduction band are 4d states of Mo and 3p orbitals of s atom in both monolayer and bulk MoS,. We
have discovered that the incorporation of spin-orbit coupling influences the band structures and the splitting of degenerate
valence band occurs on high symmetry K-point.
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MOYATKOBI JOCALIKEHHS EJTEKTPOHHUX BJIACTUBOCTEN OB’€EMHOI'O TA OTHOIIAPOBOI'O MoS:
3 BUKOPUCTAHHSIM J11®: 3ACTOCYBAHHSI NAPAMETPIB CIIIH-OPBITAJIBHOTI'O 3B'SI3KY (SOC)
Maiika laiisin®, ®@pencic E. Borseit®*, [Ixozed Mapoi®h*
“Kumaiicvka wixona gizuxu Ynieepcumemy enekmponnux Hayk i mexnonozii Kumaio, Yenoy 610054, Kumaii
bIIIxona mamepianosnaecmea, Kumaticokuii ynisepcumem erexmponnux nayx i mexnonozii, Yendy, 610054, Kumaii
‘Kogpopiosa, Texniunuii ynigepcumem, I ana

JBoMmipHi (2D) marepianu B faHMIl Yac BHKJIMKAIOTH BEJIMKHI IHTEpEeC 3aBIIKM UyZOBHM BIIACTUBOCTSIM, IIO BIIPI3HSIOTH iX Bif
00’emMHUX cTpyKTYyp. OnHommaposi Ta Gararomaposi quxanbkoreHiau nepexignux meraiis (TMDC) MatoTs mupyuHy 3a00pOHEHOT 30HH,
AKa KONUBAaeThCcs B Mexax 1-2 eB, mo BuxopuctoByerbes mist npuctpois FET abo Oynp-fkuX ONTOENEKTPOHHUX HPUCTPOIB. Y
Bunanky TMDC posrisg 3ocepemxero Ha aucynbgini monibaery (MoSz2) dyepe3 mepcreKTHBHY peryoBaHHs 3a00pOHEHO1 30HH, a
Tepexi MK BIACTHBOCTSIMHU TIPSIMHX Ta HENPSAMHX NEPEXOAiB 30HU 3aJIEKUTH BiJ HOro TOBIMMHHU. Po3paxyHKH Teopil IIUIBHOCTI
¢yukmionana (DFT) 3 pisHumu ¢yHKIioHamaMu Ta mapamerpamu criH-opOitansHOi 3B's13ky (SOC) mpoBOAMINCH AT BUBUCHHS
SJIESKTPOHHUX BJIACTHBOCTEN 00'eMHOr0 Ta ogHouapoBoro MoSa. [lonasauus SOC cripH4rHIIO IIOMITHY 3MiHY HpO(LII0 eHeprii 30HU,
SIBHO PO3IIMMBIIM MakCMMyM BajeHTHOI 30Hu (VBM) nHa nBa nianmasonu. 3oHa 3 HenpsiMUMHU Tmepexojamu o0'emHoro MoS:
KOJNMBA€EThCS B Mexkax 1,17-1,71 eB, a 30Ha y BUnagKy ogHOro mapy ctaHoBuTh 1,6-1,71 eB. Po3paxoBani mapaMeTpy MOPiBHIOBAJH 3
OTPUMAaHHMH €KCIIEPUMEHTAIEHIMH Ta TEOPETHYHIMH pe3ynbTatamu. OTpuMana mineHICT craliB (DOS) moke OyTH BUKOpHCTaHa
JUISL TIOSICHEHHsI NPUPOJM 30HU SIK B 00'€eMHOMY, Tak i B ogHomapoBoMy MoS:. LIi enekTpoHHI XapaKTepHCTHKU BaXKIIUBI UIS
3aCTOCYBaHHS B MaTepiaJbHUX MPUCTPOSIX Ta EHEPro30epiralounx 3aCTOCyBaHHIX.

KJIFOYOBI CJIOBA: eneKTpoHHI BIACTUBOCTI, TEOPis MIIBHOCTI (PyHKIIOHATA, CHIH-0POITAIbHUN 3B'I30K, MIIIBHICTH CTaHiB, M0S2,
3a00pOHCHA 30Ha

MEPBOHAYAJILHBIE UCCJETOBAHUA SJEKTPOHHBIX CBOVICTB OFBEMHOI'O B O/THOCJIOMMHOI' O MoS:
C UCNTOJb30BAHUEM JII1®: TPUMEHEHUE MTAPAMETPOB CIIMH-OPEUTAJILHOM CBSI3M (SOC)
Maiika Iaiisin®, ®paucuc J. Borseit’*, [Ixozed MMapou™hc
“Kumaticoka wikona ¢usuxu Yuusepcumema snekmpounsix nayk u mexuonoauti Kumas, 4ondy 610054, Kumaii
bIIIxona mamepuanosedenus, Kumaiickuii yuueepcumem snekmponnix Hayk u mexuonoautl, Yonoy, 610054, Kumaii
‘Koghopuosa, Texnuueckuii ynusepcumem, I ana
JByxmepreie (2D) maTepuaisl B HACTOSIIEe BpeMs BBI3BIBAIOT OONBINOW HHTEpec Oyaromapss 3aMedaTelIbHBIM CBOMCTBaM,
OTIIMYAIONIHNX UX OT 00BbEMHBIX CTPYKTYp. OXHOCIIONHBIE 1 MHOTOCIIOWHBIE INXaIbKOTeHUIBI TepexoaHbix MeTamios (TMDC) umeror
IIMPUHY 3alpelieHHOH 30HBI, KOTopas KoneOuercss B mpexenax 1-2 3B, uro ucnomssyercs mis ycrpoiictB FET wmmm mo0bix
ONTO3JICKTPOHHBIX ycTpoiicTB. B cmyuyae TMDC paccMoTpeHune cocpefoToueHo Ha aucyibduae momubaena (MoS:2) wu3-3a
MIEPCTIEKTUBBI PETyITHPOBAHUS 3AMPEICHHON 30HBI, a IEPEX0] MEXTY CBOMCTBAMU MPAMBIX U KOCBEHHBIX MEPEXO0B 30HbI 3aBUCHT
oT ero TonuHbL PacueTsl Teopun mioTHOCTH QyHKIHOHaNA (DFT) ¢ pa3ninuHbIM QyHKIIOHATIOM U ITapaMeTpaMy CITHH-OPOUTANbEHON
cBsi3u (SOC) mpoBOIMITUCH ISl U3YUYCHUS DJICKTPOHHBIX CBOMCTB 0OBEMHOTO M OHOCIONHOTO M0S:. [lo6aBnenne SOC mpuseo k
3aMETHOMY M3MEHEHHIO NMPOGUIIS SHEPTHH 30HBI, SIBHO pa3lelIMB MaKCHMyM BajeHTHOH 30HbI (VBM) Ha nBa amamasona. 3oHa ¢
KOCBEHHBIM Ilepexofgamu o0beMHOro MoS: konebnercs B mpeznenax 1,17-1,71 3B, a 30Ha B ciydae ogHOro ciosi coctasisier 1,6-
1,71 3B. Paccunransle mapaMeTpbl CpPaBHHBAIM C MONYyYCHHBIMH SKCIIEPHMEHTAIbHBIMH M TEOPETHYECKUMHU pPEe3yIbTaTaMH.
[Nomyuennas maoTHOCTE coctosiamii (DOS) MoskeT OBITH HCHONB30BaHA Ul OOBSICHEHHS IIPUPOJBI 30HBI KaK B 0OBEMHOM, TaK M B
OIHOCIOHHOM MoS2. DTH  DNEKTPOHHBIE XapaKTEPUCTHKM BaXKHBI JUISl IPUMEHEHHS] B MaTepHaJbHBIX YCTPOHCTBaX U

9HeprocOeperaronX NPUIOKEHUSX.
KJIOUEBBIE CJIOBA: 3iexkTpoHHBIE CBOMCTBa, TEOpHs IUIOTHOCTH (yHKIMOHAA, CHHH-OPOWTAaNbHAas CBsI3b, IUIOTHOCTH
cocrostHUM, M0S2, 3anpenieHHas 30Ha
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The paper describes the challenges and worldwide scientific studies aimed for the manufacturing of the fuel elements claddings tolerant
to a loss of coolant accidents (Fukushima NPP, March 2011, Japan) for water-cooled reactors. The main research results obtained at
NSC KIPT on the development of materials for fuel element claddings, tolerant to accidents with loss of coolant, are given. The
structure and properties of the developed vacuum-arc chromium coatings were investigated. It is shown, that these coatings can be used
as protective element for existing fuel claddings, made of zirconium alloys, in light-water reactors of the PWR and BWR types. Alloyed
SiC-based ceramic was developed to replace zirconium-based fuel claddings. It has been established that doping of 0.5 wt% Cr into
SiC leads to an increase in the ability to resist the formation of cracks (crack resistance) by 25 — 30%. The effect of Cr alloying on the
corrosion resistance of SiC ceramics under conditions, simulating the medium of the first circuit of the VVER-1000 reactor, is analyzed.
It was established that doping of even a small amount of Cr leads to a slowdown in corrosion processes in SiC ceramics. In order to
create new material for fuel elements claddings Fe-Cr-Al-based alloys with the doping of alloying elements (Y, Zr and Mo) were also
developed and studied. Obtained alloys showed high mechanical properties and resistance to high-temperature oxidation.
KEYWORDS: fuel elements cladding, corrosion, protective coatings, SiC/SiC composites, Fe-Cr-Al alloys

The term “ATFC” (Accident Tolerant Fuel Cladding) for water-cooled reactors came into use after the Fukushima
NPP accident in March, 2011, in Japan. At that time, at a distance of 130 km from the coastal area of Japan the grade ~ 9.0
earthquake took place, which caused the failure of NPP electric power lines, while the following earthquake wave flooded
and put out of action emergency diesel generators, which were at lower levels of the NPP site. That resulted in the final
and full NPP Station Blackout (SBO), and as a consequence, in the Loss-of-Coolant Accident [1]. Under this type of
accidents, an intense heat generation continues in the nuclear reactor, accompanied with a temperature rise due the nuclear
reactions in UO; fuel pellets. At about 950 °C, the reaction between the zirconium fuel-element cladding and steam,
known as the steam-zirconium reaction, begins

Zr + 2H,0 =ZrO, + 2H, + Q. )

At a temperature of 1200 °C, this reaction starts to develop rapidly with great heat liberation, thus becoming a self-
sustaining reaction, and that leads to fuel cladding melting (Fig. 1) [2]. Concurrent with heat liberation, a great amount
of hydrogen is also released (cf., ~ 0.5 / H, per one gram of reacting Zr), which is accumulated inside the reactor and the
reactor block, this inevitably leading to dangerously explosive situation.

J

Cladding internal
oxidation

Fuel relocation

Steam oxidation .
and dispersal
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Cladding ballooning
and burst
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Figure 1. Evolution of a fuel rod under LOCA and SBO conditions [2]

To this date, it is common practice in the world to use for all water-cooled reactors the fuel claddings made of
zirconium alloys (E110, M5, Zirlo, Zircaloy 4, etc.), and thus, the danger of hazardous consequences in case of loss-of-
coolant accidents (LOCA) still remains. The creation of ATFCs should substantially improve the safe use of modern
nuclear-power engineering.
©K.V. Lobach, O.S. Kuprin, S.Yu. Sayenko, V.M. Voyevodin, 1.V. Kolodiy, 2020
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Scientific studies into ATFC creation are carried out in different lines of research, and they differ in the term of their
realization. The near-term technologies imply the application of protective coatings to the surfaces of existing zirconium-
alloy claddings, whereas the mid-term technologies involve their complete replacement by claddings made from other
materials such as metal alloys based on FeCrAl, Mo/FeCrAl, and SiC-base ceramic materials (Fig. 2 [3]).

GEN 2 GEN 3 and 3+
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Figure 2. Development of ATF fuel [3]

All these studies are aimed at reducing the cooling load during the LOCA by decreasing the heat-release rate and
the total volume of liberated heat (Q), which results from cladding oxidation under the action of high-temperature steam;
that, in turn, reduces the rate of temperature rise. The slower increase of temperature retards the process of reaction (1)
development, thereby providing some extra time for eliminating the accident and preventing its rapid development [4].
Therefore, the creation of ATFCs calls for the materials that show a considerably higher resistance to high-temperature
steam oxidation than that of present-day zirconium claddings. Various R&D programs to solve the problem [5, 6] were
initiated all over the world after the Fukushima accident. The undertaken studies have demonstrated that though the high-
temperature steam is by far a more corrosive medium than dry O, [7], still to protect zirconium alloys, oxide films can be
used. The films must be oxidation resistant in the high-temperature steam, and also, must be physically and chemically
stable, serving as barriers, which restrict solid-phase diffusion between the base material and O, OH and H,O. These
properties are exhibited by three classes of protective films, namely, chromium oxide, alumina and silica [8].

Although zirconium oxide exhibits exceptional thermodynamic stability in the steam, however at T> 1100 °C it
readily transmits oxygen, letting the base metal (zirconium) be unprotected. On the other hand, chromium oxide,
aluminium oxide, and silicium oxide show acceptable stability in high-temperature steam; they can react with the steam
and evaporate at higher temperatures [9-11], acting, though slowly, as efficient barriers for diffusion of reaction products
(oxygen and hydrogen). The oxidation rate of these films is approximately two orders of magnitude lower. This reduction
of oxidation rate directly leads to the decrease in the rate of heat/hydrogen generation in water-cooled reactors at LOCA-
type accident.

The present paper offers a short survey of research data obtained at the NSC KIPT, concerned with two directions
in creation of ATF claddings, being actively developed in various international programs.

COATINGS FOR FUEL CLADDINGS

The evident and developmental approach to creating the ATFC lies in applying protective coatings to the surface of
zirconium-alloy claddings. It is expected that thin coatings will have the minimal effect on the thermomechanical behavior
of Zr-based cladding [12], and have the potential to improve the cladding heat transfer characteristics. The coatings are
required to have the maximal adhesion to the cladding material and to be chemically stable with the cladding when in
normal service in water (T = 350 °C, P = 15 MPa) of the primary coolant circuit of the reactor, and also, they should
protect the cladding against rapid oxidation under LOCA-type conditions. As mentioned above, chromium, aluminium
and silicium oxides are the materials that are capable to show resistance to oxidation in the high-temperature steam. For
this reason, any protective coating of the ATF cladding must include at least one of the elements: Cr, Al or Si. The
protective coatings must have the radiation resistance as good as that of the zirconium cladding, on which they are
deposited.

The experimental studies have demonstrated that among a wide range of protective coatings applied to zirconium
alloys by different methods, it is the chromium coatings produced by the PVD method that show the best protective
properties [13-14].

Among other PVD methods, the vacuum-arc method of coating deposition has an essential advantage, viz., a high
degree of deposited material ionization, which is favorable for obtaining relatively thin (~10 to 20 um) high-adhesive
coatings without through pores. This method makes it possible to produce nanostructural multilayer coatings, including
ceramic coatings, at the deposition temperature that does not exceed the finishing treatment temperature of zirconium-
alloy claddings (~ 450 °C), thereby precluding the occurrence of structural changes in the made fuel elements, and also
without sacrificing their mechanical properties at test temperatures of 20 and 350 “C[15-17].



77
Research and Development of Novel Materials for Accident Tolerant Fuel... EEJP. 4 (2020)

Comprehensive studies are carried out at the NSC KIPT to develop and deposit protective vacuum-arc coatings onto
fragments of zirconium-alloy fuel tubes, as well as to investigate their influence on the mechanical properties at different
temperatures [15-17], oxidation resistance [18-20] and hydrogen saturation [21, 22]. Studies are also made to investigate
the radiation resistance of chromium coatings [23].

The 10 um thick multilayer Cr/CrN and Cr coatings, developed at NSC KIPT, substantially slow down the oxidation
rate of zirconium alloys in both the air and water steam at a temperature of 1100 °C over a period of no less than 3600 s.
The air-oxidation resistance of coatings on the E110 and Zr1Nb alloys at test temperatures ranging from 660 to 1100 °C
is independent of the alloy type and phase transformations in zirconium. The high resistance of the developed coatings is
determined by the formation of a dense chromium-oxide layer on their surfaces (Fig. 3) [18-20].

100pm MSC KIPT

SEM WD 10, 2w

Figure 3. Electron microscope images of metallographic sections of E110 tubes after air oxidation at 1100 °C during 3600 s:
a)uncoated, b) with protective Cr coating (10 um) [20]

It has been established in Refs. [21, 22] that at the test temperatures ranging from 350 ° to 550 °C, and at test
pressures of hydrogen (deuterium) between 0.01 and 0.8 Pa, the Cr and Cr/CrN coatings under study present a reliable
barrier to hydrogen penetration, and protect zirconium from hydride accumulation.

The radiation resistance of chromium coatings was investigated by the TEM methods after their irradiation in the
ESU-2 accelerator by 1.4 MeV Ar" ions at a temperature of 400 ° C in the dose range from 5 to 25 dpa [23]. The vacuum-
arc chromium coatings in the output state show a sub-microcrystalline structure with an average grain size of ~ 250 nm.
Inside the grains there are dislocations of density ~8x10'* m2. The electron-diffraction pattern of chromium coating shows
textured maxima in the form of points, this being indicative of the oriented growth of some grains. Adjacent to the points,
there are the maxima in the form of round brackets, which attest to the presence of grains of random orientation.
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Figure 4. Dose dependence of average size, concentration of voids and swelling in irradiated Cr coatings [23]

Under exposure to a dose of 5 dpa, the radiative swelling of chromium coatings has been found to be ~ 0.16 %, and
with a dose increase up to 25 dpa, it attains 0.66 % (Fig. 4), this pointing to a high radiation resistance of the developed
chromium coatings.
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The given research results demonstrate that the vacuum-arc chromium coatings can be used to provide corrosion
and oxidation protection of zirconium-alloy claddings for water-cooled reactors of PWR and BWR types.

SiC-BASED FUEL CLADDINGS

The SiC-based materials exhibit such attractive properties as high-temperature oxidation resistance [8], high-
temperature chemical stability, strength and resistance to radiation damage, which make these materials most promising
for applying as ATFC in water-cooled reactors. At present, the R&D world activities in production of SiC-based claddings
are mainly performed in two separate directions using:

1. The Chemical Vapor Infiltration (CVI) method being the most common approach in the world to cladding
production. The method includes the vapor-phase deposition of SiC onto SiC fibers that results in production of high-
purity crystalline SiC composite showing a high radiation resistance but a relatively low density (porosity being 10 to
25 %) [24, 25].

2. The Nano-Infiltration and Transient Eutectic-phase (NITE) method, mainly used in Japan, involves the infiltration
of SiC-fiber with B-SiC nanopowder with a further use of the hot pressing (HP) technique to produce the claddings made
of SiC/SiC composite. The method ensures the production of high-density material with improved physical-mechanical
properties [26, 27].

The NSC KIPT scientists are involved in the development of SiC-based materials using the high-speed hot pressing
(HSHP) method [28], and also, in the studies into the influence of alloying additives on the mechanical characteristics of
produced materials [29] and the SiC-based materials corrosion-resistance under hydrothermal conditions [30].

The studies in ref. [28] were aimed to establish optimum process parameters for producing the high-density SiC
ceramics by the HSHP method. The method is based on passing directly the current through the press mold and the
material sintered, and has an essential advantage over the HP method for the sintering rate (up to 400 ‘C/min.). Thus,
during rapid heating, the process of sintering instantaneously passes through the low-temperature stage with usual
dominance of the mechanisms of grain growth, and goes to the high-temperature stage, now with the dominance of
densification mechanisms. Besides, the concentration of heat evolution on the particle surface causes the melting of
surface layers and the destruction of oxide films with the result that chemical reactions get accelerated [31].

Figure 5 shows the cleavage structures of SiC ceramics produced at non-optimal/optimal process parameters of the
HSHP method (Figs. 5a and 5b, respectively). It is found that the best physical-mechanical properties of SiC ceramics are
attained at the sintering temperature T = 2050 °C , pressure P = 40 MPa and the holding-pressure time t = 30 min. The
obtained ceramics exhibits a high density (up to 99.4 % of the theoretical value), the hardness 27.3 + 0.5 GPa, and the
monolithic and homogeneous structure with clear-cut grain boundaries and with the signs of brittle failure (Fig. 5b).
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Figure 5. Microstructure of SiC ceramics cleavage: a — non-optimal parameters, b — optimal parameters of the HSHP method [29]

Paper [29] is concerned with the improvement of physical-mechanical properties of SiC through introduction of
different alloying additives (Table 1).
Table 1.
Hardness and fracture toughness values of SiC

Samples Density, g/cm? Open porosity, % Hard(t}lgsas Hy, Cracl;(ir’ol\v;/[tfl)l;fsll /sztance
SiC 3.19 0 27.3 4.3
SiC +Cr 3.16 0-1 28.0 6.2
SiC +Si 3.18 0-1 30.0 4.7
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As is seen from the given data, at similar values of density, open porosity and hardness, the fracture toughness values
have increased in the samples with Cr and Si additions. For example, the fracture toughness parameters increase from
K¢ = 4.3 MPa-m'? for the SiC ceramic samples up to K. = 6.2 MPa-m!”? for the SiC samples with Cr additions. Figure 6
demonstrates the influence of the Cr addition on the coefficient of fracture toughness. Thus, at the same load of 9.81 N,
one can see that in the SiC sample with Cr additions (Fig. 6b) no noticeable cracks are observed, whereas in the pure SiC
sample (Fig. 6a) the cracks do exist.

~25.5 nm ~25.0-26.0 nm

b
Figure 6. Effect of Cr on the coefficient of fracture toughness of SiC
a—pure SiC, b — SiC with Cr additions [30]

Obtained results may have a substantial effect on the production technology of SiC-matrix in SiC/SiC composites
for manufacturing the fuel element claddings since there is a problem of manufacturing thin-walled tubes (claddings)
from a brittle SiC ceramics, which has low values of the fracture toughness coefficient.

Experiments were made in [30] to investigate the behavior of SiC ceramics under hydrothermal conditions. It is
known that in spite of corrosive resistance in a high-temperature steam, the SiC-based ceramics dissolves in high-
temperature water, i.e., under conditions of non-emergency service in water-cooled reactors. The possibility was
demonstrated to exist for the radionuclides to release from the nuclear fuel through the fuel element cladding to the coolant
due to the occurrence of hydrothermal corrosion and microcracks [32]. The undertaken research suggests that for
decreasing the rate of SiC dissolution under hydrothermal conditions, the methods should be developed for alloying of
anticorrosive additives, and also, for use of corrosion-resistant coatings, or both methods in combination [33, 34].

As indicated above, the best corrosion-resistance data were obtained for the coatings based on Cr. This element is
used in the development of metal alloys based on FeCrAl and Mo/FeCrFl, which exhibit high corrosion resistance [8].
Besides, Cr is used for improving the corrosion resistance in steels, e.g., the introduction of no less than 12 % Cr into the
alloy drastically increases the corrosion resistance (stainless steel). Taking this into account, Cr was chosen in [30] as the
main anticorrosion alloying additive.

Table 2 and the plots (Fig. 7) give the hydrothermal corrosion test data for the SiC samples (without/with Cr and Si
additives) produced by the HSHP method at a water temperature of 350 “C and a pressure of 16.8 MPa. After 100 hours
of holding time, the SiC samples with Cr additives exhibited the increase in mass per area of ~ 3.27 mg/dm?. At that, the
masses of SiC samples with and without additives get decreased. Then, the mass reduction is observed in the samples
with Cr additions, too. However, as it can be seen from the plot (Fig. 6), the best corrosion resistance under hydrothermal
test conditions was shown by the SiC ceramics with Cr additions.

Table 2.
Corrosion test results for SiC samples
Test duration | SiC + Cr, SiC, SiC+Si,
(hours) mg/dm?> | mg/dm? | mg/dm?

0 0 0 0

100 3.27 -4.01 -2.74

350 -3.07 -7.27 -4.96

600 -5.42 -8.27 -7.20

1000 -8.49 -12.53 -10.66

Some teams of scientists who investigated the hydrothermal corrosion of silicon carbide [35, 36], have indicated
that the following thermodynamic reactions may occur between SiC and water:

SiC + 2H,0 — SiO, + CHy; 2
SiC + 4H,0 — SiO, + CO, + 4H, 3)
SiC + 3H,0 — Si0, + CO + 3H, “4)
SiC + 2H,0 — SiO, + C + 2H, Q)
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Figure 7. Results of corrosion tests of SiC samples [31]

As is obvious, by reactions (2) to (5), protective SiO, films are formed on the SiC surface. On this basis, the corrosion
resistance difference can be explained by the formation of corrosion-resistant products (Cr,O3, and Cr,Cy), which have a
substantial effect on the capacity of SiO, films for passivation of sample surfaces.

Relying on the obtained data, it can be argued that the presence of even minor Cr additives content radically changes
the behavior of the ceramics during oxidation, and leads to the formation of more corrosion-resistant protective SiO; films
on the SiC sample surfaces with Cr additives, essentially reducing the corrosion under hydrothermal conditions.

FE-CR-AL-BASED ALLOYS AS A MATERIAL FOR FUEL CLADDINGS

Fe-Cr-Al based alloys are considered within the ATFC concept as one of the possible options for replacing traditional
zirconium alloys for nuclear fuel claddings after the accident at the Japanese nuclear power plant Fukushima [8, 37].
These alloys have increased oxidation resistance (and, as consequence, reduced hydrogen accumulation) and higher
strength compared to zirconium alloys, at least up to 1300 °C. A distinctive feature of Fe-Cr-Al based alloys is the
formation of a thin protective alumina film during the high-temperature tests in water vapor [7] and high corrosion
resistance during tests under conditions close to the normal operation, due to the formation of a spinel film from chromium
and iron oxides [38]. In addition, the advantage of these alloys relative to the corrosion-resistant austenitic steels is the
absence of nickel, the presence of which is undesirable in materials for thermal neutron reactors [39]. These alloys also
satisfy the requirements for fuel cladding materials in terms of the complex of neutron-physical characteristics and
radiation resistance [40, 41].

The study of the effect of alloying elements (Y, Mo and Zr) on the structure, heat resistance, physical and mechanical
properties of alloys based on the Fe-Cr-Al system was carried out at NSC KIPT [42]. Six alloys (No. 1 — No. 6) were
selected as materials for the study, two of which (No. 1 and No. 2) were industrial Kanthal alloys grade X23US5T:
No. 1 - Kanthal alloy, grade X23US5T; No. 2 — Kanthal alloy after remelting; No. 3 — 72.5Fe-21Cr-6Al-0.5Y;
No. 4 - 72Fe-21Cr-6Al-1Y; No. 5 — 70Fe-21Cr-6Al-1Y-2Mo; No. 6 — 63Fe-23Cr-9Al-1Y-2Mo-2Zr (all values are
in wt %). XRD analysis showed that all alloys were single-phase (except the alloy No. 6) and consisted of a bce phase
(Fig.8a). It was established that molybdenum is uniformly distributed over the alloy, while yttrium is concentrated at grain
boundaries and in oxide precipitations. Alloying Kanthal with 2%wt zirconium leads to the formation of a microstructure
which consists of grains of the matrix bce phase and intergranular eutectic “BCC matrix phase + FCC Laves phase ZrFe,”.
The main amount of yttrium and zirconium is concentrated in the eutectic.
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Figure 8. Diffraction patterns of Fe-Cr-Al alloys: a) initial state; b) after oxidation in air at T = 1300 °C for 3 hours
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The effect of the alloys composition on their resistance to high-temperature oxidation was investigated by annealing
in the furnace in air at temperature T = 1300 °C for 3 hours and atmospheric pressure. The results of this study are shown
in Fig. 9.

All samples after high-temperature oxidation tests showed an increase in weight without shedding (peeling) with the
formation of a dense dark-gray oxide film on the surface (Fig.10). The lowest mass gain (0.3 mg /cm?) was observed in
the samples doped with Y and Mo, and the highest (7.2 mg /cm?) - in the samples doped with Y, Mo and Zr. Such different
behavior of alloys during oxidation is associated with the formation of oxide layers of different phase composition on
their surface. According to the X-ray diffraction analysis all samples consist of bcc matrix phase and alumina Al,Os-a
(Fig.8b). Diffraction pattern of the alloy No. 6 (which shows the lowest stability) also revealed the presence of hematite
Fe;0;-a and tetragonal zirconia ZrO,-t in addition to the bce phase and Al,Os-a. Le., in this case, oxidation occurred not
only of alloying elements but also of matrix elements.

Am, mg:‘cm2

0 ] N N e
5
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Figure 9. Mass gain of the Fe-Cr-Al samples after oxidation in Figure 10. Appearance of the Fe-Cr-Al samples after
air at T = 1300 °C for 3 hours high-temperature oxidation

Table 3 shows data on the mechanical properties of the investigated alloys. As it can be seen, alloying the Fe-Cr-Al
alloys with various chemical elements affects their mechanical and wear-resistant properties. Parameters H/E and H3/E?
are used to assess the wear resistance and resistance of materials to plastic deformation, respectively [43, 44].
Nanohardness, Young's modulus, microhardness and compressive yield strength decrease for alloys alloyed only with Y
(samples No. 3 and No. 4). Additional alloying with molybdenum (sample No. 5) leads to an increase in nanohardness
and microhardness. Simultaneous alloying with Y, Mo and Zr (sample No. 6) increases all mechanical characteristics of
the alloy, and the parameters H/E and H3/E? are the highest among all the alloys under study.

Table 3.
Mechanical properties of the Fe-Cr-Al alloys (p — density, H — nanohardness, E — Young’s modulus,
H" — microhardness at load of 200 g, o — compressive yield strength, Vs — cavitation failure rate)
Mechanical properties
Sample No 102
P p, g/em’ Gl—ll;a GFi;a H/E | HYE%,GPa | H ioo , GPa kgc;;;ﬁlz m\r/rsﬁ}}(z)e;r
1 6.8 3.6 230.6 | 0.016 8.8-10* 2.35 60.2 9.7
2 7.13 3.7 218.7 | 0.017 1.1-10° 2.40 53.4 19.6
3 7.2 33 220.6 | 0.015 7.4-10* 2.22 44.2 18.8
4 6.82 3.4 217.5 | 0.016 8.3-10* 2.45 55.7 -
5 6.93 3.7 2194 | 0.017 1.1:10°3 2.51 54.5 27.3
6 6.56 4.9 215.6 | 0.023 2.5-103 3.42 97.6 4.57

Since the strength characteristics of Fe-Cr-Al-based alloys are not worse than those of zirconium alloys, the most
important characteristic for using these alloys as reactor material is their resistance to high-temperature oxidation.
According to this alloy No. 5 (70Fe-21Cr-6Al-1Y-2Mo) is the most promising among the alloys under study.

CONCLUSIONS

The paper provides a brief overview of the main directions on the R&D of materials for fuel element claddings in
the world and the research results on the development of materials for the ATFC at NSC KIPT:

- Developed chromium vacuum-arc coatings with a set of their properties can be used to provide protection against
corrosion of fuel claddings made of zirconium alloys for water-cooled reactors of the PWR and BWR types and to prevent
LOCA type accidents.

- Technical parameters for obtaining SiC ceramics by the VGP method with high physical and mechanical properties
were optimized. It has been shown that alloying SiC ceramics with chromium leads to an increase in the crack resistance
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coefficient (K;c) by 25 — 30% and slows down corrosion processes under hydrothermal conditions corresponding to the
normal operation of water-cooled reactors. Obtained SiC based ceramics can be used as a SiC matrix in SiC/SiC
composites for the manufacturing of fuel element claddings.

- Experimental alloys based on Fe-Cr-Al alloyed with Y, Mo and Zr were developed, their structure, heat resistance,
physical and mechanical properties were investigated. Studies have shown that these alloys can be a promising material
for reactor fuel claddings to replace traditional zirconium alloys within the ATFC concept.

The results obtained at the NSC KIPT can be taken into account and applied to solve the problems of fuel claddings
manufacturing for water-cooled reactors in the framework of the safe and sustainable development of nuclear energy in
Ukraine.
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JOCJLIKEHHSA I PO3POBKA HOBUX MATEPIAJIIB VIS TAJIMBHUX EJTEMEHTIB SIIEPHUX PEAKTOPIB,
CTIMKUX O ABAPIMHIUX CUTYAILIA
K.B. Jlo6ay?, O.C. Kynpin?, C.}O. Caenxo?®, B.M. Boesoain*P, I.B. Koaoxiii®
“Hayionanvrui naykosuil yeump «Xapxiscokuil @izuxo-mexniunuil incmumymy, 61108, Xapxis, Vkpaina
bXapxiscoxuii nayionansnuii ynisepcumem imeni B.H. Kapaszina, 61022, Xapxie, Yipaina

B po6oti nokasani CBITOBI HayKOBi HAIPsIMU IO CTBOPEHHIO OOOJIOHOK TernroBuauLIounx enemeHTiB (TBDJI) criiikux 1o aBapii i3
Brparoro Teronocis (AEC dykycima, Snonis, 6epesens 2011 p.) st BoI0-0X0JI0/DKYBaHUX peakTopiB. HaBeneHi OCHOBHI pe3yJibTaTi
nociimkeHb orpumanux B HHI[ XTI, mono crBopenns marepianis wis obononok TBEJI criiikux 10 aBapiif i3 BTpaToOr TEIUIOHOCISL.
JocmikeHi CTpyKTypa Ta BIACTHBOCTI PO3POOJICHHX BAaKyyMHO-IYTOBUX XPOMOBHX IIOKPHUTTIB, SIKI MOXYTh OyTH BHKOPHCTaHI UL
3aXHCTY ICHYIOUMX MaTUBHUX 00OJIOHOK i3 IUPKOHIEBHX CIUIABIB /IS JISTKOBOAHKX peakTopiB Tuiry PWR Ta BWR. Po3po6iiena snerosana
kepamika Ha ocHOBI SiC m1s 3aMiHM TATMBHHUX 00OJIOHOK 13 IIMPKOHI€BHX CITaBiB. Betanosieno, mo sBeaentst 0,5% Cr B SiC npu3BoauTtsh
JI0 TTIBHUINECHHS 31aTHOCTI YMHUTH OIIp yTBOPEHHIO TPIIHH (TPIMHHOCTIHKICT) Ha 25 — 30%. IIpoananizoBano BmmB Cr Ha KOpO3iHy
crifikicts SiC kepaMiku B yMOBax, IO IMITYIOTb cepemy 1-ro koHTypy peakropa BBEP-1000. BcranosneHo, o BBEAEHHS HaBiTh
HeBEeNMMKOi KiTbKocTi Cr MPU3BOUTH 0 YHOBUIEHEHHS! KOpo3iiHKX mporeciB B SiC kepaMilli. 3 METOI0 CTBOPEHHSI HOBHX METaJIeBUX
MAJMBHUX 00O0JIOHOK TaKOXK OyJIK po3pobieHi Ta pociikeHi criaBu Ha ocHOBI Fe-Cr-Al 3 no6aBkoro neryrouunx enemeHtiB (Y, Zr ta
Mo). [Toka3zaHo BUCOKiI MEXaHiUHI BIIaCTUBOCTI Ta CTIHKICTh OTPUMAHUX CILIABIB 1010 BUCOKOTEMIIEPATYPHOTO OKUCIICHHSL.
KJIFOYOBI CJIOBA: 0060j10HKa MAIMBHAX €IEMEHTIB, KOpo3ist, 3axucHi nokputts, SiC/SiC xommnosur, cruiasu Fe-Cr-Al

HUCCIEJOBAHHUE U PABPABOTKA HOBBIX MATEPHUAJIOB JJI51 TONJIMBHBIX 9JIEMEHTOB AJEPHBIX
PEAKTOPOB, CTOMKHAX K ABAPUMHBIM CUTYALIASM
K.B. Jlo6au?, A.C. Kynpun?, C.IO. Caenko?, B.H. Boesoaun®®, U.B. Kosonuii®
“HayuonansHolli Hay4nulil yenmp «Xapbkogckuil pusuxo-mexuudeckuti uncmumymy, 61108 Xapvros, Yrpauna
bXaporosckuii nayuonanvuoiii ynusepcumem umenu B.H. Kapaszuna, 61022, Xapvkoe, Yipauna

B pabote moka3aHbl MHUpPOBBIC HAyYHBIE HANPABICHUS IO CO3IAHUIO OOOIOYEK TEIUIOBBLICIIOMIX dmeMeHToB (TBDJI) yeroitumBeix K
aBapusiM ¢ rotepeii Teronocutens (ADC dykycuma, Snorns, Mapt 201 1 roaa) 11 BOOO-0XJIKIaeMBIX peakTopoB. [IprBeieHp OCHOBHBIE
pe3ynbTatel uccnenoBanuii, monydeHHbx B HHI XDTHU, no co3nanmo matepuanoB i 06oiodek TBDOJI, ycTOWYMBBIX K aBapHsM C
niotepeii TeruioHocuTers. VccenoBaHbl CTPyKTypa B CBOIMCTBA pa3pabOTaHHBIX BaKyyMHO-IyTOBBIX XPOMOBBIX OKPBITHIH, KOTOPIE MOTYT
OBITB UCIIOJIB30BaHBI JUIsl 3ALIUTHI CYIIIECTBYIONIHX TOIUTMBHBIX 000JI04EK C IMPKOHNUEBBIX CILUIABOB JUIs JISTKOBOJHBIX peakTopoB THrna PWR
n BWR. PazpaGorannas nernpoBanHas kepamuka Ha ocHoBe SiC JULst 3aMeHbI TOIUTMBHBIX 000JI04YEK C [IMPKOHUEBBIX CIUIABOB. Y CTAaHOBJICHO,
yro BBeaeHue 0,5% Cr B SiC NPUBOAKT K MOBBILICHUIO CIIOCOOHOCTH COIPOTHUBIIATHCS 00Pa30BAHUIO TPELIUH (TPEIIMHOCTORKOCTD) Ha 25 —
30%. IIpoananusuposano BiusHue Cr Ha KOPPO3HOHHYIO CTOMKOCTh SiC KepaMHMKM B YCIOBHSIX, MMUTHPYIOIMX cpedy 1-ro KOHTypa
peakropa BBOP-1000. YcTaHOBNIEHO, 4TO BBEICHHE Jake HEOOBIIOro KommdecTsa Cr MPHBOIXT K 3aMEICHHIO KOPPO3HOHHBIX IIPOLIECCOB
B SiC kxepamuke. C 1e/IbI0 CO3IaHNS HOBBIX METAUIMYECKUX TOIUTMBHBIX 000JI0YEK Takke ObUIM pa3paOOTaHbl M UCCIIEIOBAHBI CIUIABHI HA
ocHoBe Fe-Cr-Al ¢ moGaBkoii nerupyronmx smeMeHToB (Y, Zr 1 Mo). Iloka3zaHo BBICOKHE MEXaHMYECKHE CBOWCTBA U yCTOHYHMBOCTH
TIOJIyYEHHBIX CIUIABOB K BBICOKOTEMIIEPYTYPHOMY OKUCIICHHIO.

KJIFOYEBBIE CJIOBA: 06051049Ka TOIUTMBHBIX 3JIEMEHTOB, KOPPO3usi, 3amuTHbIC MOKphITUs, SIC/SiC xoMmo3utsl, criasl Fe-Cr-Al



84
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 4. 84-89 (2020) DOI:10.26565/2312-4334-2020-4-11

PACS: 62.65.+k; 63.50.+x; 62.30.+d
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The phonon dispersion curves for bulk metallic glasses (BMGs) PdsoNiioCusoP20 and PdesNiicP20 are computed for the longitudinal
and transverse phonon frequencies using the simple model given by Bhatia and Singh. Different dielectric screening functions are
employed for the longitudinal mode. We obtain the values of the force constants f and d calculated from the elastic constants of the
material of the respective BMGs for computing the dispersion curves. The computed phonon dispersion curves show appropriate
behaviour for both the longitudinal and transverse modes. The transverse sound velocity and the longitudinal sound velocities with
various dielectric screenings are calculated in the long wavelength region from the computed dispersion curves for both the BMGs.
The first peak position of the static structure factor is predicted from the dispersion curves. The values of sound velocities and the
first peak of the static structure factor estimated from the computed dispersion curves show excellent agreement with the
experimental values reported in literature for the BMGs under consideration and the results may be used for correlating other
properties of the BMGs.

KEYWORDS: Bulk metallic glass, dispersion curves, dielectric screening, elastic properties

The advent of bulk metallic glasses (BMGs) has attracted a lot of interest due to its novel properties and
applications in diverse technological areas [1-3]. Pd-based BMGs due to their unique mechanical and thermal
properties have shown potential applications as electrode, jewelry and medical materials [4-5]. However, the
understanding of phonon dynamics and atomic structure configuration are essential for understanding their mechanical
and thermal properties [6-9]. The phonon dynamics of metallic glasses have been studied experimentally [10-11] using
neutron scattering. Theoretically computed phonon frequencies have been investigated by many researchers [12-17] for
correlating them with mechanical and thermal properties in a variety of metallic glasses. Three main theoretical
approaches, namely Hubbard and Beeby [15], Takeno and Goda [16] and that of Bhatia and Singh [8] are widely used
for computing phonon frequencies of metallic glasses.

In this paper, the phonon dispersion curves of Pd4NijoCusoP2 and PdgsNij¢P20 BMGs are computed using the
simple model given by Bhatia and Singh [8]. This model assumes a central force which is effective between the nearest
neighbours and a volume dependent force. Bhatia and Singh [8] determine the values of force constants & and B using
the value of longitudinal and transverse sound velocities along with the calculated value of force constant x.. However,
in the approach adopted by us, we fix the values of force constants 4 and  used in the computation of dispersion curves
by using the value of bulk modulus (B) and shear modulus (G) of the respective BMGs along with the calculated value
of #.. This method of determining the values of 6 and P from the elastic modulii of the BMGS for computing phonon
frequencies using the simple model is applied for the first time for the PdsoNijoCusoP20 and PdesNiigP20 BMGs. The
dielectric screening due to conduction electrons in the long wavelength region of the phonon frequencies is quite
significant. To study its effect on the phonon frequencies, various dielectric screening functions [13] namely, Bhatia and
Singh (BS), Hartree (H), Hubbard (HB), Geldart and Vosko (GV), self-consistent screening due to Shaw (SCS) and
Overhauser (OH) are employed for the longitudinal mode.

The longitudinal sound velocities (V;) are computed for different dielectric screenings and the transverse sound
velocity (V) is computed from the longitudinal and transverse dispersion curves respectively in the long wavelength
region for both the Pd4NijoCusoP2 and PdeNiieP20 BMGs. The first peak position of the static structure factor S(g)
denoted by g, provides key structural information and elastic properties of amorphous materials [7]. The value of g, is
estimated from the dispersion curves, where it occurs around the first minimum of the longitudinal vibration mode [9].

THEORY
The details of this theory of the simple model employed are given by Bhatia and Singh [8] and others [12-13]. The
equations for the longitudinal phonon frequencies (w;) and transverse phonon frequencies (wr) as given by Bhatia and
Singh [8] can be written as

2N K7ra?[6(qrs)]?
of = e Pl + 81+ S T O

and
©R.R. Koireng, P.C. Agarwal, A. Gokhroo, 2020
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2N 1 1
(1.)%- =ﬁ[(ﬁ+g5) Iy —5512], 2)
here ¢ is the momentum wave vector; f3, d and «. are force constants. B and 6 are defined in terms of the first and second
derivatives of inter-atomic potential W(r) atr = a, as

g = pa? [1dw(r)
2M

b
r odr ly=q

vl G | @

In equation (1), the relevant force constant x, due to the conduction electrons based on the Thomas—Fermi model can be
written as

3

K, = 4mn,n;ze? Kz, 5)

where e is the electron charge, n; is the ionic density, n, = n;z is mean electron density and z is the mean valence of
the glassy system; K2z = (4 kp/ma,) is the Thomas-Fermi screening length with a, as the Bohr radius.

The [G(q7,)]? in equation (1) is the shape factor to take into account the cancellation effects of kinetic and
potential energies inside the core of the ions and is of the form

) _ 2
[G(qrs)]z _ [3(sm(qrs)(q(fsgss) Cos(qrs))] ’ (6)

where 1, = [3/(4mn;)]'/3 is the radius of the Wigner- Seitz sphere.

The term €(q) in equation (1) is the dielectric screening function. We employ various dielectric screenings [13]
namely Bhatia and Singh (BS), Hartree (H), Hubbard (HB), Geldart and Vosko (GV), self-consistent screening due to
Shaw (SCS) and Overhauser (OH) in equation (1) to study the effect on phonon frequencies in the long wavelength
region.

In equations (1) and (2), I,, can be written as [8]

I, = foﬂ sin § cos™ @ [sin2 G qa cos 9)] de, (7)

so that with x = qa, I, and I, are respectively,

sinx
Io(x) = 1_ )
1 . 1 2 2cosx
L) =3 —sinx[f -5 -2,

for the limiting case ¢ — 0, equations (1) and (2) give the longitudinal and transverse sound velocities respectively,
V.(0) = w,/q and V7(0) = wr/q as

pVE() =N (5B +38) +re . ®)
1 1
pvg(0)=1v(§[;+§5). 9)
In terms of the elastic moduli of the glassy material [8]
Ciy = pVP(0) = B +3G, (10)

Caa = pVF(0) =G . (11)

The value of B and & can be determined using equations (8), (9), (10) and (11). The sound velocities for both
Pd4oNijgCusoP20 and PdesNijeP20 BMGs are estimated for the longitudinal mode (V,) with different dielectric screenings
and transverse mode (V) in the long wavelength region from the respective dispersion curves. The first peak of the
static structure factor for both the BMGs is also estimated from the dispersion curves.

CALCULATIONS
For the PdoNijoCuszoP20 BMG, the experimental values of B, G and p [2] are 172.60x10° Nm™, 35.50x10° Nm™
and 9.259x103 kgm™ respectively and for the PdsNij¢P20 BMG, the experimental values of B, G and p [2, 17] are
taken as 172.00x10° Nm2, 32.80x10° Nm2 and 10.08x10° kgm™ respectively. The values of n; is calculated using the
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relation p = n;M and found to be 7.57x10% m3 for PdsoNijoCusoP2 and 7.26x10?® m™ for PdesNiisP20. The two
BMGs under consideration are of FCC structure and using the relation a®n; = V2, gives a = 2.65x10" m and
a=2.69x 10'10 m for Pd4oNi10CU30P20 and Pd64Ni16P20 respectively.

The value of x. calculated using equation (5) for PdNijoCuzoP2 with z = 1.90 is 153.50x10° Nm™ and for
PdsNij6P2 with z = 2.20 is 182.75x10° Nm. Taking N=12 for FCC structure for both the BMGs Pd4oNi;oCuzoP2 and
PdesNiisP2o, the values of the respective force constants £ and J for both the BMGs are obtained by substituting the
respective values of B, G and . in equations (8), (9), (10) and (11). Hence all the input parameters for computing
phonon dispersion curves for both the BMGs are known and are listed in Table 1.

Table 1.
Parameters used for computing phonon dispersion curves of Pd4oNi;oCu3oP20 and PdesNijsP20 BMGs.
Pd4oNi;oCuszoP2o PdssNii6P20

n;(10% m?) 7.57 7.26

. (10° Nm™) 153.50 182.75
kg (10°°m™) 1.62 1.68
7, (101%°m) 1.47 1.49
K2 (10*m™?) 3.90 4.04
£ (10°Nm™) 5.01 8.18
6 (10°Nm™) 19.33 0.11
z 1.90 2.20

RESULTS AND DISCUSSION

The phonon dispersion curves computed for the BMGs Pd4oNi;oCusoP2 and PdesNi P2 using the simple model
given by Bhatia and Singh [8] are shown in Figure la and 1b respectively. The phonon frequency curves for the
longitudinal mode employing different dielectric screening functions, namely Bhatia and Singh (BS), Hartree (H),
Hubbard (HB), Geldart and Vosko (GV), self-consistent screening due to Shaw (SCS) and Overhauser (OH) for the
BMGs PdsoNijoCuszoP20 and PdesNijeP2o are obtained on the basis of equation (1). Similarly, the phonon frequency
curves for the transverse mode (T) for the Pd4oNiioCusoP20and PdssNiisP20 BMGs are obtained on the basis of equation
(2) without dielectric screening. The dispersion curves for both the longitudinal mode (w;-¢g) as well as the transverse

mode (w7-q) show linear dispersion curves in the long wavelength region and reproduce all the characteristic features as
shown in Figure 1a and 1b.

5.0 1 ) =T 5.0 1
PdyNi;(CusPyy

== BS Pdg4Ni 6Py ——T

4.0 —s—[B 4.0
—t— GV
;;3.0 == SCS ~
& ——OH n 3.0
= “
< 2
8 ~
S]

1.0

0.0 = T T T T T T T T T T T Y 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 50 55 6.0

0.0051.0152.0253.03.54.0455.0556.0
q (101%m-1) q (10°m-1)
a b

Figure 1. The transverse (T) phonon frequencies on the basis of equation (2) and longitudinal phonon frequencies due to dielectric
screenings viz. BS, H, HB, GV, SCS and OH on the basis of equation (1) for the BMGs (a)Pd4oNiioCu30P20 and (b) PdssNiisP20

As seen in Figure la and 1b, the dielectric screening functions have significant effect in the long wavelength
region of the w;-q dispersion curves for both the Pd4NijoCusoP20and PdesNiicP20 BMGs. The height of the first peak of
the longitudinal vibrations mode depends on the type of dielectric screenings employed for computing the phonon
frequencies. From the Figure 1a and 1b, it is evident that the difference in w;-q curves for different dielectric screenings
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for both the BMGs increases with the wave number ¢ and becomes more prominent at the first maxima and starts
decreasing, and the curves converge at the g value corresponding to the first minima of w;-g curves.

The position of the first peak of the w;-q curves for the Pd4Ni;oCusoP2 BMG are found at ¢ = 1.3x10'"m! for BS,
HB, GV, SCS and OH, and at g = 1.2x10'"°m! for H. In the case of PdssNiisP20 BMG, the position of the first peak for
w;-q curves are found at ¢ = 1.2x10'°m™!' for BS, H, HB and OH, and at ¢ = 1.3x10'°m"!' for GV and SCS. The first
minima of the w;-g curves for PdsNijoCuszoP20 and PdesNij¢Pao are obtained at ¢ = 2.9x10'm™ and ¢ = 3.0x10'"m"!
respectively, independent of the dielectric screenings employed.

The first peak position of wr-g curves for PdsNijoCusoP2 and PdesNijeP2o are obtained at ¢ = 1.9x10'°m! and
g =1.7x10" m! respectively. For both the BMGs Pd4oNi;oCusoP2 and PdesNijePao, the first peak position for wr-g
curves is at a higher ¢ value than the first peak position of w;-¢g curves for all dielectric screenings. As expected, the
wr-q dispersion curves for both the BMGs increases and attain peak value with the increase in wave number g and
thereafter gets saturated around the first peak with a small variation.

In the long wavelength region (¢—0) of the dispersion curves, the sound velocities of the longitudinal and
transverse modes are estimated for both the BMGs. The values of longitudinal velocities (V;) computed from the
longitudinal dispersion curves for different dielectric screenings and the transverse velocity (V) computed from the
transverse dispersion curves for both the BMGs Pd4oNiioCusoP20 and PdesNiisP2o are listed in Table 2. The dielectric
screenings have significant effect on the longitudinal sound velocity. The experimental values of the longitudinal sound
velocity for PdyoNijgCusoP20 is 4.874x10° cms™ [2] and for PdgsNi 6Pao is 4.560 cms™' [2,17]. The values of V, computed
from the dispersion curves for both the BMGs under consideration show closeness to the experimental value for the
dielectric screening due to OH. The value of V; computed from the dispersion curves due to OH screening is
4.839x10° cms™' for PdsNijoCusoP20 and 4.606x10°cms™ for PdesNijgP. As shown in Table 2, the values of V;
computed for different dielectric screenings for both the BMGs are screening sensitive in the long wavelength region.

Table 2.
The transverse sound velocity (V) and longitudinal sound velocities (V,) for different dielectric screenings for the
BMGs Pd40Ni10Cll30P20 and Pd64Ni16P20.

Dielectric screenings Pd4oNiioCusoPao PdgsNiieP2o
V. (10° cms™) Vr(10° cms™) V. (10° cms™) Vr(10° cms™)
BS 5.358 1.827 5.181 1.735
H 5313 5.133
HB 4.949 4.722
GV 4.664 4.405
SCS 4.232 3.931
OH 4.839 4.606
Experimental 4.874[2] 1.959 [2] 4.560 [2,17] 1.790 [2,17]

The transverse sound velocity (V) computed from the slope of the dispersion curves in the elastic region for
Pd4oNijoCuszoPa is 1.827x10° cms™! and for PdssNijsP20is 1.735%10%cms™!. The experimental values of transverse sound
velocities reported for PdsNijoCusoP20 and PdesNii6P2o are 1.959 cms™ [2]and 1.790 cms™ [2,17] respectively. Thus, the
computed transverse sound velocities are very close to the experimental values reported for PdioNijoCuzoP2 and
PdsaNiisP2o.

From the w;-g curves of the BMGs under consideration, we estimate the first peak position (g,) of the static
structure factor S(g). The first minimum of w;-¢q curves occurs around the same value of the wave number ¢ where the
first peak (g,) of the static structure factor S(g) occurs [9]. The position of the first minimum estimated from the w;-q
curves for the BMGs PdoNijoCusoP20 and PdesNij6P20 occur at g = 2.9x10'° m™! and ¢ = 3.0x10'" m™! respectively,
independent of the dielectric screenings. The computed values of ¢, for both the BMGs are given in Table 3. The
experimental reported value of the first peak position g, of the static structure factor for Pd4NijoCusoP20 is
g =2.9x10""m" [7] (Table 3). However, no experimental data for the static structure factor of PdesNiicP20 BMG is
available, we estimate from the theoretical phonon dispersion curves to be at ¢ = 3.0x10'"m!.

Table 3.
The position of the first peak (g,) of static structure factor estimated from the dispersion curves of BMGs.
BMGs q, (10"°m™)
Pd4oNi10CU30P20 29, 29 [7]
PdesNij6Pao 3.0

The computed values of g, for both the BMGs are slightly less than 2k, where kg is calculated using the relation,

kp = (37r2ne)1/3 . The calculated values of kg are 1.62 x10'°m! for Pd4oNijoCuzoP20and 1.68 x10'°m™! for PdgsNii6P20
(Table I). The ratio of 2kr/q,, is 1.12 for both the BMGs Pd4oNiigCusoP20 and PdssNii6P2. This is in agreement with the
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stability of metallic glasses [18]. Since the peak position of the structure factor provides key structural information in
understanding atomic network for amorphous materials, it is used for correlating with elastic properties of BMGs [7].
From the results obtained from the dispersion curves, we can infer that the value of g, is not affected by the dielectric
screening functions, though the dielectric screenings have a significant effect on the values of the longitudinal sound
velocities for the BMGs.

CONCLUSION

We have computed the phonon dispersion curves for PdioNiigCusoP20 and PdesNiigP20 BMGs employing various
dielectric screenings using the simple model by Bhatia and Singh. The force constants ¢ and B used in the computation
of the phonon frequencies are determined using the experimental values of bulk modulus (B) and shear modulus (G)
along with the calculated value of force constant x. of the BMGs under consideration for the first time. The computed
dispersion curves reproduce the main characteristic of phonon frequencies of transverse and longitudinal modes. The
values of the transverse and longitudinal velocities estimated from the dispersion curves show excellent agreement with
the experimental values reported for both the BMGs. The position of the first peak of the static structure factor for both
the BMGs are estimated from the dispersion curves and show excellent agreement with the available value reported in
literature for Pd4oNijoCusoP2. Since the experimental data for phonon frequencies are rare and the limitation of the
experimental techniques for describing the micro-structure of metallic glasses, the approach presented in this paper
using the Bhatia and Singh model can be employed for computing phonon frequencies. It is expected that appropriate
theoretical computation of phonon dispersion curves will give insight in understanding the structural information and
elastic properties of metallic glasses.
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BILIUAB JIEJEKTPUYHOI EKPAHI3ALIII HA ®OHOHHI YACTOTH I AKYCTHYHI BIACTHBOCTI
METAJITYHUX CTEKOJI HA OCHOBI Pd
P.P. Koiipeur®®, I1.C. Arapsan‘, Aabnana I'okpy?
4V psaoosuii konedac Campama [lpumsipadsca Yayxana, Aosxcmep-305001, Padscacman, Inoia
bHayionanonuii incmumym oceimu (NCERT), Hoto-Zleni-110016, Indis
¢Pecionanvnuii incmumym oceimu (NCERT), Bxybanewsap-751022, Ooiwa, Inois
Kpusi gucnepcii ¢ononiB miust o6'emuux MetaneBux crekon (OMC) PdaoNiioCuszoP2 Ta PdeaNiieP20 oGumciroroTsest st
03/I0BXKHBOI Ta MOMEPEYHOi 4acToT (HOHOHIB 3a JOMOMOTrOI0 MPOCTOI Mozei, HaxaHoi bxariero ta CiHrxom. J[jisi mO310BXHBOTO
PEKUMY BHKOPHUCTOBYIOTHCS Pi3HI (YHKINI TICICKTPUYHOTO €KpaHyBaHHS. MM OTpUMaiM 3HAYEHHS CHJIOBHX KOHCTAHT [ i 0,
PO3paxoBaHuX 3 MPY)KHUX KOHCTAHT MaTepiaiy BiamoBimaux OMC mis o6urciaeHHss KpuBUX aucnepcii. OGuucieHi KpuBi aucmepcii
(OHOHIB IEMOHCTPYIOTh HAJEKHY HMOBEAIHKY SIK Ul MO3IOBXKHBOI, TaK 1 AJs momepeyHoi Moj. IlomepeyHa MIBHIKICTH 3BYKY Ta
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MMO3I0BXKHI IIBHIAKOCTI 3BYKY 3 PI3HHM Mi€JICKTPUYHAM CKPaHYBAaHHSIM OOUYHCIIOIOTHCS B OOJACTI JAOBKHHH JOBKHHH XBHI 3
obOuncineHux KpuBuX mucrepcii aas 06ox OMC. IMonoxeHHs mepuioro mika KoedilmieHTa CTaTHYHOI CTPYKTYpH MepeadadeHo 3
JUCTIEPCITHAX KPUBUX. 3HAUCHHS MIBHIKOCTEH 3BYKY Ta MEPIIMN MK KOe]illi€eHTa CTATHYHOI CTPYKTYpPH, pPO3paxoBaHi Ha OCHOBI
O0YHCICHUX TUCIEPCIHHUX KPUBHX, MOKA3yIOTh YyIOBY Y3TOMKEHICTh 3 EKCICPUMEHTAIbHHMH 3HAYCHHSIMH, IO HasBHI B
niteparypi g po3riasHyTHX OMC, 1 pe3ynbpTaTH MOXKYTh OyTH BUKOPHCTaHI I KOpessmii iHmux BiactuBocteit OMC.
KJIIOYOBI CJIOBA: o6'emHe MeTaneBe CKIJIO, JUCHEePCiiiHi KPUBI, Ai€IEKTPUIHUN eKpaH, eTaCTUYHI BIACTUBOCTI

BJIUSTHUE JUSJIEKTPUYECKOMN SKPAHUPOBKU HA ®OHOHHBIE YACTOTHI U AKYCTHUYECKHE
CBOMCTBA METAJIJIMYECKHUX CTEKOJI HA OCHOBE Pd
P.P. Koiipenr®®, I1.C. Arapsan‘, Aabnana I'okpo Gokhroo?
*Vpaoosuii konneoxc Campam [pumsupaoaca Yayxan, Aoxcmep-305001, Padscacman, Hnous
bHayuonanonuii uncmumym obpazoseanus (NCERT), Hoto-enu-110016, Huous
“Pezuonanvnuti uncmumym oopaszosanuss (NCERT), Bxybanewsap-751022, Oouwiu, Huous

Kpussle mucnepcnu ¢ononoB mias oobemusix Meraummdeckux crekon (OMC) PdaoNiioCusoP20 m PdeaNiieP20 mcuncinsrorest s
MPOJIONIFHOM ¥ TOMEpPEeYHOi YacToT ()OHOHOB C IOMOINBIO MPOCTOH MozeiH, npemocraBieHHOi bxatms m Cuarxom. s
MPOIOJILHOTO PEXKKUMA UCTIONB3YIOTCS Pa3IniHbie (PYHKIIMH JUAICKTPUICCKOTO SKPAHUPOBAHUSA. MBI MOTYYHIH 3HAYCHUS CHUIIOBBIX
KOHCTaHT CHJIBI 3 U O, PACCUMTAHHBIX MO YNPYTHM KOHCTaHTaM Marepuania cooTBeTCTBYHOIMX OMC /sl BBIYMCICHHS KPHBBIX
JHCIIepCUH. BrraucieHHble KpUBbie Qucnepcui GOHOHOB AEMOHCTPHPYIOT Ha[UISKAlee MOBEACHHE KaK TSl MPOJIOJIbHOM, TaK U Ui
nonepeyHoir Mox. IlomepeuHas CKOpOCTh 3ByKa M NPOAOJIBHBIE CKOPOCTH 3BYKa C Pa3HBIM AUAIEKTPHUUECKON SKPAaHHUPOBAHHEM
HCYHUCIIIOTCA B 00JAaCTH JJIMHBI AJIMHBI BOJHBI U3 BBIYMCICHHBIX KPUBBIX aucnepcun i ooenx OMC. [lonoxeHne nepBoro muka
ko3 dHUIIeHTa CTATHYECKON CTPYKTYpPhI MPEACKa3aHO W3 IUCIIEPCHOHHBIX KPHUBBIX. 3HAUCHHS CKOPOCTEH 3ByKa M TIEPBBIA MUK
KO3 (HIIMCHTA CTATUYECKONH CTPYKTYpBI, PACCYMTAHHBIC HAa OCHOBE BBIYHMCIICHHBIX KPUBBIX IHCICPCHH, MMOKA3BIBAIOT XOpOIIce
coriacue ¢ SKCIIePHUMEHTAIbHBIMU 3HAYCHUSMHE, HMEIOIINECS B IUTeparype i paccMaTpuBaeMbix OMC, U pe3yIbpTaThl MOTYT OBITh
HCIIOJIb30BAHbI JJIs1 KOppessiuuu 1pyrux csoicts OMC.

KJIFOYEBBIE CJIOBA: 00beMHOE METaLIMYECKOE CTEKIIO, JAMCICPCHOHHBIC KPHBBIC, JUAICKTPHUCCKHN DKpaH, 3JIACTUYHBIC
CBOMCTBa
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The study was performed on alloys with a carbon content of 0.37-0.57% (wt.), silicon 0.23-0.29% (wt.), manganese
0.7-0.86% (wt.), the rest — iron. To determine the phase composition of alloys used microstructural, microanalysis and X-ray
analysis. In addition, the physical characteristics of the alloys studied in this paper were determined, such as alloy chemical
dependence of extension and contraction ratio, impact toughness and hardness. The results obtained in this paper showed that the
iron-based alloy with the content of carbon of 0.57 % (wt.), silicon of 0.28 % (wt.) and manganese of 0.86 % (wt.)) had the
superior microstructure and physical properties. It was determined that after a number of crystallization and phase transformation
the alloy phase structure includes two phases: a-iron and cement magnesium dopingFe27Mno3C. For the first time using the
method quasi-chemistry received an expression of the free energy of a solid solution a-iron alloyed with silicon and magnesium,
and determined the solubility limit of carbon, manganese and silicon. In §-iron may dissolve to 0.09% (wt.) carbon, manganese
up to 3.5% (wt.), silicon — 0.25% (wt.). The maximum content in o-iron can reach: carbon — 0.017% (wt.),
manganese - 21% (wt.), silicon — 1.3% (wt.).

KEY WORDS: Fe-Mn-Si-C alloys, solubility limit of carbon, manganese, silicon in a-iron

As is known, there is currently a special interest in steels that have high strength and ductility. To increase the
complex of mechanical properties in an economical way using alloying of alloys based on iron with manganese and
silicon [1].

In the al loys of the Fe-Mn-Si-C system during the crystallization of the melt, the primary phase may be 3 - iron
with a carbon content of up to 0.2% (wt.), manganese up to 2% (wt.) and silicon up to 1% (wt.). During the
crystallization of alloys of the Fe-Mn-Si-C system, successive transformations of peritectic were observed:
L—L+3—6+y—y [2-5]. It is known that doping alloys based on iron with manganese and silicon has almost no effect
on the temperature of point A; and shifts point S (eutectoid point on the equilibrium phase diagram of the Fe-C system)
to a low carbon content, which leads to an increase in the volume fraction of perlite in the microstructure [6].

According to the results presented in [7-10], the solubility of carbon in ferrite is in the alloys of the
Fe-C system - 0.095% (at.), Mn-C - 6% (at.), silicon Fe-Si - 10-18.5% (at.), Mn-Si — 18.5-10% (at.) in dependence from
temperature. In the ternary system Fe-Mn-C are the solubility of carbon and manganese in a-iron at temperatures
505-971 K [4]. In this paper it is noted that at a temperature of 505 K the content of carbon in a-iron was 4-10°% (wt.),
and manganese - 0.5% (wt.). The authors of [7] note that in the alloys of the Fe-Mn-Si-C system is the consistent
formation of solid solutions, the carbon content of which is more than 0.08% (wt.). Thermodynamic databases
(ThermoCalc, FactSage, MTDat, PANDAT, JMatPro, IDS and CALPHAD) are currently widely used in steel and alloy
research, development of new materials and production technologies in the metallurgical industry, but the reliability of
forecasts made with these programs is limited by the accuracy of thermodynamic data. Some experimental data, which
are important for multicomponent systems, are quite old and insufficiently tested by modern experimental methods [11].
As is known, to predict the phase composition of alloys and phase transformations plays an important role solubility
limit of the alloying elements in alloys.

The aim of this work was to determine the solubility limits of carbon, silicon and manganese in a-iron alloys of the
Fe-Mn-Si-C system.

MATERIALS AND METHODS

Research carried out on alloys containing carbon 0.37-0.57% (wt.), silicon 0.23-0.29% (wt.), manganese
0.7-0.86% (wt.), the rest — iron. The smelting of alloys of the Fe-Mn-Si-C system was performed in a furnace in
alundum crucibles in an argon atmosphere. The cooling rate of the alloys after casting was 10 K/s. Metallographic
sections of Fe-Mn-Si-C alloys were made according to standard methods using diamond pastes. Chemical and spectral
analysis were used to determine the chemical composition of the alloy [11]. The phase composition of the alloys was
determined using an optical microscope "Neofot-21". The main results of micro-X-ray spectral analysis were obtained
using an electron microscope JSM-6490 with a scanning attachment ASID-4D and energy-dispersive X-ray
microanalyzer "LinkSystems 860" with software. X-ray diffraction analysis was performed on a DRON-3
diffractometer in monochromatized Fe-Ka radiation.
© N. Filonenko, A. Babachenko, G. Kononenko, E. Domina, 2020
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RESULTS AND DISCUSSION

The microstructure of the alloy with the carbon content of 0.37% (wt.), silicon 0.23% (wt.), manganese
0.86% (wt.) in the cast, state is represented by ferrite and perlite (Fig. 1a).
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Figure 1. Alloy based on iron with a carbon content of 0.45% (wt.), silicon 0.23% (wt.), manganese 0.86% (wt.) in the cast state:

a) microstructure, X800, b) diffraction pattern (1 - a-iron of Fe-Mn-Si-C alloy, 2 - a-iron in Fe-C alloy), ¢) micro-X-ray spectral
analysis curve

The results of X-ray analysis in this alloy were discovered only two phases — ferrite and carbide (Fig. 1b). Carbide,
as a structural component of perlite, was presented in these alloys of the Fe-Mn-Si-C phase Fe;7Mng3C. It should be
noted that perlite has two colors after surface etching of the samples with sodium pirate — light and dark. In perlite light
r color content of manganese — 0.37% (wt.), silicon — 0,38% (wt.). In perlite dark color high content of alloying
elements: manganese — 0.79% (wt.), silicon — 0.41% (wt.). Thus, the results make it possible to assert that in alloys
formed a reason region richest manganese and silicon.

On the diffraction pattern, the a-iron lines were shifted toward larger angles compared to pure a-iron. The obtained
result can be explained by the fact that the ferrite is doped with manganese and silicon and the ferrite lattice parameter
changes. According to the results of micro-X-ray spectral analysis in ferrite, the manganese content was 1.27% (wt.),
silicon — 0.27% (wt.).

As Table shows, the characteristics of strength and hardness for all the alloys are high, and for the alloy containing
carbon — 0.57% (wt.), silicon — 0.28% (wt.) and manganese — 0.86 % (wt.), plasticity and fracture toughness are higher
as compared to those for the other alloys that are used in the manufacture of railway wheels.

Table.
Dependence of the extension andcontraction ratio, impact toughness and hardness on the chemical composition
Content of chemical elements in Relative extension Relative Impact toughness, Hardness,
alloys, % (wt.) n, 8, % contractiony, % KCUobed, J/cm? HB
C=0.37;Si=0.23; Mn=0.75 8 17 34 324
C=0.57; Si=0.28; Mn=0.86 11 25 40 341

A quasi-chemical method was used to determine the solubility of carbon, silicon, and manganese in the 8- and o-
iron of Fe-Mn-Si-C alloys.
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The structure of ferrite has a volume-centered lattice and belongs to the spatial group O, — Im3m with 8 atoms in

the first coordination sphere [12]. Each atom of the BCC lattice has six tetrahedral and three octahedral pores. Of the six
atoms surrounding the octahedral pore, two are closest to the others [14]. The arrangement of carbon atoms in the BCC
lattice can be described as follows: the arrangement of carbon atoms in the octahedral pore, which have four nearest
metal atoms at a distance of 2.02 A, and two at a distance of 1,43 A, each metal atom has 8 neighbors, which are located
on distances of 2,48 A from each other.

To obtain the calculated results of the solubility limit of carbon atoms in the ferrite lattice, a quasi-chemical
method was used, taking in ti account data on the position of carbon in a solid solution of a-iron [13].

The interaction of Fe-Fe, Fe-C, Fe-Si, Fe-Mn and Fe-V atoms, where V is a vacancy can become side red as
follows: the interaction energies of atomic pairs Vrere, VFesi, VFev, VFeC, Viemn and vammc. The results presented in [14-15]
were used for numerical values of the interaction energy of pairs of atoms.

The free energy of ferrite can be determined by the formula: F = E — kTInW, where E is the internal energy of
ferrite, W is the thermodynamic probability of the placement of atom is the nodes of the crystal lattice of ferrite,
k=1,38-10"2) /K — Boltzmann constant, T — absolute temperature. Thus, the free energy of ferrite is determined as
follows:

F =—8(N N, VM +N,, N anC +NgN.v

—kT(8(N,, + N, + Ng)(n(N,, +N,, + Ng)—1)—
~8N,. (In NF 1) 8N, (InN,, 1) —8N,(InNy —1)+
+(N.+N,)(In(N, +N,)-1)=N.(InN. -1)= N, (In N, —1)

+NoNyVe, + N, ,N,v

FeV Mn MnVv

+ NSiNVVSiV ) -

SiC

To calculate the solubility of carbon in a-iron, wended it find the solution of the system of equations:

OF o OF _ OF _ OF _ OF )
oN., oN, oN oN,, oN

Fe

The resulting system of equations (2) is transcendental. Usually the solution of such equations can be obtained
graphically or numerically. But in the framework of this problem it is expedient to consider an asymptotic solution of
the equations. For this we present the logarithm included in each of the equations of the system (1) in the form of Taylor
series (this is acceptable in case of its convergence):

;vf; = 8N, Vpey —8N Vi —8Ngvg, —8KT [IHN +Z( 1,2 { TG 1)"D:
afj = =8N Vi =8N, vy, —8KT (In(N,,, +N&')+g (_BM { (NMnN ;eNS,.)" e D i .
afjvii = 8N Vg —8N, vy, —8KT (In(N,,, +Npe)+g (_BMI { ( NM"TNFC)” sl D i

To obtain an asymptotic estimate of system (2) solution it is sufficient to consider the first two terms of expansion
in the logarithm expanding.

There sults of solving the system of equations showed that up to 0.09% (wt.) of carbon, manganese up to
3.5% (wt.), silicon — 0.25% (wt.) can be dissolved in §-iron. The obtained result regarding the carbon content in 6-iron
is consistent with the results of [16-17].

The maximum solubility of elements in a-iron is: carbon — 0.017% (wt.), manganese — 15% (wt.),
silicon - 1.3% (wt.), which is consistent with the results presented in [3].

Thus, the maximum solubility of carbon, manganese and silicon in a-iron alloys of the Fe-Mn-Si-C system have
lower numerical values compared it the insolubility in the corresponding binary systems. The obtained results can be
explained by the fact that there placement of iron atoms by manganese and silicon atoms in the a-iron lattice ads it the
deformation of the lattice, which affects the solubility of carbon [14].
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CONCLUSION

The analysis phase composition in the studied alloys Fe-C-Mn-Si containing carbon 0.37-0.57% (wt.), silicon
0.23-29% (wt.), manganese 0.7-0.86 % (wt.), the rest - iron. It is determined that after crystallization and a number of
phase transformations the microstructure of the alloy consists of a-iron and manganese-doped cementite Fe; 7Mng;C. In
the structure of alloys the reason uneven distribution of alloying elements — there are areas of perlite enriched
manganese and silicon. For the first time, depending on the free energy of a solid solution of a- and 4-iron doped with
silicon and manganese, a quasi-chemical method was obtained and the solubility limits of carbon, manganese and
silicon were determined. Up to 0.09% (wt.) of carbon, manganese up to 3.5% (wt.), silicon — 0.25% (wt.) can be
dissolved in 6-iron. The maximum content in a-iron can reach carbon — 0.017% (wt.), manganese — 21% (wt.),
silicon - 1.3% (wt.).

It was found that the maximum solubility of carbon, manganese and silicon in a-iron of Fe-Mn-Si-C alloys have
lower numerical values compared it the insolubility in the corresponding binary systems.

The work was performed within the specific project “Resurs” KC063.18 “Development of chemical composition
and technological decisions for the manufacture of railway wheels for different application and their maintainability” of
the NAS of Ukraine.
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PO3UHUHHICTD BYI'JIEIIO, MAPT'AHIIIO TA KPEMHIIO VY o -3AJII3I CIIVIABIB CUCTEMM Fe-Mn-Si-C
H.IO. ®inonenko™®, O.1. Badauenko®, I'.A. Kononenxo®, K.I'. JIbomina®
13 «ninponemposcoka depocasna meduuna axaoemia MO3 Vrpainuy
49044, Yxpaina, m. [ninpo, eya. Borooumupa Bepuaocvkoeo, 9
bIuemumym vopnoi memanypeii im. 3.1 Hexpacosa HAH Yipainu (IYM HAHY)
49107, Yrpaina, m. [ninpo, na. Ax. Cmapooybosa K.®., 1
JlocnipkeHHsT TIpoBOMMIM Ha cruiaBax 3 Bmictom Bymremo 0,37-0,57 % (mac.), kpemuio 0,23-0,29 % (mac.), Maprasiio
0,7-0,86 % (mac.), pemra — 3amizo. Jlins Bu3HaueHHs (Ha30BOro CKJIAmy CIUIABIB BHKOPHUCTOBYBAIM MIKPOCTPYKTYpHHIA,
MIKPOPEHTI€HOCIIEKTPaJIbHUM Ta PEHTIeHOCTPYKTYPHUH aHanizu. B po6oti Oynu Bu3HaueHi (i3HM4HI XapaKTEPUCTHKH CIUIABIB, IO
JOCIIDKYBaNIK B IaHii poOOTi, a came, 3aJIeKHICTh BIIHOCHOTO BHIOBKEHHSI, BIIHOCHOTO 3BYKEHHS, yIapHOI B’SI3KOCTI Ta TBEPAOCTI
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Bif XiMmiyHOro ckjiany cruiaBy. OTpumani B jAaHiii poOOTi pe3ynbTaTH IOKa3aid, IO HaWKpalli MiKpOCTPYKTYpHi Ta (i3uuHi
XapaKTepHCTHKU Ma€ CIUIaB Ha OCHOBI 3aii3a 3 BMictoM Byriewo 0,57 % (mac.), kpemuito 0,28 % (mac.), mapranmzo 0,88 % (mac.).
BusHaveHo, 110 michas Kpucrtamizamii Ta HU3KM (a30BHX MEpeTBOpPeHb (ha30BHM CKIIAM CIUIaBy MpelcTaBieHHid aBoMa (asaMu:
0L-3aJTi30M Ta JICTOBAaHMM MapraHieMm LneMeHTHTOM Fe27Mno3C. KpiM 1jporo, B MiKpOCTPYKTYpi CIIaBY iCHYIOTb IUISHKH (epuTy
30arayeHi MapraHieM Ta KpeMHieM. Brepime 3 3aCTOCYBaHHSAM KBa3iXiMiYHOTO METOAY OTPUMAIM 3aJICKHICTh BIIbHOI €Heprii
TBEPIOr0 PO3YMHY 0-3aJ1i3a, JIETOBAaHOTO KPEMHIEM Ta MapraHieM, Ta BH3HAYMIM MEXY PO3YHMHHOCTI BYIJICLIO, MapraHiio Ta
kpemuio. B §-3amisi moxe pozummsTuce 10 0,09 % (mac.) Byriemo, mapranmio no 3,5 % (mac.), kpemHito — 0,25 % (mac.).
MaxkcuManbHUIA BMICT B 0-3a1i31 Moxe focsiratu: Byriero — 0,017 % (mac.), mapraniro — 21 % (Mmac.), kpemHiro — 1,3 % (mac.).
KJIFOYOBI CJIOBA: crinaBu Fe-Mn-Si-C, Mexa po34rMHHOCTI, BYTJIeIb, MapraHellb, KpeMHil, 0-3aJ1i30

PACTBOPUMOCTD YIVIEPOJA, MAPTAHIIA U KPEMHUA B 0-)KEJIE3E CIIJIABOB CUCTEMBI Fe-Mn-Si-C
H.IO. ®unonenko®’, A.1. badauenxo®, A.A.Kononenxo®, K.I'. /Iomuna®
'V «/{nenponempogckas eocydapcmeennas meouyurckas axaoemus MO3 Ykpaunviy
49044, Yxpauna, e. [{nenp, yn. Braoumupa Bepuaockozo, 9
bUncmumym uepnoii memannypauu um. 3.1. Hexpacoea HAH Vipaunvr (MIM HAHY)
49107, Yxpauna, 2. Juenp, yn. Ax. Cmapodybosa K.®@., 1

HccnenoBanus npoBOJMIIMCH Ha cIIaBax ¢ coaepykanueM yriaepona 0,37-0,57 % (mac.), kpemuus 0,23-0,29 % (mac.), mapranua
0,7-0,86 % (mac.), ocranbHble - xeine3o. Jlins ompexeneHust (a3oBOro cocraBa CIUIABOB HCIIOJB30BAJIM MHUKPOCTPYKTYPHBIH,
MHKPOPEHTI€HOCTIEKTPAIbHBI U PEHTI€HOCTPYKTYPHBIH aHanu3el. B pabore Oblmn ompeneneHsl (GU3HUECKUE XAPAKTEPHCTUKU
CITABOB, KOTOPbIE MCCIIEI0BAN B IaHHON paboTe, @ UMEHHO, 3aBUCHUMOCTb OTHOCUTENILHOTO YTHHEHUSI, OTHOCUTENBHOTO CYXKEHHS,
yIapHOH BSA3KOCTH M TBEPJOCTU OT XHMHUECKOTo cocTaBa cruiaBa. IlomydeHHble B AaHHOW paboTe pe3ynbTaThl MOKa3adH, UTO
JydIIne MHUKPOCTPYKTYPHBIX M (HU3HUECKHE XapaKTEePHCTHKH HMEEeT CIUIaB Ha OCHOBE JKele3a C COJIEpXKaHHEM Yriepoja
0,57 % (mac.), xpemuus 0,28 % (mac.), mapraama 0,88 % (mac.). OmpezneneHo, 4TO MOCIe KPUCTAUTH3AMK W psaa (a3oBBIX
IpeBpameHui (a30BbIi COCTAaB CIUIaBa MPECTaBICH ABYMS (a3zaMu: o-)KeJIe30M M JICTHPOBAHHBIM MapraHia IeMEHTHTOM
Fe27Mno3C. Kpome 3TOro, B MHKPOCTPYKType CIIaBa CYyNIECTBYIOT YYacTKH (eppuTa, oOoramieHHbIE MapraHa ¥ KpPEMHHSI.
BriepBble ¢ npUMEHEHNEM KBa3HXMMHYECKOTO METOJa MOTYYMIN 3aBHCUMOCTh CBOOOHOI SHEPIHU TBEPAOrO pacTBOpa O-)Kejesa,
JIETUPOBAHHOTO KPEMHUS M MapraHua, ¥ ONpeJeIHIN IPaHuIly pacTBOPUMOCTH yIJIepoJa, MapraHiua U KpeMHUs B HeM. B 8-kernese
MoxkeT pacTBopsiTecs 10 0,09 % (mac.) yriepona, maprania a0 3,5 % (mac.), kpemuust - 0,25 % (mac.). MakcumanbHoe cofepkaHue
B O-KeJie3e MOXKeT JA0ocTuraTh: kapoona - 0,017 % (macc.), mapranna — 21 % (macc.), kpemuus - 1,3 % (macc.).
KJIFOYEBBIE CJIOBA: cnassl Fe-Mn-Si-C, npenen pacTBOPUMOCTH, YTIIEPOl, MapraHel, KpeMHHH, 0-KeIe30
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The hydrodynamic Kelvin-Voigt model of production systems with a flow method of organizing production is considered. The main
macro parameters of the state of the production line and the relationship between them are determined. The analysis of the main
characteristics of models of elastic elements, which are used to analyze the occurrence of the dynamic stresses in a moving conveyor
belt, is presented. A boundary value problem for elastic longitudinal vibrations in a conveyor belt with a moving material is
formulated. It is assumed that the deformation of the conveyor belt element corresponds to the Kelvin-Voigt model and there is no
sliding of the moving material on the belt. When determining the forces of resistance to motion acting on an element of the belt, the
recommendations of DIN 22101: 2002-08 were used. The analysis of the Kelvin-Voigt model of the elastic element is carried out
and the distinctive features of the model are demonstrated. The justification of the choice of the Kelvin-Voigt model of an elastic
element for describing the process of occurrence of the longitudinal vibrations in a conveyor belt is given. The dependence of the
non-uniform flow of material and the magnitude of tensions in the belt is estimated. An expression is written for the speed of
propagation of disturbances along a moving conveyor belt with the material. The reasons for the acceleration and deceleration of the
conveyor belt associated with the uneven supply of material at the entrance of the transport system are determined. The relationship
between the speed of a conveyor belt and the mass of material along a section of the conveyor is demonstrated. It is shown that an
increase in the power of the electric motor at the start and acceleration of the conveyor belt, as well as a decrease in power during the
braking and stopping of the conveyor belt, is the cause of the appearance of dynamic stresses in it. The characteristic phases of the
initial movement of the conveyor belt with the material are analyzed. The process of occurrence of dynamic tensions with the
constant and variable acceleration of the conveyor belt for the phase of acceleration and deceleration of the conveyor belt is
investigated. For the analysis, a dimensionless model of a conveyor line was used. An expression is obtained for static and dynamic
tensions in the conveyor belt. The amplitude of oscillations of dynamic stresses and the characteristic time of damping of oscillations
in a conveyor belt is estimated. A quadratic dependence of the speed of damping of a wave of dynamic tensions with an increase in
the oscillation frequency is demonstrated. An inversely proportional dependence of the characteristic decay time of the generated
dynamic tensions on the value of the viscosity coefficient of the composite material of the conveyor belt is shown.

KEY WORDS: hydrodynamic model of a transport system, two-moment description, Hooke model, balance equations, PDE
production model

In article [1], the hydrodynamic Hooke's model of a transport system is considered, which was used to analyze the
mechanism of the occurrence of longitudinal vibrations in a conveyor belt when material moves along a transportation
route. To construct a model of the transport system, the equations of two-moment description (2) were used in the form
[1,2]:

.5  alxh s
+ =0(S)A(), 1
> ™ () (1)

o ow) _les

m) e
[zl 85—+ [7]; (t.8)— = ]9 r@S), (1) FRTER )

0

where [ ;(]0 (t,5), [ ;(]1 (,8) are respectively, the density of the material and the flow of material at the moment in
time ¢ at the point of the transport route, which is determined by the coordinate S, S e [O, S4 ]; S 1is the length of the
transport route; A(z)is the intensity of material receipt at the entrance of the transport system at the point S=0;
f(2,S) is the force that acts on the material per unit mass of the material and the belt [3]; & (S ) is Dirac delta function.
We will assume that the specific density of the conveyor belt is constant and equal [Z]OC , the conveyor section is

located horizontally, and the material does not crumble from the conveyor belt.
The force acting on the section dS of the density conveyor belt [Z]OC =const, on which the material with

density [ ;(]0 (¢,S) is located can be calculated as follows [1, Fig. 1]:

f(t,S)dm = R(t,S + dS) - R(t,S) — dFyy , dm={x)y@.$) +[xloc S , 3)

R(S)=0o(t,S)Bh, 4)
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where dm is the total mass acting on the belt; B is conveyor belt width; /4 is conveyor belt height; o(¢,S) is conveyor
belt tensions; Fyy is sum of total resistances to belt movement [1]:
Fw =Fg+Fn+ Fg¢ + Fg. 5)

Descriptions of each component of the secondary resistance (5) are discussed in detail in [1]. Detailed information
on the methods for calculating secondary resistances is given in [4].
Primary resistances F are related to the frictional resistance along the conveyor belt, with the exception of

specific resistances. The primary resistances Fy, assuming a linear relationship between the resistances and the
transported load, are determined by the expression

dFy =dS- fc 'gm( [xlor +([l]o(t,S)+[Z]oc)°°S5c),
Jfc 1s the coefficient of resistance to motion, which includes the rolling resistance of the driving rollers and the

resistance of the belt being pressed; g, =9.81 (m/sec?); [;(]0 g 1s linear load from rotating parts; J¢ is the angle of
inclination of the section of the conveyor section. The force Fy , taking into account the influence on the movement of

secondary resistances, can be expressed through the value of the primary resistance to movement Fy [4]:
Fy =(C-1)Fy, C~105.

The force Fs;, characterizing the gradient resistance of the conveyor belt and transported material [4]

d Fg; =dS -sind¢ -gm( (7)o @5+ [Z]OC)

for a horizontally located conveyor section ( d¢ =0) not present.
The calculation of the force Fg, associated with special resistances in the transport system is determined by the
design features of the transport system. For most conveyor-type transport systems, it is assumed

FS << FH .
Divide (3) by dm
1 OR(1,S) 1 ofy
0@+ xloc) a5 xS +[xloc) S

substituting the result into (2), we obtain an equation that, together with equation (1), determines the propagation of
stress disturbances along the conveyor belt, taking into account the distribution of material along the transport route

1=

ou) | ( >6(ﬂ>: 1 oR(1,S) I oFy
o s T e+ ) o5 @S +lxloe) o8

To solve the system of equations (1), (7), the relationship between the tensions and the relative deformation of the
section of the conveyor belt must be known

(6)

G(t’S) :fd(g(tas))

This dependence is determined by the properties of the composite material from which the conveyor belt is made and is
a model of an elastic element.

FORMULATION OF THE PROBLEM
The cost of transporting material from the place of extraction to the place of material processing reaches 20% of
the total cost of mining material [5]. These costs can be significantly increased in the case of underloaded transport
systems. This is especially important for long-distance transport systems [6, 7]. To reduce unit costs, systems are used
to control the speed of the conveyor belt <,u> and the value of the incoming flow A(z) to the input of a separate section

from the accumulating bunker. The control of the parameters of the transport system changes the linear density of the
material [ ;(]0 (¢,S) along the transportation route. Control algorithms assume the operation of the conveyor section in

the mode of acceleration or deceleration of the conveyor belt [8, 9]. This leads to the generation and propagation of
tension disturbances along the conveyor belt [10]. If the maximum permissible tension value of the conveyor belt is
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exceeded, such control modes destroy the transport system. The danger of such situations is relevant at the present time
and requires a detailed analysis of the causes of disturbances for conveyor belts made of different materials.

MODEL OVERVIEW

The process of propagation of tension disturbances along the conveyor belt of the transport system largely depends
on the properties of the material from which the conveyor belt is made. An overview of the models of elastic elements
for materials of various properties is presented in [9]. The analysis of the main characteristics of elastic element models
is presented: Hookean element, Newtonian element, Maxwell element, Kelvin element, Venant element, CDI geometric
beam element and CDI five-element. The finite element method (FEM) is chosen to describe the transport system [11].
The calculation was carried out for the different start and stop modes of two operating transport systems with an elastic
element of the CDI five-element composite model. The length of one of the conveyors was 9 km. The article [12]
presents a comparative analysis of elastic element models: Vogit element and Maxwell element. A system of Lagrange
equations was chosen to model the transport system. For the conveyor section, the calculation for speed, acceleration
and tension in the belt for several modes of operation is performed. In [13], for the model of the elastic element
Maxwell element and the model of the Winkler foundation transport system, a calculation was made for the speed of the
conveyor belt. The article [14] presents the calculated “belt stretch curve” and “velocity curves” for the Kelvin-Voigt
element model of the elastic element and the transport system model represented by the Lagrange system of equations.
The article [15] analyzes the models of the elastic element Kelvin-Voigt element, the combination of Hooke and
Kelvin-Voigt element, as well as the combination of two Kelvin-Voigt elements. The analysis of long-wave oscillations
in the conveyor belt of the transport system for the Hooke element model and the analytical model of the transport
system is presented in [1]. The mechanical properties of composite materials for the manufacture of a rubber conveyor
belt with polyester and polyamide cartridges are given in [16]. The results of experimental studies of composite
materials of a rubber conveyor belt with polyester and polyamide cartridges are presented. As a result of experimental
studies, values were obtained for the tensile strength, elastic modulus, Poisson's ratio for new and operated rubber
conveyor belts. Analysis of these indicators, which characterize the properties of a specific material of the conveyor
belt, allows you to determine the model of the elastic element, and, accordingly, the type of dependence between the
tension and the relative deformation.

CONVEYOR TYPE PRODUCTION LINE MODEL
In this paper, the Kelvin-Voigt element model will be used to analyze the arising stresses in the conveyor belt

(Fig. 1):

o(t,S)=Ee(t,S)+n

de(t,S)
d ™

where E is the elastic modulus of the element; 7 is element viscosity.

E
—/BOB0050 \—

o4 n o

Figure 1. Kelvin-Voigt element

Equation (7) is used to calculate the normal tensions of an element. If the tension is constant o (t,S) = o = const , then
the equation has a solution

g(t,S):G—;(l—e_t/to), to =

& |

At t>>1,, the limiting value for the element deformation is obtained:
. o
lim &(t,8)=—2 .
t—>0 E

Atw << @y s the limit transition to the model of an elastic element follows, in which the stress and strain can be

calculated in accordance with Hooke's law:
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o(t,S) ~ Es(1,S), Ee(t,8)>> nost.s), 2285 L hees), n_1
dt E wy

The analysis of the arising deformations in accordance with Hooke's law was investigated in [1]. Substituting
expression (7), which determines the relationship between stress and strain, into equation (6), we obtain

dp) _ BhE 2s(1,S) | Bhny 2%e(t,5) 1 oFyy ®
at (ly.)+[xloc) os (@) +lxloc) aos — (xlo@.)+[xloc) oS

Let us introduce the absolute elongation of the conveyor belt(z,S) at the moment of time ¢ for the

technological position S . The ratio of the elongation dW (¢,S) of the element by the conveyor belt to the length of the

segment dS is the relative deformation of the element

ow(t,S) )
et,S)y=—>>—=, e(t,S)~107".
(t,9) T (,5)
The speed of the conveyor belt <,u> , on which the material is located, consists of the speed of the belt in equilibrium
t,, and the oscillatory part of the belt speed @ :
dw(t,S) daw(,S) ow(,S) oW (t,S)
= +—, = + .
) =smy + =5 dr Rl O
Since the relative deformation of the element £(¢,S) is small, then
aw(t,S) ow(,S) oW (t,S)
= + t,§)r —=,
dt ot <ﬂ>g( ) ot
ow(t,S
|</¢>g(t, S)| << #‘ 9)
ot
For the relative deformation, represented in the form of a plane wave W (¢,S) ~ el (@1=kS) , it follows
o| 1 oW (t,S) ow (t,S)
<< |—==— | = , — =~ oW(,S), t,8)=—"-=~kW(,S),
) k‘ Sl =pn o OWS), (tS) = —— (t.9)

where @ is the oscillation frequency; k is wave vector; Ay is disturbance wavelength; u ph is the phase velocity of

propagation of the disturbance wave, that is, the velocity of movement of a point with a constant phase of oscillatory
motion in space, along a given direction. A negative value of the wave vector corresponds to the case of propagation of
a backward wave. In this paper, we will consider perturbations whose propagation satisfies the condition (8). Assuming
that for the case when the functions W (z,S), <,u> have a large gradient, the destruction of the conveyor belt occurs.

Taking this into account, we write down the expression for the change in the speed of the belt, neglecting the values of
higher orders of smallness

d(p)

dpy 2w (1,9)

I

dt dt 8[2
where the order of smallness is given below:
2 2 2
IWES) e (s.5). IWES) 2wy, IWES) 2.
otoS o2 252

When the length of a segment dS of the transport route changes, the density changes ([;(]0 t,S)+ [Z]OC)- Let the
length of the segment dS change and become equal (dS + dW(t,S)), dS >>dw(t,S) . In this case, the linear density

will change and become equal to ([;(]0 @8+ [;(]OC)+ (A[;(]O (t,S)+A[;(]0C). For a given segment of the transport

route, we have

as((xlo@.9) + [xloc )= (as + aw . ))[xlo ) + [rloc )+ (Alx o .8) + Alx]oc ) -
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Neglecting a quantity of the second order of smallness dW (¢, S )(A[;(]o @,S)+ A[;[]OC ) , we obtain

0~as(A[x]ot.9)+ Alxloe )+ dm .9 [l .9 + [xloc ) -

from where

odw(t,8) _ Akt +Mlrhe _
as [x)o@.9)+[xloc

and

BhE 2 2 BhE
~C,2t,8)-¢),  C,%(tS)= .
e +lele) " (i-2) v [T, @) +[xloc

The function C,/,Z(t, S) determines the speed of propagation of disturbances along the conveyor belt [8]. The local

change in density as a result of stretching the belt does not significantly affect the propagation of stress disturbances
along the conveyor belt. Thus, we represent equation (8) in the form

0 WS Cp S R

2
owW(,S) 2 7%
———=+C t,S - ), 10

v )E 01082 BhE oS f"’() (10)

as?

o’w(t,S)

2
C, S
a2 4

where fy, (¢) is the acceleration of the conveyor belt for the steady state

dyty, B
7—fw(f)-

For horizontal conveyor sections cosoc =1, where

ag_SW: Fegmrlor + [l @.)+ [xhc))-

The solution of the equation for the case

2 3
pOMES) WS E
as? 1082 n

>>

is presented in [1]. In this paper, we consider the case for which the relation £/n~ o

Let's assume that at the initial moment of time the linear density of the material is distributed along the transport
route according to the law

0, §<0,

L 550, selo;s,].

()0 0.9) =[]y, (0.5) = H(S)¥(S) . H(S) ={

Let us supplement the system of equations (10) with boundary conditions for the equation describing oscillatory
processes in the transport system. The tensions o(¢,0) and o(¢,S;) are determined by the tension forces of the

conveyor belt 7} and 7, (Fig. 2).
7, L

S
AT, N
Ty 7,

Figure 2. Conveyor belt tension diagram

Let us write the system of equations for the forces 7;, that determine the movement of the belt at the characteristic
points of the horizontal conveyor section:
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Ty =T exp(kpar) ; =0+ Fy@o-3)tFy (-3 Ta=k3, L =T+ Fy@a-1)+ Fy (a1, (D
Sq
Fy(2-3)=Sa - fc ~gm([xlor +tloc)- Fu(a-1)=Fu(-3)* fc " &m J‘[Z]o(f,S)dSa 6c=0,
0
Fy(2-3) = (C=1)Fyy (2-3), Py (4-1) = (C = 1D)Fyy (4-),
Sq
Fst(2-3) =S4 -sindc - g [xoc =0, Fst(4-1) = Fst(2-3) +sindc - & I[Z]o(f, $)dS =0,
0
Sy
Fy (2-3)= 1, Olke Sa» Fy (4-1)=Fy 2-3)+ fyy (r)j[z]o (t.5)dS ,
0

FW :FH+FN+FSt+FS

where F, (2-3): Fyy (a-1) are forces associated with the acceleration or deceleration of the conveyor belt. We believe

that the effects associated with a change in the angular speed of rotation of the drum are small due to the insignificant
value of the moment of inertia of the rollers. The solution of the system of equations (11) makes it possible to determine
the tractive effort for the transport conveyor for a steady motion:

exp(kp)

=k o) Koy (2o Pofao)+ Fy (4o it

Ty =T — Fw (4-1) — Fy (4-1)>

where k is the coefficient of adhesion between the drum and the belt; & is drum loss factor "A"; « is total belt wrap
angle of drive drums. For steel drum without moisture is k;, ~ 0.3, k; *1.03 [17] and o =7, we get exp(kpa) =2.56.
In accordance with (9), the expression for the tension in the conveyor belt takes the form

wes) %W (1,S)

o(t,S)=E
oS o1oS

Atpoints S =0, S =S, , the conveyor belt is engaged with the drive and driven shafts of the conveyor section. In
this regard, it can be assumed that

_a%w,S)
s=s, 0@

dews)| _owes)| de(1,S)

=0. (12)
dt |g_o  010S |S:O dt

S=S,

Taking into account the values of the acting forces 7}, 7y, let write down the boundary conditions

2
N _ pW(S) L OWs)

O-(ta Sd) = -
Bh as g, atos

S=8,

exp(kpa)

1
= E(’\%Fw (2-3) +ksFy (2-3)+ Fw (4-1) + Fy (4_1))W ,

2
S It 4 )] I chl 4 %)
Bh 3 |50 o1aS

_pmes)| _Fwa)rfy @)
s lsos, Bh

Let us supplement the system of equations with initial conditions. Consider the mode of occurrence of oscillations,
assuming that at the initial moment there were no oscillations

oW (1,S)
ot

=0.
t=0

The tension of the conveyor belt at the initial moment of time is determined by the initial distribution of material along
the technological route ¥(S) and the acceleration of the conveyor belt £, (¢). Then
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5(0.5) = (0.0) + Fyyy (4-1)(0,8)+ Fypp (4-1)(0.5),
S

Fry (4-1)(0.5) = fc - &m J-([Z]OR +[xhoe +POMS . P (4-1)(0.8) = (C = 1)Fipp (4-1)(.) . [1]y(0.8) = ¥(S)
0

S
Fyy (4-1)(0.8) = £,,(0) j [k +rloc + ¥OMS . Py (4-1)(0.8) = Figg (4-1)(0. S) + Fry (4-1)(0.5) -
0

Let us estimate the value of the acceleration of the conveyor belt f,, (r). Asynchronous motors with phase rotor

are usually installed on powerful belt conveyor sections. The acceleration and deceleration of the conveyor belt of a
separate section occurs with the help of a rheostat, which sequentially changes the resistance in the rotor circuit.
Simulation of starting up of the drive member of a mechanical system is given into [18]. The qualitative characteristic
connecting the torque of the electric motor M, and the engine speed n,,g is shown in Fig.3 [19], where M ;00 ,

Nepgis the rated torque of the electric motor and the rated engine speed. For the mode of acceleration and
deceleration, the relative torque of the electric motor (M eng /M eng 0) fluctuates within insignificant limits with a
change in the relative speed (”eng / Neng 0), (Fig.3). If the engine power Ngyo is constant, the engine speed 7,g
will fluctuate around the rated value 7,4 . Let us estimate the amplitude of the oscillation, which is associated with
the uneven flow of material at the input of the conveyor section. We write the engine power through the traction force
Ti, the radius of the drive shaft » and the rotation speed of the drive shaft:

Neng =Tiro, ©=2mepg -

The change in force 77 occurs due to uneven material receipt

dNeng  dTy do dTy )
=—ro+Tir—=—"ro+T f, ) =0, H=r—».
dt dr Y T a 1y @ fy@O=r dt

Assuming for steady motion £y, (#) =0, the equation takes the following form

Sy
M) do dfy (1) fy (O -
= esMO~S, & <y M(t) = J'([;(]OC +xlo@$)s,
0
Meng 2 /\ [ — — T
— N P
Meng 0 1/: L~ o~
7 N ;
/
AW

1,4 4

’ \
12 }/
1 1

IV AAA T N

0,8

[ A1 ™
0,6 // \__\
oo/
0,2 A
0 Peng

1 0908 0,7 0,6 05 04 03 02 0,1 0 Agpg0

Figure 3. Mechanical characteristic of a phase rotor induction motor

where M (¢) is the total weight of the material with a belt for a separate conveyor section; ¢, is the characteristic

duration of the acceleration or deceleration mode. The maximum change in the mass of the material on the conveyor
section occurs when the material arrives at the maximum intensity at the entrance of an empty conveyor line. In this
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case, the mass of the belt without material is equal to M (¢) = [Z]OC S4, and the intensity of the incoming flow of

material is A(f) < [ ;(] wr . Then

0 max

do_ 1 aM@ A0 Dloma or

M@y d M@ e Sa

Taking into account that

[Z]Omax - [Z]OC > e NL 5

Sa Ty
follows

T

where T, is the time it takes for the material to pass the transportation route. The inequality allows us to formulate an

do o w
<

important result: the uneven flow of material at the entrance of the transport system does not accelerate or decelerate of
the conveyor belt. Uneven material flow leads to the destruction of the conveyor belt as a result of shock loads [20].

DIMENSIONLESS MODEL OF CONVEYOR LINE
Let's introduce dimensionless designations [1, 21, 22]:

t S o) ¥(S) Ty
T=—, 52_7 6, (Z-rf):—a !//(5): s }/(Z’):ﬂ,(t)—, g(T) H (t)
T, d S d 0 [X ]Omax [X]Omax S d [X]Omax v S d
wes) opSy [xloc [xlor 7
W ( 5) - W = > 0 0 T > Vp = s
0t Wmax ax E € [X]Omax R [X]Omax i ET, d
_ Cngm ([X]Omax + [Z]OC )Sd N (Z')I ([X]Omax + [Z]OC )fl// (t)Sd
oy Bh ’ e opBh ’
2
’ BhE (Td j ’ BhE
Ve ' =—"7F1—| —| , C, (9=
£ Delomax +Lxloc (Sa v Leloy @.8) +x)oc
2 2 1+6c 2 2 Or 2 2
VT =vg ?, vy©=vg Vb[“-&(;} Vaf =VyVg :Vf(r)vg ,
Oc Or c (kg +1)exp(kpa)
= = 1+ . = = s T )RR
arn alz(z') vp 1+0C ( + HCJ-I-VJ (T)1+6C . 23] a](T) K12a12(‘[)a K12 eXp(kba)_ks

where v, determines the ratio of the resistance force Cf-g,, ([x] +[7(]0C )Sd at maximum load [;(] to the

Omax Omax

maximum permissible tension force, which ensures the belt break o,Bh; v f is the ratio of the inertia
force ([X]Omax + [Z]OC ) 1/ (1)S; at maximum load [;{]Omax and acceleration f,, (r) to the maximum permissible tensile
force, which ensures the belt break o,Bh; vy =Cy, /(Sd /T, d)is the relative speed of wave propagation, which is
defined as the ratio of the propagation speed of the disturbance wave Cy, to the characteristic speed of the conveyor
belt a pyr = (Sd / Td) The forces Fyy (2-3)> Fy (2-3)> Fw(4-1)> Fy (4-1) taking into account dimensionless

parameters can be written in the form:

Fw (2-3) - Oc +0r Fy (2-3) _ (0) Oc
oy Bh 1+6c opBh S 1vec
1 1
Fy (4— F, (4
w-1) _, fctor J.HO(T’g)dg, v (4 1):Vf(r) o ., J‘%(T;f)dég_
Uth l+l9c 1+9C O'th 1+9C 1+9C
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Then equation (10), which describes the oscillatory processes in the transport system, takes the dimensionless
form

*Wo(r.8) _ 20 Wo(m)  1+0c 2, OMo(@d) 1voc | alvlc
672 £ 52 O@dH+oc FT ae2pr Op(@H+oc f o Oc
1% 1%
+ngv,{_R_—RJ, (13)
Oc  Oy(z.8)+0c

with boundary conditions:

1 1

My(z,9) —a ta exp(kpa) J.QO(T:GE) de—v Or [ explhpa) J.QO(T;EE) e, (14)
06 ey TP explkpa) kg ) ac P 0c | explkpa) — ky ) ac
M@ _am@o|  FwE-)+Fy (1)
¢ sy 08 ey opBh
1 1
ks 0y(z,$) Or kg 0y(7,$)
= dé—1|-vp— dé. 15
“ren (exp(kw)—ks JI oc "o [exp(kw)—ks M oc ()
and initial conditions:
Wy (z,8) _o0, (16)
ot li=o
1 1
Mo (0,8) _ W (0,£)| _vbj‘gc”’R“”(f)dg_v (T)J‘Hcﬂ//(é)dg _
o0& S 1+6c S 1+ 6c
¢ 7=0
1 4 1 <

_ kg v . v .| OrR kg y($) y ()
—a(0)+enz(0 [exr)(kba)—kst fc “ 1+§+I fc “le fc (eXp(kba)—ksM fc d§+j fc @
0

0 0 0
(17

ANALYSIS OF THE SOLUTION FOR LOW-LOADED CONVEYOR LINES
Let us consider a solution for the case of initial conveyor movement when the conveyor line is low loaded. The
specific density of the material along such conveyor lines is low compared to the specific gravity of the conveyor belt

Op(z,6) <<bOc,  y(5)=6p(0,5)<<bc.

Taking into account this assumption, equation (13) takes the form
2 2 3
oW oW o W
o(faf):wz 0@  ,20W(@s) | 2

1 —viTaa(7) (18)
072 0&? T ag2er
with boundary conditions:
%‘ —ai (), T —a@-an,
g £=1 ¢ £=0
and initial conditions:
Mow) -, T o1 0) - a1 &),

ot

£=0 o5
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During the initial movement of the conveyor belt, three characteristic phases should be distinguished: a) the period
of time of the initial start-up, when the conveyor belt from a state of rest turns into movement along the entire route; b)
the phase of the formation of a static force, along the conveyor belt; c) the phase of acceleration of the conveyor belt to
the rated speed. Let us dwell on the analysis of the last phase of the start of the conveyor belt. The phase of acceleration
of the conveyor belt to the nominal speed is characterized by a quasi constant value of the traction torque (Fig.3), [19]
and a quasi constant value of the acceleration of the elements of the conveyor belt. In this regard, the function v ¢ (7)
will be assumed to be slowly varying during the characteristic time of the acceleration process ¢, .

Let us choose the solution to the equation in the form
Wo(z,8) =Woo(z,5) +Wo1(7,5) .

Let us represent a function Wy(z,&) as

Wo1(,E) = A(D)E2 + B(r)E + Coy -

where C;is an unknown constant. We define the coefficients A(r), B(zr) in such a way as to ensure the presence of
boundary conditions for the function W (z,&) in the form

OWoo (7,$) Woo 5)‘ o Moo (t,£) _Wo(t,8) — Wo1(t.6)
% e '

0¢ L:l

=0,
oF oF oF

This implies the conditions for determining the coefficients A(7), B(r)

Moo (z,6)|  _ W6  _ IWoi(z.9)

S P o6 sy ey = () (T)—2A(r)§—B(r))§:1 =a1(r) - 24(t) - B(r) =0,

Moo@ 8| _Wp@dl W9
o ey 0% e % e

=(e1(2)~a21(2) 2406 = B(0)) oy = 21 (1) =121 (2) = B(2) =0.

From the solution of the system of equations it follows

A(r) = “2;_(”, B(D)= a1 (r) a1 (7).

aj(7)

. £2 +(a1(0) a1 ())E + Coy -

Wo(z,8) =Wyo(7,8) +

Substitution Wy (7,¢) into (18), an equation for Wy (7,&) is obtained

Mo@8) _, 2008, 2 53W00(Ta§)_d20612(f)(§2 1]_d2a1(r) Ervn

2 dayp (7)
2 2 "1 2 2 |2 2 I (19)
or o0& o&“or dr dr v

2

with boundary conditions:

aWoo(f,f)‘ 0 aWoo(r,eﬁ)‘ o
% oy ’ I P
and initial conditions:
Wo@.d)|  __depp@| (&2 .| _da@)] Mo (©0.8) _
or | dr | .ol 2 dr | _o”" o0&

a) the acceleration of the conveyor belt is absent or constant v ¢ (r)=v 0 =const.
If the acceleration value is constant or absent, then by definition a5 (7) it follows

day(@) _, d*a(7)
dr ’ dr?

0
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and equations (19) take the form
2 2 3
oW 0“Wyo (7, oW ,
00(7,¢) 2 (e 20 W)

; (20)
072 02 T a2
Moo (7, f)‘ 0. M@ _,
0 oy o6 o
M@ _, M0 (0.9) _
or o o '

Let's represent the solution to the problem (20) in the view

[e0)
Moo (7.6)= Y T (), (2).
n=0
Using the boundary conditions for solving the problem, the solution is written as

Woo(r.)= ) Tle)eos(me).

n=0
this implies

2
d°T,(r) dT, (z)
—"2+(7zn)2v,7v12;—+(7zn)2V12Tn(z')=0.
dr v

Let us search a solution to the equation in the form 7, (7) = exp(pnz-). Substituting 7, (z) into the original
equation, carrying out the differentiation and after cancellation by exp( pnr), the equation is obtained, that determines
the parameter p,,

2 2
Pn” +2ypppto,” =0,

yn=—lmwn) ==L, o =(mn )

2 2
Pn12="Tn NV —@y" .

Of particular interest in the analysis of conveyor-type transport systems is the case 0 <y, < w,

Pn12="Ynti0p,, @Opn =\NPn ~7n
Let's represent the solution as
Ty(z)=Cip exp(pn IT)"' Con exp(pn 27)’
and determine the constants of integration from the initial conditions
Pn1Cin + Pn2C2, =0, Cin +C2y =0.

Thus, if there is a constant acceleration of the conveyor belt under the considered boundary and initial conditions,
there are no oscillations in the belt.

b) the acceleration of the conveyor belt is linearly dependent on time v f (r): Vio+VeIT.

With a linear dependence of acceleration on time

dapp() _, ~ bc d*ayy(7) 0
- fl b - E
dr 1+0C de
equation (19) takes the form
P8 _ 2 W(.8) 2 PWeo(nE) 5 6
> 22 =y 3 ==+ vy > =V TV f , 21
or o& o&%or 1+6c
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Moo (7, é)‘ 0 Moo(z.9)|  _,
o6 o 06 lewo
Moo(7,€) oc | & Mo (0,€)
= D, ‘5——§+K12§ 005020,
| 1+0c o&

Let us search a solution to the problem in the form of an expansion in a Fourier series in &

o0
Woo(z.8) =Ty (z)+ ZTn (z)cos(mé),
n=1
considering 7 as a parameter. To find Wy (7,¢&) we define the functions T, (r) Let us write the initial conditions in

the form of Fourier series:

1
o0
Wop(z.¢) —a—O+Za cos izn§ ay, =2JM cos(;zné)dcf.
or =0 2 or =0
n=1 0
Let's define the coefficients a,,
6 K 1 6 1 -1)" -1
ag :—2Vf1 c |22 - R ay, _2Vf1 C > + K12 ( ) > .
1+6c\ 2 3 1+6¢ (m) (,m)
substitute the expected form of the solution Wy (7,<) in (21)
2
d TOZ(’ —vnv i, (22)
dr 714+ 6¢
T
75(0)=0, d O(O)__ Oc (Kpp 1 ’
dr 1+6c\ 2 3
2
G +V,7V12(7m)2 dT”(T)+v12(7m)2Tn(r):O, (23)
dr? dr
[— n -
dTn(O) _2Vf1 0(: +K12( 1) ! , Tn(O):O
dr 1+6¢ ( )2 (,m)2
The solution to equation (22) has the form
Oc 272 (Kpp 1
Tolz)=vys — === . 24
o() V/llwc{vnw 2 ( ) 3f (24)

Let's search for the solution to equation (23) in the form 7, (r):exp(pnr). Substituting 7, () into (23),

differentiating and cancelling by exp( pnr), we obtain the equation that determines the parameter p,,
2 2
Pn” +27npn +@p~ =0,
Vi 2

Vv
Vn :777(”"‘/1)2:70)11 , a’nZZ(”nVl)z-

Consider the form of the solution for the case 0 <y, <®,

Pn12="VnTip,, Dpn =\Nn ~7n
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The solution to the equation is searching as
T, (r)=Cyy exp(p,, IT) +Cop eXp(Pn 27) >

the integration constants are determined from the initial conditions

Pu1Cin + Pn2Con =-2v 1 fc ! + K12 (—1)”—1 Clp+Co, =0.
nl1%1n n n f 1+06c ( )2 ( )2 > n n
wherefrom:
Vel 6, 1 -1)" -1
Cion =Fi /1 6fc +K12( )

a)pn 1+ HC (7271)2

(m)?

After simple transformations, the solution can be represented as

(-1)" -1
(m)?

This allows us to write the solution for the equation (18). The obtained solution makes it possible to determine the
voltage value in the conveyor belt along the transport route

v
Tn(r)ze_ynrsin(a) MR +K1o

pnr/wpn (l + ‘9C) (7271)2

6W06(;’, S) _ _Ze—ynr sin(wpnf):)‘—; (1_f‘C9C) $+K12 (_(17);_)_1 sin(mé)+ a2 (1) + a1 (v) —ayp (1) .

n=1

Over time, the amplitude of fluctuations in the magnitude of dynamic stresses decreases exponentially, so that after a

time of the order of several r, ~—, the oscillations completely damp out. The decay time of oscillations is inversely
7n

proportional to the square of the circular frequency of oscillations 7, ~ a)n_z .

CONCLUSION

Changing the acceleration mode of the conveyor belt of the transport system is one of the sources of dynamic
stresses along the conveyor belt. At the same time, the mechanical properties of composite materials that are used
for the manufacture of conveyor belts have a significant effect on the occurrence of elastic vibrations and their
propagation. The use of composite materials with mechanical properties corresponding to the Kelvin-Voigt model
of an elastic element ensures damping of the resulting elastic vibrations. The paper investigates two modes of
acceleration of the conveyor belt: constant acceleration mode and acceleration ramping over time. It has been
demonstrated that the mode of movement of a conveyor belt with a linear change in the magnitude of acceleration
in time is the cause of the occurrence of dynamic tensions. The damping rate of vibrations is proportional to the
viscosity of the elastic element and the square of the vibration frequency in the transport system. The magnitude
of the generated dynamic tensions is determined by the amplitudes of the oscillations of the first harmonics.

During the characteristic time of change r; ~}/1_1, the amplitude of oscillations for » =2 will decrease by

e ~0.5.10 times, for n=3 will decrease by ¢? ~10* times. The system exhibits low-frequency oscillations of

the first harmonics with a characteristic dimensionless time 7, ~ }/n_l of variation of the oscillation amplitude

and, therefore, the oscillation energy. The use of composite materials with a high value of the viscosity coefficient
ensures attenuation of the arising dynamic stresses, which increases the reliability and durability of the
functioning of transport systems.
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TIZIPOAAHAMIYHA KELVIN-VOIGT MOJEJbh TPAHCIIOPTHOI CHCTEMH
O.M. Hiruacruii®, B.JI. Xoxycos”
“Hayionanvnuii mexniunuil ynisepcumem «XI1y», 61002
Vkpaina, m. Xapxis, eyn. Kupnuuesa, 2
b Xapriecoxuii nayionansnuil ynisepcumem iveni B.H. Kapasina
61022, Yxpaina, Xapxie, m. Céoboou, 4
PosrnsinyTo rigpoannamiuna Kelvin-Voigt Moziens BUpOOHHUYHX CHCTEM 3 MOTOKOBHM METOJOM OpraHi3arii BUpoOHUIITBA. Bu3HaueHO
OCHOBHI MakpoIlapaMeTpy CTaHy BHPOOHHMYOI JIiHIi i B3a€EMO3B'3Ky MK HUMH. [IpeicTaBneHMil aHai3 OCHOBHHX XapaKTEPUCTHK
Mojeneil IpyKHUX eJIEMEHTIB, sIKi BUKOPHCTAHI I aHaJli3y BUHUKHEHHS TUHAMIYHUX HAIpPYKEHb B PYXOMiil KOHBEEpHIH CTpidIli.
CdopmynboBaHO KpaloBy 3amady /Uil TPYXKHHX [O3JOBXHIX KOJMBaHb B KOHBEEPHIH CTpIYIi 3 pPyXOMHM MarepiaioMm.
TlepenbauaeTnest, mo nedopmarist eleMeHTa CTpiuky KoHBeepa Binnosigae Kelvin-Voigt Mozemni i KOB3aHHS pyXoMOTo MaTepialy Mo
cTpiuy BincyTHid. [Ipn BU3HAUCHHI CHII OIIOPY PYyXY, MFOYHX HA OJUHUYHHHN EJIEMEHT CTPIUuKH, BUKOpUcTaHi pekoMenaanii DIN 22101:
2002-08. Ilpoeneno ananiz Kelvin-Voigt moneni NpyXHOro ejxeMeHTa 1 IPONEMOHCTPOBaHI BigMiHHI pucu Mozenmi. JlaHo
obrpyuryBants Bubopy Kelvin-Voigt Mozerni npyKHOTro enemMeHTa Julsi ONUCy IPOoLecy BUHUKHEHHS MPYKHHUX MO3I0BKHIX KOJIUBaHb B
KOHBeepHiit crpiuri. OmiHeHa 3aJeXHICTh HEPIBHOMIPHOTO HAIXOMKEHHS MOTOKY MaTepiaidy i BElMYMHM HAMpyXeHb B CTPIYLi.
3amucaHo BUpa3 U MIBUIKOCTI PO3MOBCIOKCHHS 30ypeHb B3IOBK PYyXa€ThCsi KOHBEEPHOI CTPIUKM 3 MarepiajoM. BusHaueHO
MPUYUHA TIPUCKOPEHHS 1 TaJbMyBaHHS KOHBEEPHOI CTPIYKM, TMOB'S3aHi 3 HEPIBHOMIDHMM HAAXOMKEHHAM MaTepialy Ha BXil
TPaHCIOPTHOI cucTeMH. IIpOJIEMOHCTPOBAHO 3B'S30K MDK IIBHJKICTIO PyXy KOHBEEPHOI CTPIYKH 1 Macor MaTepially y3IOBXK CeKIii
koHBeepa. [lokazaHo, m0 30UTBIIEHHS IOTY)KHOCTI €JIEKTPOJBHTYHA IIPH CTAapTi i NPHCKOPEHHI KOHBEEPHOI CTPIUKM, a TaKOXK
3MCHIIICHHS TTOTYXHOCTI TIPH TJIbMyBaHHi 1 3yNHHI[ KOHBEEPHOI CTPIYKH € MPUYMHOI BUHHKHEHHS B Hill JMHAMIYHHX HAIPy>KCHb.
AHaJI3YI0ThCS XapaKTepHi (pa3u IOYAaTKOBOTO PyXy KOHBEEPHOI CTPIYKH 3 MaTepianoM. JIOCIiKEHO MpoLec BUHUKHEHHS AHHAMIYHHIX
HaIpy)XeHb 3 MOCTIHHUM 1 3MIHHUM MIPUCKOPEHHSIM KOHBEEPHOI CTpiuky uist (a3 pO3roHy i ranbMyBaHHsS KOHBEEPHOI CTpiuku. Jst
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aHaJTi3y BUKOPUCTaHa MOJIeIb KOHBEEPHOI JIiHIT B 6e3po3MipHOMY BHUIIIsLl. OTprMaHO BUpa3 Ul CTATHYHHX 1 AMHAMIYHUX HAIpY>KeHb
B KOHBeepHii crpiumi. OuiHeHa aMIUTiTy/[a KOJMBaHb AMUHAMIYHHX HAIPYXXEHb 1 XapaKTepHHUl Yac 3aracaHHs KOJIMBaHb B KOHBEEPHIi
crpiuwy. [IpoieMOHCTPOBAHO KBapaTHYHA 3aJISKHICTh IBUAKOCTI 3aracaHHs XBUI JUHAMIYHUX HAMPYXKESHb 31 301IbIICHHIM YacTOTH
konuBaHHA. [loka3zaHa OOEpHEHO MPONOPILiHA 3aJICKHICTh XapaKTEPHOTO 4Yacy 3aracaHHs BUHHKIM JUHAMIYHHX HANpY>KEHb Bil
BEITMYIMHU KoedillieHTa B'I3KOCTI KOMIIO3HIIHHOTO MaTepiary KOHBEEPHOT CTPIUKH.

KJIIOYOBI CJIOBA: rigpoauHaMiuHa MOZENb TPAHCIIOPTHOI CHCTEMH, JBOX MOMEHTHOE omnmc BHpoOHHITBa, Kelvin-Voigt
Mozenb, 6anaHcoBi piBHsHHs, PDE-Mozens BupoOHuITBa

TAAPOIUHAMHUAYECKAS KELVIN-VOIGT MOJEJIb TPAHCIIOPTHOM CUCTEMBbI
O.M. Murnacrerii®, B.JI. Xoxycos”
“Hayuonanvuvili mexnudeckuu yHusepcumem «XIIH»
61002, Yxpauna, 2. Xapvkos, yi. Kupnuyesa, 2
b Xapvrosckuii nayuonanvuwiii ynusepcumem umenu B.H. Kapaszuna
61022, Yxpauna, Xapvros, ni. Ceo600vl, 4

Paccmotpena runponuHamuueckas Kelvin-Voigt Mopmens HpPOU3BOACTBEHHBIX CHCTEM C IOTOKOBBIM METOIOM OpraHH3aluH
npousBozcTBa. OmnpeeneHbl OCHOBHBIE MakKpoNapaMeTpbl COCTOSHHS NPOU3BOJICTBEHHOH JIMHMM U B3aUMOCBSA3U MEXIY HUMH.
IlpencraBneH aHanM3 OCHOBHBIX XapaKTEPUCTUK MOJENEH yNPYyrux 5SIEMEHTOB, KOTOpBIE HCIONB30BAHbl JUIS aHANU3a
BO3HMKHOBEHHMS JIMHAMHYECKHMX HAIPSDKEHUH B ABIDKYLIelics KoHBeiepHo nente. ChopMyinpoBaHa KpaeBas 3aja4a 1Js ynpyrux
MPOJONIBHEIX KoJIeOaHN B KOHBEHEPHOH JICHTE ¢ ABIDKYIIUMCS MatepuanoM. [Ipenmonaraercs, 9to aedopMariis 31eMEeHTa JISHTHI
KoHBeliepa coorBercTByeT Kelvin-Voigt Momenn H CKONBXKEHHE IBIDKYLIETOCS MaTepuana Io JIeHTe OTCyTcTByeT. [lpm
OIpEJCIICHUU CUJI CONPOTHUBIICHUS IBIXKCHUIO, ICHCTBYIOIMIMX HA CIUHUYHBIA 2J€MEHT JICHThI, UCIONb30BaHbl pekoMeHaanuy DIN
22101: 2002-08. IIpoBemen amamu3 Kelvin-Voigt Mojenu ympyroro sjieMeHTa ¥ IPOJEMOHCTPUPOBAHBI OTIMYUTEIBHBIC
ocobenHoctH Mozend. JlaHo oGocHoBanue BblOOpa Kelvin-Voigt Mozenu ymnpyroro sieMeHTa I ONMCAaHMS IIpolecca
BO3HUKHOBEHHS YNPYTUX IPOAOJBHBIX KosieOaHUi B KoHBeiiepHOH sieHTe. OleHeHa 3aBUCHMOCTh HEPaBHOMEPHOTO ITOCTYILICHUS
[IOTOKA MaTepuaja U BEJIMUYMHBI HANPsDKEHUN B JIEHTE. 3allUCAaHO BBIPAXKEHUE VISl CKOPOCTU PACIPOCTPAHEHUs BO3MYLIEHUH B1OJIb
JBIDKYLIEHCS KOHBEHEpHOW JeHThl ¢ MarepuanoM. OmpenesieHbl MPUYMHBI YCKOPEHHS M TOPMOXKEHHMS KOHBEHEPHOH JIEHTHI,
CBSI3aHHBIE C HEPABHOMEPHBIM MOCTYIUIEHHEM MaTepuaja Ha BXOJ TPAHCIOPTHOH cucteMsl. IIpogeMoHCTpHpoBaHa CBSI3b MEXIY
CKOPOCTBIO JABM)KEHUSI KOHBEHEpHOH JIEHTHI M Maccoll MaTtepuaia BIOJb CEKIMM KoHBelepa. [lokazaHo, YTO yBeJIMYEHHE MOLIHOCTH
SIIEKTPOIBUTATENS TIPH CTAPTE U yCKOPEHHN KOHBEHEPHOM JIEHTHI, a TAakke YMEHBIIIEHHE MOIHOCTH IIPH TOPMOXKCHUH U OCTAaHOBKE
KOHBEHEPHOI JICHTHI SIBJISICTCS IPUYUHON BOSHIUKHOBEHHMS B HEH AMHAMHYECKUX HANPSDKCHHH. AHAIN3UPYIOTCS XapaKTepHbIe (a3bl
HAYaJIbHOIO JIBU)KEHMS KOHBEHEpHOH JEeHTHI ¢ MaTepuanoM. MccienoBaH mpouecc BOSHUKHOBEHHS AMHAMUYECKUX HAIPSKEHUH
MOCTOSIHHBIM M TIEPEMEHHBIM YCKOPEHHEM KOHBEHEepHOW JIeHTHI /Ui (a3bl pa3roHa M TOPMOXKCHUsI KOHBEHepHOW JeHTHL I
aHain3a WCIONB30BaHa MOJEIb KOHBEHepHOW JMHMHM B Oe3pasMepHOM Buje. [lodydeHO BBIpaKEHHE JUI CTATHYECKUX U
JTUHAMHYECKHX HAaNpsOUKEHUH B KOHBeiepHOH neHTe. OLeHeHa aMIUTUTYAa KojdeOaHui JUHAMHYECKUX HANpsDKEHUH M XapaKTepHOe
BpeMs 3aTyXxaHus KojeOaHHWM B KOHBeWepHOW neHre. IIpomemMoHCTpupoBaHa KBaJpaTHYHAs 3aBUCHMOCTb CKOPOCTH 3aTyXaHUS
BOJIHBI AWHAMHYECKUX HANPSDKCHUH C yBEIMYEHHEM YacTOThl KoieOaHms. [lokazaHa oOpaTHO NMpomopnuOHATbHAs 3aBHCHMOCTH
XapaKTepHOTO BPEMEHH 3aTyXaHHS BO3HMKIINX JWHAMHYECKHX HANPSHKEHWH OT BEIMUYMHBI KOI(QQUIMEHTa BSI3KOCTU
KOMIIO3ULIMOHHOI'O MaTepuana KOHBEHepHOH JICHTBI.

K/IIOYEBBIE CJIOBA: ruapoavHamMuyeckas MOJENb TPAaHCIOPTHOH CHCTEMBI, JBYX MOMEHTHOE OIMCaHHE IPOU3BOJCTBA,
Kelvin-Voigt monenb, 6anancossie ypaBHenusi, PDE-mozens npousBoacTsa
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The free fall of steel balls of different diameters in viscous liquids placed in a cylindrical vessel at rest or rotating at a constant rate as
well as the vortex generation in a liquid rotating in a cylindrical vessel were experimentally studied. To solve the problem a test stand
including a cylindrical glass vessel mounted on the axis of a governed-speed electric engine shaft, monitoring and measuring devices as
part of a digital laser tachometer, a digital USB microscope and a laptop was developed to visualize the processes under study.
Experimental dependences of the instantaneous velocity of the balls on the distance traveled by them were obtained. It has been
demonstrated, that there is a transition mode of the ball velocity variation when it enters the liquid. The transition mode was
characterized by a damped, periodic variation of instantaneous velocity depending on a distance. It has been found that at a certain
distance traveled by the ball, the transition mode becomes stationary when the ball moves at a constant velocity. The dependence of the
liquid viscosity on the vessel rotation frequency was studied in the stationary mode using the Stokes method. It has been demonstrated
that the common behavior of such processes is decreasing the time of balls falling and, consequently, the coefficient of a liquid dynamic
viscosity with increasing the rotation frequency of the vessel. A periodic variation in the coefficient of the dynamic viscosity depending
on the frequency of the vessel rotation was found experimentally. It has been found experimentally that several threadlike spiral flows of
a colored liquid are formed parallel to the axis of the cylinder, when the cylindrical vessel rotates. At that, the velocity of the downward
drift of the colored liquid increases with increasing its rotation rate and it increases from the periphery to the center of the vessel.
KEYWORDS: liquid, cylindrical vessel, steady speed, viscosity, Stokes method, rotation, dynamic viscosity, vortex

One of the methods to determine the coefficient of a liquid dynamic viscosity is the Stokes method (SM). This
method is based on application of the formula for the resistance force of a straight-line and uniform motion-of a ball in a
viscous liquid, first obtained by Stokes [1]. Its essence consists in setting up an equation of balance of forces acting in a
viscous liquid on a ball (gravity, Archimedes 'force and Stokes' force), from which the velocity of the ball stationary
motion follows. In such reasoning, the effect of liquid vessel walls is not taken into account, since the diameter of the
vessel exceeds significantly the diameter of the ball in the experiments. For SM applicability it is necessary to measure
the viscosity in the area of uniform motion of the ball.

If the diameter of the ball is comparable to the diameter of the vessel, then the Stokes formula is not applicable and
in order to determine the conditions for their stationary motion occurrence additional studies of the motion of balls in
viscous liquid should be carried out. When a ball falls into a viscous liquid, two stages can be distinguished: the stage of
the ball falling on the surface of the liquid and the stage of its uniform motion.

A large number of works are devoted to the study of the first stage (the ball fall on the liquid surface), among
which one can name [2-5].

Fundamental experimental and theoretical calculations on the effect of solids on the water surface, which are of
interest in ballistics for passing projectiles from air to water and in aeronautics - for landing seaplanes were carried out
in [2]. The critical velocity of the impact of spheres on the water surface for formation of splashes, as well as the cone
angle formed behind the impact object were experimentally investigated in [3].

Based on the theory of H. Wagner [6] in [4] the problem of fast immersion in water of a body of revolution with a
vertical axis of symmetry is considered and the solution of the basic integral equation is obtained. As an example, a ball
entry into water was studied, the resistance force of water acting on the ball was calculated and a comparison with the
experimental data was made. The proposed description is applicable for small immersion depths not exceeding 0.035
ball diameter.

The effect of a solid object on a liquid surface is analyzed in [5]. Here, a numerical algorithm is proposed for
modeling the entry of the solid object into the liquid medium taking into account the dynamics of the free surface of the
liquid / gas interface. In this model taking into account, high viscosity of solid objects increases the accuracy of the
results of the previous studies. The conclusions of the model are confirmed by comparing the experimental data of other
researchers for the free fall of a circular disk and a sphere. The model is applicable for shallow immersion depths of
objects in liquid.

The processes considered in [2-5] are transient and are not characterized by determination of a stationary motion
velocity. Therefore, they cannot be used to determine the media viscosity by SM. As noted above, determination of
stationary velocities of spheres motion in viscous liquid vessels is of interest for viscometry purposes based on SM.

© O.L. Andrieieva, L.A. Bulavin, I.N. Kudriavtsev, R.S. Sokolenko, V.I. Tkachenko, 2020
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The work [7] is devoted to this issue. It presents experimental data on the drug of cylindrical vessel walls to a
sphere falling axially under the action of gravity in a viscous fluid. The data were obtained for 60 spheres of different
diameters and densities, which moved in four cylinders of different diameters, and were filled with fifteen Newtonian
fluids of different viscosities and densities. From the analysis of the results of more than 3000 measurements of spheres
velocities it has been concluded that the wall effect is determined by two variables: the ratio of the sphere diameter to
the diameter of the cylindrical vessel (d / D) and the Reynolds number R (0.05 < R <2x10%) for the sphere. To describe
the wall effect the authors of [7] determined the correction factors graphically in the form of the dependence of the ratio
of the stationary velocity in the cylinder to the stationary velocity in an infinite mass of fluid (V / V) on the Reynolds
number at V, for various ratios of diameters. It follows from the graph that the wall effect is maximal at low Reynolds
numbers and large diameter ratios. For small diameter ratios (less than 0.1) the effect degree becomes insignificant at
Reynolds numbers above 100.

In the later work on this issue [8] it is emphasized that experimental data on the motion of spheres were obtained
in the twentieth century and are available in tabular form (see Historical Data [8]). Most of these data were obtained in
experiments with small diameter cylindrical vessels, where the effect of a wall occurrence affects the results. The
previously obtained analytical expressions for describing the dependence of the drag on the velocity of falling spheres
were compared with this data set. Because of this comparison, two new descriptions of the stationary velocity of a
sphere were proposed. One description is applicable for Reynolds numbers less than 2x10°. The other is intended to
predict the velocity of sphere falling with superior accuracy for Reynolds numbers less than 4000. This range of
Reynolds numbers contains almost all applications of interest in environmental engineering.

When discussing issues related to determination of a stationary velocity of spheres motion, both in narrow and
wide in diameter cylindrical vessels filled with a viscous liquid, one should be guided by the data of works [7, 8].

The case, when a vessel with a viscous liquid rotates at a constant speed and a sphere moves in it, has not been
analyzed in the scientific literature as to the analysis of stationary velocity determination. The issue of such studies is of
scientific and practical interest for environmental engineering, medicine, shipbuilding, and aircraft engineering.

Therefore, this article presents the results of an experimental study of the viscosity of a liquid placed in a rotating
cylindrical vessel. In addition to the problem of determining the viscosity of a fluid rotating in a cylindrical vessel, the
problem of vortex formation in it is also of interest.

The physics of rotating liquids has been studied beginning with the Rayleigh work [9]. Rayleigh's interest in this
topic was caused by the need to describe the meteorological situation, which is very dependent on the dynamics of
rotating volumes of liquid (cyclones and anticyclones). So, a need to have an accurate weather forecast for a fairly long
term, based on the analysis of the dynamics of liquid rotating volumes, arose. In this work Rayleigh described the main
features of liquid rotating volumes typical of cyclones and anticyclones. He formulated the law of conservation of the
azimuthal moment of a rotating liquid. Besides, he deduced the stability criterion for an ideal liquid located between
two rotating concentrically arranged cylinders.

The following rigorous studies of the stability of a rotating liquid heated from below are given in [10]. In
particular, a number of experimental results on the study of the vortex formation in rotating and bottom-heated water
and air [11] are presented here.

In the experiments the water was located in Pyrex glass cylinders with an outer diameter of 12 inches. Pyrex
temperature-controlled electrically conductive heating plates were glued to the cylinder bottoms. Cylinders containing
the water and the necessary accessories were placed on a support steel ring mounted on a vertical shaft. The steel ring
was intended for alignment and other adjustments. The cylinder was driven using the shaft rotated by means of feed
belts and an engine. Water layers of a depth of 2-17 cm and a rotation speed of up to 50 rpm were used in the
experiments.

The temperature difference at two levels (one - near the upper and the other - near the lower surface of the liquid)
was measured by copper - constantan wire thermocouples. The accuracy of the temperature measurement was + 0.01°C
and was sufficient to process the obtained results.

The experimental studies were of two types: visual and photographic performed using a rotoscope.

The experiments showed, that the liquid vortex motion in a rotating cylinder was observed when the rate of its
bottom heating exceeded a certain value. The vortexes were visually observed in water, when a small amount of
aluminum powder was dispersed above its surface. The motion of aluminum powder particles on the water surface was
photographed using the time-lapse strip method and corresponded to a set of vortexes of approximately equal
diameter (Fig. 1).

It follows from Fig. 1 that the traces of vortexes on the water surface are located generally near a concentric circle
of a radius of about 2/3 of the cylinder radius.

The internal motion in the form of ascending vortexes is presented in Fig. 2. Such vortexes are detected when
using a black ink placed initially in a thin layer at the vessel bottom. Apparently, the vorticity (see the definition below)
of liquid individual volumes contributes towards accelerating the diffusion of ink and, as a consequence, its diffusion
rises to the upper boundary of the liquid.

Based on the comparison of theoretical studies and experimental results it was concluded that they have
quantitative and qualitative conformances. Hence, the authors concluded that the formation of vortexes in a cylinder
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containing the water rotated and heated from below, when the boundaries are free above and solid below (as a whole -
mixed boundary conditions), has a convective nature. They have determined that in a state of instability (vortex
formation) the critical Rayleigh number is proportional to the Taylor number.

S

Figure 1. Convection cells which appear in water when in rotation Figure 2. Side view of ink rising from the bottom of a

and heated from below. The data to which the illustration refers cylinder of water in the ascending cores of cells. The data to

are: depth 18 cm; difference in temperature 0.7°; rate of rotation which the illustration refers are: depth 18 cm; difference in

5.0 rev/min; Taylor number - 1.2 x 107 [10]. temperature 0.5°; rate of rotation 10.9 rev/min; Taylor
number - 5.5 x 10° [10].

The monograph of the famous English hydrodynamics H. Greenspan is devoted to issues of the theory of stability
of a rotating liquid [12]. Such studies are used in the study of atmospheric and ocean currents on a rotating planet for
weather forecasting. The author confirms the theoretical results by simple laboratory experiments using a flask rotated
by a gramophone disc. The book presents the latest achievements at the time of its publication in the theory of non-
stationary and non-linear motions, various oscillating (wave) processes and hydrodynamic stability.

Despite the wide topic area, the cases of vortex formation in a rotating cylinder filled with a liquid are not
analyzed in [12], as described in [10].

However, it should be noted that the observed vortexes in [10, 11] do not have the structure of Benard convective
cells [13], since the descending flows of ink-colored water are not found in the experiments. Besides, for the problem
with mixed boundary conditions the local aspect number 4, (the ratio of the cell diameter to the depth of the water
layer) is in the wide range 1.25< 4; < 10.59, which does not correspond to the value 4, =2.86 obtained in [6 14].

These discrepancies indicate the possibility of another scenario for the formation of vortexes in a liquid located in
a rotating cylinder.

It may be as follows.

A large number of ascending convective flows (termics) are generated in a rotating cylinder filled with water due
to heating of the vessel bottom. The conditions for the formation of termics and their characteristic parameters are
described in sufficient detail in [15]. The vortex generation place is determined by the spatial coincidence of one of the
termics and the perturbation of the vertical interface of the azimuthal velocity along the cylinder radius. Such
perturbations, due to the development of Kelvin — Helmholtz instability, form vortexes, which at the nonlinear stage
form “cat eyes” represented in the album of liquid and gas flows [16].

Further, such vortexes leave their generation place like cyclonic and anticyclonic vortexes (rings) leave the Gulf
Stream arrow as a result of meandering [17], and new ones appear at their place. At that, the rings located on opposite

sides of the vertical interface of the azimuthal velocity have a different sign of vorticity (7)i [18]:
c7)i=r0t(l7i) (1)

where, V, (7)==

Qx7 - mutually opposite rates of a simple liquid flow, Q - constant vector that determines the

o | =

frequency of rotation of a fluid volume Q. 7 - radius vector orthogonal to the axis of rotation.



113
Viscosity and Vortex Formation in a Liquid Placed in a Rotating Cylindrical Vessel EEJP. 4 (2020)

The experimental data (images of the upper boundaries and the axial section) on the formation of vortexes in
liquid media located in rotating vessels are presented in [10, 11]. It can be seen a large number of vortexes of almost the
same size at the images. However, the temporal dynamics of the number of the appeared vortexes, their structure and
rotation direction are not analyzed in these experimental data. Such an analysis would allow us to determine the
physical nature of vortex generation, their internal structure and to describe the dynamics of their distribution in a liquid
volume.

So, the objective of this work is experimental research of: free-falling velocity of steel balls in a cylindrical vessel
containing a viscous liquid; viscosity of a liquid rotated at a constant rate in a cylindrical vessel; formation of vortexes
in a liquid rotated in a cylindrical vessel at a constant rate.

EXPERIMENTAL FACILITIES

For research the test stand was developed and assembled (see Fig. 1, 2) [19]. This test stand includes: a cylindrical
glass vessel (1) of a diameter of 28 mm mounted on the axis of the electric motor shaft the revolutions of which are
continuously controlled using the appropriate driver. The stand has also monitoring and measuring devices: a digital
laser tachometer HS2234 with an accuracy of rotation frequency measuring equal to 0.1 rpm (2); USB digital
microscope (3) connected to a laptop to visualize the motion of balls and liquid that were recorded on video.

An electronic precision jewelry balance with an accuracy of 0.01 g and a power supply unit of a voltage of 12 V
were used to ensure the stand operation.

Figure 4. Fragment of the
measuring bench

Figure 3. Measuring stand with the visualization system

Engine oil of grade 10W40 and an aqueous solution of glycerol with glycerol concentration of 85% were used as a
viscous liquid. Steel balls about 3 and 6 mm in diameter were used for viscosity measurement.

An experimental study of a free fall of steel balls in a cylindrical vessel containing a viscous liquid

Study of the free fall of steel balls in a cylindrical vessel filled with a viscous liquid is of interest in connection
with a use of the SM for liquid viscosity measuring in this work. Inevitable errors associated both with the use of
coaxial cylindrical vessels and freely falling balls in them arise at such viscosity measurements [20].

Study of the velocity dynamics of a steel ball during the transition from air to liquid is of independent interest.

In the experiments a steel ball with a diameter of 6 mm, mass of 0.94 g and a steel ball with a diameter of 3 mm
and a mass of 0.126 g were dropped into the liquid. 10W40 grade engine oil with a volume of 90 ml and the aqueous
solution of glycerol with glycerol concentration of 85 % were used as a liquid. The height of the liquid column in the
cylinder was 150 mm. A special centering device in the form of a funnel was used to drop the ball; the funnel ended
with a tube of a diameter slightly larger than the diameter of the ball and the axis of the tube and cylinder coincided.
This device ensured the steel ball entering the oil along the axis of the cylinder at a specified drop height and eliminated
the ball deviation from the cylinder axis in the oil. Such a ball motion in a viscous liquid corresponds to small Reynolds
numbers ( Re << 1000 ) [21] realized in experiments.

The time of the ball fall was determined within a height range set by marks on the cylindrical flask (1).

The velocity of the balls when entering the liquid was 1.2 m/s. The balls were dropped from a height of 73 mm.
The error in determining the velocity of the ball was 14 - 15%.

Graphs of ball velocity variation over the entire height of the liquid in the vessel are presented in Fig. 5. The zero
mark corresponds in the height of the column to the free boundary of the liquid. Curves obtained by cubic spline
interpolation in MathCAD.
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Figure 5. Dependence of the instantaneous velocities of steel balls on the height of a viscous liquid
column % in a cylindrical vessel: O, o - oil; A - glycerol

Figure 5 shows the occurrence of a transition mode of the ball motion velocity characterized by its damped
oscillations. It follows from the figure that the confidence interval for measuring viscosity by the SM, where the ball
moves uniformly, starts from a depth of 7.5 cm. The average values of the velocity in this part of the trajectory are
shown with a dotted line.

It should be noted that when considering the coincidence of the speed of motion of balls with diameters of 3 mm
and 6 mm in oil at a finite interval of motion, it is necessary to take into account the measurement errors. In addition,
the small, and not 4-times, according to the MS, the difference between these speeds is due to the screening of the
cylinder wall [7].

It should be noted that the velocities of motion of balls with diameters of 3 mm and 6 mm in oil in the final
interval of motion differ by approximately 3.75 times. A small deviation from the ratio of these velocities 4 - fold,
which corresponds to the MS, due to measurement error, and shielding walls of the cylinder [7].

Based on the obtained result all subsequent measurements were carried out within the interval of uniform motion
of steel balls.

The viscosity of a liquid located in a rotating cylindrical vessel
The experiments to study the viscosity of a liquid in a rotating cylindrical vessel were carried out using the SM
[20]. The movement parameters of steel balls were analyzed at an interval of their uniform motion; they were
determined experimentally in a series of preliminary experiments to study their free fall in a cylindrical vessel
containing a viscous liquid. In the experiments, as noted above, the trajectory of the balls did not deviate from the axis
of the cylinder. Besides, the vessel rotation did not lead to the ball rotation.
The viscosity coefficient of a rotating cylinder containing a liquid was determined by comparing the time of

falling of a ball in a motionless liquid #; with the time of its falling 7, in a rotating in cylinder liquid. The relationship

of these times obeys the ratio:

(@)

0
were, U, and f{, - dynamic viscosity of a liquid with and without rotation, respectively.

Thus, knowing the ratio of the ball falling time in a rotating liquid to its falling time in a motionless liquid, the
dynamic viscosity of a rotating liquid can be determined.

The experiments to determine the viscosity coefficient of a rotating liquid included a series of four measurements
of the time of the ball falling in the liquid.

In the first series of experiments a steel ball with a diameter of 6 mm and a mass of 0.94 fell into the liquid.
10W40 grade engine oil of a volume of 90 ml and of the oil column height in the cylinder of 150 mm was used as a
liquid. The ball was dropped by hand at a certain height above the oil level. The time of its falling was recorded within a
height range set by marks on the cylindrical flask (1).
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In the second series of experiments a steel ball with a diameter of 3 mm and a mass of 0.126 g was used. The other
parameters of this series of experiments were the same as in the first series of experiments.

In the third series of experiments a special centering device was used, the purpose of which was described above.
The other parameters of the third series of experiments were the same as in the second series.

In the fourth series of experiments the engine oil of 10W40 grade was replaced with a glycerol-water solution of
85% glycerol concentration. The other parameters of this series of experiments were the same as in the third series.

In the experiments a glass cylindrical flask with a diameter of 28 mm rotated with an angular rate, the value of
which was set using the driver and varied within the range from 0 to 40 rpm. The steel ball was dropped from a certain
height above the oil level. The time of its falling was within an interval of 150 mm in height, which was set by marks on
a cylindrical flask (1). Then the obtained video sequences were processed using a computer. The time of ball motion in
the liquid was determined by frame-by-frame analysis of the recorded video sequence at duration of one frame
At=0.04s.

The results of measuring the dependence of the falling time of steel balls of different diameters on the rotation rate
of a cylindrical vessel containing a viscous liquid are summarized in Table.

Table.
The dependence of the relative fall time ¢, /7, of steel balls of different

diameters on the rotation rate of a cylindrical vessel containing a viscous liquid

Steel ball diameter D, (cm).
Rotation frequency € , Engine oil 10W40 g;zzeé?lgiry‘;gflr)
(pm) 1 series 2 series 3 series 4 series
D=0. 6wilh0ul c.d) D=03 without c.d.) D= 0'3wilh cd.) D=03 with c.d.)

1 1 1 1
5 - - 1.329 0.862
10 0.94 0.987 1.191 0.936
12.5 - - 0.959 -
15 0.978 0.941 0.844 0.894
17.5 - - 0.967 -
20 0.778 0.955 0.946 0.83
22.5 - - 1.161 -
25 0.933 0.926 1.028 0.787
27.5 - - 0.929 -
30 0.784 0.892 0.958 0.915
32.5 - - 0.696 -
35 - 0.918 0.92 -
37.5 - — 0.997 —
40 0.814 0.929 0.929 —

without c.d.) — without centering device
with c.d.) — with centering device

Discussion of the results of a study of the viscosity of a liquid located in a rotating cylindrical vessel

The results of measurements of the average time of balls falling into a viscous liquid depending on the rotation
frequency of a cylindrical vessel are presented in Fig. 6.

As can be seen from Fig. 6, in the first series of experiments (marker 0) the relative time of falling balls decreases
on average with increasing the rotation frequency of a viscous liquid in a vessel. In this context the periodic minima are
observed at multiple frequencies of 10, 20, and 30 rpm.

In the second series of experiments (marker A) poor oscillations of the time of balls motion are also observed at a
general decrease of their falling time with increasing the vessel rotation frequency. The minima of the ball falling time
at multiple frequencies of 15 and 30 rpm repeat the dynamics of previous experiments, but at high rotation frequencies.

In the 3rd and 4th series of experiments the resonance nature of the dependence of the balls falling time on the
vessel rotation frequency is also observed.

In the 3rd series (marker o) the minima of the ball falling time are near the values of 15 and 32 rpm.

In series 4 (marker ¢) such a resonant behavior of the ball falling time depending on the rotation frequency is
poorly resolved, but can be detected.
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Figure 6. Dependence of the average relative time ¢, /¢, of balls falling upon the rotation

frequency of a cylindrical vessel containing a viscous liquid: o0 — 1 series; A — 2 series;
o - 3 series; ¢ — 4 series.

The general behavior in all series of experiments is decreasing the time of balls fall with increasing the vessel
rotation frequency and the existence of a resonant dependence of the dynamic viscosity coefficient on the vessel
rotation rate.

One of the possible explanations for the observed oscillations of the balls moving time is the occurrence of natural
frequencies of oscillations in the liquid [12] or the occurrence of spatially periodic structures in the ball-oil-flask
system [22].

An experimental study of vortex formation in a liquid, located in a rotating cylindrical vessel

In the experiments 10W40 grade oil painted with a small amount of bronze powder was fed from the top through a
centering device until a thin surface layer of a colored liquid with a thickness of 3-4 mm was formed. A cylindrical
vessel with a viscous liquid of a diameter of 28 mm and a height of 150 mm rotated with different angular rates from 5
to 40 rpm.

The following was found in the experiments.

In contrast to raising the black ink vortexes from the bottom of the vessel described in [10], in the experiments of
the authors we studied the lowering of colored 10W40 engine oil from a thin surface layer.

The lowering began after 15 to 20 minutes of the vessel rotation. The colored liquid drifted in the vertical direction
to the bottom of the vessel in the form of several separate vortexes of different lengths at low velocities compared with
the liquid rotation rate. The generated vortexes had the form of threadlike curved spirals of colored oil parallel to the
axis of the cylinder.

The type of vortices at the initial stage of their formation is shown in Fig. 7.

i i
Figure 7. Generation of vortices of colored oil in a rotating cylindrical vessel.
The photo is reduced to horizontal view.

Analysis of the recorded video sequence using a digital microscope made it possible to determine the average
velocities of the vertical drift of the powder particles. When the viscous liquid rotated at a rate of 15 rpm, the vertical
drift velocity of the particles was 0.47 mm /s, 30 rpm - 0.50 mm / s, 40 rpm - 0.63 mm / s.

Analyzing the experimental results obtained in the work the following facts were found:

- several threadlike spiral flows of colored liquid parallel to the cylinder axis are formed during rotation;

- with increasing the liquid rotation rate, the downward drift velocity of the colored liquid also increases;
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- the downward drift velocities of the colored threadlike flows in the rotating liquid increased from the periphery
towards the center of the vessel.

Thus, the spatial structuration of flows corresponding to vortex formation in a viscous liquid was demonstrated
experimentally in this section.

CONCLUSIONS

The results of the experimental study of free fall of steel balls in a viscous liquid, as well as the viscosity and the
vortex formation in a liquid located in a rotating cylindrical vessel were presented in the paper.

The occurrence of a transitional mode of a ball velocity characterized by damped oscillations of the ball velocity
after passing it through the upper boundary of the liquid was demonstrated. The confidence interval in the liquid column
height was determined, where the SM for measuring the liquid viscosity can be used.

It has been experimentally shown that a general regularity of the process is a decrease in the time of balls falling
with increasing the vessel rotation frequency.

The occurrence of the resonant dependence of the ball falling time and therefore the coefficient of the dynamic
viscosity on the vessel rotation rate was also demonstrated. This dependence is expressed by periodic in rotation
frequency variation of the dynamic viscosity coefficient against its general decreasing background.

Analyzing the experimental results obtained in the paper it has been found that several threadlike spiral flows of
the colored liquid parallel to the axis of the cylinder are formed at the cylindrical vessel rotation. The velocity of the
downward drift of the colored liquid increases with increasing its rotation rate and it increases from the periphery to the
center of the vessel.
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B’A3KICTH I BAUXPOYTBOPEHHS B PIJIUHI, IIIO OBEPTAETHCS B IWJITHIPUYHIA EMHOCTI
0.JI. Angpeesa®? , JI. A. Byaagin®, I. M. Kyapsisues®, P.C. Coxoiienko?, B.I. Tkauenko®®
“HHI] "Xapxiecokuii ¢hizuxo-mexniynui incmumym", Xaprie
b Xapriecoruii nayionaronuii ynisepcumem iveni B.H. Kapasina, Xapxis
“Kuiscvkuii Hayionanvruil yHisepcumem imeni Tapaca Lllesuenka, Kuis

ExcriepiMeHTaIbHO TOCTIHKEHO BiTbHE MaJiHHS CTaJeBUX KYJIBOK Pi3HUX J[iaMEeTpPiB y B'I3KUX piIUHAX, MOMIMEHUX B MIIHIPHIHY
MOCYANHY, IO MOKOiThCs ab0 00epTaeThbesl 3 MOCTIHHOIO MIBUAKICTIO, @ TAKOX BHXPOYTBOPEHHS DPIOUHU, IO 00EpTaeThes B
LUTHAPWYHIN mocyauHi. {71 JOCITiPKeHHS UX MUTAaHb PO3POOICHHH eKCIIEPUMEHTAIBHUN CTEH]I, IO CKJIAAETHCS 3 LMIITHIPUIHOT
CKJISIHOT TIOCYJIMHH, BCTAHOBJICHOI Ha OCi Bayly €JIEKTPOABUTYHA 3 PETYJIbOBAaHUMH 00OpOTaMH, KOHTPOJIBHO-BHMIpPIOBAJIBHOTO
obasHaHHs B CKJIaai HM(POBOro Ja3epHoro raxomerpa, uudposoro USB-mikpockorna i HOyTOyKa, [uis Bidyasizawii JOCTiIKyBaHUX
npoueciB. OTpUMaHO EeKCIIepHMEHTANbHI 3aJIeKHOCTI MHTTEBOI IIBHIKOCTI KyJIBOK Bif mpoiaeHol HuMmu Biacrtani. [lokazano
HasBHICTh IMEPEXiJHOTO PEXHUMY 3MiHH IIBUAKOCTI KyJIbKH MpU HOro BXoAi B pimuHy. [lepeximHuil pexuM XapaKTepH3YEThCS
3aracaryvoro, MepioJUYHOI0 3MIHHOKO BiJ BIICTaHI MHUTTEBOIO HIBHAKICTIO. BCTaHOBIEGHO, IO Ha MEBHIM MpOWAEHIH KyJIBKOIO
BiJICTaHi, MEpeXiHUN PEXXUM NEPEXOIUTh B CTAlliOHAPHUH, KOJIHM KyJIbKa PYXa€ThCs 3 MOCTIHHOIO IIBHIKICTIO. Y CTaIlioHapHOMY
pexumi MetooM CToKca JNOCIIDKEHA 3aJIeKHICTh B'SI3KOCTI PIAMHMU BiJ 4acTOTH oOepTaHHs nocyauHu. ITokasaHo, o 3arajabHOI0
3aKOHOMIPHICTIO TaKHX MPOLECIB € 3MEHIICHHS Yacy HaliHHs KyJIbOK, a, 0TXKe, KOe(illieHTy TUHAMIYHOI B'I3KOCTI PiJUHH, 3 POCTOM
Y4acTOTH OOEpTaHHS NOCYAWHU. EKCIepHMEHTaNbHO BUSBICHO NepioAnYHa 3MiHa KoedilieHTy IMHAMI4HOI B'SI3KOCTI Bill 4acTOTH
oOepTaHHs MOCYIMHH. EKCIepHMEHTaabHO BCTaHOBJICHO, IO NpU OOEpTaHHI UWIIHAPUYHO! IOCYIMHH YTBOPIOETHCS KilIbKa
napaneabHUX OCi IJTiHAPa HUTKONOAIOHUX CITipaJIbHUX MOTOKIB mogapboBanoi pigunu. [Ipy 1iboMy HIBUAKICTH HU3XiTHOTO Apeidy
nodapOoBaHOi piauHE 3pocTae 31 301MBIIEHHAM HOIBHAKOCTI ii 00EpTaHHS, a TaKOXK BOHA 30LTBLIYETHCS BiA mepudepii 10 meHTpy
CYAUHHU.

KJIFOYOBI CJIOBA: pigvHa, UWIHAPUYHA €MHICTH, MOCTifiHA IIBUIKICTh, B'S3KICTh, MeTox CTOKca, oOepTaHHS, AWHAMIYHA
B'SI3KICTh, BUXOD

BA3KOCTh U BUXPEOBPA3OBAHME B )KMJIKOCTH, BPAIIAIOIIENCS B IUJIWHIPUYECKOM COCYIE
0.J1. Augpeesa®”, JI.A. Bynasun®, I.H. Kyapsisues®, P.C. Cokosenko® B.H. Tkauenko™P
“HHI] "Xapvrosckuii ¢uszuxo — mexuuueckui uncmumym", Xapvrog
bXapvrosckuii nayuonanvuwiii ynusepcumem umenu B.H. Kapasuna, Xaporos
“Kuesckuii Hayuonanvuwiil yHueepcumem umenu Tapaca [llesuenxo, Kues

OKCIepUMEHTAIBHO HCCIICIOBAHO CBOOOIHOE MaJeHNsI CTAIbHBIX [IIAPUKOB PA3HBIX JHAMETPOB B BS3KHX JKHIKOCTSX, HOMEIICHHBIX
B TIOKOSIIUICS WM BPAMIAIOIIMNACS C IOCTOSHHON CKOPOCTBIO IWIMHIPUYECKHH COCYH, a TaKXKe BHXpeoOpa3oBaHHE BO
BpAIIAIONIEHCS B IIMINHIPUYECKOM COCYJe JKHIKOCTH. JIJIsi MCClleIoBaHMsI 9THX BOIIPOCOB pa3pabOoTaH IKCIIEPUMEHTAIBLHBIA CTEH,
COCTOSALIMI W3 LMIMHAPUYECKOIO CTEKJSIHHOTO COCyZa, YCTaHOBJICHHOTO Ha OCH Bajla JJIEKTPOMOTOpa C pEryJupyeMbIMU
000poTamMH, KOHTPOJBHO-M3MEPUTENILHOTO 000pyZOoBaHHS B cocTaBe LU(POBOro Ja3zepHOro Taxomerpa, undpposoro USB-
MHKPOCKOMa U HOYTOYKa, Ul BU3YalH3allH UCCIEAYyEeMbIX MpoleccoB. [lomyueHs! skcriepuMeHTalbHbIe 3aBUCUMOCTH MTHOBEHHOI
CKOPOCTH LIapUKOB OT MPOiIeHHOTro nMu paccrosiHus. [lokazaHo HamHuKe MePeX0JHOTO PEKUMA H3MEHEHHS CKOPOCTH IIapUKa MPU
€ro BXOZE B XKUAKOCTh. [lepexomHol pexuM XapaKTepH3yeTCs 3aTyXaloIiM, IEPHOANIECKUM U3MEHEHHEM MTHOBEHHOH CKOPOCTH
OT pacCTOSIHUS. YCTAHOBIECHO, YTO HA ONPEAEICHHOM, MPOHACHHOM MIAPUKOM PACCTOSHHH, TEPEXOJHOH PEXHMM MEpPEXOIUT B
CTAI[OHAPHBIA, KOTAa IMIApUK ABMXKETCS C MOCTOSHHOM CKOpPOCThIO. B crammonapHoM pexume metomoM CTOkca HCCleJOBaHA
3aBUCHMOCTh BSI3KOCTH JKHAKOCTH OT YacTOTHI BpamieHus cocyna. IlokasaHo, uro oOmed 3aKOHOMEPHOCTBIO TaKHX IPOIECCOB
SIBJISICTCSl YMEHBIICHHE BPEMEHM MaJCHUS IIAPUKOB, a, CIIEAOBATEIbHO, KOI(QQHUIMEHTa AUHAMUYECKOH BS3KOCTH JKHIKOCTH, C
POCTOM YacTOTBI BpAIlleHUs] cocy/ia. DKCIEPUMEHTAIFHO 0OHApY)KEHO MEePUOANYECKOe H3MEeHeHne Kod()(GHUINUEeHTa TMHAMHYECKON
BA3KOCTH OT YacTOThl BpAIEHUs] COCyAa. OKCIEPUMEHTANIbHO YCTAaHOBIEHO, YTO MPH BPAIEHUH IHUIMHIPUYECKOTO COcyla
o0pa3yeTcsi HECKOIBKO MapauIebHBIX OCH IHMIMHAPAa HUTEBHIHBIX CIHPANbHBIX MOTOKOB OKpaIIEHHOM XuakocTH. IIpu 3tom
CKOPOCTh HHCXOZAMIETO Jpeiiha OKpaIlIeHHON >KUAKOCTH BO3pPAcTaeT C YBEIMYCHHEM CKOPOCTH €€ BpAlIeHHs, a TakkKe OHa
YBEIHYIHUBAINCEH OT HepH(EPHH K LIEHTPY COCYyIa.

KJIIOYEBBIE CJIOBA: XuIKOCTb, LMWJIMHIAPUYECKHH COCYZ, IOCTOSIHHAsi CKOPOCTh, BSI3KOCTb, MeToJ CTOKca, BpalleHHe,
JTMHAMUYECKas BA3KOCTh, BUXPH
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EFFECT OF SURFACE PRE-TREATMENT ON ADHESIVE STRENGTH
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The results of investigations of multi-component nanostructured coatings of (TiAlSiY)N/CrN type are presented. The influence of
different variants of substrate surface pretreatment on adhesive strength and hardness of coatings was studied. Pre-treatment of
samples was carried out in plasma of two-stage gas discharge according to various technological schemes. Except for ion-plasma
purification, some samples were pretreated with a sublayer of chromium within 5 minutes. The coatings were formed by a vacuum-
arc deposition method at simultaneous spraying of two cathode targets. The first cathode is made of chromium, and the second
cathode is made of multicomponent Ti - Al - Si - Y alloy obtained by vacuum-arc remelting of powder mixture of the mentioned
elements. The coatings were deposited on polished stainless-steel substrates at negative 280 V bias potential. The geometry of the
unit and its elements, as well as technological characteristics of the processes of evaporation-condensation were selected so that at a
speed of rotation of samples 8 revolutions per minute the formation of the coating with a total thickness of about 9.0 microns
occurred in approximately 60 minutes. The analysis of the composition of the coatings shows that the content of elements in the
coating differs greatly from the content of elements in the sprayed cathodes. The X-ray diffractometry has shown that all deposition
modes are characterized by the formation of phases with cubic (fcc) crystal lattice in both phase layers of multilayer coatings. In the
layers formed at spraying of TiAlISiY alloy, a multi-element disordered solid solution (TiAlISiY)N with a crystal lattice of NaCl type
and a lattice parameter of 0.4241 nm, as well as chromium mononitride CrN with a lattice parameter of 0.4161 nm, is determined. It
has been established that preliminary formation of a chromium sublayer on the substrate leads to significant changes in adhesive
strength of multi-component coatings compared to coatings without a sublayer.

KEYWORDS: multi-component nitride coatings, ionic treatment, surface preparation, adhesive strength, hardness

The analysis of publications on application of functional coatings testifies that the most important properties of
wearproof protective coatings should include durability of adhesion of the coatings to a working surface, as well as their
hardness [1 — 3]. It is these properties that determine the ability of coatings to resist external mechanical stresses leading
to wear or other destruction. Recently, there has been an intensive development of various technological options for ion-
plasma synthesis of multilayer coatings based on refractory metal nitrides [4, 5]. In these options, a targeted change in
physical and mechanical properties of coatings is achieved by varying the structural and phase state of protective layers
[6]. An essential improvement of performance properties can be achieved with a multi-layer architecture of coatings
formed by a consistent or simultaneous use of ion-plasma sources with different evaporated materials, as well as with
targeted management of physical and technological parameters of deposition [7].

Adhesion properties of coatings formed by PVD-technologies are determined by various factors: quality of
substrate surface preparation, depth of substrate-coating mixing zone, efficiency of the chemical compounds formation
in the transition zone, structural defects and stress state of the crystal lattice, segregation of gas impurities, etc. lon
bombardment during deposition has an ambiguous effect on each of the listed factors. Pre-bombardment of substrates
with high energy gas ions immediately before coating activates their surface and promotes diffuse interaction at the
coating-substrate boundary, but at the same time it also increases defects of the surface and subsurface area (up to
50 nm). The desired performance properties of coatings can be achieved only with the right choice and optimization of
the entire process cycle, which includes both preliminary preparatory stages and stages of direct coating formation.

The purpose of this work is to study the influence of physical and technological parameters of multi-component
coatings (TiAISiY)N/CrN formation on the strength of adhesion to the substrate, as well as physical and mechanical
properties of these coatings.

EXPERIMENTAL AND RESEARCH METHODS
The coatings were formed by a vacuum-arc deposition method at simultaneous spraying of two cathode targets.
One cathode is made of chromium of X99H grade, and the second cathode is made of Ti - Al - Si - Y alloy obtained by
© S.V. Lytovchenko, V.M. Beresnev, S.A. Klymenko, B.O. Mazilin, M.G. Kovaleva, A.S. Manohin, D.V. Horokh,
LI.V. Kolodiy, V.U. Novikov, V.A. Stolbovoy, I.V. Doshchechkina, O.V. Gluhov, 2020
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vacuum-arc remelting of powder mixture of the mentioned elements taken in the following quantities (at. %): Ti — 58.5;
Al—36, Si—3, Y —2.5. The coatings were deposited on the mechanically polished surface of 15 mmx15 mmx2.5 mm
samples made of 12X18HI9T steel. The working pressure of nitrogen during deposition (Py) was 0.6 Pa. When forming
coatings, the cathodes were placed in separate evaporators located on opposite walls of the vacuum chamber on one axis
towards the center. In the center of the chamber there was a rotary device, on which samples were fixed in the normal
direction to the axis. This device with samples during deposition rotated at a speed of 8 rpm. To obtain thicker coating
layers, the rotary device was stopped at the corresponding cathode for a time sufficient to achieve the required
thickness. The formation of the coating with a total thickness of about 9.0 microns was complete in approximately
60 minutes.

To clean the substrate surfaces before coating, they were pre-treated for 5 minutes in the plasma of a two-stage gas
discharge [8] at different types (nitrogen or argon) and its pressure (Py, Pa,) in the chamber, the duration of cleaning
when bombarding the substrate with chromium ions (tc,), at different values of the negative potential on the substrate
(Up). Some samples were previously deposited with a sublayer of Cr (+) for 5 minutes, the remaining samples were
without a sublayer Cr (—). Specific modes of pre-treatment are given in Table 1.

A 4 series of samples were produced using various parameters of pre-treatment of sample surface (Table 1). In all
experiments, the following parameters were kept constant: arc current I, = 90 A, and focusing coil current Iy = 0.5 A.

The coatings on the samples of series 1-4 were formed within 60 minutes at a negative displacement potential on
the substrate U, = 280 V.

Table 1.
Modes of substrate surface pre-treatment and cleaning time
Series No. Py, Pa,, Pa cleaning time tc,, minutes U,B | Cr:+/-
1 Py=0.3 30 -1000 +
2 Py=0.3 20 -1000 -
3 Py=0.3 20 -1000 +
4 PA=10.2 20 -500 +

Microscopic examination of coating surface was performed using a Nova NanoSEM 450 scanning electron
microscope. The elemental composition of coatings was determined by the spectra of the characteristic X-ray radiation
generated by the electron beam in the scanning electron microscope. The spectra were obtained with a EDAX
PEGASUS energy-dispersion spectrometer installed in the microscope. The coatings thickness was measured using
images of transverse grinding of samples with coatings obtained by raster electron microscopy.

The phase composition of coatings was determined by X-ray diffractometry on DRON-4 in Cu-K,-radiation with
graphite monochromator by the Bragg-Brentano method. The analysis of substructural characteristics (the size of
coherent OCD scattering areas and the level of microstrain) was carried out using integral width of diffraction lines (the
Williamson-Hall method).

Macrostresses in the samples were determined by the sin*y method.

Microhardness of coatings was measured on a AFFRI DM-8 hardness tester by the micro-Vickers method at 50 g
indenter load. Values obtained by averaging data on 10 injections are given for each sample type.

Adhesion/cohesion strength of coatings was determined by sclerometry using a Revetest scratch tester (CSM
Instruments). The tests recorded changes in the coefficient of friction and acoustic emission at the growth of the
scraping load, as well as recorded the main critical loads: L¢; - formation of the first chevron crack at the bottom and
diagonal cracks at the scratch edges; L, - groups of chevron cracks at the scratch bottom; L¢; - local peeling of coating
after formation of set of chevron cracks at the scratch bottom; L., - cohesive-adhesive destruction of coating;
L¢s - plastic abrasion of coating to the substrate [9, 10]. Critical load L¢s leading to coating failure was taken as a
criterion of adhesive strength. Two scratches were made on each sample to increase data reliability and reliability of
results.

RESULTS AND DISCUSSION

The electron-microscopic research and analysis of the morphology of the substrate surface after the gas discharge
treatment (Fig. 1a) and the coating surface (Fig. 1b) show that the surface is quite smooth, but both the defect level and
the share/fraction of the droplet component on it are quite high.

The presence of the coating droplet fraction and cathode macroparticles on the surface is typical for the majority of
condensates obtained from non-separated plasma flows by the vacuum-arc deposition method. In addition to the droplet
component, there is a small number of macroparticles on the surface that locally distort the layered geometry of the
coating.

The analysis of elemental composition of coatings (Fig. 2, Table 2) showed the presence of evaporable cathodes
(Cr, Ti, Al, Si, Y) and nitrogen (reaction gas in the chamber during coating deposition) in all samples of the initial
elements. The content of elements in the coating differs greatly from the content of elements in the sputtering cathodes.
This is due to a significant difference in the partial pressures of the elements vaporized from the cathodes and the
degree of their dispersion, as well as different characteristics of the interaction of the substrate surface with different
plasma flow particles.
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a
Figure 1. Surface morphology of sample series 1: a) after treatment in a gas discharge b) after coating formation

1.0 20 3.0 40 50 keV

Figure 2. Section of energy dispersion spectrum of coatings

Table 2.
Elemental composition of coatings (TiAlSiY)N/CrN according to EDA data

Series Contents of elements, at. %

No. N | Ti | Al | Cr | si | Y
279 | 365 | 79 | 267 | 07 | 03
286 | 364 | 85 | 251 | 08 | 06
202 | 322 | 86 | 292 | 07 | o1
276 | 368 | 77 | 27.0 | 07 | 02

Al [ —

The analysis of the results obtained for the elemental composition of coatings (see Table 2) shows that the element
concentration in coatings substantially depends on the energy of the plasma flow particles.

The analysis of diffraction spectra (Fig. 3) shows that formation of phases with cubic (GCC) crystal lattice in both
layers of multilayer coatings is typical for the obtained coatings.
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Figure 3. TiAISiYN/CrN coating diffraction spectrum section

It should be noted that the formation of multielement GCC structures in nitride coatings is confirmed by many
researchers [11, 12]. The analysis of publications suggests that for such materials, the formation of a single-phase solid
solution of complex multi-element nitride phase is energetically more favourable than the formation of a number of
separate coexisting simple nitrides.

According to the X-ray data in the nitride layers based on a TiAISiY alloy, a disordered solid solution (TiAISiY)N
with a crystal lattice of the structural type NaCl and chromium mononitride CrN were registered. The analysis of X-ray
line intensities points to the presence of a strong texture (111) in the multi-element CrN nitride and chromium nitride —
the grains of these phases are mainly oriented in such a way that their crystallographic planes (111) are parallel to the
sample surface. The lattice parameter of the nitride multi-component phase is 0.4241 nm. The macrostress level reaches
0@ = — 5.39 GPa. The calculation of substructural properties of this phase shows that the size of OCD is 14.6 nm with a
significant level of microstrain — up to 5.81-107. The parameter of the CrN chromium mononitride lattice is 0.4161 nm,
but the substructural properties of this phase could not be determined.

The determination of macrostresses was carried out along the main phase lines (TiAISiY)N on the assumption that
the diffraction lines intensity in the precision region was sufficient. The calculation was based on a number of
assumptions. Firstly, since the values of Poisson's coefficient v and Young’s E modulus for the (TiAlSiY)N phase could
not be found in reported scientific sources, these values for the phase TiAIN: v = 0.25 and E = 378 GPa [1] were used.
Secondly, for textured samples, the anisotropy of the Young’s modulus was not taken into account [13]. In this case, the
similarity of structural states in the nitride interlayers based on the TiAlSiY alloy and nitrides of transition metals of
Group VI (close ratio of the formed preferential orientations of crystallites in the interlayers) indicates the interrelation
of the structures of the layers during their growth.

Hardness is known to be one of the most important mechanical properties. The results of microhardness
measurements of coatings are given in Table 3.

Table 3.
Microhardness of coatings (TiAISiY)N/CrN
Series No. 1 2 3 4
H,, GPa 36.5 30.0 31.1 34.4

However, apart from high hardness combined with sufficient viscosity, the material of nanocomposite coatings
must have high adhesive strength.

The determination of the adhesion indices of coatings and analysis of the process of their destruction were carried
out on the basis of data from scratch testing of samples in a mode of continuous linear increase in load on the indenter
while its simultaneous linear movement on the sample surface. Fig. 4 presents diagrams of changes in amplitude of
acoustic emission (the blue curve), friction coefficient (the red curve) and microphotographs of the surface of
(TiAISiY)N/CrN plasma coatings in samples of Series 1 and 2 at different stages of indenter loading (left pictures — at
loading L, right pictures — at loading L¢s respectively).

For the sample of Series 1 (see Table 1) the comparative analysis of structural features of a scratch allows to
conclude that at loading less than 21.5 N (L(;) the indenter leaves practically no traces on the coating. At high loads,
both chevron cracks at the bottom of a scratch and diagonal cracks begin to appear. This is due to the presence of
defects on the surface of the coating, as well as in the volume of vacuum-arc coating. When diagonal cracks close along
the banks of a scratch, the detachment of individual scales is observed. The formation of such cracks is accompanied by
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a monotonic increase in the friction coefficient up to 0.42. At 188.6 N (L(s) load, the indenter reaches the substrate at
the bottom of the scratch.

For the sample of Series 2, the level of L; was 21.7 N and L¢s — 150.1 N, respectively. The analysis of coating
failure on this sample shows that the initial stage of failure is due to both surface and volume defects.

Interestingly, at the initial stages of loading (approximately to the value of L.;) almost no acoustic emission
signals are registered, although the adhesion of the indenter with the surface of the sample is growing. This confirms an
increase in friction coefficient to the values of 0.3-0.36, which is close to a linear increase. With a further increase in the
load on the indenter, signals of acoustic emission are registered, but their level and intensity is relatively small, which
indicates the absence of active cracking in coatings.
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Figure 4. Scratch testing data of coatings (TiAlSiY)N/CrN obtained from straight-flow plasma beam
a — Series 1, loads 21.5 N (L¢;) and 188.6 N (Ls); b — Series 2, loads 21.7 N (L¢;); 150.1 N (L¢s)
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Table 4.
Average values of critical loads at different stages of coating destruction (TiAISiY)N/CrN
Series Le N
No. 1 2 3 4 S

1 21.5 28.6 40.9 122.0 | 188.6
2 21.7 41.3 52.8 85.1 150.1
3 21.8 27.5 44.5 69.8 180.9
4 22.9 28.2 39.0 78.8 186.4

The comparative analysis of coating destruction shows that the coatings wears out but do not peel off during
scratching, i.e. they are destroyed by the cohesive mechanism associated with plastic deformation and formation of
fatigue cracks in the coating material [13]. Differences in the adhesive strength of coatings are due to both mechanical
interaction of the indent with the surface, which is influenced by the roughness of the contact surfaces, and physical and
chemical interatomic interaction on the boundary of contacting bodies.

The analysis of sclerometry data confirms a positive effect of the chromium sublayer on the properties of coatings,
which have a sufficiently high level of adhesive strength (Table 4) and an acceptable hardness (Table 3).

All obtained coatings have, on the one hand, a rather low coefficient of friction (maximum p = 0.42 - 0.48 at high
loads) determined by a low value of shear resistance. On the other hand, they have a sufficiently high hardness and
strength of the surface layer, which determine resistance to mechanical destruction and wearing.

An essentially narrower spread in values of the coefficient of friction at loads > L¢3 in the Series 1 coating with a
chrome sublayer (Fig. 4, a) in comparison with similar properties of the Series 2 coating without a sublayer (Fig. 4, b)
also confirms a positive influence of the chrome layer on the homogeneity and quality of the coating surface.

CONCLUSIONS

It is typical for all (TiAlSiY)N/CrN type coatings obtained by vacuum-arc deposition to have phases with cubic
(GCC) crystal lattice formed in both layers of multilayer coatings. Compressive stresses 6o = - 5.39 GPa have been
recorded in (TiAlSiY)N layers. The lattice parameter of this phase is 0.4241 nm, which slightly exceeds the lattice
parameter of chromium mononitride CrN (0.4161 nm).

The coatings formed on substrates with pre-deposited chromium sublayer have higher hardness (H = 36.5 GPa)
compared to similar samples without such a sublayer (H = 30.0 GPa). The presence of the chromium layer also
contributes to the adhesion strength of (TiAlSiY)N/CrN coatings on substrates made of X18H10T steel. Critical values
of fracture load for coatings with a chromium sublayer reach Lcs = 188.6 N, and without a chromium
sublayer - L¢s = 150.1 N.

The obtained coatings have a relatively low of friction coefficient (at high loads Ly, = 0.42 - 0.48), high hardness
and strength.
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[pexncraBneni pe3yabTaTH AOCTIIPKEHb 0araTOKOMIIOHEHTHUX HaHOCTPYKTypHHX MOKpHTTIB THITy (TiAISiY)N/CrN. Buueno Brums
pi3HMX BapiaHTIiB IonepenHpol MiATOTOBKHM MOBEpXHI MiAKIAJUMHOK Ha aare3idHy MiLHICTh i TBepaicTh mokpurtiB. [TonepenHio
00poOKy 3pa3KiB MPOBOMMIM B IIa3Mi JBOCTYIICHEBOTO Ia30BOTO PO3PsLY 3a Pi3HUMHU TeXHOJIOriyHMMH cxeMamu. KpiM ioHHO-
IJIA3MOBOTO OYMIIEHHS Ha YaCTHUHY 3pasKiB IONEPEAHbO NPOTArOM 5 XBWIMH HAMMIIOBAIM migmap xpomy. ITokputrs dpopmysanu
METO/IOM BaKyyMHO-IyTOBOTO OCaKCHHS IPH OJHOYACHOMY PO3MMJICHHI JBOX KaToAiB-MmimieHei. OIMH KaToJ BUTOTOBJICHHIT 3
XpoMy, a iHmmA — 3 GaraTokommoHeHTHOro ciuiaBy Ti — Al — Si — Y, oTpuMaHOro BaKyyMHO-IyTrOBUM MEpEIIaBOM CyMiIli
MOPOIIKIB 3a3HAYEHHWX eJEeMEHTIB. [IOKpHUTTS ocamkyBadW Ha IOJIPOBaHI MiKIAJUHKH 3 HEPXKaBiIoWOl CTaili MpH HETaTHBHUX
noreHmianax 3mimeHHs 280 B. T'eomerpis ycraHOBKM 1 i €leMEHTIB, a TaKOX TEXHOJOTIYHI XapaKTEPUCTHKH IIPOIECIB
BUIAPOBYBaHHs-KOHJeH ANl Oynu mimiOpaHi Tak, IO NPHM HIBUAKOCTI oOepTaHHs 3pas3kiB 8 00epTiB 3a XBWIMHY (OpMyBaHHS
MIOKPHTTS 3araJIbHOI0 TOBLIMHOIO 01M3bK0 9,0 MKM BinOyBasiocst mpu6ian3HO 3a 60 XBUIIMH. AHaJIi3 €IEeMEHTHOTO CKJIaJy HOKPUTTIB
MOKa3aB, L0 BMICT €JIEMEHTIB B MOKPUTTI 3HAYHO PI3HHUTCS IMOPIBHSIHO 3 BMICTOM IIMX €JIEMEHTIB Yy PO3MOPOIICHHUX KaTo/AaX.
PenrreniBcpka qupakToMeTpis mokasana, 10 Ul BCiX PEeXKUMIB OCADKEHHS XapakTepHUM € yTBopeHHs ¢a3 3 kybiunnmu (I'TIK)
KPHUCTATIYHUMU IpaTaMH B 000X (ha3HUX Mpolapkax 0araTomapoBHX MOKPHUTTIB. Y mpourapkax, chOpMOBaHUX MPU PO3MUIIOBAHHI
crutaBy TiAlSiY, 3adikcoBano OaratoeneMeHTHHH HeBmopsakoBaHuii TBepauid po3uuH (TiAlSiY)N 3 kpucTamiYHUMH TpaTaMu
crpykrypHoro tumy NaCl i mapamerpom 0,4241 M, a Takok MoHOHITpuA xpomy CrN 3 mapamerpom 1patiB 0,4161 HM.
Bcranosneno, mo nonepeaHe GpopMyBaHHS MiAMIApy XpOMy Ha MiJKJIAJUHIN NPU3BOJUTH OO CYTTEBOI 3MiHH aAre3iHOI MIITHOCTI
0araTOKOMIIOHEHTHOTO OKPHUTTS y HOPIiBHSHHI 3 HOKPUTTSAM 0e3 mmiamapy.
KJIIOUOBI CJIOBA: 6araToOKOMIOHEHTHI HITPHIHI NOKPHUTTS, iOHHa 0OpoOKa, MiATOTOBKAa IIOBEPXHi, aAre3iiiHa MIIHICTB,
TBEPAICTH

BJMSIHUE IIPEJIBAPUTEJIbHON OBPABOTKHA IOBEPXHOCTHU HA AJITE3MOHHY IO IIPOYHOCTD
MHOI'OKOMIIOHEHTHBIX BAKYYMHO-AYTI'OBbIX IIOKPBITHUIA
C.B. JIutosuenxo®, B.M. Bepecues®, C.A. Knnvenko®, B.A. Maznauu®, M.T'. Kosanea®, A.C. Manoxun®, JI.B. Topox®,
H.B. Kosoanii®, B.YO. Hoeukos®, B.A. Cron6oBoii™’, U.B. lomeuknna®, O.B. nyxos
“Xaporosckuil nayuonanvhwill ynueepcumem umenu B.H. Kapasuna, ni. Ceoboovl, 4, 61022, 2. Xapwros, Ykpauna
b Unemumym ceepxmeepovix mamepuanos um. B.H. Baxyna HAH Yipaunvi, yn Asmosasoockas, 2, 04074, 2. Kues, Ykpauna
“Benzopodckuil 20cy0apcmeenblil HAYUOHALbHbLIL UCCIedosamenvekull ynueepcumem, yi. Io6eow, 85, 3080135, 2. Benzopoo, Poccust
Hayuonanshbiii nayunbiti yenmp «Xapokosckuti usuko-mexuuueckuil uncmumymy, yi. Axademuueckas, 1, 61108, 2. Xapwros, Yipauna
“XapoKko6ckuil HaYUOHANLHBIL ABMOMOOUNLHO-00POJICHbLI YHUGepcumem, yi. Apociasa Myopoeo, 25, 61002, 2. Xapvkos, Ykpauna
fXapbKoecxuﬁ HAYUOHANbHYII YHUSepcumem paouodnekmponuxu, npocnekm Hayxu, 14, 61166, 2. Xapvkos, Ykpauna
[pencraBneHsl pe3ysbTaThl UCCISJOBAHUI MHOTOKOMIIOHEHTHBIX HAaHOCTPYKTYpHBIX MOKpbITHH THna (TiAlSiY)N/CrN. Usyueno
BIIMSIHUE PA3JIMYHBIX BapUAHTOB MPE/IBAPUTEIILHON MOrOTOBKU MOBEPXHOCTU MOIJIOKEK Ha aJre3MOHHYIO NPOYHOCTh U TBEPAOCTD
nokpbiTuil. IIpeaBapurensHyto 06paboTKy 00pa3IoB MIPOBOIMIM B IIa3Me JABYXCTYHNEHYATOTO ra3oBOTO pas3psiia MO PazIUdHBIM
TEXHOJIIOTHYEeCKHM cxeMaM. KpoMe HOHHO-TIIa3MEeHHON OYHCTKU Ha 4acTh 00OPa3IOB MPEIBAPUTEIBHO B T€UEHNE 5 MUHYT HANBUIAIN
noacinoi xpoma. IToxpsiTus GopMHPOBANTNCH METOAOM BAaKyyMHO-IYTOBOTO OCAKACHMS IPU OTHOBPEMEHHOM PACHBUICHHH ABYX
KaTonoB-MumIcHe. OWH KaTo U3TOTOBJICH U3 XPOMa, a IPYToi — U3 MHOTOKOMITOHEHTHOTO ciutaBa Ti — Al — Si — Y, momydeHHOTO
BaKyyMHO-IYTOBBIM II€PEIIaBOM CMECH ITOPOIIKOB YKa3aHHBIX JIeMEHTOB. [IOKpBITHS Oca)kJaiy Ha ITOJIMPOBAHHEIE TTOJUIOKKH U3
HeprKaBeIoIlell CTalM NpH OTPUNATENbHBIX NoTeHIuanax cMemienus 280 B. 'eomeTpusi ycTaHOBKM M €€ JJICMEHTOB, a TaKKe
TEXHOJIOTHYECKHE XapaKTePHCTHKU MPOLIECCOB MCHAPEHHs — KOHJEHCALMM ObUIM MOJOOpaHbI Tak, YTO MPU CKOPOCTH BPAILCHHUS
00pasioB 8 000pOTOB B MHHYTY (HOPMHUPOBAHUC MOKPBITHS OOIIEH TONIMIMHONW OKOJO 9,0 MKM MPOUCXOIMIO MPHOIU3UTEIBHO 32
60 MUHYT. AHaIU3 3JIEMEHTHOTO COCTaBa MOKPBHITUH MOKa3aj, 4TO COAEP)KAHUE DIEMEHTOB B MOKPHITUM CHJIBHO OTIMYAETCS OT
COJIEpKaHHs 3JIEMEHTOB B PACHBUICHHBIX KaToaX. PeHTreHoBcKas Au(pakTOMETpHs MOKa3ana, 4To ISl BCEX PEKUMOB OCAXKICHUS
xapakTepHo obOpaszoBanue (a3 ¢ kyomueckoil (I'LIK) kpuctamumdeckoi pemeTkoil B 00enx (pasHBIX MPOCIOHKaX MHOTOCIOHHBIX
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MOKpbITHiL. B mpocnoiikax, cdopmMupoBaHHBIX Ipu pacobuieHun cmotaBa  TiAlSiY, ompenesnseTcs MHOTO3JIEMEHTHBIN
HeynopsodeHHblid TBepablit pactBop (TiAlSiY)N ¢ kpucTamindeckoi peurerkoit ctpykrypHoro tina NaCl u mapaMeTpoM pemeTku
0,4241 uM, a Takke MoHoHHTpuUA Xxpoma CrN c mapamerpoMm pemetkn 0,4161 HM. YcTaHOBIIEHO, 4YTO IpeIBapUTEIbHOE
(dopMupoBaHHE MOACIOS XpOMa Ha TOMNOXKKE MPUBOANT K CYIIECTBEHHOMY W3MEHEHHIO aJTe3HMOHHOH IPOYHOCTH
MHOTOKOMITOHEHTHOTO TTOKPBITHUS 10 CPABHEHHUIO C MMOKPBITHEM 0€3 MOJCTOSL.

KJIIOYEBBIE CJIOBA: MHOrOKOMIIOHEHTHBIE HHTpPHUIHBIE IIOKPBHITHS, HOHHAs 00paOoTKa, IIOArOTOBKA ITOBEPXHOCTH,
aJire3UOHHAs! IPOYHOCTD, TBEPAOCTD
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The process of forming the cohesive strength of PCM is associated with a decrease in its volume. If there is no mechanical impact on
the material, then this process is called shrinkage. Shrinkage occurs during cooling, when the solvent evaporates and during
structuring. The free shrinkage of the PCM is hindered by its adhesive bond with the surface of the product, which is filled with a
polymer compound, as a result of which more or less shrinkage stresses develop in the PCM over time. In addition to the latter in the
PCM there are thermal internal stresses. Their occurrence is due to the combination of different materials in PCM, which differ
significantly in the coefficients of thermal expansion. An effective way to reduce internal stresses is to add to the composition of
PCM various fillers and plasticizers, what improves the relaxation properties of PCM. The aim of this work was to study the
influence of different methods of structuring (polymerization), i.e. by convection and in the field of high frequency currents of epoxy,
acrylic and epoxyacrylic PCM. The study of the emerging internal stresses, both shrinkage and temperature, was performed by the
method of digital strain gauge, which allows not only to record the final level of residual stresses, but to monitor it in the process of
structuring. The studies have shown that a more effective method of structuring is the process of structuring in the field of high-
frequency current, which reduces residual stresses, increases the modulus of elasticity and forcing temperature of the studied
compounds, what increases the strength and performance properties of PCM, and significantly reduces structuring time, providing
uniform heating over the whole volume of PCM. It is recommended to use the obtained data in various industries related to the
process of gluing and sealing both homogeneous and heterogeneous materials, as well as PCM products

KEYWORDS: internal stress, shrinkage, curing, high frequency current field, polymer composite material

Residual stresses arising in a polymer composite material (PCM) at curing (structuring), and the relaxation
processes, occurring at the same time, affect the strength of PCM and often determine time variation in their operational
and technological properties. The reasons for the residual stresses occurrence are: presence of temperature gradients,
difference in the coefficients of thermal linear expansion of PCM components, manifestation of shrinkage, occurrence
of microcracks, method and mode of curing, and some other factors [1-3].

The magnitude of the residual stresses and the rate of their development depend on the nature of the binder, and
fillers, plasticizers and other components contained in it.

Besides, the temperature-time method of structuring or polymerization of PCM is extremely important for the
residual stresses occurrence [4-5].

The occurrence of the residual stresses is caused by the incompleteness of relaxation processes in the PCM.
Therefore, the problem of the occurrence and reduction of residual stresses is of great practical importance.

The purpose of this work is to study the level of the residual stresses in epoxy, acrylic and epoxy-acrylic
compositions with different structuring methods applied: by convection heating and structuring in the field of high-
frequency currents.

TEST METHODS

To prepare PCM the following materials were used: Epoxy oligomer of ED-20 grade, GOST 10587, dibutyl ester
of phthalic acid (DBP) GOST 8728 was used as a plasticizer. Oligoester acrylate MGP-9 (Specification 6-01-450) was
used as a modifying agent. Distilled polyethylene polyamine (PEPA) (Specification 6-02-594) was used as a curing
agent. The content of the curing agent in the PCM made 10-15% of the oligomer weight. The low-level amine curing
agent dicyanoethyldiethylenetriamine UP-0633 (Specification 6-05-1803) was used as a diluter.

AST-T plastic (Specification 64-2-226) was used as a binder for the acrylic composite materials. The curing time
of the AST-T plastic at the temperature of 20 + 0.5 °C ranges from 60 to 90 minutes.

Molybdenum disulfide (Specification 48-19-133), aluminum oxide (Interregional Specification 6-092046), and
talc (Specification 2-036707) were used as dispersed fillers.

The content of the compositions investigated are shown in Table 1.

In the course of investigation, a comparative assessment of two methods of structuring (polymerization) — by
convection, i.e. heating the compositions under study in the oven, and by curing these compositions in the field of high-
frequency currents (HFC) was carried out. For this purpose, a high-frequency device HFD 2-2.5/81 was used, whose
basic technical characteristics are given in Table 2.
© H.M. Cherkashina, V.L. Avramenko, O.H. Karandashov, 2020
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Table 1.
Content of the compositions under study
Component Amount, weight %
Composition

1 2 3 4 5 6 7 8 9 10 11 12
ED-20 100 100 100 100 100 100 100 100 100 100 100 100
PEPA 10 10 10 10 10 10 10 10 10 10 10
Dibutylphthalat 10 10 10 10 10 10 10
UP-0633 30 20
MGP-9 20 20 20 20
AST-T
CE-6
MoS, 20 20
Talc 25 25
ALO; 30 30

Table 2.
Technical characteristics of the HFD 2-2.5/81 unit

Parameter name Norm
Oscillatory power, kW 2.5+0.25
Operating frequency, MHz 81.36+0.8136
Rated supply voltage, V 380/220
Weight of the heated material, kg 0.25+0.6
Anode current, A 0.7+0.3
Grid current, A 0.2+0.3
Generating lamp filament voltage, V 6.0+£0.3
Anode voltage, kV 5.0+0.25

Standard samples were made of the compositions under study by free pouring into open metal molds.

Combining all the components, included into the composition, was carried out in polyethylene containers, with
pre-dosing them by weight or volumetric method. In case the samples were made on the bases of an epoxy oligomer,
the polymer mass, which before its pouring was thoroughly stirred and evacuated for 10-15 minutes to remove air
bubbles, then was poured into metal molds, pre-treated with an anti-adhesive composition (10% solution of HSR rubber
in toluene). When pouring samples made of acrylic and mixed compositions, the combined components, polymer and
monomer, were previously brought to swelling for 10-20 minutes to the state of the required viscosity, after which they
were poured into the molds treated with the above-mentioned separable composition.

The PCM samples, based on epoxydiane oligomer, were structured by convection in an oven at 100 °C for 2
hours; the samples, based on acrylic oligomer, were cured at room temperature (20 + 2) °C for 60-90 minutes.

When the PCM samples, based on an epoxy oligomer and acrylic polymer were cured in the field of HFC, they
were cured in the optimal mode calculated according to a standard computer program.

RESEARCH METHODS

The physical and mechanical properties of epoxy and acrylic PCM specimens were determined by standard and
laboratory methods, which are described in [6].

To measure stresses, the wire strain gauge method was used [7-9]. This method was used both to determine the
residual stresses at various points of the compound and to measure the contact pressure.

To measure the contact pressure, a thin-walled metal cylinder was used, on whose inner surface wire strain gauges
were bonded to measure axial and circumferential deformations, what allowed to control the uniformity of shrinkage
deformations in the compounds. The cylinder with the bonded strain gauges was put into the mold. Then the model of
the tested compounds was molded so that it formed a uniform layer of a given thickness around the cylinder and did not
get inside the cylinder. In the course of curing the compound in the curing chamber, some residual stresses in the
samples occur, which deform the cylinder. The cylinder deformation and, hence, the forces that caused it were
determined by the magnitude of the change in the resistance of the strain gauges.

In the tested mold the metal cylinder relative deformation, caused by contact pressure, was determined by the
formula for calculating the deformation of a thin-walled cylinder loaded with a uniformly distributed external load:

E= Lr -(l—ﬁj ,
E-A r

where: ¢ - relative circumferential deformation of the cylinder;




129
Investigation of the Effect of Structuring Methods on the Change in Residul Stresses... EEJP. 4 (2020)

P - contact pressure of the compound, N/m?;

Eelast - modulus of elasticity of the cylinder material, N/m?;
A - cylinder wall thickness, mm;

r - cylinder mean radius, mm,;

1 - Poisson's ratio.

To measure the contact pressure, the wire strain gauges of the FCL-15-200 type on a film base with the nominal
grid resistance of 200 Ohm and the base of 15 mm, and the recommended AC bridge circuit with an electronic amplifier
were used.

After the cylinder with the bonded strain gauges was prepared, it was installed into the mold with pre-lubricated
lower end of the cylinder with a sealant to prevent compound leakage, and the mold was filled with PCM.

The contact pressure was calculated using the formula:

P=647AR

AR = (Dz—D[)

where D» is the pressure of the unloaded cylinder;

D, - pressure of the loaded cylinder filled with compound;
6.47 - the coefficient for the cylinder.

The same method was used to determine the residual stresses in the compounds in the process of structuring

(polymerization) in the HFC generator.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

The residual stresses, arising in a polymer material at curing, and the relaxation processes, which occur in this
case, affect the PCM strength and so often determine the time variation of their operational properties. The reasons for
the occurrence of residual stresses are: presence of temperature gradients, the difference in the coefficients of thermal
expansion of PCM components, manifestation of shrinkage, occurrence of microcracks, method and mode of curing,
and others [10-13].

The magnitude of the residual stresses and the rate of their development depend on the nature of the binder, on the
fillers, plasticizers and other components introduced into it. Besides, the temperature-time regime of structuring or
polymerization of PCMs is extremely important for the occurrence of the residual stresses [14-17]. The occurrence of
residual stresses is caused by the incompleteness of relaxation processes in the PCM. Therefore, the problem of the
occurrence and reduction of the residual stresses is of great practical importance [18-23].

The residual stresses in PCMs, cured in the field of high frequency current and by the method of convection
heating, were investigated. The nature of structural transformations and the degree of the relaxation processes
completion are significantly influenced by the method of curing. Thus, the use of HFC for the formation of PCM
products allows to carry out uniform curing over the thickness of the material and to obtain PCM with a homogeneous
ordered structure.

Figures 1, 2 present the kinetics of the residual stresses formation in the process of convection curing with a
smooth rise in temperature for 2 hours, in the field of high frequency current — for 180 seconds.

e ED-20+PEPA —fi—ED-20+PEPA+DBP
== ED-20+UP-0633 === ED-20+PEPA+IMGP-9
P, MPa =fe= AST-T ——CE-6

20

-15

Figure 1. Kinetics of the residual stresses formation in the process of curing by the convection method

When the cured compound is heated, two competing processes occur: a decrease in the system viscosity, which
causes a decrease in the residual stresses, and the cross-linking process. The residual stresses will decrease to the point
of gel, after which the cross-linking process, which causes a uniform increase in the residual stresses, begins to prevail.
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As the figures show, the gel point of epoxy compounds, cured by the convection method, occurs in the temperature
range from 60 °C to 90 °C, subject to the compound composition. When the compounds are cured with a highly active
curing agent PEPA, gelation occurs at a lower temperature, than when they are cured with a low-active curing agent
UP-06331In the presence of the incompatible DBP plasticizer, the gelation process starts at the temperature 10 °C higher,
than with the unplasticized compound. The residual stresses, after completion of the curing process for compounds
cured in the HFC field, is 11-10 MPa lower than for those, cured by the convection method. With participation of the
MGP-9 modifier, the temperature range of gelation is 42-31% narrower than that for the unplasticized compound, and is
shifted towards lower temperatures by 18 °C. The gelation process in the compounds cured with UP-0633 starts, as it
has been expected, at the highest temperature.

—e—ED 20+PEPA —B—:D 20+PEPA+DBP
e )-20+UP-0633 == D-24PEPA+MGP-Y
P, MPa i AST-T —o—CE-6

10

Figure 2. Kinetics of the residual stresses formation in the process of curing in the field of high frequency current

The considered results show that almost all the compounds, based on oligomer of ED-20 grade, were cured under
the optimum temperature conditions, which were close to T,. The exception makes the compound with MGP-9, whose
curing temperature and T, are somewhat different, what is undesirable. In the course of curing in HFC, the gelation
point for all the compounds occurs at lower temperatures, although the process itself proceeds in approximately the
same temperature range as for the compounds cured by the convection method, but is shifted towards temperatures
lower by 20-25 °C. This fact can be attributed to a more uniform distribution of the temperature field at PCM curing in
the high frequency current. The residual stresses after the curing process completion, as can be seen from Table 3, for
all the compounds without exception, cured in HFC field, are significantly lower than for those, cured by the convection
method.

Table 3.
Characteristics of the epoxy compounds residual stresses change in the process of curing
Compound composition Ginit, Onmin, Omaxs Aoci- A o= Gelation | Gelation
MPa MPA MPa Zinit-Omin, | Zmax-Omin, | temperat | completion
MPa MPa ure, °C temperature,
°C

ED-20+PEPA 2.0/1.0 | -3.8/-4.0 5.8/6.0 | 5.8/6.0 9.6/10.0 | 45/45 70/53
ED-20+ PEPA +Mo,S 1.1/1.0 | -3.2/-2.6 6.1/6.2 | 43/3.6 9.3/8.8 45/43 72/48
ED-20+ PEPA +talc 1.1/1.3 | -3.5/-3.3 7.2/4.8 | 4.3/3.6 10.7/8.1 45/50 63/50
ED-20+ PEPA + Al,O3 0.8/1.1 | -4.8/-1.5 4.8/34 | 5.6/2.6 9.6/4.9 45/43 63/53
ED-20+ PEPA+DBP 2.5/09 | -4.8/-3.9 12.1/6. | 7.0/4.8 14.6/10.0 | 50/43 65/55

1
ED-20+ PEPA +DBP+ | 2.8/0.5 | -4.5/-5.0 9.9/5.3 | 7.4/5.5 14.5/10.3 | 55/46 70/54
Mo,S
ED-20+PEPA+DBP +talc 1.3/1.0 | -5.1/-1.3 11.5/3. | 6.4/2.3 16.6/4.8 55/42 65/52

5
ED-20+PEPA+DBP+ Al,O; | 1.4/0.9 | -3.4/-3.3 8.1/2.5 | 4.8/4.2 11.5/5.8 60/43 70/43
ED-20+PEPA-+MGP-9 0.5/0.9 | -6.3/-8.0 9.2/59 | 6.8/8.9 15.2/13.9 | 50/42 78/55
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Compound composition Ginit, Gmins Omax» A o= A o= Gelation | Gelation
MPa MPA MPa Zinit-Omin, | Zmax-Omin, | temperat | completion
MPa MPa ure, °C temperature,
°C
ED-20+ PEPA + MGP- | 1.0/0.8 | -6.2/-6.1 7.8/6.8 | 7.2/6.9 14.0/12.8 | 45/42 68/65
9+MOQS
ED-20+ PEPA + MGP-| 1.3/1.1 | -4.9/-3.9 11.2/5. | 6.2/4.0 16.1/9.5 53/45 79/75
9+talc 6
ED-20+ PEPA + MGP-9+ | 1.8/1.0 | -3.8/-3.8 6.0/4.6 | 5.6/4.8 9.8/8.4 70/45 85/60
ALO;
ED-20+UP-0633 1.2/1.2 | -9.3/-10.0 6.5/43 | 10.5/11.2 | 15.8/14.3 | 51/40 72/65
ED-20+UP-0633+Mo,S 1.3/1.0 | -11.0/-6.3 5.6/2.9 | 12.3/7.2 15.6/9.2 | 48/45 63/63
ED-20+UP-0633+talc 1.1/1.1 | -12.2/-10.5 | 7.1/9.0 | 13.3/11.6 | 19.3/16.5 | 68/49 65/70
ED-20+UP-0633+A1,05 1.2/0.8 | -5.5/-7.0 4224 |6.7/7.8 9.7/9.4 59/52 85/70

For acrylic compositions (Figure 1, 2), cured both by the convection method and in the field of HFC, a slightly
different nature of the residual stresses formation in the process of curing is observed. The residual stresses transition to
the negative region for AST-T and CE-6 is 0.5 MPA and 0.6 MPA at convection heating, and 1.0 MPa and 1.9 MPa in
the HFC field, respectively. For epoxy polymers, the residual stresses range from 5.5 MPa to 9.2 MPa. This indicates,
that the segmental mobility of the acrylic polymers is limited as compared to the epoxy PCMs. This fact is confirmed by
the dynamic mechanical characteristics, from which it can be seen, that the value of the modulus G" in the glassy state is
1.11-1.61% higher, than that of epoxy compounds, cured by PEPA. The glass transition temperature difference is 25 °C.
The residual stresses of epoxyacrylic composition CE-6, cured by the convection method, are higher than those of
epoxy PCMs, and when cured in high-frequency current, the residual stresses decrease and make 2.2 MPa. Thus, the
residual stresses magnitude depends on the rate of relaxation processes, which, in turn, is determined by the degree of
curing and the polymer structure, the presence and nature of the plasticizer, and the conditions for the formation of a
three-dimensional polymer lattice.

Subsequently, the following fillers were introduced into the investigated binders: aluminum oxide, molybdenum
disulfide, and talc. In the filled PCMs, the value of the residual stresses depends on the size and concentration of the
filler particles, on the differences in the physical properties of the polymer and filler, and on their interaction. The role
of relaxation phenomena in the presence of the fillers, which affect the strength of PCM and often determine the time
variations in their performance properties, should be especially emphasized. This is caused by the fact, that the residual
stresses are formed in PCM due to the shrinkage of the polymer during its structuring, and due to the external impacts.

As Table 3 shows, the fillers have an ambiguous effect on the residual stresses in the epoxy compounds with
PEPA, cured by the convection method. In PCM with aluminum oxide they decrease by 15%, while in PCM with talc,
on the contrary, they grow to 23%. The fillers did not significantly affect the nature of the kinetics of the curing process.
When the compounds were cured in HFC, the fillers had a more significant effect on the relaxation processes during
crosslinking, as well as in the cured state. This especially becomes apparent, when aluminum oxide is used in the
compounds, in which the residual stresses decreased by 45%. The width of the a-relaxation transition became 18%
narrower, although the temperature of the gelation point remained unchanged. When the compound was cured in HFC,
in contrast to the convection method, Talc also had a positive effect on the value of the residual stresses, although less
noticeable than that of aluminum oxide. In general, the value of the residual stresses in the solid-state compounds, cured
in the field of high-frequency current, is 50-60% lower, than that at the convection method of curing. The area of
gelation shifted towards the temperatures lower by 20-25 °C.

In general, all the compounds, cured with PEPA in the presence of DBP, both with fillers and without them, when
using the convection method of curing, have higher residual stresses, than the same compounds without a plasticizer.
When considering the effect of the filler, it can be seen, that in PCMs the aluminum oxide has a significant positive
effect on the nature of the formation and the magnitude of residual stresses; the residual stresses have decreased by
30%. Other fillers reduced the residual stresses, but less significantly, namely, molybdenum disulfide by 25%, and talc
by 15%.

For compounds with MGP-9, as well as for those with DBP, the aluminum oxide had the maximum effect on the
value of residual stresses. The residual stresses decreased by 11%, and Ao for the compounds, cured by the convection
method, made 9.8 MPa, and for those, cured in HFC, it was 8.4 MPa, what testified to a high degree of the compound
homogenization. Talc had the effect on the residual stresses formation process itself. This process proceeds in a
narrower temperature range, although the residual stresses slightly increased as compared to the process with the
unfilled composition, but the character of the curve slope indicates, that in the process of further structuring their value
decreased, what was confirmed by further investigations.

In the course of structuring in the HFC field, the residual stresses in compounds 1 and 3 are close in value, and the
width of the gelation region is narrower for the compounds with fillers, what confirms positive contribution of the fillers
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in the process of structuring. After the gelation process completion, the filled compounds, cured with UP-0633 by the
convection method, have residual stresses at approximately the same level as the compounds, cured with PEPA
containing DBP and MGP-9. For all the compounds, structured in the field of high frequency current, the value of
residual stresses is 40-50% lower. When the convection structuring method is used, the inhibitory effect of the fillers on
the curing process and on the formation of a three-dimensional structure is observed. In HFC field this influence is
ignored. It should be noted, that aluminum oxide behaves similarly both at the convection heating and when exposed to
HFC field. Molybdenum disulfide and talc do not change their effect. All mentioned above is illustrated by diagrams

(Figure 3-6).
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Figure 3. The effect of the filler on the kinetics of residual stresses formation in the process of structuring
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Figure 6. The effect of the filler on the kinetics of residual stresses formation in the process of structuring

For CE-6 compound, cured by the convection method and in HFC field, the best of the tested fillers is aluminum
oxide, which reduces the residual stresses by 43% and 51%, respectively (Fig.6)

Thus, it is shown that HFC has a positive effect on the curing process and on the formation of residual stresses,
both in unfilled and filled compounds. As a result, the performance properties of PCM, structured in the field of HFC,
are characterized by a higher level and higher stability as compared to the properties of PCM, cured by the convection
method [24-25].

CONCLUSIONS

1. A complex of researches on the effect of methods for structuring (polymerization) of epoxy, acrylic and
epoxyacrylic PCMs on the value of residual stresses, occurring in PCM during structuring by two different methods, i.e.
convection heating and structuring in the field of high-frequency current, was carried out.

2. It is shown, that structuring in the field of high-frequency current can significantly reduce the level of residual
stresses, what has a positive effect on the strength properties of the material and the degree of curing.

3. It has been established, that the HFC electric field has the same effect on the properties of the compounds under
study, irrespective of the polymer chemical nature, what is, apparently, due to the distribution of the electron density of
epoxy and acrylic polymers.

4. The nature of the relaxation processes in PCM, which are structured in the field of HFC, has been studied. An
increase in the dynamic modulus of elasticity and glass transition temperature for a number of PCMs, as compared to
the PCMs structured by the convection method, has been determinedThe increase in the dynamic modulus of elasticity
and glass transition temperature is associated with an increase in the frequency of the spatial lattice and, as a
consequence, an increase of the intermolecular interactionln this case, the level of the residual stresses in PCM,
structured in the HFC field, is lower as compared to the convection method, what allows to recommend this method for
formation of sealing and adhesive joints, due to the achievement of a stable complex of strength, plasticity, and
performance properties.
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JOC/NAKEHHS BIVIMBY CITIOCOBIB CTPYKTYPYBAHHS HA 3MIHY 3AJIMIIKOBUX HAIIPYT
B HOJIMEPHUX KOMIIO3UIIMHUX MATEPIAJIAX
.M. Yepkammuna, B.JI. ABpamenko, O.I'. Kapanapamos
Hayionanvnuii mexuiunuil ynisepcumem « XapxiecoKuil NOLIMexXHIYHULL IHCIMUmymy»
eyn. Kupnuuosa, 2, 61002, Xapkis, Yxpaina

Iponec popmyBanns xoremiiHoi MirtHocTi IIKM moB’si3anuii 31 3MeHIIEHHSM Horo 00’ eMy. SIKIIO pu bOMY BiICYTHI MeXaHIYHMI
BIUTUB Ha Marepiajl, TO TaKUi IpoIec Ha3UBAIOTh YCAAKOI0. YcaaKa Ma€e MiCIle IPH OXOJIO/KEHI, TIPH BUIIapOBYBAaHHI PO3YMHHMKA 1 B
mporieci CTpykTypyBanHs. Bimpriii ycaaui [TKM nepernikomkae Horo aare3iifHuil 38°s130K 3 TMOBEPXHEIO BUPOOY, IO 3aTUBAETHCS
MOJTIMEPHUM KOMITayH/IoM, B pe3yibrati yoro B [IKM 3 wacom po3BuBaeThCst Oinbin abo MeHII ycankoBi HampyxeHHs. Kpim
octannix, B [TIKM MaioTh Miclie TepMiuHi BHYTpilIHI HAMpyTH. [X BUHNKHEHHS 06yMOBIEHO MOEIHAHHAM Pi3HUX MaTepianis B TTKM,
SIKi 3HAYHO BiJPI3HSIOThCSA KoedillieHTaMu TepMiuHOro posimuperHs. EQexTuBHIM 3ac000M [Uisi 3HIKCHHS BHYTPILIHIX HAMpPYT €
nomaBaHHs 70 ckiany [IKM pi3HHX HamoBHIOBadiB 1 IacTH(iKaTOpiB, IO MOKpamlye penakcamiidHi BuactuBocTi [IKM. Metoro
nIaHol poOoTH OyIlo AOCIHiIKEHHS BIUIMBY Pi3HHX METOHIB CTPYKTYypyBaHHs (TIONiMepu3alii) — KOHBEKIIHHOTO 1 B TONI CTPYMiB
BHCOKOI YacTOTH ENOKCHJHHX, aKpWwiIoBHX Ta emnokciakpuiaoBux ITKM. JlocmipkeHHS BHHHKAIOUMX BHYTPINIHIX HAmpyr, SK
yCaJI0YHUX, TaK 1 TEMIIepaTypHUX IIPOBOAWIN METOIOM IHU(PPOBOI TEH30METPIi, sIKa JO3BOJISIE HEe TUTBKHU (DIKCYBaTH KiHI[EBHIl piBEeHb
3aJIMIIKOBUX HAIIPYT, aJe MiJCTiPKYBaTh HOro B MPOIECi CTPYKTYpyBaHHs. [IpoBeIeHUMH TOCIIIKEHHSIMH BCTAHOBIICHO, 110 O1TBIIT
e(eKTHBHUM METOJIOM CTPYKTYPYBaHHS € IPOIEC CTPYKTYPYBaHHS B IOJIi CTPYMY BHCOKOI YaCTOTH, SIKMH CIIPHSE 3HWKEHHIO PiBHS
32JIMLIKOBUX HAINpYT, MiJBUIICHHIO MOJYJIO IPYXKHOCTI 1 TEMIIEpaTypH CHIIyBaHHS JAOCIHIJDKCHHX KOMIIAyH[iB, LIO CIIpUs€e
ITIIBUILEHHIO KOMIUIEKCY MIIIHOCHHMX Ta eKCIUTyaTauiiiHux BiactuBoctedd ITIKM, a Takok 3Ha4HO CKOpOYY€E 4ac CTPYKTYpyBaHHS,
3a0e3mneuyoun piBHOMIpHHI HArpiB mo BckoMy 00’emy ITKM. OTpumMaHi gaHi peKOMEHIOBAaHO BUKOPHCTOBYBATH B PI3HHUX Taly3sX,
SIKi TIOB’s13aHi 3 MPOIIECOM CKJICIOBAHHS Ta T€PMETH3allii, IK OHOPITHHX, TaK 1 Pi3HOPIAHUX MaTepiatiB, a Takox BUpoOiB 3 [IKM.
KJIIOUOBI CJIOBA: BHyTpilIHE HalpyXeHHS, YCalka, CTPYKTYpyBaHHS, IIOJi€ CTPyMiB BHCOKOI YacTOTH, IOJTIMEpHHI
KOMITO3UIIHHAI MaTepiai

HUCCIEJOBAHUE BJIUSIHUS CIIOCOBOB CTPYKTYPUPOBAHUSI HA UBSMEHEHUE OCTATOYHBIX
HATIPSIKEHAM B HOJUMEPHBIX KOMITO3UILIMOHHBIX MATEPHAJIAX
A.H. Yepkammuna, B.JI. ABpamenko, O.I'. Kapanaamos
Hayuonanohwiii mexnuueckuil ynusepcumem «XapbKoScKull NOAUMeXHUHeCKutl UHCIMumymy
Va. Kupnuuosa, 2, 61002, Xapvkos, Ykpauna
Iponecc dopmupoBannst koresmoHHO# npounHoctn [IKM cBszan ¢ ymeHbIIeHMEM ero o0obema. Ecim mpu 3TOM OTCYTCTBYIOT
MeXaHMYEeCKOoe BO3IEHCTBHE Ha MaTepuall, TO TaKoil MHpoIlecC Ha3bIBAIOT yCaAKOH. YcaJka MMEeT MECTO IPH OXJIXIECHHH, HMPU
HCTIApEeHUH PAaCTBOPUTENS W B mporecce cTpykrypupoBanus. CBobomnoi ycanake ITKM mpensrcTByeT ero aare3MoHHasi CBSI3b C
MIOBEPXHOCTBIO M3/ICNUsI, KOTOpasl 3aJMBaeTCs MOJIMMEPHBIM KOMIIayH/IoM, B pesyibrare dyero B [IKM co BpemeHeM pa3BuBaeTcs
Oosee WM MeHee ycanouHble HanpspkeHus. Kpome nocnennux, B [IKM umeror Mecto TepMu4eckue BHYTpEHHUE HanpshkeHus. Vx
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BO3HHKHOBEHHE 00YCIIOBJICHO COYETAaHUEM DPa3M4YHbIX MaTepuanoB B [IKM, KOTOpble 3HAYNUTENBHO OTINYAIOTCS KO3DOUIMEHTaMU
TEPMHYECKOro paciuupeHus. DPQEKTUBHBIM CPEACTBOM JUIS CHW)KCHHS BHYTPCHHUX HANpPSHKCHUH SABISETCS NOOAaBIEHUE B COCTAB
[IKM pa3nuyHbIX HaNONHUTENEH W IIAacTU(UKATOPOB, YTO yIydlIaeT peiakcaiuoHHble cBoiicTBa [IKM. Llensio nanHol paGoTHI
OBIJIO MCCIEAOBAHHE BIMSHHS PA3IMIHBIX METONOB CTPYKTYpPHPOBAHHSA (IONMMEPU3AlNH) - KOHBEKIMOHHOTO M B MOJE TOKOB
BBICOKON YacTOTHI 3MOKCUAHBIX, aKpUIOBBIX M enokcuakpuiaoBux IIKM. MccnenoBanue BO3HUKAIONUX BHYTPEHHUX HAIPSKEHHH,
KaK yCaJIOYHBIX, TAK M TEMIEPATYPHBIX IPOBOMIN METOJIOM IU(PPOBOIT TEH30METPHH, KOTOPasi II03BOJISICT HE TOJIBKO (PHKCHPOBATH
KOHEUHbIl ypOBeHb OCTaTOYHBIX HANpPsKEHUI, HO OTCIEXKHBAaTh €ro B IIpoLEcce CTPyKTypupoBaHusA. IIpoBeneHHbIMU
HCCIICOBAHUSIMY YCTaHOBJICHO, 4TO Oojee d(PEeKTHBHBIM METOJOM CTPYKTYPHPOBAHUS SIBISETCS MPOLECC CTPYKTYPUPOBAaHHS B
noste TBY, xoTopEIii CIOCOOCTBYET CHMKEHHIO YPOBHSI OCTATOUHBIX HAIIPSDKEHMH, MOBBIICHUIO MOYJIS YIIPYTOCTH ¥ TEMIIepaTyphl
MIPUHYKAEHUS HCCIEJOBAaHHBIX KOMIAYHJOB, YTO CIOCOOCTBYET MOBBIIIEHHIO KOMIUIEKCA NPOYHOCTHBIX M 3KCIUTyaTallMOHHBIX
coiicTB [IKM, a Takxke 3HAYUTEIFHO COKpAIAEeT BpeMs CTPYKTYPUPOBaHMs, o0ecrieurBasi paBHOMEPHBIN HarpeB 1o BCeMy 00beMy
IIKM. IlomydeHHble NaHHBIE PEKOMEHMYETCS HCIONB30BAaTh B PA3MYHBIX OTPACIAX, CBA3AHHBIX C IPOLECCOM CKICHUBAHUS U
repMeTH3aliy, Kak OJHOPOAHBIX, TaK U Pa3HOPOAHBIX MaTepHaloB, a Takxke nzaennit u3 IIKM.

K/IIOYEBBIE CJIOBA: BHyTpeHHEe HalpsDKEHHE, yCallka, CTPYKTypUpPOBAHHUE, IIOJE TOKOB BBICOKOM YacTOTHI, MOIMMEPHBIN
KOMIIO3UIIMOHHBINA MaTepua
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The prospect of creating an autonomous neutron facility for the detection of fissile nuclear materials in samples, including those in
confined volume, is discussed. It is proposed to obtain a reference field of thermal neutrons on the basis of a polyethylene moderator
ball and a portable fast neutrons source, developed at NRC “Accelerator” NSC KIPT based of a continuous electrostatic accelerator
of deuterons. The developed source of thermal neutrons is planned to be used to activate small objects and goods in order to identify
substances prohibited for movement containing to find 233U, 2**U and ?*Pu in their composition. The prompt finding of fissile
elements will indicate about an attempt to transport them illegally. A more thorough inspection can be carried out using special
equipment after the detention of suspicious goods, citizens or vehicles. The possibility of detecting prompt fission neutrons is
considered not only in the traditional way using a polyethylene moderator and proportional 3He detector, but also without application
of any moderator using oxide or semiconductor scintillators. For detection fissile materials the method based on using the high-
energy part of the y-spectrum of fission fragments (greater than 4900 keV), as well, as the approach applied in the passive non-
destructive analysis by the y-line with E, = 185.7 keV from 23U, are substantiated. It is shown that the proposed facility for the
detection of fissile nuclear materials is able to determine the presence of isotopes 233U, 23U and 2*°Pu in tested objects and goods
with the using non-destructive testing method.

KEY WORDS: fissile nuclear materials, non-destructive analysis, neutron source, moderator, thermal neutrons, fission fragments,
prompt neutrons

BusineHHs siiepHUX MarepialliB, M0 AUIITHCS, Y BUpoOax 1 BaHTaKax € HalBaXJIMBIIINAM, (aKTOPOM CHUCTEMH
00JIiKy 1 KOHTpOJIIO SIEpHUX MaTepiaiiB, O€3NeKH sIepHO-EHEPreTHYHUX YCTaHOBOK, HEPO3MOBCIO/DKEHHS SIEPHUX
TEXHOJIOTiH, MPUITMHEHHS O0OPOTY EJIEMEHTIB MOALTY y BHIIQJIKYy IX HECAaHKI[IOHOBAHOTO TPAHCIIOPTYBAHHS 1 T. J.
B sikocTi 3a00pOHEHMX 10 MEPEeTHHY KOPJOHIB MaTepiajiiB CiiJl BUIUINTH JABa OCHOBHHUX BHIM: BUOYXOBI pEUOBHHH i
€JIEMEHTH TOALTy. Y 3B'SI3KY 3 IIMM, CBITOBOIO CIIUIBHOTOIO Ha MIKHApOAHOMY Ta PETiIOHAJIBLHOMY DPIBHSIX NPHUHATO
HU3KY [TPaBOBHX aKTIiB i OJJTHUM 3 HUX €, 30KpeMa, «KOHBEHIIis PO 3aXUCT saepHuX MarepianiB» (1980 pik). Haitoinbim
HpHUBAOIMBAM 3 TOYKH 30py TEPOPHUCTIB € 23°Pu, OCKIIbKH MiHiMaJIbHA Maca KyJli 3 «9HCTOr0» METaly, o 3abe3medye
HPOTIKaHHS CaMOIIiATPUMYBAHOI JIAHIIOTOBOI peakii noaiay 3 °Be BinbupaueM ToBIMHOO 32 cM, ycboro 2,47 kr [1].
«Ynctuit» o3nragac (90 - 95)% 23°Pu, (1 - 7)% 24°Pu, BMiCT iHIIMX €IEMEHTIB HE IEPEBUILYE IECATUX YACTOK BiICOTKA.
Jliist nopiBHAHHA aHanoriuna Beamurna 11 232U 3 93,5% 36aragennsam i 3 BeO Binbusauem ~ 8,9 kr [2].

Icayroui simepHO-(I3UYHI METOOM HEPYWHIBHOTO KOHTPOJIO, IO CIPSIMOBaHI Ha BUSBJICHHS Ta BHU3HAYCHHS
KIJIBKOCTI sijiep TOALTY Y 3pa3Kkax, BKIIOYAIOUM BHPOOW 31 CKIaIHUM TI'eTepOreHHHM CKiajoM, Hanpukiaa, TBC, ix
30araueHHs i T.J., JOCUTh PI3HOMaHITHI. 3HaHIEHO UM psiA pillleHb Li€l 33/1a4i 1 OHUM 3 HUX € aKTHUBAIli BaHTaXKY
terioBuMu Hertponamu (TH), 3 mopanbpmioro peecrtpaiii€ro Ta aHanizoM npoaykrtiB peakuii. [Ipu B3aemonii 3 TH
cTpaTeriyno Baxiusi sapa 233233U, 2°Pu 1iiaThCs, BUIIPOMIHIOIOUH YJIAMKH MOJLTY, MUTTEBI HEWTPOHU 1 Y-KBaHTH (3a
qac ~ 1041 ~ 107 ¢, BignmoBimHO), 3ami3HiNi HEWTPOHH, B-JACTHHKH, aHTHHEATPHHO. YNCIIO 3alli3HITMX HEUTPOHIB, SK
MIPaBWJIO, CTAaHOBUTH ~ 1% Bix umMcna MUTTEBHX. BOHM BUIPOMIHIOIOTHCS 3yNMHEHUMH NPOAYKTAMH HOALUTY MiCIs
moTiepeTHROro 3-po3many 3a 4ac BiJ COTeHb MimicekyHI a0 ~ 60 c i eneprieto (0,25 - 0,62) MeB. 1llo crocyerbes y-
KBaHTIB, TO B CEPEJAHbOMY Ha OJHMH aKT IOJUTYy YTBOpIOIOThcA Bif 7 no 10 ¢otoHiB, a ix eHepris Oimspka 1 MeB.
Cepe/iHsi KUIBKICTh HEHTPOHIB, 110 YTBOPIOIOTHCS B OJJHOMY aKTi BUMYIICHOTO MOuUTy (V) MPU eHeprii B3aeMOJIF0UUX
gactuHok 0,025 eB popisrioe s 23U — 2,48, 23U — 2,42 i 2*Pu — 2,86. IIpu eneprii sume 0,025 eB Bennunna v
3pocrae. EHepreTnyHi CieKTpy pO3IJISHYTHX siaep OJM3bKi OJUH 10 0HOTO [3,4], € CyliIbHUMHY, 1 J0OpE OMUCYIOTHCS
supasoM N(T) = ()" x exp(-E/T), ne E — xinerudna enepris Heiitponis, T = 1,31, 1,29, 1,33 MeB, sianosigHo.
Crextpu npoctsrarotees Bix 0,01 mo 10 MeB. 3yctpivarotbes eneprii no 18 MeB, ane ix myxke mano. Makcumym
€HEepPreTUYHOr0 PO3MOJITY 3HaX0auThes ipu eHeprii ~ 0,7 MeB. Cepennst eHeprisi HeiTpoHiB moxiny 6au3bpko 2 MeB.
MHUTTEBI HEUTPOHU BUIIPOMIHIOIOTBCS YJIAMKaMU ITOILTy PIBHOIMOBIPHO B YCiX HANpsIMKaXx.

VYTBOpeHi B pe3ysbTarTi peaxiii BTOPMHHI YaCTUHKH, PEECTPYIOTHCS BIINOBIAHUMHU JETEKTOPaMH, aHAII3yIOThCS,
JIaf04YM BiJNOBiJb, HAasIBHI M BiJICYTHI B JOCII/KyBaHOMY 3pa3Ky 3a0OpOHEHI i3oTomu, iX Maca, 30aradeHHs iT. A.
OueBHIHO, 110 METO/ BUMYIIEHOTO 01Ty BUMAarae HasBHOCTI I0CUTH MOTYy>kHOro notoky TH. Take pkepeno Ha 6asi
MOJTICTHIICHOBOT KyJIi-CIIOBUIBHIOBAYA 1 MEAWYHOTO I'eHepaTopa IIBHIKHX HEWTPOHIB OyB HAMM 3allpOIIOHOBAHHUII B
podori [5].
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Mertoro 11i€i poboTH € 0OTOBOPEHHST MOKIIMBOCTI CTBOPEHHS aBTOHOMHOI YCTaHOBKH UTSI 3HAXOKEHHS SICPHIX
€JIEMEHTIB MOy Yy 3pa3Kax, B TOMy YHCII i TakuX, II0 3HAXOIATHCA B 3aMKHYTHX 00’eémMax. CTBOpPEHHS TaKOTO
MPHUCTPOI0 BHUMAra€ PeTEeNbHOTO MOIEPEIHHOTO PO3TISLAY, BIAMOBIAHMUX aHATITUYHUX PO3PaXyHKIB, €KOHOMIYHOTO
oOrpyHTyBaHHs 1 T. 1. TOMy OCHOBHI 3yCHIIIS IEPILIOTO €Taly poOOTH TUIAHY€EThCs HAIIPaBUTH Ha:

1. oOrpyHTyBaHHS 3a JOIOMOIOK CY4YacHOrO MpPOrpaMHOro 3a0e3NeueHHs] 3aCTOCYBaHHS THX 4YM IHIIMX
KOHCTPYKTUBHHX €JIEMEHTIB, iX PO3MipiB, po3TalllyBaHHs B [IPOCTOPI Ta iH.;

2. BH3HAUYCHHS IEpeiKy HeOOXiTHMX NpHIaliB 1 00na HaHHS;

3. po3poOKy i CTBOPCHHS OIMIOPHOTO HEUTPOHHOTO TOJIS;

4. TIpoBeleHHS TEXHIYHUX 1 OpraHi3allifHUX 3aXOiB, CIPSIMOBAHUX Ha OE3NEKy 0OCIYroBYIOYOTO MEpCOHAY ITiJ
gac poOOTH 3 HEUTPOHHUM [[KEPETIOM 1 MaTepiajaMH, IO JTiNAThCS,

5. MOHTaX CTEHJY Ul HaJlaJKH, TECTYBaHHS i IATOTOBKH KOHCTPYKLIT U1l BBEICHHS B €KCILTyaTallilo.

Binpasy *k BifizHauMMO, 10 B pOOOTI HE PO3IISANAETHCS MOXIIMBICTH 3HAXOMKEHHS KUIBKOCTI MaTepiaiiB, IO
JUIATBCS, BUSHAUYEHHS 130TONHOIO CKJIaXy, 30araueHHs i T. A. Y NPHHIHUII, Le ToJablia IePCIeKTUBA IPYroTo eTalry
JIOCITIIKEHb.

JIZKKEPEJIO OIIOPHOT'O ITOJISI TEIIOBUX HEMTPOHIB

ITpu po3poO1i JeTEeKTOpiB HEHMTPOHHOIO HOTOKY OJHIEI0 3 OCHOBHUX NPOOJIEM € TECTYBaHHS 1 KaliOpyBaHHs
NPWIAJIIB, 0 BUKOPUCTOBYIOTHCS. Y JIa0OpaTOpHIi MPaKTUIl HAWOUIBII JOCTYIHUMH 1 IIMPOKO BUKOPUCTOBYBAaHHMH
MIPUCTPOSIMH JUI TPAJyIOBaHHS 1 BHBYCHHS XapaKTEPUCTUK JICTEKTOPIB € KOHCTPYKLil Ha 0a3i ONOpPHUX TIIOJIB
panioHyKIiHUX JpKepes. lle moB'si3aHO 3 THM, IO NPU PO3MIIICHHI BHIPOMIHIOBAYIB y PI3HUX YHOBUIEHIOIOUUX
cepelloBUINaX, MOXKHa c(OpPMYyBaTH OIIOPHI IOJSl BHIPOMIHIOBaHHS 3 pI3HHUMH XapakTepucTHKaMH. B skocti
CIIOBUTFHIOBAYa BHUKOPHCTOBYIOTH BOJHEBOMICHE cepemoBHINe, sk mpaBmino, moiierwieH (IIE) depes BiamosinmHi
MeXaHIYHi, XIMiYHi Ta iHIIi BIACTUBOCTI, @ TAKOXX 3pyJHOCTI IPH eKcIuTyaTamnii. HoMeHkIaTypa Takux JKeper mIpoKa.
Ix mapameTpu 3anexarhb BiJl BULY BUKOPUCTAHOTO Pajioi30TOIy, PO3Mipy aKTUBHOI 30HH, KOHCTPYKILii, BAKOPUCTAHUX
MarepianiB i T.a. Haliuacrimie nepeBara BiJJA€ThCs JBOM THUIAM OIOPHUX TOJIB, SIKI CTBOPIOIOThCS Ha 0asi
arecToBaHMX BUNMpoMiHtoBadis 2>2Cf [6] a6o 23°Pu-Be [7]. O6uaBa mKepena MaroTh CYILIBHHN CIEKTP i BACOKHI PiBEHb
y-Gony.

VY naniif poOOTi MPOMOHYETHCA, 3 BUKOPHCTAHHIM JOCBimy [6-7],
ctBoputu omopHe mone TH Ha ocHoBi [IE kymi-croBinbHIOBaua i
MOPTATUBHOTO BUIIPOMiHIOBaYa HEWTPOHIB (IIBH) HAK
«[Ipuckoproau» ~ HHI[  X®TI, pospobneHoro Ha  OCHOBI
CJIEKTPOCTATUYHOTO TpUCKOpIoBaua neiitponiB [8-9]. Ha puc. 1
nokasaHa 6sok-cxema [IBH.

[puaIMT poboTH YCTaHOBKH HAcTymHUH. [IpuckopeHi mnedTpoHn
SNICKTPOCTATUYHOIO  IIPUCKOPIOBaYa HANPaBISIFOTBCA Y  BY3bKHH
o—1 - i0HOIPOBiA, IPOMIIOBIIN SKHi1, YACTHHKH (POKYCYIOThCS Ha *Be MimreHi
) 6 I po3mipom 10x10 mm. JomkuHa TpyOKu misi mpuckopeHHs < 0,6 M.

— Helitporn reHepyroTbea B pesynbTaTi peakmii “H +°Be — '°B +n.
OuikyBanuii moTik HeiftpoHiB ~ 10°H-c' y KyT 47 3 cepenHboro
eHepriero ~ 2,5 MeB. IlepeBaroto maHoi kKOHCTpyKHii (Y MOpiBHAHHI
3[6,7] 1 TmOmIOHMMH aHAIOTaMW) € BIICYTHICTH MOTY>KHOTO,
CTaIllOHApPHOTO JpKepella BUIIPOMiHIOBaHHA. HeHTpoHM reHepyroThes
TIABKM Tix dYac caHkiioHoBaHoro BkitoueHHs IIBH. Kpim Toro,
pukopucTanus 22Cf i 2°Pu-Be BuIpOMIHIOBaYiB KOINTYE 3HAYHO
JOpoXde, HDK poOoTa 3ampornoHoBaHoro mnpwiaay. JlomarkoBa
3pYYHICTh TIOJISITAE B TOMY, IO ONPOMIHEHHS JOOPOSIKICHUX 1
3JI0SKICHUX HOBOYTBOpPEHb (SK Iie¢ mpuIiryckaiu asropu [8-9]) abo,
HalpuKiaJg, Ppi3HUX BaHTAXIB 1 BHPOOIB MOMKHA IPOBOAMTH abo
mBuakumu  HedTponamu (IIIH) Be-BumpominioBaua IIBH, a6o
TEIJIOBUM TIOJEM TOTO K JDKepena, po3ramosaHoro y ueHtpi [1E
crioBiIbHIOBaYa. OTKe, KOHCTPYKLIS MOXE 3aCTOCOBYBATUCS HE TIJIBKU
JUTA JTIKYBaHHS. OHKOJIOTIYHHX 3aXBOPIOBaHb, ajie ¥ MpHU HEOOXiTHOCTI
JUTA ONPOMIHEHHS PYYHOI MOKJIaXi IMacakupiB acpoIOPTiB, MOMITOBUX

ecoooo0000Q )

[

Puc.1. biok-cxema IIBH. 1 - mxepeno

OEUTPOHIB, 2 — KOXyX; 3 — IeHTpOHH; . A . ..
. BiJIIpaBiIeHb, BUPOOIB i BaHTaXIB 3 METOI0 3HAXOPKEHHS B IXHBOMY
4 - IPUCKOPIOBANbHI €JIEKTPOJIH; . ais 110
5 - BakyyMHast TpyOKa; 6 - TpaJl€HTHI KiIbIL; CKHaIg SZICPHUX MaTepialis [ ] . .
7 - eneras; 8 — BaxyymHuit Hacoc; apagyd CHPAaBEIJIMBOCTI BIA3HAYMMO, W10 HEUTPOHU A

9 - joromposix; 10 - Boxa BH3HAYCHHS SAep ypaHy 1 IUTyTOHi0O B DPaliOaKTUBHHX BigXomax

BukopuctoByBanucs B HHI[ X®TI, moumnaroun 3 2000-x (mus.,
30kpema, poboty [11]). 3 miero MeTor0 3acTOCOBYBaBCs JiHIHHUIA mnpuckopioBau enekTpoHiB JIITE-300. Enepris
enektponiB 20 MeB, cepemniii  crpym 2 MA, wuwactora 50Tu, iHTeHcuBHicTh  HelTponie  ~ 10" m-cl.
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B excniepumenri [11] y matpuni 3 10 kr micky posmintysamucs 3pasku 28U 3 2% 36aradennsam 2°U. 3a yac excrnozmiii
600 ¢ 6yno BUABIEHO MiHIMaNbHY KitbkicTs 23°U — 0.012 T, mo Bignosimano xornentpamii 1,2-10° r-r!. Iopisrsanms
MoKa3ye, 1o reHeparop Ha ocHOBi IIBH, € 3HayHO siermmmM, MpOCTIMIMM, ACHICBIINM, HIX CKIAJHUH, TPOMI3IKHMA,
npuB’s3aHuil 10 HaykoBoro meHtpy JIIIE-300, ane, B Toif e 4yac, Ma€ iHTEHCHBHICTH MOTOKY NMPHUOJIM3HO Ha TPHU
MOPSAKK MEHIIIE, IO He J03BOJISIE IPOBOAUTH JIOCIIIKEHHS IEBHOTO KJIacy.

NomyK AAEPHUX MATEPIAJIIB

Ilix Yac MUTHOrO OIJsITy, IEpHI 3a BCe, BAXIMBUI caM (akT HEralHOro BHSBJICHHS HEJIErajbHOIO
TPaHCIIOPTYBAaHHS €JIEMEHTIB NOAiMYy. bBulbIl perenbHa IHCHEKLis Moke OyTH IIpOBeJeHa i3 3acTOCYBaHHIM
creniaibHOro OOJIaJHAHHS MICJIS 3aTPUMaHHS Ii03pUIMX TpoMajsiH abo Tpancnopry. B poborti [10] mokasano, mo
ICHye peasbHa MO>JIMBICTh 3HAXOJDPKEHHS SIEPHUX MaTepialiB, SKIIO BHKOPHUCTOBYBAaTH CIIOBUIBHIOBAaYl 3 BMICTOM
BOJIHIO 1 iMITyJIbCHI HelTpoHHi reHepatopu 3 Buxonom (107 - 10%) m-c’!. Bmict 2°U i 2Pu macorwo (5 - 10) r moxHa
BH3HAYUTHU 3 HMOBIpHICcTIO 99,9% 3a (5 - 7) ¢ poboTn. [Ipy nboMy AOTIANOBI KOMITIEKCH, SIKi BHKOPHUCTOBYIOTHCS [UIS
3aro0iranHs 00iry eJIeMeHTIB MOAUTYy MAOTh BiJIOBITaTH TAKUM OCHOBHUM ymoBaM [10]:

1. BHXiZ HEHTPOHHOTO JIKEpeTa BU3HAYAETHCA PAIiallifHOI0 00CTAaHOBKOIO B OOCIYTOBYBaHWX MPHUMIIICHHSX 1 HE

nosuHeH nepesunrysath (107 - 10%) mc!;

JOKEpeIo BUIIPOMIHIOBaHHS IOBUHHO BUMHKATHCS B TIEpEpBaX MiK MIUKIAMHU POOIT;

HE TIOBUHHO OyTH pafioaKTUBHOTO 3a0pyJHEHHS MPUMIIIEHHS HABITh IPH TIOBHOMY PYHHYBaHHI pKepena;

MIPOCTOTa KOHCTPYKIIii, Mai p03MipH paniauiﬁHoro 3axXHUCTY 1 MOPIBHSIHO HU3BKA BAPTICTh;

NPUIHATHUN Yac eKcIiTyaranii 0e3 3aMiHu JKepena HeI/ITp0HHOF0 BUIIPOMIHIOBaHHS.
Y nepepaxoBaHUX YMOBax poOOTH pajianiiHol HeOe3ekH, OB’ sI3aHO0l 3 aKTHUBAIIEI0 JOCIIKYBaHUX TIPEMETIB,
Hemae. Jlume moOiu3y 30BHIIIHBOT TOBEpXHI YCTAaHOBKM ICHYe 30Ha po3mipoM He Oinbmie 0,5 M, ae piBeHb
ONIPOMIHEHHSI TIEPCOHAIY MOXKE MEPEBHIIMTH TpaHnyuHi no3u. OnHak y I 30HI 3a0e3nedyyeTbcsi aBTOMAaTHYHE
TepEMILICHHS BAaHTaXKY.

VY GaraxHiii kamepi icCHye NesiKMid HEepiBHOMIpHHUI po3noaia miinbHocTi moToky TH, oOymoBneHnit monoxeHHsIM
JoKepella BiTHOCHO 00’€My, IO IHCHEKTYETBCA. AJie TPAJi€HT MOJNSA, B KPaWHBOMY BHIIAAKY, B pa3i IMITyTBCHOTO
BHITpOMiHIOBaua, Manuii [10]. Sk BugHO, OMMCaHi BHIE BUMOTH I YCIITHOTO BU3HAYCHHS MaTepialliB, MO AUISTHCA,
MTOBHICTIO BiAMOBITarOTh pexxumam podotu [IBH.

[IponoHoBaHMiT €KCHEPUMEHT SBIAE€ CO0O0 mmochimoBHHNA psnx mponenyp. Ixepemo IH weiirponis IIBH 3
inTencusHicTI0 10° H-c! posmimyerscs B nentpi I1E kyni. BuxigHuii moTik, yHOBUIBHEHHX IO TEIUIOBUX €HEPTIH
HEUTPOHIB, HATIPABIIIETHCA Ha TOCTIKyBaHUH 00'ekT. [Ipr HassBHOCTI B 00’ €Mi simep moainy BinOyBaeThes iX B3a€EMOIis
3 TH, y pe3ynpTaTi 40ro BOHH PO3BATIOIOTHCA. Peakiist CynmpoBOIKY€ETHCSI BUIIPOMIHIOBAaHHSIM BTOPHHHUX MPOAYKTiB
oIy

Ha npaktuui mouitopunr TH, y GiabmIocTi BUNagKiB IPOBOAMTHCA HponopuiiHumu >He-niumnbHuKaMH,
3anmoBHEHUMH cyMimmmo (95 - 97)% 3He i Ar. JIeTeKTOpY BHTPUMYIOTH ONpoMiHeHHs 10 ~ 1013 1 cm? i peectpyroTs
BIJJTHOCHO cl1a0OKi MOTOKHU B mpucyTHOCTI Y-¢ony < 1 P/rox. JloctaTHhO BenuKmii o0csT JeTeKTopa, 3a0e3neuye Xopolry
eexrusnicts B3aemozii TH 3 3He. Oxpim Toro, 3a po604MM Jiara3o0HOM €HEPTiii, MPOCTOTi KOHCTPYKILi, J€EBU3H, i
MIPUTHIYEHHSM Y-KBaHTIB, JIUWIBHHUK TepeBepllye iHm mozaem. Y Tabmumi 1 moka3ana imMoBipHicTh B3aemonii TH i
¢doToHiB 3 MaTepiaramu niunibHEKa [12]. BiIHO, 110 Mae Miciie cuiibHe MPUTHIYEHHS Y-KBaHTIB 3 eHeprieio ~ 1 MeB.

UENCES

Tab6umus 1.
IMOBIpHiCTL B3a€MOIii HEHTPOHIB 1 y-KBaHTIB y nponopiiiHomy *He-iumnbHuKy
Tl MATEDHALY LeTeKToDa IMoBipHICTB B3aeMOAiT
pHaiy 2 p TerioBi HeliTpoHH @otonu 3 enepriero 1 MeB
He y Tpy6ui xiamerpom 2,5 cM i THCKOM 2 aT™m 0,77 0,0001

IHomi, HAAMIPHO BeNMKA KUTBKICTh Y-KBAaHTIB HeOakaHa [JIsI TOTO UM IHIIOTO MOCIIMKCHHS, IO BHMArae
3aCTOCYBaHHSl 3aXMCHOTO €KpaHa. Sk mpaBwiio, 1e cBUHELb. lIpu ONpOMiHEHHI NEeTeKTOopa HEHTpOHAMHU MOIUTY 3
enepricio 1 MeB y mnpucyrHocTi y-BHIpOMiHIOBaHHS 3 eHepriclo 1| MeB 3axucr 3i CBHHIIO TOBIIMHOIO 5 cM,
nornuHae ~ 0,1% neitrponis i 90% y-kBanTiB [12].

V Bunaaky peecrpauii LITH, ix nmonepeanso TepMaii3yloT 10 TEIJIOBUX eHeprii. Ha npakruii Oysio BUSBIEHO, 1O
3aCTOCYBaHHS CIIOBUIbHIOBaYa 301IblIye rabaputy 1 Bary OJOKY AETEKTYBaHHS, a TaKOX 3HWXKYE e(pQeKTiBHICTH
peectpauii HeWTpoHiB 10 10% [13-14]. Oxqun 3 nepmnx edexruBHux diumisHUKIB [ITH O6yB po3pobnennii y 1947 p. Le
Oyna noBra kamepa, 3amoBHeHa razoM BF; 3 96% 30arauennsM, i mapadiHOBuMi crioBijbHIOBad. EdekTuBHICTH
peecTpamii HEHTPOHIB MPAaKTUYHO HE 3aiexana Bix ix eHeprii B obmacti 10 keB —3 MeB. YV uuncneHrux ananorax,
CTBOPEHHMX Yy IIOJAIBIIOMY, Aiana3oH eHeprii, o peecTpyerscs, MaB oOMmexxeHHs < 10 MeB. 3nauno mi3Hie
T.W. Bonner i3 cmiBpoOiTHHKaMH 3ampoOIOHYBaB cucTeMy [15], 3acHOBaHy Ha BHKOPWCTAaHHI CIIOBLIBHIOBAaYiB
HEUTpOHIB chepudHOi (HOPMH 1 YyTIMBOTO NETEKTOPA, PO3MIMICHOTO y HEHTPi. YCTAaTKyBaHHS TO3BOJSE MPOBOIUTH
BHMIPIOBaHHSA MOJIIB Y Aialla30Hi €HEepriil Bif] TEIUIOBUX A0 Oarateox ['eB.
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3po3yMiJIo, 0 3 yCi€l KiTbKOCTI YaCTHHOK, II0 BUHUKAIOTh B PE3YNBTATI peakiii MOy, B JETEKTOpP MOTpPaIuIsie
JIAIE 9acTHHA, MPOIOpLiliHa S-e-R 2, ne S — mioma aeTekTopa, & — ePEKTUBHICTh paxyBaHHs JIETEKTOpA, R - BiICTaHb
10 nerekropa. ToMy, JUis MiABHIICHHS e(eKTUBHOCTI peecTpalil HeWTPOHIB 0aKaHO CTBOPHUTH <JIHIHKY IETEKTOPIBY,
IO YTBOPIOIOTh 3aMKHEHY CHCTEMY HaBKOJIO BHMIPIOBAIBHOI KaMepH. Y IaHOMY BHUNAJAKy Ha IEpIIOMYy eTami
HaWIPOCTIIIOl «WIHIAKOI0» MOXKYTh CIyI'yBaTH TPH JOBIHX MeTaneBux mponopuiiinnx He-miunnsanka CHM-66.
Hiametp 25,5 mm, noexuna 601,5 MM, poboua nanpyra 1600 B, edexrusnicts 1o TH 80% [16]. Januit nerekrop i
Horo mapameTrpu oOpaHi B SKOCTI NMPHKJIaLy 3 ypaxyBaHHSM CEPEJIHBOr0 PO3Mipy py4YHOI MOKJIaxi, 103BOJICHOT ISt
MIpOBE3eHHS B aBianaiiHepax, 55x40x20 cm (1o JOBXHHI, IKUPHHI, BHCOTi) abo 115 cM y cymi o TproM Bumipam [17].

Onwcani BHIIE Ta30HANIOBHEHI JETEKTOPU po3podiieHi B 60-X pokax i A0 TeNepilIHbOro 4acy iX XapakTepUCTHKU
1HOZI He BiJIOBiNAIOTH BUCYHYTHM BHUMOram. HemomaBHO AJsi KOHTPOJIIO HEWTPOHHOT'O MOTOKY IPOMIUIN aTeCcTalliio
HOBI JICTEKTOPH Ha OCHOBI OKCHIHMX 1 HAIIBIPOBIAHUKOBUX CUMHTWIATOPIB [14,18] BHpoOHMUTBAa XapKiBCHKOTO
IHCTUTYTY CUMHTHIISIIIHHNX MaTepianiB HAH Ykpaiunn.

PEECTPAIIISI HEMTPOHIB TBEPJIOTIIBHUMU JITYUJIbHUKAMU

JIoCTmiDKeHHST OCTaHHBOTO NECATHINTTS, TMOKa3ajiH, IO JETeKTOpH Ha 0a3i OKCHUIHMWX 1 HamiBOPOBITHUKOBHX
CIMHTWISATOPIB PEECTPYIOTH TEIUIOBI 1 IMIBUAKI HEWTPOHH HE TipIle iHIINX JIYWIFHHKIB, [0 MAIOTh 3aCTOCYBAHHS B HAYTI 1
TexHili. BukopucTaHHs, HanpHKiIam, AaTIMKa HEWTPOHHOTO BHIIPOMIHIOBaHHA Ha OCHOBI kpucrama CdWO; abo CWO
TI0Ka3aJ10, IIO BiH 3 ycrixoM 3amirroe gopori *He npomopriiini mivmmsauky [18]. ExcriepuMeRTanbHO 10BEIEHO MOKIUBICTD
peectpaii TH 1 [ITH HeopraHiuHUMH CUMHTHIITOPAMH 3 BUCOKUM Zegg 3 €ekTuBHICTIO ~ (40 - 50)%, 1m0 B KijbKa pasiB
BHIIE, HDK y JIETEKTOpaXx, 110 TPaJHUI[IHHO BUKOPUCTOBYIOTHCS. KpiM ToOro, 3a psiioM mapameTpiB, TakuX sk rabapuTH, Bara,
JICIIIEBU3HA, HABITh MEPeBepIIyIOTh iX. HalOuibll IMOBIpHUM MeXaHi3MOM e(eKTHBHOI peecTpallii HEHTPOHIB BBaKAETHCS
peaxIlist Hempy>KHOTO po3CisHHA (n,n'y). HemomikoM CIMHTHIATOPIB € Te, 10 BOHHU KPiM HEWTPOHIB aKTUBHO PEECTPYIOTH Y-
BUINpoMiHIOBaHHs. Ha puc. 2 HaBeneHa OloK-cxeMa MPHCTPOIO, SKUM KOPUCTYBAIUCS Y BCIX MPOBEICHUX €KCIIEPHUMEHTAX
[14]. Tosnauenns: 1 —**Pu-Be; 2 — kpucran; 3 — ®EI R1306; 4 —i 5 — norymnay TH GdO y Buryisiai uutinapa JiaMerpom

40 MM 1 kpHIIKe TOBIIMHOKO d = 10 MM; 6 — 1 7 — cBuHElb d = 40 1 4 MM, BiITIOBITHO.
EdexrusHicts peectpauii (EP) mBuakux HEWTPOHIB BU3HAYANACs METOJIOM BHYTPILIHBOI'O paxyBaHHS y-KBaHTIB,
II0 3'SBJISIFOTHCS B CIIMHTIIIATOPI 3 peakitii (n,n'y), sxi marots eHepriro (10 —300) keB. Oninka epekTnBHOCTI Ta Yy TiIH-
BOCTI NpoBe/ieHa 3a jonomororo 23Pu-Be mxepena (0,1 - 10,7) MeB i cuctemu aetekTyBanns cuuHTUIsTOp - DEI, sika
peectpyBaia (JOTOHU B PI3HUX EHEPreTHYHMX JianazoHax. KpiM Toro, BUMipIoOBaHHS Y-CIIEKTPIB PO3CITHUX HEHTPOHIB,
poBOMIIMCA 3 BUNpomiHioBadeM 2>2Cf i GJIOKOM peecTpalii CUMHTHIATOP - JaBuHHuM Qoromgion JIO S 8664-55
Hamamatsu. E¢extupnicts peecrpanii IITH aus CWO 10x10x10 mm> B eneprernanomy aianasoni (70 - 800) keB 28%.
CnexTpu Y-BUNpOMiHIOBaHHA, 3100yTi mpu B3aemonii IIH 3
7 —] PI3HUMH TUNAMH CHUHTHISATOPIB po3Mipom 10x10x10 MM, HOKa3yOTh,
11— mo EP mBuakux HEHTPOHIB Majo BiAPI3HAIOTHCS JJIS CIUHTHIATOPIB
@ OJIHOTO 1 TOTO X po3Mipy. OOJIaCTi SHEpriil mepeBaXKHOI peecTparrii v-
KBaHTIB MPUOJIM3HO OJHAKOBI JIJISI BCIX JIOCIIKEHUX 3pa3KiB. Y TOM ke
Yyac YyTJUBICTH JETEKTOPIB MPOIOpLiiHA TE€OMETPUYHUM PO3MipaMm.
g Pesynbratn BumiproBans EP [14] IIIH 1 TH cuuntmstopamu CWO,
6 I DGO, GSO, ZnWO, ZnSe, Lil(Eu) Ta iH. B oOnacti eHeprid
T (10 - 300) keB mpoimoctpoBani B Tabmumi 2. HaBenmeni BenwdwHU
't Y3TOIKYIOTBCS 3 NAHUMH, SKi Bimomi 3 mitepatypu [19]. Haenmeni
— BUIIIEC MapaMeTPH OKCHIHHX 1 HAITiBIIPOBITHUKOBHX CIMHTHIISATOPIB 3
4 BHUCOKHUM €(QEKTUBHUM 3apsiioM Zeyp ~ (33 -75) 1 peecrpauniero -
2 . L BUIIPOMiHIOBaHHSA B eHeprermyHomy BikHI (10 - 300) xeB, mimxomsrs

sy
"
o

S JUISL IETEKTYBAHHS MUTTEBUX HEUTPOHIB BUMYLIEHOTO IOALTY siziep.
3 \( ' W Bing3HaunmMo, M0 B eKCIIEPHMEHTAX Y-CIIEKTPOMETPH BHMIipIOBAIN
SK TIOBHY IIBHAKICTH paxyBaHHS, TOOTO JJIs BCHOTO Jiaa3oHy eHepriii,
TaKk 1 HE3aIeKHO IO YOTHPHOM eHepreTHuHuM BikHam: 30 - 300,
300 - 1000, 1000 — 1300, 1300 —3000 xeB. Ile maBamo MOXIMBICTH
MIABUIUTA YYTJIUBICTH CHUCTEMH TMPH 3HAXOMKCHHI KOHKPETHHX
JUKEpeN BHIPOMIHIOBaHHS, a TaKOX BH3HAYUTH THI i30TOIy IIO
ineHTH(iKamii BikHa, e cTanocs BUSBICHHS (y BUIMAJKY HassBHOCTI OJJHOTO THITY 130TOILY).

i

:

1

i

1

1
200

Puc. 2. biok-cxemMa yCTaHOBKH

Tadanus 2.
EdextuBnicTh peectparii, %

CuuaTrnstop | ZnSe | NaJ | LiJ | CsJ | GSO | ZnWO | CWO | DGO | LiJ (peakuis Li(n,a)T)
Zepip 33 51 | 52| 54 59 61 66 75 52
1TH 43 18 | 25 | 20 | 46 54 42 48 0.66
TH 0 30 190 ] 0 65 44 67 34 93
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BUSIBJIEHHS 25U 1 2*Pu 3A JOIIOMOTI' OIO y-BUITPOMIHIOBAHHSI TIPU E, > 4900 xeB

Sk BimOMO, MPOAYKTH TMOMUTY KpiM HEHTPOHIB BUIIPOMIHIOIOTH TaKOXK (OTOHH, 33 JOTIOMOTOI0 SIKUX MOXKHA
BH3HAYMTH 130TOmH moAimy. Asropu [20] 3ampONOHYBaIM BHKOPHCTOBYBAaTH i BusBiaeHns 2°U i 2*Pu
BHCOKOCHEPTeTHYHY YaCTHHY Y-crekTpa Outpme 4900 keB. Y npoMy BUIIAIKy Y-BUIIPOMiHIOBAHHS CYITyTHIX €JIEMEHTIB
HE 3aBaka€ aHamily. Bucoka eHepris y-KBaHTIB Ja€ 3MOTY OOCTEXHTH MACHBHI 3pa3Kd, 3aCTOCYBaTH (iIbTpaIliio
HU3bKOCHEPTETUYHOTO BHUIPOMiHIOBaHHSI. OCOOIMBOCTI MPONOHOBAHOTO MiAXOAY pOONATH WOTO NPUBAOIMUBUM MpHU
PO3BiAII PONOBHUII ypaHy, 3HAXOHKEHHS 130TOIIB MOLTy B 3aKpPHTHX 00’€Max, BU3HAYCHHS BigHOCHOrO BMicTy 23°U i
2%Pu y ignpanpoBanux i ceikux TBEJI-ax i T.x. [l aHATITHIHMX BUMIPIOBaHb MOKYTH OYTU BUKOPHUCTAHI PEAKTOP,
HeifTpoHHuit reneparop, pagioizoronHi mxepena 22Cf i 2°PuBe.

Canin 3a3HauuTH, WO (OTOHU, SKI BUHUKAIOTH IIPH
B3a€MOIIi 3aMi3HUINX HEHTPOHIB 3pa3Ka, Hi B SIKOMY pa3i He € B
TIPOMOHOBAHOMY METOJi TEPEIIKOI00. [X peecTpallis TilbKH
nigBuilye edexTuBHICTH Merony. s JeTeKTyBaHHS Y-
BUIIPOMIHIOBaHHS KpiM HAaIIBIPOBIIHUKOBOTO T'€pMaHiEBOTO
nerektopa (HPGe) 3 BHCOKMM €HEpPreTH4YHHM pO3pI3HEHHSIM
miaxoauTh 1 y-criektpomerp 3 kpuctagom Nal(Tl), skwmit
OCHAICHU I 3aXHCTOM Bif HU3BKOEHEPTETUYHOTO
Y-BHIIPOMiHIOBaHHS 1 HeWTpoHiB. [Ipn npoMy ocoOuuBy yBary
Cil 3BEPHYTH Ha KOPEKTHHWHA BHOIp HIDKHBOI  MeEXi
BUKOPHCTOBYBAHOI'O Y-CIIEKTpa, 100 BHKIIOYUTH MOKIMBHUH
BHecok miHiii “Ca (4738 keB) i %Rb (4742 i 4853 keB)
omu3pkux 1o eHeprii 4900 keB. Ha puc. 3 HaBenmeHo neranpHUAN
y-criekTp  mpoxyktie  mominy 23U, Bumipsuuii  HPGe-
IETEKTOpOM Ha HelTpoHHOMY myuky IP-8. BumiproBaHHA
mpoBeaeHo i aianasony 1000 - 6700 (a), 4550 - 6850 xeB (6).
E,, MeB OnTtumaneHuii  pexum  poboru: 120 ¢ ompominenns, 60 c
BuTpruMKa i 120 ¢ BUMiproBaHHSI.

MosuBOCTI BU3HAaYeHHs BigHocHOro Bmicty 2>°U i 2Pu
MOB’sI3aHI 3 PI3HUM BHXOIOM JEAKAX MPOAYKTIB TOILTY.
30Kkpema, IS YiTKO BHpaK€HUX y crekTpi Ha puc. 3 mikie *°Br i °Rb Buxoam BinpisHsroThes B 3 pasu.
He BuxitoueHo, mo mie OUTBII IMEPCIEKTUBHUM MOXKE BUSBUTHCS BHIUICHHS 13 CHEKTpY JiHiM Hmxue 5 MeB.
Tak, inTeHcUBHICTb Y-TiHik '%Tc 2789 i 3186 keB Ha axt noxiny **°Pu y 10 pasis Buue, Hixk npu noxin >°U.

|*Rb
20 |

15
10

Yucno Bignikis

Puc. 3. y-Cniekrp npouykris noginy 23°U

CIIOHTAHHUM MO 25U i 2*Pu

Bu3sHa4yeHHs TapaMeTpiB YPaHOBOTO 3pa3Ka, 3aCHOBAHE HAa BUMIPHOBAHHI NPUPOJHOTO Y-BUIIPOMiHIOBaHHS 233U, €
LIMPOKO BUKOPHUCTOBYBAaHMM METOJOM HEPYHHIBHOTO aHallizy. 3HaXOJPKEHHS siJiep ypaHy i BU3HAYCHHS CTYIEHS HOro
30arayeHHs 3aCHOBAaHO Ha peectpariii ogumHOuHOi y-miHii 185,7 keB. IlomepeqHb0 BUMPOMIHIOBAHHS IMPOIYCKAIOThH
yepe3 QubTp 1 Komimarop. PuUIBTp MOTIMHAE Y-KBaHTH B oOmacTi eHeprid Hmkue 185,7 keB, a 3a momomororo
KoJIiMaTtopa BCTaHOBJIIOETHCS TUIOIIA BUANMOI JIeTeKTopoM roBepxHi. y-JliHist 185,7 keB yTBOprO€ThCsl 3 IMOBIpHICTIO
(57,540.9)%. Ti nutoma inTencusnicts ~4,3-10* ¢'-r'! [12]. TIpu BimnaneHHi 3paska Bil A€TEKTOpa y BiICYTHOCTI

KoJliMaTopa e()eKTUBHICTH peecTpallii Oy/ie 3MEHITYBaTHCS 33 3aKOHOM OJu3bKuM 110 1/72, e ¥ — pajiyc JeTeKTopa.
Y Tol ke 4Yac WOro BHKOPHCTaHHS JO3BOJISIE 3MEHIIUTH
I\ 143164 KeB185.7, keB 3aJIe>KHiC.TL Bil IpOTO (hakTOpy, ale He yCyBa€ ii IMOBHICTIO. 1114}\/1
PenTronincere MeHIIIe JIAMETp TIPOITYCKHOTO OTBOPY, THM OmKYe peasibHa TeOMeTpist

BUNDOMIHIOBaHHS! 110 i€anbHOT, THM MeHIM BIUMB edexty 1/r2,

SIkmo ypaHOBHH 3pa30K IOCHUTH BEIMKHHA, TO B HOTO TNIMOWHI
Y-KBaHTH TIOBHICTIO TIOTJIMHAIOTHECS 1 HE HAIOTh HISKOTO BKJIANYy Ha
moBepxHi. To0TO, 31 30UTBIICHHSM TOBIIMHH NOTIK Y-TIPOMEHIB Ha
MOBEPXHI JIOCSTa€ pPIBHOBAXHOIO 3HAUEHHS, SIKE MPAKTUYHO HE
3aJIOKHUTh Bl (i3uuHOT popmu 3paszka. J{Jist 4UCTHX YPAHOBHX CyMillIei
Ile 3HA4YeHHS MNpomopuiiHe BennumHi 30aradeHHs. PoToHM OakaHO
peectpyBaTu  HamiBhpoBigaukoBumMu  HPGe-gerekropoM. Bucoka
CHEPreTUYHA PO3JiJbHA 3IATHICTH JTO3BOJISIE TMOBHICTIO BiJJOKPEMHTHU
ik 185,7 keB Bix cycinHix MakcumyMiB. Mixk HUMH 3’ SIBIISIFOTHCS PiBHI
JUITHKY (DOHY, IO TOJIETIIYE 3aqady BH3HAYEHHS IUIOMI (oTomiKa i
MBHUAKOCTI  paxyBaHHs. OpHaKk MOXKHa  OTPUMYBAaTH  JaHi,
3aCTOCOBYIOUM  CUMHTWIILIWHUHA  y-CIEKTPOMETp Ha  OCHOBI
moHokpucrtana Nal(T1). Criektp y-BunpomintoBanns 233U, BUMipsHUiA
Nal(T1)-nerekropom, nokazanuii Ha puc. 4. BuaHO, 10 HasBHICTH Y

Yucno Bignikis

%

P2

QNN

Enepris, keB

Puc. 4. y-cnexrp 23U, Bumipsnuii Nal(TI)-
JIETEKTOPOM
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Y-CIEKTPi OKpeMoro mnika mpu eHeprii 185,7 keB Bkasye Ha IPUCYTHICTH y mociimkysanoMmy 06’ emi 23U, HIsuakicTs
paxyBaHHS B [ialla30Hi HABKOJIO IKY 3al€)KUTh He TiMbKY Bix koHmeHnTpamnii 23°U y 3pasky. MOTOIIK po3TallOBaHUN Ha
JOCUTH BEJHKilM MiOKTamIi, SKa MPEACTaBIsie KOHTHHYYM CIIEKTpa KOMITOHIBCHKHX €NeKTpoHiB. s kaniOpyBaHHA
CHCTEMH JICTEKTYBaHHS MOTPIOCH BiJIIOBIIHUIA €TalOH — aTeCTOBaHMI ypaHOBH 3pa3oK. TOUYHICTh aHAII3y 3aJeXKHUTh
BiJ crymeHs 30aradeHHs i ctaHoBuTh (1 - 5)% mnpu BumiproBanHi 3a pornomoroto Nal(Tl)-gerexropa i (0,1 - 1)% mis
HPGe-netextopa. ['ooBHUI HEOMIK METOAY BUMIPIOBAHHS 30araucHHs, 3aCHOBAHOTO Ha JOCIiKeHHI JiHil 175,7 keB
— HEeOOXIimHICTh KaniOpyBaHHs CHCTEMH PeecTpalii AJsi KOXKHOTO HOBOTO KOHTeWHepa 31 3pa3koM ypany. Hacnpasni
ICHY€ TpU €HEepreTUYHMX Aialla30HHU B CIIEKTPi Y-BUIIPOMIHIOBAHHS, SIKI MOXKHA BHOpATH I BU3HAUCHHS 30aradeHHs
ypany. Ile 53 - 68, 84 - 130 i 185 - 1001 keB. Yci HaBezieHI Aiana30HU BKJIIOYEHI IO BiIIOBITHUX MPOTPAMHHUX KOJIB
JUISl pO3paxyHKy 30araueHHs ypaHy.

Ha pesynpraté anamizy 3a omnmcaHoro cxemoro ((inbTp, KomiMaTtop) MOXYTh BIUIMHYTH naBa ¢akrtopu. Lle
HEBpaxoBaHa NP OOYHUCIICHHSIX TEOMETpis eKCHepHMMEHTy Ta iHTepdepeHuis 3 iHmmmu nikamu. llle oxxa
CHCTEMATHYHA MOXMOKA, N0 BMHUKAE TPU BU3HAUeHHI 30araueHns, 1e intepepeniis y-niniii 185,7 keB Bix 2¥U i
186 xeB mpoaykris moximy **U. Ilpm Xopowmniil po3igbHill 3JaTHOCTI BHECOK BiJ LBOrO IIKa B JOCIiIKYBaHHMI
¢oromik 185,7 xeB ms npupoanoro ypany ckianae Bcboro 0,1% i crae gy>xe He3HAUHMM IPH 30LTbIIEHH] 30aradueHHs.
BiamosigHO M1 CUIBEHO 30iTHEHUX 3pa3KiB BHECOK Bifl BUIPOMiHIoBaHHA 2>8U Il BpaxOBYBaTH.

Ta6auus 3.
CrekrpanbHi 061acti 2*°Pu
HPGe-nerexTop ) 239py,
CrnekrpanbHi - 3
o61acri, keB E,, IHTEHCUBHICTH, KBAHT-C' T
@ keB
E 40 - 60 51,63 6,19-10°
=t
2 90 - 105 98,78 2,80-10*
=
;Ej 120 - 450 129,3 1,44-10°
203,5 1,28-10*
3450 1,28-10*
i " 4
0 200 300 600 3750 3,60-10
Eneprisi, keB 413,7 3,42-10%
Puc. 5. y-Cnexrp 2*°Pu, 0
Bumipsinuii Nal(Tl)- i HPGe-nerexropamu 450 - 800 646,0 3,42-10
717,7 6,29-10!

IIo crocyeThCs NIy TOHIIO, TO METO] HEPYHHIBHOTO aHajIi3y 130TOITHOTO CKJIay MaTepiajiB, 10 MICTATh IUTyTOHIN
(GinbruicTs 3paskiB wIyTOHI0 MicTaTh 238Pu, 2¥Pu, 24Py, 2*!Pu i 2#2Pu), € Haiibinbm po3pOOIEHUM METONOM i HE
BUMarae KajgiOpyBaHHS 3a JOIOMOror0 eranoHiB [2,12]. Y po3paxyHKax BHKOPHCTOBYIOTHCS BiJIOMi 3HAu€HHS
(yHmaMeHTaNbHUX (QI3UYHUX KOHCTAHT 1 BHYTpimHI KanmiOpysaHHs. Lle#l miaxix mo3Boiisie€ MPOBOIUTH BUMIpIOBaHHS
I30TOITHOTO CKJamy B 3pa3KaxX Pi3HUX PO3MipiB, Gopmu, (Pi3MIHOTO i XIMIYHOTO CKIaay BCepeAWHI KOHTEWHEpIB 3
HEBIZIOMUMM po3MipamH i XimidauM BMmicToM. Ha puc. 5 naBenenuii y-cniektp 2*Pu 3 93% 36ara4eHHsM, BUMIpSHUI
HPGe- i Nal(TI)-nerexropamu. SIk BUIHO 3 pUCYHKa, TUIyTOHIH HE Ma€ OJJMHOYHHX, IHTEHCUBHUX Y-JIIHI{ Y CIIEKTpi, 110
MOMITHO BIiJpPI3HAIOTECSA Bix iHmMUMX. ToMy IS i30TOMHHX BHMIipIOBaHb BHUKOPHCTOBYIOTHECS BiIOMi CHEKTpaNbHI
oOacri, siki HaBeAeHi B TaOnuii 3. [IpHHIATIOB] MiIX0AH, SIKi BUKOPHUCTOBYIOTHCS U BU3HAUCHHS 30araucHHs ypaHy,
TaKOX MOXYTh OYTH 3aCTOCOBaHi 1 JUIs 3HAXOJ/PKEHHS 130TOMHOTO CKJIaay IUTYTOHII0. Xoya € 1 psii BiIAMIHHOCTEH.
VY nmanmii Wac, A7 BU3HAYCHHS 130TOIHOTO CKJIAAY ypaHy i IUTyTOHII0 HaidacTille BUKOPHUCTOBYIOTHCS MaTeMaTHUHI
koau, pospobusieHi B Jloc-Amamocskiit gaboparopii (CLHA). e xomm MGA (MGAU s Bu3HadeHHS 30aradeHHs
ypany) i FRAM [12].

BUCHOBKH

OOroBOprOEThCS TEPCIEKTHBAa CTBOPEeHHS aBTOHOMHOI ycrtaHoBkM HJK «IIpuckoproBauy HHI[ XOTI s
BUSIBJICHHS SIIEPHUX MaTepiajiiB, IO AUISATHCS, y BHPOOax 1 BaHTaKax, y TOMY YHCII 1 THX, IO 3HaXOAATHCS B
3aMKHYTHX 00’eMax. PosrisHyTo pi3Hi BapiaHTH aHamidy, IO BKJIIOYAIOTh ONPOMIHEHHS OCIHIIKYBaHHX 3pa3KiB
OTIOPHUM TIOJIEM TEIUIOBUX HEHTPOHIB; pEECTPaIlilo MUTTEBHX HEUTPOHIB MOIUTY HE TUTBKH TPAIUIIfHAM criocoOoM 3a
JOIOMOIOK0 HOJIETUIEHOBOTO CIOBUIBHIOBAaYa 1 mpomopiiiiHoro ‘He-meTekTopa, a Takok O€3 CIIOBLIBHIOBAYa,
3aCTOCOBYIOYH OKCHIHI a00 HaMiBIPOBINHUKOBI CHUHTHISTOPH, IIO TPSIMUM YHHOM MEPETBOPIOIOTH CHEPTIl0
BUIPOMIHIOBAHHS B EJIEKTPUYHHNA CUTHAJ; MiIXOAHW, SIKI BUKOPHCTOBYIOTH BHCOKOEHEPIETHYHY YacTHHY Y-CIIEKTpa
yJaMKiB momiry Ginbme 4900 keB, a Takox METO., IO 3aCTOCOBAHO B IIACUBHOMY HepyiMHIBHOMY amamizi 233U, sxwmii
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3aCHOBaHMH Ha BHMMIpIOBaHHI Ta aHaii3i y-niHii 3 eHeprieto 185,7 keB. IlokazaHo, 110 3amponoHOBaHA yCTAaHOBKA
3IaTHA BU3HAYUTH TPUCYTHICTb HAWOUNBIN BaXKIMBHUX SICPHUX MaTepialiB y JOCHTI[HKYBaHHX BHPOOAx, MOMITOBUX
BiJIPaBJICHHAX, Oaraxki macaxupis i T. 1.
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ABTOHOMHA HEMTPOHHA YCTAHOBKA JIJ151 BUSIBJIEHHS SIIEPHUX MATEPIAJIIB, IO ALIATHCA

E.JIL. Kyniennikos, M.I. Aiizaukuii, O.M. Boain, O.C. [leeB, C.M. Ouiiinuk, I.C. Timuenko,
C.C. Kanauéeii, O.C. Kauan, JL.II. Kopaa, F0.M. CoJion0BHiKOB
HHI] «Xapxiecvkuii @isuxo-mexuivHuti incmimympy,
61108, Xapxis, Axademiuna 1

OOroBOPIOETHCS MEPCIIEKTUBA CTBOPEHHS aBTOHOMHOI HEUTPOHHOI YCTaHOBKH JUTS BHSBIICHHS SOCPHHUX MaTepiailiB, MO TUIATHCA, Y
3pa3kax, y TOMy 4YHCIi 1 B THX, IO 3HAaXOIATHCS y 3aMKHYTUX 00’eMax. [IpomoHyeTbCS Ha OCHOBI IONIIETHICHOBOTO IIapa-
CIIOBUIbHIOBAaYa 1 MOPTaTUBHOIO JUKEpesla IMIBUIKUX HEHTpoHiB, po3pobienoro B HIK «IIpuckoproBaw»y HHI[ X®DTI na 6asi
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EJIEKTPOCTATUYHOrO MPUCKOPIOBaYa JICHTPOHIB Oe3repepBHOT ii, OTpUMATH ONOPHE MOJIE TEINIOBUX HEHTpoHiB. OTpHMaHe JHKEPero
TEIIOBUX HEHTPOHIB IUIAHYETHCSI BUKOPUCTOBYBATH JUISl aKTUBALl HEBEJIMKUX BUPOOIB 1 BAHTAXIB 3 METOIO BUSBJICHHS B iXHbOMY
cKyIaji 3a00POHEHHX IS TIEpeEMileH s pedoBHH, mwo MictaTh 23U, 235U 1 3Pu. OnepaTvBHE 3HAXOIKEHHS EJIEMEHTIB NOLLy Oye
CBIUUTH TIPO cIpoOy iX HeJeraipHOro TPAaHCIOPTYBaHHA. BiNbIn perenbHa iHCIEKLis MOKe OyTH HPOBEICHA i3 3aCTOCYBaHHSIM
CIeialbHOTO 00JIAIHAHHS TiCTs 3aTPUMaHHS MMiJ03pLUINX BaHTaXiB, TPOMAISH ad0 TpaHCHOPTY. PO3rIIsTHy Ta MOKIIUBICTD peecTparii
MUTTEBUX HEHTPOHIB HE TUIBKM TPAJMUIiMHUM CIOCOGOM 3a JONOMOIOK MOJIETHIEHOBOTO CIOBUIBHIOBAaYa i mporopuiiinoro *He
JIETeKTOpa, aje i 63 BUKOPUCTaHHs OyAb-IKOTO CIIOBITFHIOBAYA, BUKOPHCTOBYIOUN OKCHIHI a00 HAIIBIIPOBITHUKOBI CIUHTHIISTOPH.
Jnst BUSIBIICHHST MaTepiaiiB, MO AUIATHCSA, OOIPYHTOBAHO METO]] BUKOPHCTAHHS BUCOKOCHEPIeTHYHOI YaCTUHHM Y-CIIEKTPY YIaMKiB
noginy (Gimbme 4900 keB), a TakokK MiAXif, 10 3aCTOCOBYETHCS y NACHBHOMY HepyliHiBHOMY aHanizi U 3a y-miniewo 3
E,=185,7 xeB. loBeneHo, o 3anporoHOBaHa YCTAHOBKA ISl BUSIBIICHHS SACPHUX MaTepiajiB, IO AUTATHCS, 30aTHA 3a JOIMIOMOTOI0
METO/Ly HEPYHHIBHOTO KOHTPOJIK BU3HAYMTH IPUCYTHICTS i30Tomis 233U, 225U i 2°Pu y nociiukyBanux BUpo0ax i BaHTakKax.
KJIIOUOBI CJIOBA: snepHi Mmarepiand, IIO IUIATHCS, HEpYWHIBHMH aHali3, IKEpelo HEHTPOHIB, CIIOBUIBHIOBAY, TEILIOBI
HEWTPOHH, YJIAMKH IOy, MUTTEBI HEHTPOHU

ABTOHOMHASI HEUTPOHHASI YCTAHOBKA JIJI1 OBHAPY KEHUSA JEJAMUXCS ATEPHBIX MATEPHAJIOB
9.JI. Kynnennukos, H.U. Aiizaukuii, A.H. Bonun, A.C. leeB, C.H. Oueiinnk, U.C. TumueHnko,
C.C. Kanapi6eii, A.C. Kauan, JL.II. Kopaa, FO.H. CotonoBHUKOB
HHI] «Xapvkosckuii huzuxo-mexHuteckuti UHCImumym»,
61108, Xapvros, Akademuueckas 1

OOcyxaaeTcsi MepCcreKTHBa CO3AaHUsT aBTOHOMHOW HEHTPOHHOH YCTQHOBKH JUIS BBUIBJICHUS JASJISIIUXCS SIICPHBIX MAaTepHAOB B
obpasiax, B TOM 4YHCJIe M HaXOJUIIIMXCS B 3aMKHYTBIX oObeMmax. [Ipeanaraercss Ha OCHOBE IOJIMATHICHOBOTO Iapa-3aMeIIHTeIs U
MOPTAaTUBHOTO HCTOYHHMKA OBICTPbIX HEHUTpoHOB, paspaboranHoro B HUK «Yckopurens» HHL[ X®OTHW na 0Oaze
3JIEKTPOCTATHYECKOTO YCKOPHUTENsS IEHTPOHOB HENpPEPHIBHOTO JICHCTBMSA, IOJNYYUTH OIOPHOE IIOJE TEIUIOBBIX HEHTPOHOB.
ITosry4eHHbIH MCTOYHUK TEIUIOBBIX HEHTPOHOB IIAHUPYETCS UCIIONB30BATH Ul aKTHBALUKM HEOOIBLINX U3JEIUI U IPY30B C LIEIbIO
BBIABIEHHUS B UX COCTABE 3alIPEIUCHHBIX K IEPEMEINECHHUIO BemecTs, coaepskammx 222U, 25U u 2*Pu. OnepaTuBHOE HaXOXIEHHE
JEISIIMXCS SJIEMEHTOB Oy/leT CBU/CTENbCTBOBATH O IIOMBITKE MX HEJErallbHOM TPAaHCIOPTHPOBKU. Bojee TiateiabHas MHCIEKIHS
MOXeT OBITh IPOBEJICHA C IIPUMEHEHHEM CIICIMAIBHOTO 000pyIOBaHMS MOCIE 3aJ[ep>KaHus OX03PUTEIBHBIX TPY30B, TPAXKIAH HIH
TpaHcnopra. PaccMoTpeHa BO3MOXKHOCTH PETUCTPAIlMH MTHOBEHHBIX HEHTPOHOB JICNICHUS HE TOJNBKO TPAAUIMOHHBIM CIOCOOOM C
[OMOLIBIO TIOJIM3TUIIEHOBOTO 3aMEIUTENS. W MPONOpLHHUOHaIbHOro SHe-meTekrtopa, HO W 6€3 NPUMEHEHHS KaKOro-muGo
3aMeJUIUTEIIs, UCHONB3Ys OKCHIHBIC WIN IOJYIPOBOAHUKOBBIE CHUHTWLIATOPHL. 1 OOHapykeHHs NeJLIIIMXCS MaTephajioB
000CHOBaH METOJ HCIHOJIb30BAaHUSI BBICOKOYHEPreTHUECKOW YacTH Y-CHEeKTpa OCKOJKoB neneHus (Gombme 4900 k3B), a Taxke
HOAXO0/, MPMMEHAEMbIH B TACCHBHOM HepaspymaromeM aHanuse 2> U no y-nunun ¢ Ey = 185,7 ka3B. TlokaszaHo, uTo npeajioykKeHHas
YCTaHOBKA JUIS BBISBICHMS JCJISIIUXCS SACPHBIX MarTepHanoB CIHOCOOHAa C IIOMOLIbI0O METOJa Hepa3pyIIAroliero KOHTPOJIS
OnpenenuTs npucyTeTBue nzoronos 23U, 235U u 23Pu B uccnenyeMbIX H3AENMAX U IPy3ax.

K/IFOYEBBIE CJIOBA: snepHble nensimiuecs MaTepHaibl, HEpa3pyIIAOIUi aHalu3, MCTOYHUK HEWTPOHOB, 3aMEIJIHTEINb,
TETUIOBBIC HEHTPOHBI, OCKOJIKH JICJICHHS], MTHOBEHHBIC HEUTPOHBI
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The mechanical characteristics (limit of forced elasticity Grore, rupture stress o, relative deformation to rupture &r) of polyimide films
of kapton H type under uniaxial tension conditions along the direction of drawing in the temperature range (4.2-293 K), deformation
rates (107 - 107 s!) and film thicknesses (25, 75 and 125 pum) were investigated. It is discovered, that the forced-elastic state remains
for all films up to 4.2 K of all strain rates - Gfors<0r. In this case, the reserve of elasticity significantly depends on the thickness of the
film with a decrease in temperature. A sharp decrease in & occurs in films: 125 pm thick - at 77 K, 75 pm thick - at 4.2 K. Two
variants of deformation curves are possible in a 25 um thick film at 4.2 K: with a short nonlinear stage or with a long one proceeding
jumpily. The working surface of the samples that have undergone jump deformation is covered with a deformation relief, partially
representing a delayed highly elastic deformation. The ofors limit is most sensitive to the strain rate. The nature of the strain rate
sensitivity ores(& ) depends on the temperature and film thickness. The change to the opposite in the character of Gros( & ) and
or( €) with a decrease in temperature to 4.2 K in 75 and 125 thick films was found for a first time. Change in the character of

otors( € ) is not observed in 25 pm thick film which retains the maximum reserve of elasticity at 4.2 K.
KEYWORDS: polyimides, low temperatures, limit of forced elasticity, rupture stress, deformation

The study of the mechanical and structural properties of polyimides has been going on for decades, and the results
of these studies in the field of normal and elevated temperatures are given in numerous articles, monographs and
reference books. Since the end of the XX century, the widespread use of polymers of this class in cryogenics,
astronautics and nuclear power began. Interest in the study of their properties has shifted to the area of low temperatures
and the effect of radiation factors. It is known that most polymers, including polyimides, become embrittled below
room temperature and, especially, the temperature of liquid nitrogen (77 K) [1, 2]. Only polypyromellitimide films
(such as kapton H and PM) retain some deformability up to the temperature of liquid helium (4.2 K) [3,4] and are used
(as thermal control coatings and screen-vacuum thermal insulation) in devices operating under extreme conditions. The
films of this type are up to ~100 pum thick are most widely used.

The compliance of their mechanical properties with the required performance characteristics is one of the criteria for
their applicability. These are, first of all, strength and deformability at different strain rates in a wide temperature range of
4.2-300 K. It is important to establish how the film thickness affects these characteristics at helium temperatures, where the
elasticity of the films decreases. Another important aspect, already from the point of view of the physics of polymers, is the
study of their ability to create a highly oriented structure at low temperatures, the establishment of the physical
mechanisms of film shape change under these conditions, since these questions are still open.

In this work, we continued the study of the mechanical properties of polyimide films of the kapton H type, begun
in [5], in wider ranges: temperatures (4.2-293 K), strain rates (10°-10- s') and film thicknesses (25-125 microns).

MATERIAL AND METHOD OF RESEARCH

The objects of study were samples of thermoplastic film of aromatic polyimide — poly-4,4'-diphenylene oxide
pyromellitimide, manufactured by PRC (People's Republic of China). Polyimide films kapton H (manufactured in the
USA) and PM (manufactured in the Russian Federation) are their well-studied analogs. The thickness of the films was
6 =25,75, and 125 um.

The structure of films with a thickness of 75 and 125 um in the initial state and after deformation to rupture at 293
and 77 K was previously investigated in [6] by X-ray diffraction analysis for reflection from the sample plane. Both
films were found to be in an amorphous state upon delivery. A higher degree of ordering and a noticeable unevenness in
the distribution of the density of the substance over the thickness was found in the initial film with a thickness of
125 um. The change in the degree of ordering was observed only in a film with a thickness of 125 um after deformation
to rupture (i.e., into the stage of irreversible deformations). The formation of regions with long-range order occurred in
it both after deformation at 293 K and at 77 K, which is in good agreement with the results of [7].Although in the film
with &= 75 um, the contribution of irreversible deformation at 293 K was greater than in the film with 8= 125 pm.

© V.A. Lototskaya, L.F. Yakovenko, E.N. Aleksenko, V.V. Abraimov, W.Z. Shao, 2020
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The structure of a film with 25 um thickness has not been studied. However, films with this type of monomer of
small thickness (<70 um), as a rule, are amorphous, according to the data which obtained by other authors in [1,7-9].
Two-blade samples according to State Standard 11262 (Fig. 1) with the tension axis along the direction of the film
drawing were using a special die. The sample was fixed in testing machine with special clamping grippers, which
gripped and pressed rollers with blades of non-working surfaces of the sample wrapped around them.
t The samples deformation under uniaxial tension
j 4 was performed using FPZ-100/1 tensile testing
" : machine with a low-temperature unit, designed and
ﬂ:f ‘;?[ created in the Institute for Low Temperature Physics
and Engineering [10]. Film samples with a thickness
27 of 25 um were tested at three temperatures of 293, 77
and 4.2 K and three active rod moving speed Vger=
0,085; 0,85 and 7,6 mm/min, and, correspondingly,
with the strain rate & =7-107, 7-10* and 6-103 s’!
Figure. 1. The shape of the tensile test sample. (& =Vaet/Lo, where L, is the initial working length of
the sample). Film samples of 75 and 125 um were tested at three temperatures with deformation rate € =7-107° s and

80

with all rate £ at T=4,2 K. Data of investigations for films with a thickness of 75 and 125 microns with strain rates &
=7-10*and 6-1073 s at 293 and 77 K were received earlier [5].

In the process of deformation a tensile diagram was recorded in the coordinates “load P-elongation AL”, from
which the following mechanical characteristics were determined: the apparent limit of forced elasticity, corresponding
to the stress, at which the highly elastic deformation is 1% (according to State Standard 14236), Gfore. = P1%/So; rupture
stress of the sample o, = P,/S,, where S, is the initial cross section of the sample; relative deformation to rupture
& = AL,/L,, where AL, elongation corresponding to the moment of the sample rupture, and L, — value of the original
working length of the sample.

Elongation to rupture AL, can include same contributions: reversible (elastic) elongation AL, associated with
the unrelaxed elastic modulus of the polymer, elongation ALpigh 1.1, due to highly elastic deformation reversible at the
test temperature, elongation AL pigh c12, due to delayed high elastic deformation, and elongation ALjrevers, corresponding
to irreversible deformation that does not disappear upon heating up to the melting temperature Tr. The types of
contributions may vary depending on the test temperature. The procedure for their determination is described in detail
in [5]. In this work, we do not give the values of the contributions, but, the deformed to rupture films were annealed at
623 K (350°C) for 2 hours in air as in [5], to determine the presence of the contribution of irreversible deformation and
the total value of highly elastic deformation (€nigh cl.1 + € high el.2)-

Before the low-temperature test, the sample in the deforming device was held in a cryostat with a refrigerant for at
least 30 min.

All mechanical characteristics are presented below as average values based on the results of tests of 4 - 10 samples,
depending on the magnitude of the spread of values under the given test conditions.

Fractures of the samples were studied using an optical microscope MBC-9.

RESULTS OF EXPERIMENTS

Deformation curves. Fig. 2 a,b shows typical curves “stress (c)-deformation (g)” of polyimide film samples of
different thickness at temperatures 293, 77 and 4,2 K for the limiting deformation rates in this experiment — 7-1073 s°!
(Fig. 2a) and 6-107 s! (Fig. 2b). It can be seen that, the tension diagrams for films with a thickness of 75 and 125 um at
all temperatures exhibit two stages: a linear stage associated with elastic deformation and a nonlinear stage including
the contributions of highly elastic deformation (reversible with removal of the load and delayed) and at 293 K
containing the contribution of irreversible deformation [5]. The first elastic linear stage occupies most of the
deformation curves of samples of these films at temperature of 4.2 K. In this case, a stress jump is observed at a short
nonlinear stage on the curves of some samples of films with a thickness of 75 um at all deformation rates.

Curves (o—¢) of films of 25 pm at temperatures of 293 and 77 K have three stages: linear elastic and two nonlinear.
The slope coefficient do/de is higher in the last third stage than in the second nonlinear stage. Samples of a thin film at
4.2 K at all test rates exhibit two different types of deformation curves: 1) 2-stage curves (o — €) similar to the other two
films with a very short second nonlinear stage, monotonic or containing one or two jump of stress (Fig. 2, curves 1a),
2) curves with a noticeable (up to €~35%) nonlinear stage of deformation proceeding jumpily (Fig. 2, curves 1b).
Curves (o — €) are three-stage at the lowest strain rate &€= 7-10~° s™! - the nonlinear range has two stages with different
slope coefficients, as at higher temperatures.

Temperature influence on mechanical properties. Figure 3 shows the temperature dependences of the average
values of mechanical characteristics: the limit of forced elasticity oo (Fig. 3a, d), rupture stress o: (Fig. 3b, e) and
relative deformation before rupture & (Fig.3c,f) of films of different thicknesses at two limiting strain
rates, £ =7-107 s (Fig. 3 a,b,c) and & =6-107s'(Fig. 3 e,f,g).
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Figure. 2. The typical deformation curves of films of 25 um (curves 1, la,b), 75 um (curves 2) and 125 pm (curves 3) at interval
temperatures 4,2-293 K and deformation rates: a) - & =7-10%s1,6) - & =6-103s’!
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Figure. 3. Temperature dependences of the mechanical characteristics of polyimide films in the temperature range 4,2-293 K at

strain rates & =7-10s"! (a,b,c) and £ =6-103¢! (d,e,f): a, d - forced elasticity limit, b,e- rupture stress; c,f — relative deformation
to rupture

Figure 4 shows the limits of the scatter of the values of mechanical characteristics +(AGfore/Cfore, %0, AGH/G1,% and
Ag./e:,%) under these conditions. The scatter of the measured characteristics in films of 75 and 125 um is significantly
lower than in a film of 25 um, and changes with decreasing temperature are also much less. The spread in the values of
the characteristics of a 25 pum film sharply increases with decreasing temperature, especially for the values of
deformation to rupture €. As shown in Fig. 2, for samples of a film with a thickness of 25 pm at 4.2 K, two types of
curves are observed, and for &, it is possible to distinguish, as it were, two average values and two values of the scatter
(Fig. 4c, d) for each type of curves. For rupture stress, two predominant average values can also be distinguished, but
in this case there is no clear correspondence - higher strength values and higher deformation, or vice versa. Although at

a strain rate of £€=7-10" s the samples which show curves of type 1b (Fig. 2, T = 4.2 K) have predominantly higher
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values, and at £=6210" s - lower. In this regard, two limiting values are shown in Fig. 3 for the rupture stress and
relative deformation to rupture of the 25 pm film at 4.2 K instead of the average values of the characteristics.

Figure 3 shows, that the values of the forced elasticity limit Gyors, Of the films strongly depend on temperature and
only slightly depend on the thickness. The limit o With decreasing temperature from room temperature to 4.2 K
increases in films of all thicknesses by more than 4 times at a minimum strain rate of 7-10” s™ and by 3.2 - 3.4 times at
a maximum rate of 6-:10° s'. The magnitude of the rupture stress o, in all films with a decrease in temperature to 4.2 K
grows much more slowly — by 1.7-2 times. Even at 4.2 K, at all deformation rates, there is a certain reserve of
elasticity — the ratio Grors/0:<1 and is equal to ~0.94, 0.9 and 0.8, respectively, for films with 6=125, 75 and 25 pm. The
rupture stress o; depends on the film thickness much more strongly than the limit Gfors.. Thus, a thick film (& = 125 pm)
has the lowest values o, (20 - 30% lower than the values o, of the average film) in the entire temperature range at all
strain rates. The magnitude o, of the films 75 um and 25 pm differ significantly less. The maximum difference is
observed at low temperatures and reaches 10-17%, and depending on the strain rate, either the values o; of the thinnest
film (£ =7-107 s) or the average (£ = 6-107 s™!) are higher, which is associated, as will be shown below, with the
different strain rate sensitivities of the films of these thicknesses.
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Figure. 4. Temperature dependences of the spread in the values of the mechanical characteristics of polyimide films in the
temperature range 4,2-293 K at strain rates £ =7-10% ¢! (a,b,c) and £ =6103 s (d,e,f): a, d — error in measuring forced
elasticity limit, b,e- rupture stress; c,f — relative deformation to rupture (points a and b correspond to the values_+Ae:/erfor curves
of type a and b for samples of a film with a thickness of 25 um at 4.2 K in Fig. 2)

The temperature dependences of the deformation before rupture (Fig.3 c, ) indicate that a film with a thickness of
125 um sharply decreases its elasticity already in the range of T=77 K, and a film of 75 pm - in the range of 4.2 K.
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However, the level of highly elastic deformation even in a film 125 pm at 4.2 K remains at a level of not less than 2.5%
at all strain rates. In the thinnest film of 25 pm at 4.2 K, the samples have two average values: the values &;: magnitudes
& of some of the samples practically coincide with the values &, of thick films, and some of the samples demonstrate

elasticity, as at 77 K.

Strain rate influence. The dependences of the average values of the mechanical characteristics of the films on the

strain rate at temperatures of 293, 77, and 4.2 K are shown in Fig.5a-c.
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Figure 5. Dependences of the forced elasticity limit (a), rupture stress (b)
and relative deformation before rupture (c) of polyimide films on the rate

at4.2,77, and 293 K.

Let us consider the dependence of the
forced elasticity limit of films on the strain rate
Gros( &€ ). Fig. 5a shows that at room
temperature the values o of all films
practically coincide in the entire range of strain
rates and grow weakly with increasing £ , which
is in good agreement with the data obtained on
polymer films earlier [2]. As noted in [5], limit
Grors in thicker films increases with strain rate &
at 77 K (especially in a film with 6= 75 pm).
The slope of the dependence Gros( € ) of the
thinnest film remains the same as at 293 K and,
accordingly, the values of limit G at strain
rate £=6-10" s are lower than the s values
of the average film thickness.

At 4.2 K, the limit Ofys. of a thinnest film
practically ceases to depend on deformation rate
& , while for thicker films an inverse
relationship is observed — an increase in the
limit oo, With decreasing rate £ . Such a rate
dependence Gt (€ ) at T = 4.2 K was observed

for the first time. Dependencies c,( £ ) behave in
a similar way (Fig.5b). It should be noted that
the values of rupture stress or at 4.2 K for all
three films at the highest strain rate of & =6-10
s’ are close to those at 77 K. In this regard, in
order to better distinguish the dependences of
o (€ ) at 77 K and 4,2 K, the latter for clarity in
Fig. 5b are shown by a dotted line. For the same
purpose, the dependences of o &) at 4.2 K in
Fig. 5c are also represented by dotted lines.

The relative deformation before rupture &,
for all films (except for the 125 um film at
4.2 K), taking into account the large scatter of
values, can be considered practically
independent of the strain rate at all test
temperatures. It should only be noted that the
values of & at temperatures of a sharp decrease
in elasticity practically coincide for all films.
Namely, for samples of a film with a thickness
of 125 um, the &, values practically coincide at
temperatures of 77 and 4.2 K. At 4.2 K, the &
values coincide for all samples of films with a
thickness of 75 and 125 um and samples of a
film with 25 um, having a deformation curve of
the type la (Fig. 2). In samples of a thinnest film
with deformation curves of type 1b (Fig. 2), the
& values at 4.2 K at all strain rates are close to
those at 77 K.

Fracture of films. In fig. 6 (a-i) and 7 (a-1)
show photographs of the fracture zones of
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samples of different thicknesses, deformed at temperatures of investigation and limiting deformation rates. Figures 6i
and 7i show the fracture zones of film samples with a thickness of 25 pm, which at 4.2 K had the character of curves (c

— ¢€), similar to that of thicker films (type la, Fig. 2).Figures 8a-d show the surface relief of thin film specimens, which
found noticeable jump-like deformation at 4.2 K.

D‘.o .O‘

g
Figure 6. Surfaces of samples with a thickness 25 (a, d, g), 75 (b, e, h) and 125 pm (c, f, i) in the fracture zone at temperatures of 293

i

(a, b.c), 77 (d, e, f) and 4.2 K (g, h, 1) at a strain rate £=7-105s"

-
f
g i

Figure 7. Surfaces of samples with a thickness 25 (a, d, g), 75 (b, e, h) and 125 pm (c, £, i) in the fracture zone at temperatures of 293
(a,b.c), 77 (d, e, f) and 4.2 K (g, h, i) at a strain rate & =6-10-s"!
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Figures 6 and 7 show that the fracture of the films occurs by tearing off perpendicular to the tensile axis of the
sample at temperatures of 293 and 77 K. Weak necks in the plane of the film, which are absent in thickness, were found
on the fractures of all films at room temperature. Up to a temperature of 4.2 K, the neck is retained only in a film with a
thickness of 25 pm. Ties and shear zones parallel to the separation zone (apparently, the tear zones of a part of the fibers)
appear in films with a thickness of 75 and 125 pm at 77 and 4.2 K. The length of the tension bars extended from the
zone of tear at 77 K decreases with an increase in the strain rate £ , especially in a film with a thickness of 125 um.

The shape of the 125 pum film surface in the fracture zone, which is characteristic at 77 K, remains at the
temperature of liquid helium. Shear bands at an angle of 60 ° to the tension axis associated with the fracture zone appear
in addition to tension bars at a low strain rate in the thinnest film of 25 um at 77 K. At a strain rate of &= 6-1073 5!,
tension bars and shear bands in it are absent and well the neck is visible in the plane of the film.

Shear bands at an angle of 60 ° to the tension axis associated with the fracture zone are observed at 4.2 K in films
of small and medium thickness at all strain rates. Cracks appear in them at a high strain rate. Shear bands are observed
only near a fracture in films with a thickness of 25 um with a small elongation to rupture. This deformation relief in
films of both thicknesses is irreversible and is retained after annealing destroyed samples at 350°C for 2 hours. Shear
bands, oriented in two directions at an angle of 60 ° to the tension axis, extend over the entire working part of the
sample in films with a thickness of 25 um with a noticeable nonlinear stage (Fig.8a and b). The number of shear bands
agrees well with the number of jumps on the deformation curves. Part of this relief disappears after annealing the
destroyed samples at 350 ° C for 2 hours. (Fig.8c and d).

c d

Figure 8. Surfaces of the working part of 25 pm thick specimens deformed to rupture at 4.2 K at strain rates £:7-10%s! (a, ¢) and
6-10-s! (b) after warming up to room temperature (a-c) and annealing at 350°C for 2 hours. (d)

DISCUSSION OF INVESTIGATION RESULTS

The deformation curves of the studied amorphous films do not show a maximum upon transition to the forced
elastic state, while the films have high limits of forced elasticity and strength. This is typical for pre-stretched, oriented
amorphous polymers [2]. The X-ray method can detect such a texture only when shooting at the end of the film,
perpendicular to the axis of the broach in the technological process. According to the available data of X-ray diffraction
analysis [6], obtained during recording by reflection from the film plane, it was found that the initial films have
different degrees of ordering and density. In the case of linear polymer molecules, this may mean that the polymer
chains have different angles of disorientation along the tensile axis in films of different thicknesses. A film with a
thickness of 125 um has the highest ordering in the initial state. Long-range order is formed in it after deformation at
both 293 K and 77 K.

Despite the larger contribution of irreversible deformation, long-range order was not detected in the thinner film
(75 um). However, the ordering processes in this and even more disoriented film with a thickness of 25 are seemed to
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proceed more intensively. The appearance on the deformation curves of a 25-um-thick film of the second nonlinear
stage with a higher hardening coefficient, which is observed in some samples even at 4.2 K, indicates this. This allows
us to assume the possibility of orientation in this film under the action of an external force not only of individual
segments of molecules, but also the orientation of molecules as a whole and even bundles of molecules along the tensile
direction at the second nonlinear stage. But these processes are also more reversible when unloading due to the smaller
thickness. In films deformed at low temperatures, these processes are also reversible upon heating to room temperature.

Irreversible deformation that develops at the last stages of deformation is associated not only with shear
deformation without violating the integrity (orientation), but also with the processes of material destruction - the
formation of microcavities, microcracks and their growth in the oriented material. This is especially evident at low
temperatures, where deformation begins to proceed partially localized already at 77 K and completely at 4.2 K. The
appearance at 77 K of a relief in the form of shear bands observed on the surfaces of deformed samples of the thinnest
film (25 um) near the fracture, and in thicker films - directly in the fracture zone indicates this. Cracks are also clearly
visible on the surface of shear bands at 4.2 K. The retention of shear bands after annealing in films deformed at 77 K
and the formation of cracks in them at 4.2 K indicates that the main process of the formation of localization zones is
precisely the processes of destruction - the formation of microdefects and the development of microcracks, which
become macroscopic at 4.2 K.

Despite the significant reduction in elasticity and the appearance of cracks in the shear bands from the point of
view of the ratio of the values of the forced elasticity limit and the rupture stress (Grrs<0r) at these strain rates, the
brittleness temperature Ty, is not yet reached in any of the films even at 4.2K. However, the appearance of strain rate
sensitivities &( £ ) in films with a thickness of 75 and 125 pm at 4.2 K with a slope opposite to that at 77 K indicates
that the achievement of Ty, is possible at higher strain rates. Although there is a weak margin of orientational elasticity
in these films at 4.2 K, the main process occurring at the nonlinear stage of deformation is the formation and growth of
microcracks according to the microstructures of fractures.

The ability to orient the segments of polymer molecules without cracking in the places of localization of
deformation is retained in a film 25 pm thick at 4.2 K. This is evidenced by the disappearance of a part of the relief
during subsequent annealing (Fig.8c, d), the presence of a neck in the fracture zone (Fig. 6g and 7g) and the smallest
ratio ors/cr. However, the competition between the course of orientation processes without and with the formation of
cracks is strong. As a result, some specimens with a more favorable arrangement of molecular chains exhibit high
elasticity values, while in others, cracking immediately develops with destruction of the specimen.

The limit Grors determines the stress at which the forced elastic deformation begins to develop steadily, i.e.
processes of rearrangement of segments of polymer molecules occur. When the external force changes, they lag behind
the equilibrium ones, i.e. have a relaxing nature. According to the developed relaxation theory, Gors depends on the
deformation rate of the material and increases with an increase in the latter, which was observed in various polymers [2]
and by us at 293 and 77 K. A change in the film thickness and a change in the structure, which are observed with a
change in the thickness of the initial films, in the room temperature area does not lead to a change in the slope of the
orors( € ) dependence for films of different thicknesses, or to a change in the Grors values.

The difference in the thickness and in the initial degree of ordering of the structure of the films leads with a
decrease in temperature to 77 K to different values of the slopes of the dependences oo € ). However, an increase in
Grors With an increase in & occurs for all films. It can be assumed that microfracture processes begin to operate at all
deformation rates simultaneously with entropic orientational processes in a film with =125 pum, which sharply
decreases its elasticity already at 77 K. As a result, no significant growth of orrs occurs with increasing speed. The
processes of orientation of segments of polymer molecules continue to remain primary in the film with =75 um at all
strain rates. The critical relaxation time t (the onset of the development of highly elastic deformation) can be achieved
at a lower temperature with an increase in the strain rate at significantly higher stresses Grrs. And the processes of
orientation in a film with =25 pum, which has the lowest density and the most amorphous structure, are the least
complicated and the slope of the Grrs( £ ) dependence is similar to that at T = 293 K.

The processes of orientation of both molecular segments and microfracture seem to turn on almost simultaneously
when the o limit is reached at 4.2 K in thicker films (75 and 125 um). Moreover, the higher the rate of deformation,
the earlier the processes of microfracture start. As a result, the dependences Grors( € ) and o,( € ) have a reverse course -
a decrease in the values of Grrs and o with an increase in the strain rate. A noticeable change in the slope of the
deformation rate dependences of the strength properties is not found in a film with 6=25 um, which retains sufficient
elasticity at 4.2 K. This allows us to assume the preservation of the mechanisms of shape change, characteristic at room
temperature, up to 4.2 K, but their flow is localized along the working part of the sample.

CONCLUSION
1. The characteristics of strength (forced elasticity limit Gsrs and rupture stress o,) and deformability (relative
deformation before fracture €) of three polyimide films of the kapton H type (made in China) of different thickness
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(25, 75 and 125 pm) in the temperature range 4.2 -293 K and strain rates 10°-10-3 s'!. The significant hardening of
the films with a decrease in temperature to 4.2 K was discovered.

It was found that the deformation curves of films with a thickness of 75 and 125 um have two stages at all
temperatures and strain rates: linear and nonlinear. On the (c-€) curves of a 25-um-thick film at 293 and 77 K,
three stages are observed: a linear and two nonlinear ones with different hardening coefficients, and at 4.2 K, two
types of curves are observed - with a small and large stage of nonlinear deformation proceeding jumpily.

It has been established that the brittleness temperature Ty, is not reached (Grors<or) for films of all thicknesses at
investigation temperatures and strain rates. The minimum elasticity level for all films is similar, and the
temperature at which it is reached depends on the film thickness. It occurs for a film with a thickness of 125 pm at
77 K, for a film with a thickness of 75 pm and samples of a 25 um film with a short nonlinear stage - at 4.2 K.
Necks in the fractures of the film samples in the plane of the film, the presence of which depends on the thickness
and temperature were found. Necks are observed in all films at all strain rates at room temperature. With a decrease
in temperature, only in thinnest film samples.

For the first time, a deformation relief in the form of shear bands associated with the localization of deformation at
low temperatures was observed. The presence of a relief, the temperature of its appearance and the area of the
working part of the sample occupied by it depend on the thickness of the film. The relief at a small film thickness
can be caused by two different processes: irreversible processes of formation and development of cracks and
reversible processes of orientation of segments of polymer molecules.

For the first time, it has been established that the strain rate sensitivity of the strength properties depends on the
film thickness both in magnitude and in character at low temperatures. It was found that the character of the rate
sensitivity of the ofors and Grors limits changes to the opposite at 4.2 K in more ordered thick films (75 and 125 um)

and that the character of the Grr( € ) and 6. € ) dependences remains up to 4.2 K in the most amorphous thin film
(25 pm).

The authors are grateful to V.D. Natsik for his interest in the topic discussed in the article, for the comments and

additions expressed during its discussion.
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3AKOHOMIPHOCTI HU3bKOTEMITEPATYPHOI JE®OPMAIIII MOJIIMIJTHAX IIIBOK TUITY KAPTON H

PI3HOI TOBIIUHU
B.O. Jloroupka?, JI.®. SIkosenko?, €.M. Ajekcenko?®, B.B. Aopaimos®, Benn Uiy Illao®
“@izuxo-mexuiunuti incmumym Husbkux memnepamyp im. b.1. Bepxina Hayionanvnoi axademii nayx Yxpainu
np. Hayxu, 47, m. Xapxie, 61103, Ykpaina
bXap6incoruii lonimexniunuti incmumym, m. Xap6in, KHP

JlocipkeHO MeXaHI4HI XapaKTepHCTHKH ITOJIIMITHUX IUTBOK (TPaHHI BHMYIICHOI €NacTUYHOCTI O, HAIpyra pyWHyBaHHS Gp,
BifHOCHA JlepopMmartist 10 pyiHyBaHHS gp) TuIry kapton H (Bupo6HunTBa KHP) B yMoBax 0JHOOCEOBOTO PO3TATY B3HOBXK HAMPSIMKY
BUTSDKKY B auanasoui temneparyp (4,2-293 K), msuakocreii gepopmanii (10° — 103 ¢ 1) Ta toButin mwiisku (25, 75 it 125 Mkm).
BusBneno, mo ax 10 4,2 K npu Bcix mBHAKOCTAX AedopMariii y BCiX INTBOK 30epiracThCs BUMYIICHO-EIACTHYHUI CTaH - G5<Gp.
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Ilpym 1npoMy 3amac €nacTUYHOCTI HPH 3HIKEHHI TEMIepaTypu ICTOTHO 3aJISKUTh BiJ TOBIIMHM IUTIBKH. Pi3Ke 3HIDKCHHS &p
BiZI0yBaeThes B IUTIBKAX: TOBIIMHOI 125 MkM - pu 77 K, ToBmunoo0 75 MM - nipu 4,2 K. V miBi ToBuuHOW0 25 MM mipu 4,2 K
MOXJIMBI IBa BapiaHTU AeQOpMaLiifHIX KPHBUX - 3 KOPOTKOIO HENiHIHHOI ab0 3 JOBrolo CTaii€lo, 10 MPOTIiKAaE CTPHOKOMOMIOHO.
PoGoua moBepxHs 3pa3KiB, W0 3a3HaNM CTPUOKOMOAIOHY aedopmaliifo, moKpuTa AehopMauiiiHUM penbedoM, SIKHH YacTKOBO
NpeJCTaBIsAE 3aTPHUMaHy BHCOKOeNacTH4HY Aedopmarito. I'paHuus o HalOLIBII 4yTiuBa 210 WBUAKOCTI Aedopmarii. Xapakrep
MIBAAKICHUH YyTIMBOCTI Os( € ) 3al€XKUTH BiJ TEeMIEpaTypH 1 TOBIIMHH IUTIBKH. Briepiie BHSBICHO 3MiHa XapakTepy Os( & ) Ha
MIPOTHJICKHUH B TUTIBKaX TOBHIIMHOWO 75 1 125 MKM mpu 3HIKeHH] Temneparypu 1o 4,2 K. ¥V mriBii ToBIIKHOIO 25 MKM, 110 30epirae
MaKcUMaJbHHH 3amac enactudHocTi npu 4,2 K, 3minu xapaktepy os( £ )HE CIOCTEPIraeThes.

KJIIOUYOBI CJIOBA: noniimiay, HU3bKi TeMIepaTypu, FpaHuIsl 3MYyIIEHOI eJaCTHYHOCTI, Halpyra pyHHyBaHHs, AedopMmaris

3AKOHOMEPHOCTH HU3KOTEMITEPATYPHOM JTE®OPMAIIAA U PA3PYIIEHUS MOJTAUMUAIHBIX
MJEHOK TUMA KAPTON H PA3JIUYHOM TOJIIAHBI
B.A. Jlorouxas?, JI.®. SIkosenko?, E.H. Anexcenxo?®, B.B. A6paumon”, Bens Usxy Illao?
1QUUKO-MEXHUYeCKUTI UHCMUmym Hu3kux memnepamyp um. b.1. Bepxuna Hayuonanvhou akademuu Hayk Yxpaunol
np. Hayku, 47, 2. Xapvkos, 61103, Yxpauna
b Xap6unckuii Honumexnuyeckuti uncmumym, 2. Xapbun, KHP

HccnenoBansl MeXaHWYECKHE XAapaKTEPUCTHUKH (TIPefed BBIHYXKICHHOM 3JIACTUYHOCTH Oy, HANpPSDKEHHE pa3pylIeHUs Op,
OTHOCUTENbHAS NeopMaIis [0 pa3pylIeHHs €p) MOIMUMHIHBIX IUIeHOK Tuma kapton H (mpomsBomctBa KHP) B ycmoBmsx
OJHOOCHOTO pACTSHKEHHsI BJOJIb HAIpPaBJICHUS BBITSOKKM B Juanasone temmneparyp (4,2-293 K), ckopocreit nedopmarmu
(107 - 10 ¢y u Tomuun wienku (25, 75 u 125 mxm). O6HAPY)€EHO, 4TO BIUIOTH 10 4,2 K 11pu Beex cKopocTsx aeGopMaiyy y BCex
IJIGHOK COXPAHSCTCS BBIHYKICHHO-2J1aCTHUECKOE COCTOSIHUE - Gs<Gp. IIpu 3TOM 3amac 371aCTUYHOCTH IIPU CHUKEHUM TEMIIepaTyphl
CYLIECTBEHHO 3aBUCUT OT TOJIUHBI INIEHKU. Pe3koe CHIKEHUE €p MPOMCXOAUT B IUICHKAX: TonmuHou 125 Mxm npu 77 K, TommuuHoi
75 mMxm — nipu 4,2 K. B mienke tommmuo# 25 MxM npu 4,2 K Bo3MOXXHO /1Ba BapuaHTa J1e()OPMalMOHHEIX KPHUBBIX - C KOPOTKOM
HEJIMHeWHOM WiIM ¢ JUIMHHOM crajaued, mpoTekaromield ckaukooOpa3Ho. PabGowasi HOBEpXHOCTh 00pasloB, MPETEPIIEBLINX
CcKaukooOpasHyro  JaedopMaiuio, MOKphITa JeGOpMAIMOHHBIM  penbe)OoM, YACTHYHO IPEACTABIAIONINM  3aJepiKaHHYIO
BBICOKO2MAcTHUHYyI0 nedopmanuio. Ilpenen o Hambosiee 4YyBCTBHTEIEH K CKOPOCTH aAedopManuu. XapakTep CKOPOCTHOM
YyBCTBUTEJIBHOCTH Op( & ) 3aBUCHT OT TEMIIEPATyphl M TOJIIMHBI INICHKU. BriepBrle 0OHapykeHO M3MEHEHHE Xapakrepa Os( £ ) U
Gp( € ) Ha MPOTUBOIIOJIOXKHBIIN B IUIEHKAX TOJNIIUHOW 75 M 125 MKM Ipu nmoHmwxkeHun temiepartypsl 1o 4,2 K. B mnenke TommuHoi
25 MKM, COXpaHSIONICH MaKCUMAaIbHBIN 3amac 3nacTuaHoCTH npH 4,2 K, u3aMeHeHust xapakrepa os( € ) He HaOIro1aeTCsl.
K/IIOYEBBIE CJIOBA: nonuuMmuibl, HU3KHE TEMIEPaTyphl, IPEIEN BBIHYXKICHHOM 3JIACTUYHOCTH, HANPSLKECHHUE Pa3pylLCHHS,
nedopMmarys
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OPTICAL AND ELECTRICAL PROPERTIES OF GRAPHITE THIN FILMS PREPARED
BY DIFFERENT METHODS
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The paper reports on the structural, optical and electrical properties of graphite thin films prepared by two methods: the vacuum-free
method "Pencil-on-semiconductor" and via the electron beam evaporation such studies are of great importance for the further
development of high-efficiency devices based on heterojunctions for electronics and optoelectronics. Graphite thin films prepared by
the non-vacuum method has annealed at a temperature of 920K.The transmission spectra of the investigated graphite films and the
electrical properties of these thin films were measured at T = 300 K. The value of the height of potential barriers £ at the grain
boundaries and the temperature dependence of the electrical conductivity in the range In(o-T"?) = f{10°/T) were determined, It is
established that the height of the potential barrier at the grain boundaries for the drawn graphite films is E» = 0.03 eV, for annealed
E»=10.01 eV and for the graphite films deposited by the electron beam evaporation E» = 0.04 ¢V, ie for annealed film the barrier height
is the smallest. It is shown that graphite films deposited by the electron beam evaporation reveals the highest transmittance
(T550 = 60 %), and the transmission of drawn films is the lowest, annealing leads to its increase. The minimum values of transmission
at a wavelength A = 250 nm are due to the scattering of light at the defects that are formed at the grain boundaries. Annealed graphite
films have been found to possess the best structural perfection because they have the lowest resistivity compared to non-annealed films
and electron-beam films and have the lowest barrier height. Simultaneous increase of transmission in the whole spectral range, increase
of specific electrical conductivity and decrease of potential barrier at grain boundaries of the annealed drawn graphite film clearly
indicate ordering of drawn graphite flakes transferred onto a new substrate, which led to the reduction of light scattering and the
improvement of charge transport due to the larger area of overlap between graphite flakes.

KEY WORDS: "pencil-on-semiconductor", annealing, thin films, graphite, grain boundaries

B ocTaHHi pokr HEBMUHHO 301IBIITYETHCS IHTEPEC HAYKOBIIIB A0 METOJIB OTPUMAHHS TOHKUX BYTJIEIEBUX IIapiB.
Byrneup — 1ie yHiKaJdbHUI €IEMEHT, KU Bipi3HAETHCS BiJl 1HIIMX €JIEMEHTIB 3aTHICTIO YTBOPIOBATH KPUCTAIIYHI
CTPYKTYPH i3 pi3HUM THITOM 3B 513Ky [ 1-3]. Cepen ycix BizoMux (pOpM BYTJIEIO TOHKI IUTIBKU IpadiTy 3aiiMaroTh BaXKINBE
MiclLie 3aBASKH CBOIM 0co0IMBOCTSIM [4,5]. MOXKIIMBICTh 3aCTOCYBaHHSI TOHKUX ILUTIBOK TPadiTy 1Sl BATOTOBJICHHS PiI3HUX
NpWIAIIB  €JNEKTPOHIKM Ta  ONTOENEKTPOHIKM OOyMOBJ€Ha iX YHIKQIBHHUMH  BIACTHBOCTSMH:  XOPOLIOIO
€JIEKTPOIIPOBIIHICTIO, BHCOKOIO PYXJIMBICTIO HOCIIB 3apsily NpH KIMHaTHIi TemIiepaTypi, NMpo30picTio, XOPOLUIMMHU
MEXaHIYHUMH BJIIACTHBOCTSIMH [1,2].

BakyymHI MeTOIM HammiIeHHS TOHKHX IUTBOK rpadiTy morpeOyloTh BUKOPHCTaHHS IHEPTHHUX Ta3iB 1 € JOCUTH
CKJIaTHIMH IJIsl HAIMWICHHS IUTiBOK. TOMy B OCTaHHI POKH HAYKOBIIIB MOYajH OLTBINE IIKABUTH O€3BaKyyMHI METOIU
OTPHMAaHHS TOHKUX IUTIBOK, HAWACTICBIINM 3 SIKUX JJIS1 BUTOTOBJICHHS IDTIBOK rpadiTy BHUSBHUBCSA METOX «OJNiBElb-Ha-
HaIiBNpoBiAHUKY» [3]. He3Bakaroun Ha HEOMIK TaHOTO METOAY, SIKUH MOJIATaeE y HeoO0XiMHOCTI Ipy0oi MexaHiuHO1 abo
XiMigHOi 0OpOOKM TOBEpXHI MiAKIaAKU a1 (GopMmyBaHHA ii mopoxoBaTocTi (HEOOXIMHOT AJIT PUCYBAHHS TUTIBKH
OJIIBIIEM), 3aIIPOMIOHOBAHNN METO]I Ma€ HU3bKY BapTICTh TA € €KOJOTIYHO OE3METHUM.

[TniBku rpagity BXke yCIIiIIHO BUKOPHCTOBYIOTHCS AJIsl CTBOPEHHS TeTepOCTPYKTYp THITy niofis IIIoTTKi, siki MOKHA
BUKOPHCTOBYBaTH B SIKOCTI (OTONIOAIB Ta NETEKTOPIB YJbTpadiosieToBOro BUNpOMiHIOBaHHS [6,7]. IligBuimieHHs
e(eKTUBHOCTI Takux (oTonmpuiiMadiB 0€3MOCepeIHbO MOB'SI3aHO 3 MIJABHIICHHAM SKOCTI BHXITHHX MaTepialiB s
CTBOPEHHS T€TEPOCTPYKTYP Ta PO3YMIHHSM X (pi3MUHNX BIACTHBOCTEM.

Maito poOiT NpUCBSYEHO pe3yJIbTaTaM KOMIUIEKCHUX €KCIIEPUMEHTAIBHHUX AOCIIKEHb ONTHYHUX Ta €JIEKTPUIHUX
BJIACTHBOCTEH ILTIBOK TpadiTy OTpUMaHMX PI3HUMH METOAaMH. AJle Taki JOCHIPKCHHS MaloTh BEJIMKE 3HAYEHHS JUIs
MONANBINIOI  PO3POOKM  BHCOKOS()EKTHBHHX TMPHIAAIB HAa OCHOBI TeTEpONEpPexXOfiB JAis  EJNeKTPOHIKH 1
OTITOETIeKTPOHiKH [8,9].

B naniit po6oTi IpOBOIATHCS TOCTIKESHHS CTPYKTYPHHX, ONITHYHUX Ta SJIEKTPUIHHUX BIIACTUBOCTEH TOHKHX ITIIBOK
rpadiTy, BHTOTOBJICHHX HAaMH METOIOM «OJIiBEI[b-HA-HAIIBIIPOBIAHUKY», a MOTIM BiAMAJICHUX IS MOKPAIICHHS IX
MapaMeTpiB, Ta METOAOM €JIEKTPOHHO-IIPOMEHEBOTO BUIIAPOBYBAHHS IS TIOPIBHIHHS.

EKCIIEPUMEHTAJIbHA YACTUHA
ToHki 1wriBKM TpadiTy BUTOTOBJIECHI 0E3BaKyyMHHM METOJIOM «OJIiBEllb-Ha-HAMIBIPOBIAHUKY» Ta METOJIOM
€JIEKTPOHHO-TIPOMEHEBOTO BUIIAPOBYBaHHA. BIiMOBIIHO 10 METOAY <«OJiBellb-Ha-HAMIBIPOBIAHUKY» [3] onHa 3
MTOBEPXOHb CBIXOCKOJOTOT MOHOKpucTaniyHoi cossiHol migknanaku (NaCl) mexaHiyHO nuriyBayiacs O IIOPCTKOCTI
Ra=0,2 MM, R,=0,23 MkM Ta Rmax=1,1 Mxm. OnHopinHy rpadiToBy IUIBKY pHCyBajiM Ha IMiATOTOBJIEHIN HMOBEpXHI
COJISTHOT MiAKIJIAZKH 32 TOTIOMOTOI0 YHCTOTO TpadiToBOro crepHs (1 MM y miameTpi) pu MOCTiHHIN CHIl MPUTHCKAHHS

B 1 H. ami 3pa3ok o0epekHO pO3MINIyBalid Ha TOBEPXHI MUCTHIHOBAHOI BOAM IUTiBKOKO Tpadity 3Bepxy. ComsHa
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MIJIKJTaIKa TIOBHICTIO PO3YMHSIIACS 3a MEBHUM Yac i OTpUMYyBaJId HAPHCOBAHY TOHKY IUTIBKY rpadiTy, sika IJjiaBaja Ha
noBepxHi Bonu. IlnaBaroyy HamanbOBaHy ILTBKY TpadiTy NEpeHOCHWSIM Ha KBaplOBY HiIKIAJAKY THIOPO3MIpOM
10x10%0,5 mm. ITicis nepeHeceHHs IUIBKY BUCYIYBaIX y noTowi rapsiaoro nositps (350 K) muist BunaneHHs 3aIMIIKIB
BO/M Ta (POPMYyBaHHS SIKICHOT'O ONTHYHOTO KOHTAKTY 3 TJIaJKOI0 MOBEPXHEIO MiIKIAAKK. Biaman oTpuMaHnX TOHKHX
IUTIBOK TpadiTy MpOBOMMIIM MPOTSIroM 5 roauu npu Temmeparypi 920 K y Bakyywmi B enekrporewi CHOJI 15/1300 3
MIKPOTIPOIIECOPHUM PETYIISITOpoM Temmneparypu tuiy RT26-S765. ToBmuHa HaprcOBaHUX IUIBOK craHoBHiIa 150 HM
(TOBImMHY BAMIipIOBaJH 3a qomoMororo Mikpointephepomerpa MUN-4).

Taxox Oy70 HaIMICHO TUTIBKY IpadiTy Ha KBapLOBY MigKIaaKy po3MipoM 10x10x0,5 MM METOOM €IEKTPOHHO-
MIPOMEHEBOTO BHITAPOBYBAHHS B YHIBEpCaJbHiN BakyyMHill ycTanoBIi Leybold-Heraeus L560 i3 cripecoBannx TabIeTok
nopoIky rpadiry 3a temneparypu niaknanox 920 K. IotyxHicTs BumapoByda craHoBwia 40 % Bil MakCHMaIbHOTO
3HadeHHs. Yac HammreHHS TpuBaB 1-2 xB. ChopmoBani TabneTkn rpadity po3MillyBaid B MiJHOMY THIJII 3 BOISHUM
OXOJIOJDKEHHSIM 1 TOCTYNOBO MPOTPIiBAIM €JIEKTPOHHMM IIPOMEHEM Y BaKyyMHIH Kamepi, sika BiJgKauyBanacs
TypOOMOJIEKYJIIPHAM HACOCOM 110 Bakyymy 51075 mGap. 11106 3amo6irty BunapoByBaHHIO 3a0pyIHEHb 3 MOBEPXHI Ha
MMOYaTKOBOMY €Tarll IMiAirpiBy TabJIETOK 3aCiIiHKa MXK TUTJIEM 1 MiAKIaAKaMu OyJia 3akpurta. TOBIIMHA HATMJICHUX TUTIBOK
cranosuia 30 HM.

Bapro Big3HauuTH, IOI0 TEMIEpaTypa BiAnmaly i TemIlepaTypa HalMJICHHS TOHKHX IUIIBOK rpadiTy MeToaoM
€JIEKTPOHHO-TIPOMEHEBOTO BUITAPOBYBaHHs obupanacs oaHakoBoto (920 K) s mopiBHsHHS. BinnosigHo, 1o Hammx
MOTIepPETHIX JOCIIKEHb, [Ie ONTHMAaIbHA TEMIIEpaTypa Ui OTPIMAaHHS MONIKPUCTATIYHUX TUTIBOK rpadity.

IToTy>XHiCTh €EKTPOHHOTO MPOMEHIO, TOBIIMHY Ta IIBHIKICTh HAIWJICHHS IUTIBKM KOHTPOJIIOBAIIM 32 JOIIOMOTOIO
KkoHTposiepa HamwieHHS TOHKHX IiBoK INFICON XTC. Ilepen HanmieHHsAM TabneTku rpadiTy mimirpiBaimu, Uit
3armobiraHHs IHTeHCHBHOMY Ta3yBaHHIO MOPOMIKY rpadiTy y pasi Horo pizkoro HarpiBaHHS. TeMmepaTypy MiAKIaIOK
KOHTPOJTIOBAJIM CHCTEMOIO TePMOIap Y BaKyyMHil Kamepi i 3a1aBajy 3a JOITOMOTOI0 KOHTPOJIepa Ha ITaHeli YIPaBIiHHS.

JocunimkenHs Mop¢oorii MOBEpXHi TOHKUX IUTIBOK rpadiTy NPOBOIIIIH 32 IOTIOMOTOI0 EJIEKTPOHHOTO CKaHYIO4YOT0
enexkrponHoro mikpockomna (CEM) Hitachi S-4100.

CrieKTpy paMaHiBCbKOTO PO3CiIOBaHHS BUMIPIOBAJIM 32 JIOIIOMOTOK pamaHIBChbKOro Mikpockorna LabRAM mpu
JIOBXKHHI XBHJI1 JIa3€pHOTO BUIPOMiHIOBaHHS 632,82 HM.

CrieKTpy TpOITyCKaHHS HAaNWJICHUWX Ta BIIMAJCHUX TOHKUX IUTIBOK TrpadiTy BHMIpIOBANIM 3a JIOIOMOTOIO
cnektpodoromerpa CD-2000. ExcriepruMeHTaIbHI TOUKH 3HIMAIKCS B 00macTi goBxuH XBrib 200 — 1200 HM 3 KpokoM
1 M.

BumiproBaHHs TeMmmepaTypHOi 3aJIe)KHOCTI EJIEKTPUYHOTO OIOpY JAOCTIDKYBaHMX TOHKHX IUTIBOK Tpadity
MIPOBE/ICHI IIIIXOM BUMIPIOBaHHS CTPYMY, SIKUH ITPOXOJIMB Yepe3 3pa3oK NMpH NpHKiIaaeHii Hanpysi y 10 B. Konrpons
TEeMIIepaTypH 3pa3ka 3iHCHIOBAIN 3a JOTIOMOTOI0 Mib-KOHCTaHTAaHOBOI TepMomapu. HarpiBaHHS 3pa3ka 3iHCHIOBAIA
eJIEKTPHYHOIO TIYKOIO, sIKa JKUBIJIACS Bill JpKepena cTa0iimi3oBaHOi Hanpyrw. [ MiATPUMKH MTOCTIHHOI TeMIlepaTypu
3pa3Ka BUKOPHCTOBYBABCSI TEPMOPETYIISTOP.

PE3YJIbTATU TA OBT'OBOPEHHSI
CTpYKTYpHi BJIaCTUBOCTi TOHKHX IJIiBOK rpagiry
Ha puc. 1. nokazano CEM 300pakeHHs MOBEPXHI 1 IONEPEYHOT0o Mepepidy ABOX TOHKHUX ILTIBKOK rpadirty, a came:
HapucoBaHOi IUTBKM rpadity Ta Bianamenoi mpu 920 K Ta oTpuMaHOi METOIOM €JIEKTPOHHO-IPOMEHEBOTO
BUIIAPOBYBaHHS NP TemIiepaTypi migkinaaku 920 K.

5kv 5000x F——5 pm —[5kV 80000x — 300 nm —

Puc. 1. CEM-300paxeHHs] TOHKHX IUTIBOK Tpag)iTy BUTOTOBIEHHUX Pi3HUMH METOJaMHU
a) - HapuCcoBaHa IuIiBKa rpadity, 0) - MIiBKa BUTOTOBJICHA METOIOM €JICKTPOHHO-TIPOMEHEBOTO BUIIAPOBYBAHHSI.
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[ToBepxHs HapucoBaHOi IUIBKK Trpadity Mae Buaumi otBopu (puc. la), mo € HeOaKaHUM TIPH BUTOTOBIICHHI
BUCOKOSIKICHUX €JICKTPHYHUX KOHTAKTIB, a TOBEPXHsI TOHKOT IUTIBKM BUTOTOBJICHOT METOJIOM €JIEKTPOHHO-ITPOMEHEBOTO
BUNIapoByBaHHs (puc. 10) rianka i 6e3 BUAMMHX OTBOPIB, L0 Ma€ BHpIlIaJbHE 3HAYCHHS JUIS CTBOPEHHS SKICHUX 1
CTaOUIBbHUX EJIEKTPOHHMX IPUIIAAIB 3 BUCOKMM KOE(DII[iEHTOM BHUIPSAMIICHHS Ta BHCOKOIO (OTOUyTIMBICTIO. TOBIIMHA
JOCITIKYBAaHOT TOHKOI IUTIBKM CTaHOBWJa Oym3bko 30 HM, MmO J00pe y3ro/pKyeThes 3 JaHUMH, OTPUMaHHUMH 3a
noroMororo koHTposepa ocamkeHHs INFICON XTC.

CrieKTpH paMaHiBCHKOTO PO3CIIOBAaHHS IS TOBEPXHI TOHKHX ITIBOK I'padiTy OTPIMaHHUX IBOMA PI3HUMH METOIaMH
HaBeleHO Ha puc. 2. Bimomo, mo B omHO(GOHOHHMX PaMaHIBCHKUX CHEKTPaX MOCKOHATMX MOHOKPHCTAIIB TpadiTy
criocTepiraeThest OfiHa By3bka JiHin G mpum 1580 cm’!, BigmosimanbHuMu 3a Ky € cuMeTpuuHi Ej, KOJIMBAHHS
PO3TATYBaHHS — CTHCKyBaHHs sp’-3B’s3KiB C—C B 6-aTOMHUX apoMaTHIHUX Tpadenosux mapax [10].
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Puc. 2. PamMaHIBCBKI CHEKTPH TOHKUX IUTIBOK IpadiTy BUTOTOBIECHHX PI3HIMHU METOJAMHU
a) - HapuCcoBaHa IUTiBKa Tpadirty, 0) - ITiBKa BUTOTOBJIEHA METOIOM €JICKTPOHHO-IIPOMEHEBOTO BUTIAPOBYBAHHS

[Tpu npobaeHHI MOHOKpHUCTaNIB rpadiTy 10 MiKpo- a00 HAHOKPUCTANITIB Y HAHOKpHUCTaNIaX rpadiTy BUSBISIOTHCS
MOJKJIMBHMH paMaHiBCHKi IIEPEX0/IH 32 Y4acTO (POHOHIB B 0KOJIi TOUKH K 30HU BpiyurtoeHa, BHACTIIOK YOTO B CHIEKTpax
nobmusy 1350 cm™! 3 aBiserses Bimoma cmyra D [10], Tomy cmyra D MOxe CIyKMTH iHAMKATOPOM IIPHCYTHOCTI y
BYTJICIIEBiN CTPYKTYpi rpadironomiObnux kiacrepis [11].

Ha Bigminy Bix cmyru D cmyra G ciocTepiraeTsest mpu Oy b-sIKili opraHizariii 3B°s13KiB BYTJICIIO, BKJIIOYAIOUH BCl
MOJKJIMBI KUTBIIA 1 JTAHIFOTH, B TOMY YHCII 1 PO3yIOPSIKOBAHI.

Bapro BigmituTH, o0 G cMyTa Ha CIIEKTpax paMaHiBCHKOTO PO3CitoBaHHS (pHC. 2) I HApHUCOBAaHHX IUTIBOK rpadity Ta
JUIsL  TUTIBOK ~ OTPMMaHHMX  EJICKTPOHHO-TIPOMEHEBHM  BHIIAPOBYBAHHSM  KOPENIIOE 3  pPaMaHIBCBKMM  CIIEKTPOM
BHCOKOOPIEHTOBAHOT O MipostiTuuHoro rpadity [12], a sickpaBo BupaxkeHa D cMyra, TOXOUTH BiJ] HEBIOPSIKOBAHOI CTPYKTYPH
HapHCOBAaHMX OJIBIEM TpadiTOBHX IUTBOK, ski Oynu BiamaieHi npu 920 K (puc. 2a) Ta MIiBOK OTPUMAHUX E€JIEKTPOHHO
TIPOMEHEBUM BHUITApOBYBaHHAM (pHc. 20). HassBHICTH OLTBII PO3MHUTHX IIKIB HA CMIEKTpax PaMaHIBCHKOTO PO3CIIOBAaHHS IS
IUTIBKA OTPUMAaHOI METO/IOM €EJIEKTPOHHO IPOMEHEBOTO BHIIApOBYBaHHs (pHcC.20) CBIMYMTH HPO Te, IO TOHKA IUTIBKA
OTpUMaHa TAaKUM METOJIOM € MOMIKPUCTAIIYHOIO 1 BOJIOI€ MEHIIIUM PO3MipOM 3€peH B IMOPIiBHAHHI 3 HAPHUCOBAHOIO TLTIBKOIO.

OnTH4Hi BJIACTHBOCTI TOHKHUX ILTIBOK rpadirty
70 Ha puc. 3 300paskeHO CIIeKTpH MPOIYCKaHHS TOHKIX
! ;:) ::z:: E:::z and anmealed af 920 K 3 TLTiBOK rpaq'nTy, UL TPHOX TpadiToBUX IUIIB‘(?K, A Oy
3-Rectron-heam evaperation BUT'OTOBJICHI JIBOMa METOaMHU: OJIiBelb-Ha-
HAITIBIIPOBITHUKY” Ta METOJIOM €JICKTPOHHO-IIPOMEHEBOTO
BUIIAPOBYBAHHS, IICJS YOTO OHA 3 HAPHCOBAHHX IUTIBOK
Oyna BinnasieHa npu temreparypi 920 K.

3 pucyHka 0ayumo, M0 BigmaJx TMPU3BIB [0
3pOCTaHHs MIPOIYCKaHHS. Le 00yMOBJIEHO
2 MOKPAIIEHHSIM CTPYKTYPHOI JOCKOHAJIOCTi IUTIBOK B
nponeci Bigmanmy. [IpomyckaHHS JUIsi TOHKHMX IUTIBOK
1 OTPHMaHHUX METOZIOM €JIEKTPOHHO-TIPOMEHEBOT'0
BUIIAPOBYBAaHHS € HAWBUINUM B TOpPIBHAHHI 3
HAapUCOBAHUMH  IUTIBKAMH, 1[I0 OOYMOBJIEHO  iX
200 400 600 800 1000 1200 gaﬁMeH’HS“{SO TOBUIHOKY - (denao =30 v,

napucosana = HM). MiHiMalIbHI 3HAYEHHS
ﬂ“? nim nponyckaHHs npu 250 HM MOSICHIOIOTBCS PO3CIIOBaHHIM
cBiTIa Ha JedeKTax, sKi yTBOPIOIOTHCS Ha TPAHMIIX
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Puc. 3. Cnexrpu mporryckaHHs TOHKHX IUTIBOK Tpadity,
BUT'OTOBJICHUX PI3HUMH METOAAMHU 3epe [13].
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EnexTpu4Hi BJACTHBOCTI TOHKHUX ILTIBOK rpadity
PesynbraTi BUMIpIOBaHHS TEMIIEPATypPHOI 3aJICKHOCTI EIEKTPUYHOTO OIMOPY MOCITI/PKYBAHUX TOHKHX IUTIBOK
rpadity mpezacTaBiieHi Ha PUCYHKY 4a IMOKa3ajd, IO OIip 3MEHIIYETHCS NPH 3pOCTaHHI TeMIIepaTypH, 110 BKasye Ha
HAITiBIIPOBIIHUKOBHUH THIT TIPOBIAHOCTI.
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Puc. 4. TemneparypHi 3aJIe:KHOCTI OTIOPY TOHKUX IUTIBOK IpadiTy BUTOTOBICHUX PI3HAMHU METOIAMHU
a) — EJIEKTPUIHOTO OTOPY, 0) — MUTOMOTO OTIOPY

I3 3aeKHOCTI TUTOMOTO OIIOPY Bij TEMIIEpATypy OKa3aHOI Ha pUCYHKY 4,0 BUIHO, 1110 HAPHCOBaHI IUIiBKH rpadiTy
BOJIOJIIOTH BHIIMM IUTOMHMM OIIOPOM HIX IUIIBKM OTPHMaHi €JIeKTPOHHO-IIPOMEHEBUM BHIIApPOBYBAaHHSM, aJie Biaral
HApHCOBAHUX IUTIBOK IpadiTy MPUBIB 10 3MEHILICHHS IIMTOMOTO OIIOPY, IO BiAOYJIOCS Yepes MOKPALIECHHS X CTPYKTYpPHOL
JOCKOHAJIOCTI, a SIK HACIZIOK OTPUMAJIM HaliMEHIIi 3HAUYCHHSI TUTOMOTO OTOpY.

Bimomo, o rpanwui 3epeH y rpadiri i rpadiTonoaiOHNX MaTepianax CyTTEBO BILIMBAIOTH Ha (i3WYHI BIACTUBOCTI
Mmarepiany [14]. EnextpuuHe nose 3apsiiiB Ha rpaHHIli 3epeH YTBOPIOE eHepreTUuHi 6ap’epu Ej 1u1sl pyXy HOCIIB 3apsiny.
Mix KpUcTatiTaMy YTBOPIOIOTHCS 00JIaCTi TOBILUHOIO 0, sIKi 301IHEHI Ha OCHOBHI HOCIT 3apsiny.

CymapHHU# CTpyM Kpi3b MONIKPUCTATIYHUN MaTepiaja BU3HAYAETHCA K MPOBiAHICTIO 3epeH| 5], Tak 1 MmexaHi3MOM
nepexo/Iy HOCIiB 3apsily 3 OJHOTO KpUcTaiTa B iHImmi[ 16-18], ToOTO npoBifHICTIO MiXk3epeHHUX rpaHuLlb. [IpoBinHICTh
3€epeH CYTTEBO ONIbIIa 32 MPOBIJHICTh IpaHuIb. Yepes 11e pu BUBUEHHI PyXy HOCIiB 3apsily y TOJIIKPUCTATIYHHX ITIBKaxX
B TEPIIy Yepry CIiJ PO3rJBLIaTH MPOBIAHICTH obyacTelt Mik kpuctamitamu[19,20]. TIpoBiaHICTh MOJIKPUCTATIYHUX
IUTIBOK G 3 BpaXyBaHHSIM €HEPreTUYHHUX Oap’e€piB Ha MEXKi 3epEH, OIMMCYETHCSI BUPA30M:

2
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ne L — cepenHiil po3mip KpUCTamiTiB; m™* - eeKTHBHA Maca HOCIIB 3apsay; # — KOHIIEHTpAIIisl HOCIIB 3apsay BCepeanHi
Kpucraiira; gV, = E, — BUCOTa IIOTCHIIATBHOTO Oap’epa Ha TPaHMUII 3ePEH.

Jliist BU3HAYEHHS BUCOTH MOTCHIANbHUX Oap’epiB E, Ha IPAHUIAX 3€peH y rpadiTM30BaHMX TOHKUX ILTIBKaxX
ByTIIeIIO Oysla BUKOPUCTaHa TEMIIepaTypHa 3aJIeXKHICTh eJleKTponpoBigHocTi y aiana3oni 300 K < 7'< 380 K mobynosana
y HanipaorapudMiuHux koopaunatax In(o-T"?) = f(10°/T) (puc. 6.)
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Puc. 6. TemriepatypHi 3aJIeKHOCTI €1€KTPOIPOBIAHOCTI INIIBOK rpadiTy, OTPUMAHUX PI3HUMH METOaMU
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Bucora noreHuianbHOro 6ap’epa Ha rpaHMIX 3€PeH JJIsl HAPUCOBAaHMX IUIIBOK rpadity craHoButh £, = 0,03 B,
s Bigmanenoi £, = 0,01 eB Ta a1 TOHKUX IUTiBOK rpadiTy BUTOTOBICHHUX €JICKTPOHHO-IIPOMEHEBUM BHUITAPOBYBAHHSIM
Ey= 0,04 eB. BuaHo, 110 U1 BiaJeHOT IUTIBKA BUCOTA MMOTEHIIAILHOTO 0ap ' €pa € HaliMEeHIIIOKO.

BUCHOBKH

JlociipkeHo CTPYKTYpPHI BIACTHBOCTI JIBOX TOHKHX IUTIBKOK rpadiry, a came: HapHCOBaHOI IUTBKH rpadiTy Ta
BiananeHoi npu 920 K ta oTpuMaHol METO/I0M €JIEKTPOHHO-ITPOMEHEBOTO BUIAPOBYBAHHS IIPH TEMIIEpaTypi ITiAKIAIKA
920 K. 3rigno pesynbratiB CEM CTpyKTYpHO IOCKOHAIIII IUTBKH TpadiTy OTpHMaHi €JIeKTPOHHO-IPOMEHEBUM
OCa/DKCHHSIM, a HAasBHICTb OUIbII PO3MHUTHX MIKiB Ha CIIEKTPaX PaMaHIBCHKOTO PO3CIIOBAHHS JJIsI IUTIBKU, OTPHUMaHOT
METO/IOM €JIEKTPOHHO-IIPOMEHEBOTO BHITAPOBYBAHHS, CBITYNTH PO T€, IO TOHKA IUIIBKAa OTPHMaHa TAaKUM METOJIOM €
MOJIKPUCTANIYHOIO 1 BOJIO/Ii€ MEHIIIMM PO3MIipOM 3€pEH B ITOPIBHSHHI 3 HAPHCOBAHOIO TUTIBKOIO.

JlociikeHO BIUIMB BiAllaly HAa HApHCOBaHI IUTIBKH rpadiTy: X ONTHYHI Ta €IEeKTPUYHI BJIACTUBOCTI JIO 1 MiCis
TEPMOOOPOOKH.

ITokazaHo, mo TWIBKK TpadiTy OTPUMaHi METOJOM EJEeKTPOHHO-IPOMEHEBOTO BHUIIAPOBYBAHHS BOJIOIIIOTH
HaiBummM niporyckaausaM (7sso = 60 %), a mporyckaHHS HapHCOBAHUX IUTIBOK € HAMEHIINM, BiAIaJl MPUBOANUTH 1O
Horo 3pocTaHHs. MiHIMaIbHI 3HAaY€HHS MPOIYCKAaHH IPU TOBXUHI XBHIJI A = 250 HM 00yMOBIIEHi PO3CiFOBaHHSM CBITIIA
Ha ge(eKTax, SKi yTBOPIOIOTHCS Ha TPaHHULAX 3ePEH.

BcTaHoBneHO, 110 TOHKI TUTIBKK rpadiTy BOJOMIIOTH CTPUOKOBOIO MPOBIIHICTIO 3 €HEPreTUUHUMHU 0ap’epamu Juist
uepiananenoi E,= 0,03 eB, mis Bigmanenoi E,= 0,01 eB Ta a1 BUrOTOBICHOI €IEKTPOHHO-IPOMEHEBHUM METOI0M
Eb = 0,04 eB.

BcraHoBIIeHO, 1110 BiAmaJieH] TUTiBKY TpadiTy BOJIOAIIOTh HAMKPAIIOK CTPYKTYPHOIO JIOCKOHATICTIO OCKUTBKY BOHU
MaroTh HaliMEHIIHMH MUTOMHH OIIip, B OPIBHSAHHI 3 HEBIIIAJIEHUMH IUIIBKaMH Ta IUTIBKAMH OTPUMaHUMHU €JIEKTPOHHO-
MIPOMEHEBHM METOJIOM Ta BOJIOJIIOTH HAWMEHIIOI BHCOTOIO MOTEHIiadbHOro Oap’epa. OpmHOYacHe 30UIBIICHHS
MIPOITyCKAaHHS y BCHOMY CIIEKTPaJIbHOMY Jialla3oHi, MiJBHIICHHS MUTOMOI €JEKTPUYHOI IPOBIAHOCTI Ta MOHMKEHHS
MMOTEHIIaTFHOTO Oap’epa Ha TPAHMIIX KPHUCTANITIB BiAIMaJeHOT HAPHUCOBAHOI IUTBKH TpadiTy WiTKO CBITYHUTH TIPO
YIOPSAAKYBaHHS HApPHCOBAHMX INIACTIBLIB IpadiTy, NEPEeHECEHUX Ha HOBY MIJKJIAJAKY, IO HPHUBEIO A0 3MEHIICHHS
PO3CiOBaHHS CBiTJa Ta MOKPAIIEHHS YMOB CTPYMOIIEPEHOCY MK IUIACTIBIIMH rpadiTy 3a paXyHOK OibIIoi IUTOIIi
TIEPEKPUTTA MK HUMH.

Bcranosneno, mo BigmaneHi IDIBKKA TpadiTy HE IMOCTYMAIOTHCS ENEeKTPUYHUMHU BIIACTHBOCTSME, a € HaBiTh
KpallMMH BiJ IUIIBOK HAMMJICHUX METOJOM €JEKTPOHHO-NPOMEHEBOTO0 BHUIIAPOBYBaHHA. MeETO/H  «oJliBelb-Ha-
HaIiBIPOBITHUKY» € OLIBII €KOJOTTYHUM 1 IEIIEBIIUM, TOMY BUTOTOBJICHHS] TOHKHX ILTIBOK TpadiTy JaHUM METO/IOM €
aKTyaJIbHUM.
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ONTHUYHI I EJJEKTPUYHI BJJACTUBOCTI TOHKHUX IVIIBOK I'PA®ITY OTPUMAHUX PI3BHUMHU METOJJAMHU
M.M. Cososan?, I.M. SImposux?®, B.B Bpyc, I1.JI. Map’sinuyk?®
“Yepuiseyvruil Hayionanvhuil yHisepcumem imeni IOpia ®edvkosuua
eyn. Koyrobuncwroeo 2, 58012 Yepnisyi, Yrpaina
bYuieepcumem imeni Hazapbaesa, 53, Kabanbaii 6amup, 010000, Hyp-Cyaman, Kazaxcman

VY poGoTi mpencTaBIeHO pe3yibTaTd AOCTIIKEHb CTPYKTYPHHX, ONTHYHHX 1 SMEKTPUYHUX BJIACTUBOCTCH TOHKHX IUIBOK IpadiTy
BHUTOTOBJIEHHX JBOMAa METOJaMH, a came: Oe3BakyyMHHUM MeTomoM «OiliBelb-Ha-HAMIBIPOBIIHUKY» Ta METOIOM EJICKTPOHHO-
IIPOMEHEBOT0 BUIIAPOBYBAHHS, TaKi JOCII/PKCHHS MAIOTh BEJIMKE 3HAUCHHS JUIS MOAANBIIOI pO3pOOKYH BUCOKOS(EKTUBHUX MPHUIIAIiB
Ha OCHOBI I'eTepoIepexo/IiB AJIsl eNEKTPOHIKH i ONTOCNEKTPOHIKH. BuUroToBneHi 6e3BakyyMHIM METOJIOM TOHKI ILUTiBKH rpadiTy Oyiiu
Bianmaneni npu temmeparypi 920 K. Bumipsini cnekTpu mpomyckaHHs AociipkyBanux rpaditoBux miiBok mpu T =300K Ta
eJICKTPUYHI BJIACTMBOCTI TOHKMX IUIIBOK, BU3HAYEHO 3HAYEHHS BHCOTH MOTEHLIaIbHUX 6ap’epiB Ep HA IPAHMIAX 3€PEH, UL LIbOIO
OyJla BUKOpHCTaHa TEMIIEpPAaTypHa 3aJICKHICTh eNleKTporpoBigHocTi y miamazoni 300 K < 7' < 380 K moGynoBaHa y KOOpAHHATax
In(o-T"?) = f{10°/T). BcTanoBJieHo, 10 BUCOTa 6ap’epa Ha FPaHMIIAX 3€PEH Il HAPUCOBAHMX ILTiBOK rpadity cranosuTs E5 = 0,03 €B,
Bignanenoi - £, = 0,01 eB ta m1st ToHKKX IITIBOK TpagiTy BUTOTOBJICHUX €IEKTPOHHO-IIPOMEHEBUM BHUIapoByBaHHAM Ejp= 0,04 eB,
TOOTO AJIsI BiANIAJICHOI IUTIBKM BHCOTA HMOTEHLIAIBHOTO Oap'epa € HaiiMeHmoro. [TokazaHo, mo miiBKY rpadiTy OTpUMaHi METOIOM
SJISKTPOHHO-IIPOMEHEBOI0 BHIIAPOBYBAHHS BOJIOAIIOTH HaiBHIMM mpomyckanHsM (T550 = 60 %), a mpormyckaHHS HapHCOBaHHX
IUTIBOK € HallMEHIIMM, BiANaj NPU3BOAUTH JI0 Horo 3poctaHHs. MiHIMaJIbHI 3HAUSHHS NMPOIYCKAHHS IPH JOBXHHI XBHII A=250HM
00yMOBIICHI PO3CiOBaHHSIM CBIT/Ia Ha IedeKTax, sIKi yTBOPIOIOThCS Ha TPAHHUIIIX 3epeH. BcTaHOBICHO, 10 BigmaneHi WiiBKu rpadiTy
BOJIOZIIOTh HAWKPAIIOI0 CTPYKTYPHOIO [OCKOHATICTIO OCKIJIbKM BOHH MAalOTh HAWMEHIIHHA MUTOMHH OIip, B TMOPIBHSIHHI 3
HEBIANAJICHUMHU IUIIBKAMU Ta IUTIBKAMH OTPUMAHHMMH EJIEKTPOHHO-IPOMEHEBHM METOJOM Ta BOJIOAIIOTH HANMEHILIOK BHCOTOIO
nmoTeHmiagpHOro Oap’epa. OngHOYacHe 30UIBLICHHS MPOIYCKAHHS y BCHOMY CIEKTPAJFHOMY Jiala3oHi, MiABUIICHHS MUTOMOI
SJICKTPUYHOI IIPOBIIHOCTI Ta 3HIKEHHS IIOTEHLIAJIbHOTO 0ap’epy Ha TPAHUIIX KPUCTAIIITIB BiNaIeHOI HAPUCOBAHOI IUTiBKH Tpadity
YiTKO CBIYHUTH PO YIIOPSIKYBAaHHS HAPHCOBAHUX IUIACTIBIIB rpadiTy, MepeHeceHNX Ha HOBY MiAKIIAKY, IO TPUBEJIO 0 3MEHIICHHS
PO3CIIOBaHHS CBITJIA Ta MOKPALICHHS YMOB CTPYMOIIEPEHOCY MIXK IUIACTIBISIMH IpadiTy 3a paxXyHOK OLTBIIO IUIOIII HEPEKPUTTS MiXK
HYUMH.

KJIFOUYOBI CJIOBA: «omniBelb-Ha-HaMiBOPOBIAHUKY», BiAIal, TOHKI IUTIBKH, rpadit, rpaHulli 3epeH

ONTUYECKHUE U JEKTPUYECKHAE CBOMCTBA TOHKHUX IVIEHOK I'PA®UTA IIOJIYYEHBIX PASHBIMU
METOJAMMU
M.H. Conoan?, I'.H. SfImpossix?®, B.B. BpycP, IL.1. Mapbanuyk?
“Yeprosuyxuti nayuonanvhuil ynusepcumem umenu FOpus dedvrosuua
ya. Koyrobunckozo 2, 58012 Yeprnosywl, Yxpauna
bYnueepcumem umenu Hazapbaesa, 53, Kabaubaii 6amuip, 010000, Hyp-Cynman, Kazaxcman

B pabote npezncTaBiaeHsl pe3ynbTaThl UCCIENOBAHUH CTPYKTYPHBIX, ONTHYECKUX U 3JIEKTPUUECKUX CBOMCTB TOHKHUX IJIEHOK rpadura
M3TOTOBJICHHBIX JABYMSI METOJAMH: & UMEHHO 0€3BaKyyMHBIM METOAOM «KapaHIalll-Ha-OIyPOBOAHUKE» U METOIOM 3JIEKTPOHHO-
JTy4eBOT0 MCIIAPEHHs, TAKME HCCIIEI0BaHMS UMEIOT OO0JIBILIOE 3HAUCHHE JUIs JANIbHEeHIIIeH pa3paboTKy BEICOKOA((EKTHBHBIX TPHOOPOB
Ha OCHOBE T€TEPONEPEXOI0B IS HNEKTPOHUKH U ONTOAIEKTpOHUKH. [TomydeHHbIe Oe3BaKyyMHBIM METOIOM TOHKHE IIIEHKH Tpadura
ObuTH O0TOOKEHBI Ipu Temrepatype 920 K. M3aMepeHs! ciekTphbl IpoITycKaHusl HccieayeMbix rpagutoBbix mieHok mpu T = 300 K u
NIEKTPUIECKHE CBOHCTBA TOHKUX IUICHOK, ONIPEIEJICHO 3HAYE€HHE BHICOTHI TOTEHIIMAIBHEIX OapbepoB £ Ha IPpaHUIIAX 3epeH, UL 3TOTO
OblIa HCIIOIB30BaHA TEMIIEPATypHast 3aBUCHMOCTS dJIeKTporpoBoHocTH B quanasone 300 K < T <380 K moctpoeHHas B koopAUHATAX
In(o-T"?) = f{10°/T). Y cranoBJI€HO, 4TO BBICOTa Gaphepa Ha IPaHMIIAX 3ePEH HAPHCOBAHHOM IIEHKH rpaduTa coctasiseT £y = 0,03 B,
Iuist oToxokeHHO# Ep = 0,01 eB u i TOHKHX MJICHOK rpaduTa M3rOTOBICHHBIX 3JCKTPOHHO-TY4EBbIM HcmapenueM Fp = 0,04 eB, To
€CTh /A OTOXCKEHHOH IIJIEHKH BbICOTA IOTEHLMANBHOTO Oapbepa siBIseTcs HauMmeHblned. IlokasaHo, uTo meHKH Trpadwura,
MOTyYEHHBIE METOAOM 3JIEKTPOHHO-Iy4eBOr0 HCHapeHHs, 00ianaioT BeICOKMM mpomyckanueM (T550 = 60 %), a mpomyckanue
HApHCOBAHHBIX IJICHOK SIBISIETCS HAHMEHBIINUM, OTXKHI IPHUBOJHUT K €r0 pocTy. MUHUMANbHbIC 3HAYEHHS ITPOITYyCKAHMS MIPU JIHHE
BOJHBI A = 250 HM 0OyCNOBJIEHBI paccessHHEM CBeTa Ha AeeKTax, KOTOphle 00pa3yroTCs Ha TPaHUIAX 3epeH. Y CTaHOBJICHO, YTO
OTOXOKEHHBIE IUICHKU TpaduTa 00JIalafoT JIyYIINM CTPYKTYPHBIM COBEpIICHCTBOM HOCKOJIBKY OHH MMEIOT HaHMEHBIIee yIelIbHOe
CONPOTHBIIEHHE, 110 CPABHCHUIO C HE OTOMXOKEHHBIMH IUICHKAMU M IUICHKAMH, MONYYSHHBIMH SJIEKTPOHHO-ITYyYEBEIM METOJOM, U
00J1a1at0T HaMMEHBIIEH BBICOTON MOTEHIMAIBHOrO Oapbepa. OIHOBPEMEHHOE YBEIMYCHHE MPOMYCKAHUS BO BCEM CIICKTPAILHOM
JMaTia3oHe, MOBBILCHNE YIEIBHON OJIEKTPUYECKOW IPOBOAMMOCTH M IOHIDKEHHE IOTEHUMaJbHOro Oaphepa Ha TpaHHIAX
KPUCTAJUIMTOB OTOXOKEHHON HApMCOBAHHOW IUIEHKH IpauTa YETKO CBHIETEIBCTBYET 00 YNOpPSAJOYEHWH HApPHCOBAHHBIX XJIONBLEB
rpaduTa, MEpeHECEHHBIX Ha HOBYIO TOJUIOXKKY, YTO MPUBEIIO K YMEHBILEHUIO PACCESHUS CBETA U YIy4IIEHHUIO YCIOBHH TOKOIIEpeHoca
MEXTy XJIOMbMH TpaduTa 3a c4eT OONBIIEeH IIIOIA i HEPEKPHITUS MEXKTY HAMH.

KJIFOYEBBIE CJIOBA: «xapaHgam-Ha-1oIylpoOBOJHHKE», OTKUT, TOHKHE TUICHKH, TPa(UT, TPAHULIBI 3epeH
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Radiation technologies based on the use of powerful electron beams and gamma radiation are closely related to the need for
dosimetry of these beams. Dosimetry based on the use of the inelastic gamma-ray scattering reaction on a number of nuclei
with the formation of isomers with different half-lives and energies of radiation quanta is very successful for these purposes.
An example of this application in dosimetry is the '"’In (y,y")''*™In reaction, which results in the formation of the ''"™In
isomer, having a gamma line with an energy of 336.24 keV and a half-life of 4.5 hours. There was a successful application of
this technique in dosimetry in solving certain practical problems (irradiation complexes based on °Co source- cobalt “guns™).
In this work, it is shown that the use of In detectors for dosimetry of gamma-radiation with a wide energy spectrum
(bremsstrahlung) is associated with significant uncertainty in measuring the equivalent dose of the gamma spectrum with an
upper limit of 10 MeV. This uncertainty is due to the relatively high threshold of the aforementioned reaction of 1.08 MeV.
The quantitative contribution to the total radiation flux of the region of the gamma spectrum below the threshold (y,y")of the
reaction on the In nucleus was determined and it was shown that, depending on the direction of radiation, there is an
systematic error in measuring the equivalent dose, reaching 20-60%. Investigated and proposed for use alternative materials
detectors, allowing reducing the systematic error in measuring the equivalent dose to 2-3%, which is quite acceptable for
practical use.

KEYWORDS: linear electron accelerator, gamma-radiation, (y,y') reaction, isomer, dosimetry

OBI'PYHTYBAHHS HEOBXITHOCTI IOIIYKY HOBUX MATEPIAJIIB, IEPCIIEKTUBHUX VIS
JTIO3UMETPII TAMMA-BUITPOMIHIOBAHHS BEJIMKOI THTEHCUBHOCTH

Bukopucranns Mimeni 3 ingito (In) ans mo3umerpii ramMma-BHIPOMIHIOBAHHS 110 «HABEJCHIH» aKTUBHOCTI
isomepy ''"In, mo yrBOproeTses B peakii In (y,y")!!*™In onmcano, manpuknax, B po6orax [1,2], ;e Takuii MeTOx
no3uMmerpii OyB 3acTOCOBaHMii JUIs MOHITOPMHIY TaMMa-BUIIPOMIHIOBaHHS JDKepen Ha ocHoBi izortomy %°Co
(x00anBpTOBHX TapMat) IIPOMHUCIIOBOTO 3acTOCyBaHHs. Taka MeTonuka OyJia 3aCTOCOBaHa JUIsl IO3UMETPil IHTEHCHBHHUX
MIOTOKIB I'aJIbMiBHOTO BUITPOMiHIOBaHHs Oinbl Bucokoi eneprii: 10-70 MeB. B po6otax [3,4] nokaszaHo, 0 4y TJIHUBICTH
METOJy € TPaKTUYHO IMOCTiHHOI B oOmacti enepriii 10-70 MeB, mo HamsBuwaitHO BakimBO. Bu3HaueHO
NO3MMETPHYHMIT pecypc In JgeTekTopiB (O TEIIOBOMY HABaHTaXEHHIO), INo mopiBHroc =<107I'p, sxumii mnpm
BUKOPHUCTAaHHI JT0OIaTKOBOTO OXOJIOJKEHHS MOke Oyt 30inpmeHud Ha 1-2 mopsaku. TakuM 9MHOM, Ha AOAATOK IO
JIaHUX poOiT [5,6], mokazaHa MOKIIMBICTh BUKOPHCTAaHHS JETEKTOPIB 3 In 1715 103UMeTpii iHTEHCHBHHUX MOTOKIB raMMa-
KBaHTIB B o0nacTi enepriit 1o 70 MeB.

3 ommsagy Ha Te, WO eHepris 30ymKeHHs i3oMepHoro piasa !'S"In mopismroe 1,08 MeB (mopir (v,y') peaxii),
MIPOBEACHO aHaNi3 KUIbKICHOTO BHECKY IUISHKH CHekTpa B iHTepBaii enepriii 0-1,08 MeB B 3arampHMIf MOTiK ramma-
BUIIPOMIHIOBaHHS 3 BEpXHbOIO Mexew nianazony 10 MeB. Jlns nporo BuxopucraHo kox GEANT4, PhysicsList
G4LowEnergy 1 po3paxoBaHi CIIEKTPH raJIbMiBHUX I'aMMa-KBaHTIB 1 €JIEKTPOHIB IJIs PI3HUX TUIECHUX KYTIB peecTpariii,
Ha OCHOBI CIIEKTPIB pO3paxoBaHi JO30BI XapaKTEPUCTUKU IaMMa-BUIIPOMIHIOBAHHS 3 BEPXHBOIO MeXero jiana3ony 10
MeB. Po3paxyHkn BUKOHaHI /i1t rayibMiBHOI MimeHi 3 TanTany (Ta), ToBomHoo 2,4 MM i eHeprii enekrpoHis 10 MeB
(po3moin enekTpoHiB - HopMmanbHuii, FWHM=0,8 MeB, niamerp myuka 2 MM, mo OJM3bKO JI0 pPEIbHHX YMOB Ha
npuckoprosadi JIVE -10).

Konseprep 3 Ta posramoBanuii y meHTpi cepm i mokasanmit Ha Puc.l. 'anpMiBHI KBaHTH PeeCTPYIOTHCS
CUCTEMOI0 CPepHUHUX JNETEKTOPiB, BIAMOBIAHO 0 TE€OMETPUYHOI CXEMH, siKa Toka3aHa Ha Puc. 16. binpm nerampHO
MeTOJHKa po3paxyHKiB B GEANT4 onncana B [5].

[TocnimoBHICTH pO3paxyHKIB IMOTOKIB ralbMiBHOTO BHIIPOMIHIOBAaHHS Y 3AJIEKHOCTI BiJl KyTa BHJIIBOTY (peecTparrii)
Oyra HaCTyIHOIO:

- TOBepxHS cdepu IUINThCI Ha CEKTOpH, KyTOBa INMMpHHA AKX BiamoBimae kpoky 0,1 pamian. (£0,05 pamian
abo +2,86°);

- B IeHTpi cepu 3HaXOOUThCs KOHBEPTOD (paxiatop) 3 Ta po3mipamu 5x5%2,4 Mm;

- B KO)KHOMY KYTOBOMY CEKTOPI HiIpax0oBYEThCS YUCIIO ramMmMa-KBaHTiB N ¢.10g B iHTepBaii eneprii 0-1,08 MeB ta
3arajbHa KUIBKICTb TaMMa-KBaHTIB Nl B iHTEpBai enepriit 0-10 MeB.

- po3paxoByeThes BigHOIIEHHS N o.1,08 / Niotal 47151 PI3HUX KyTiB BUIIPOMIHIOBAHHSI.

B pesynbrari MmaremaTiuHoro MojentoBaHHs B GEANT4 oTpuMmaHi CIEKTPH TIbMIBHOTO BUIPOMIHIOBaHHS VIS
kouBepTopa Ta 5x5x2,4 MM i eneprii enexrpoHiB E.=10 MeB. (Puc. 2).
© 0.S. Deiev, R.M. Dronov, V.A. Shevchenko, B.I. Shramenko, 2020
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a 0
Puc. 1. Kouseprep 3 Ta - a, po3ranryBanHs chepHIHUX JETEKTOPIB, IO PEECTPYIOTH BUJIIT €JIEKTPOHIB (4EpBOHI JiHIT) i raMma-
KBaHTIB (3eseHi JiHii) - 6. Kpok mo xyty 0,1 pagian
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Puc. 2. Cnextpu raJbMiBHAX TaMMa-KBaHTIB JUIsl PI3HUX IHTEPBaIiB KYTiB BUIPOMIHIOBaHHS (B pajiaHax).
Ta 5x5x%2,4 mMm, Ec=10 MeB.

Sk BumHO 3 Puc. 2, criekTp ranbMiBHOTO BUIPOMIHIOBAHHS 1CTOTHO 3aJI€KHUTH BiJ TUIECHOTO KyTa BHIIPOMIHIOBaHHS
(peectpamii). 3aranpHa IHTEHCHBHICTH TaJbMIBHUX CHEKTPIB Pi3KO Majgae 3i 30UIbIIEHHSIM KyTa. BucokoeHepreTuuHa
YacTHHA CIEKTpa B Mipy 30UIbIICHHS KyTa BHUIIPOMIHIOBAaHHS 3MEHINYEThCS 3HAYHIIIE, HDK HU3bKOSHEPreTHYHA
yactuHa. HacTynmHum kpokom Oyno oOunciieHHs: criBBimHOMIEHHS No.1.03 / Niotl VI PI3HUX KYTIB BHIIPOMIHIOBAHHSI.
YucenbHi BiJHOILCHHS KIJIBKOCTI raMMa-KBaHTIB B iHTepBaii eHepriit Bix 0 101,08 MeB — Ny.i 03 10 moBHOrO 4ncnia
KBaHTIB B iHTepBaii eHeprii Big 0 7010 MeB — Nioi A1 pi3HEX KyTiB BUIPOMIiHIOBaHHS 3 iHTepBaioM 0,1 pax momaHi
B TaOmumi 1.

Tabuuns 1.
CriBBiTHOIICHHS KITBKOCTI raMmMa-KBaHTIB N o.1,0g B iHTepBaui eHepriid Big 0 1o 1,08 MeB mo moBHOTO 4mciia KBaHTIB
Niotal A1 pI3HUX KyTiB BUIIpOMiHIOBaHHA 3 iHTepBaioM 0,1 pan. Ta 5x5%x2.4 mm, E.=10 MeB.

Kyt cepenunu cmyru, pan Kyt cepenunu cmyru, rpaf. N 0-1,08 / Niotal
0,05 2,86 0,463
0,15 8,59 0,486
0,25 14,32 0,509
0,35 20,05 0,531
0,45 25,78 0,550
0,55 31,51 0,567
0,65 37,24 0,583
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Kyt cepenunu cmyru, pan Kyt cepenunu cmyru, rpaf. N 0-1,08 / Niotal
0,75 42,97 0,597
0,85 48,70 0,607
0,95 54,43 0,616
1,05 60,16 0,624
1,15 65,89 0,632
1,25 71,62 0,639
1,35 77,35 0,647
1,45 83,08 0,653
1,55 88,81 0,658
1,65 94,54 0,672
1,75 100,27 0,690
1,85 106,00 0,707
1,95 111,73 0,727
2,05 117,46 0,745
2,15 123,19 0,762
2,25 128,92 0,776
2,35 134,65 0,790
2,45 140,38 0,800
2,55 146,11 0,810
2,65 151,84 0,818
2,75 157,57 0,823
2,85 163,30 0,828
2,95 169,03 0,831
3,05 174,76 0,833

[Jani Tabn. 1 mokasani y Burisiai rpagika Ha Puc. 3. [ToBHa moxnOka po3paxyHKOBHX BEJIHYHH HE NepeBuurye 2%
i sminroerses Big 0,2% 10 2% 3i 30inMbIIeHAAM KyTa peectpaii Bix 0 mo 180°.
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Puc. 3. CiBBiqHOLICHHS KUIBKOCTI TaIbMiBHUX KBAaHTIB N 0-1.08 /Niotal IUISI Pi3HUX KyTiB BUIIPOMiHIOBAaHHS (B rpajycax)
Ta 5x5x%2,4 mMm, Ec=10 MeB.

XapaxkrepHuii mporuH mix kyroM 90 rpamyciB BKa3ye Ha TOH (akT, IO i UM KYTOM MIIIeHb OTJINHAE YaCTHHY
HHU3bKOCHEPreTUYHUX KBAHTIB, 3MEHILYIOYH CITiBBIJHOILICHHS YUCIA rajJbMIBHUX KBaHTIB. [CTOTHUM (akToM € Te, 110
HHU3bKOCHEpreTH4He BUnpoMmiHioBaHHs B iHTepBami 0-1,08 MeB craHoBUTh 3HauHy 4YacTKy B 3arajibHOMY
BHUITPOMiHIOBaHHI FaMMa-KBaHTIB, TOYMHAIOYH Bij 3Ha4eHHS Omm3pKo 0,48 mis xyta 10 rpagycis, HocsSraroun BETHIHHA
0,83 st kyra 175 rpagycis.

B kiHmeBOMy miJCYMKy Hac IiKaBUTh iH(opmamis Mpo a03d, OOYMOBIIEHI TaMMa-KBaHTaMH, 1 MOXHOKH Y
BUMIPIOBaHHI [T03H, SIKi MOB'SI3aHi 3 BUKOPUCTAHHSAM JeTekTopiB 3 In. JIjis 1bOro BHUKOPHCTAHI JaHI MPO «I030Bi
KOe(iIliEHTH raMMa-KBaHTIBY», B3ATi 3 po0otH [6], siki HaBeneHi B Tabm.2.
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Taoauus 2.

[TuToMi MakCHMaNbHI €KBIBaJCHTHI 103H 1 €KBIBaJICHTHI I03H JUISI FaMMa-KBaHTIB Pi3HUX CHEPTil

[MuToMa MakcHMalTbHA CKBIBAICHTHA 1032 . . ExBiBanenTtHa 1103a;

Ey, keB hyi; 3xem?/oTon g Koeiument axocri; k hvxk; 3B><CM2/(§OTOH
5 6,50E-09 2,6 1,69E-08
10 1,30E-09 1,8 2,34E-09
20 2,60E-10 1,4 3,64E-10
30 1,10E-10 1,5 1,65E-10
50 5,20E-11 1,7 8,84E-11
100 7,20E-11 1,5 1,08E-10
200 1,20E-10 1,2 1,44E-10
500 2,60E-10 1,1 2,86E-10
1000 4,80E-10 1,0 4,80E-10
2000 8,30E-10 1,0 8,30E-10
5000 1,60E-09 1,0 1,60E-09
10000 2,90E-09 1,0 2,90E-09

BukopucroByroun nani Tabi. 2, BU3Ha4YeHa 3aJISKHICTh CIIBBIIHOIIEHHS JO3M Ul TaMMa-KBaHTIB B iHTepBalli
0-1,08 MeB 1o nosnoi no3u B intepBaii 0-10 MeB aust Beix kyTiB BunpomintoBanss. Li nani npeacrasneni B Ta0u. 3.

Tabnnuosa 3.
ExBiBasIeHTHI 1031 /U1 PI3HUX €HEPreTUYHHUX IHTEPBAJIIB 1 X CITIBBIJHOILICHHS B 3aJI€KHOCTI BiJl KyTa
BUIIPOMIHIOBaHHS 1151 In

Kyt cepennam cm TH, 032 0-1,08 MaB, 034 0-10 MsB»

e ﬁa;[ g ?i[BXCMz/(I)OTOH 3§XCM2/(I)OTOH flo3a o-108 om /11032 0-10 M
0,05 0,020 0,098 0,198
0,15 0,040 0,187 0,213
0,25 0,049 0,210 0,231
0,35 0,053 0,213 0,248
0,45 0,055 0,206 0,266
0,55 0,055 0,194 0,283
0,65 0,054 0,181 0,299
0,75 0,052 0,167 0,314
0,85 0,050 0,152 0,327
0,95 0,047 0,138 0,340
1,05 0,044 0,127 0,351
1,15 0,042 0,116 0,361
1,25 0,040 0,107 0,371
1,35 0,037 0,098 0,382
1,45 0,035 0,089 0,390
1,55 0,032 0,081 0,397
1,65 0,031 0,075 0,413
1,75 0,030 0,069 0,434
1,85 0,029 0,065 0,454
1,95 0,029 0,061 0,476
2,05 0,028 0,056 0,497
2,15 0,027 0,052 0,519
2,25 0,026 0,048 0,538
2,35 0,024 0,043 0,555
2,45 0,022 0,038 0,569
2,55 0,019 0,033 0,584
2,65 0,016 0,027 0,596
2,75 0,013 0,022 0,601
2,85 0,010 0,016 0,609
2,95 0,007 0,011 0,614
3,05 0,003 0,005 0,618
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Ha Puc. 4. mokasaHi pe3yJbTaTé pO3paxyHKIB CIIBBIIHOIIECHHS 03U U raMMa-KBaHTIB B iHTepBaii 0-1,08 MeB
10 oBHOI 1031 B iHTepBaii 0-10 MeB B rpadiunomy Bursmi.
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Puc. 4 KyToBa 3a/1e)KHICTh CITiBBiHOIICHHS €KBIBAJICHTHOI 031 HU3bKOCHEPTETHYHOrO TaMMa-BUIIPOMIHIOBaHHS B iHTEpBai
0-1,08 MeB 1o nmoBHoi 1031 ramMma-BunpoMiHioBanHs B inTepBaii 0-10 MeB mist 3paska In. Ta 5%5%2,4 mm, Ee=10 MeB.

Amnanizyroun nani, HaBegeHi B Tabxa. 3 1 Ha Puc. 4 nmpuxonuMo 10 BHCHOBKY, IO YacTKa €KBIBAJIEHTHOI 103U
HU3bKOCHEPTETUYHOTO BUIpPOMiHIOBaHHS B iHTepBaii 0-1,08 MeB BHOCHTH 3HaYHMIA BKJIA]l B 3aTalibHY 103y Y BCHOMY
IHTEpBaNi TIJIECHUX KyTiB BUIPOMIHIOBaHHS I'aMMa-KBaHTIB 3 MakcuMaibHOO eHepriero 10 MeB - Bix 20 no 60%. Lle,
(akTH9IHO, BU3HAYAE CHCTEMATHYHY MOXHWOKY BHMIPIOBaHb JI03U 3a JJONOMOTOI0 JETEKTOPiB Ha ocHOBI In. OueBumHO,
o0 MpH BHUKOPHCTaHHI TaMMa-BHUIPOMIHIOBaHHS 3 BEPXHBOIO MEXEI0, IO JOPIBHIOE KITBKOM [ecsiTkam MeB,
HEBU3HAYEHICTh, 00ymMoBieHa BHeckoM iHTepBamy 0-1,08 MeB, Oyne 3menmryBaTucs B Mipy 301IbIICHHS BEPXHBOL
MeXi [iama3oHy, TOOTO I CUTYaIlii, 0 MaloTh Miclie B poboTax [3, 4].

30ibIIeHHS BEPXHBOT MEXI Jliala3oHy MOM'SKIIYE CUTYallil0 3 HEBU3HAYCHICTIO IPU BUMIPIOBaHHI aOCOIIIOTHOT
NOTJIMHEHOT JI03H, ajie He 3HIMae 1o npolieMy MnoBHicTI0. TakuM YMHOM, BUKOPUCTAHHS JIETEKTOPIB Ha OCHOBI In
JUIl BU3HA4YCHHs aOCOJIIOTHMX 3HA4Y€Hb €KBIBAaJCHTHOI JJO3M raMMa-KBaHTIB 3 MakcHUMallbHOIO eHeprieo 10 MeB
noB'si3aHo 3 morpimHocTamu Bix 20 no 60%, Xxoda BHMipIOBaHHS BiJHOCHMX 3HA4€Hb MOTJIMHEHO! J03U LIIKOM
IIPaBOMIpHI.

Buxomom 3 mi€i cutyanii Moxke OyTH MONIYK i BAKOPUCTAHHS TAKUX aKTHBAI[IMHUX JETEKTOPIB, eHeprii 30y KeHHS
i30MEpHHX piBHIB SKHX, MAlOTh OiNbII HM3bKI 3HAYE€HHS B IOPiBHAHHI 3 piBHeM 1,08 MeB izomepa ''"Mn, mo
JIO3BOJIUTH 3a0€3ME€YNTH BUMIPIOBaHHS J03W BHIIPOMIHIOBAHHS 3 MEHIIOK MOXHOKOI0. ITOmyKy TakMX MOKJIMBOCTEH
TIPUCBSYCHI ITOJTANTBII TOCTIIKCHHSI.

BUBIP NEPCIEKTUBHUX MATEPIAJIB /151 AKTUBAIIIMHOITO3UMETPII
TAJIbMIBHOI'O BUITPOMIHIOBAHHSI BEJIMKOI IHTEHCUBHOCTI
IMpu BuOOpiI HOBUX MaTepiajiB JJsi aKTHUBALiHHOI JO3UMETpii TaJbMiBHOTO BHIPOMIHIOBAHHS TOJIOBHUMH
KpuTepismMu Oyiu Gi3n4HI XapaKTEePUCTHKH MaTepialliB 1 XapaKTEPUCTHKU PO3Maay i30TOMIB , 0 YTBOPIOIOTHCA.
Cepen (i3nUHNX XapaKTEpPUCTHK HOBUX MaTepialliB, mepIl 3a Bce, HEOOXiHi:
- TEpMOCTIHKICTB;
- CTIHKICTh IO BUCOKOT IIOTYKHOCTI JIO3H;
- BUCOKa MaKCHMaJlbHa J103a.
Cepen XapaKTepHCTHK PO3May 130TOIIB IO YTBOPIOIOTHCS CITiJl BpPaXOBYBaTH:
- MiHIMaJIbHE HAKOIIIMYCHHS JOBTOXUBYYHX HYKIIiIIiB;
- MiHIMaJbHE 3HaYeHHS eHeprii 30yKeHHS 130MEepPHOTO PiBHS;
- BITHOCHO KOPOTKHH MepioJ HaiBpO3MaLy i30Mepa;
- BICOKE 3HaYCHHSA mepepi3y (y,Y') peakmii
B pesymnbraTi perenpHOrO BimOOpy MaTepiamiB-IIPeTEHAEHTIB HAIly yBary, IepIl 3a Bce, Oyilo 30CepeKeHo Ha
Marepiajiax 3 HU3bKHM IOpOroM 30y/DKEHHS 130MepHHX CTaHiB siiep. Bonu nepepaxosani B Taou. 4.
Sk Buano 3 Tabn. 4, 10 nepesiky i3oMepiB-npeTeHaeHTiB Oy Bigneceni: ''™Cd, ''"™Sn, 35mBa, '8O"Hf, Bymnu
NPOBEICHI EKCIIEPUMEHTH 3 HalpallOBaHHS OYIKYBaHHMX 130MepiB 3a JIOIIOMOTOI0 ONpPOMIHEHHS OOpaHMX 3pa3KiB
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MaTepiaiiB IIyYKOM TaJlbMiBHOTO BHIIPOMiHIOBaHHS mprckoproBada JIYE-10. OnpomiHeHHS BCiX 3pa3KiB MPOBOAHUIOCS
B CTaHIAPTHII reoMeTpii ONPOMIHEHHS 3 HACTYITHUM PEXKUMOM:

- enepris enexTpoHiB Eg = 11,5 MeB,

- TPUBAJICTh eKcno3uilii 1,3 roauHHu,

- no3a onpominenss 4,8 kI'p.

Tabauus 4.
MoxHBi peakiii B HEpCIEKTUBHUX MILIECHIX
HinpoBuit i30TOMI Peakuis Iopir peakuii, Me>B VYcepennenuii nepetud, MoapH
g 2Cd (24%) (y,n)'''Cd 9,80 100-120
19Cd (12,5%) (n,y)!'Cd - 250
HmCd Cd (12,8%) (y,y)!H'mCd 0,40 -
116Cd (7,5%) (y,n)'°Cd 8,70 -
15cd 160 — mBHAKI HEWTPOHHU;
114 0 115 - i
Cd (28,7%) (n.y) Cd ~350 — TemIoBi HEHTPOHH
1188n (24,2%) (y,n)''"™ Sn 9,65 ~150
H7mSp 116Sn (18,7%) (n,y)!'™Sn - <90
'78n (7,3%) (v,y)''"™Sn 0,32 -
— 55Ba (6,5%) (1Y) "Ba 0.30 -
135Ba (7,8%) (y,n) '*™Ba >9,00 -
ISOme 180Hf (29%) (Y,Y') ISOme 1, 10 -
182myyf 186y (29%) (’Y,Ot)lszme 1’00 _

l'amMa-criekTpu opoMiHEHHX 3pa3KiB MaTepialiB HaBeeHI, BiAMOBiAHO, Ha Puc.5. - Puc.8.

Puc. 5. Cnextp onpomineHoro 3paska Sn Puc 6. Criextp onpomineHoro 3paszka Cd

Puc. 8. Crekrp onpomineHnoro 3pa3ska Ba

Puc. 7. Cnexrp onpominenoro 3pa3ka Hf

BuMiproBaHHS aKTHBHOCTI HIJTHOBHX 1 JOMIIIKOBUX 130TOINIB B ONMPOMIHCHHUX 3pa3KaX BHKOHAHO 3a JOTIOMOTOIO
cuektpomerpraaoro komruiekcy CANBERRA [5]. VYzaranpHeHi [aHi MTBOBHX 1 JOMIIIKOBHUX 130TOMIB B
MIEPCIIEKTUBHAUX MIMICHSX 3BeeHi B Taom. 5.
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Taoéauns 5.
AKTHBHICTh HUTHOBHUX 1 JIOMIIIKOBHUX i30TOIIB B IEPCIIEKTUBHUX MIIICHIX
I30Ton ITepion T'amMa-minis, AKTHBHICTB, HeBu3HaueHicTh BUMIPIOBaHb,
HaniBposnany, Ti» keB kbx/r kbx/r
HimCq 49 xB 245 243,000 1,600
105Cd 55 xB 961 60,000 5,000
15Cd 53 rox 527 45,000 12,000
15mCd 44.5 nus 933 6,000 2,000
113mQp 21,4 xB 77,4 2,000 0,700
117Sn 13,6 nuiB 158 33,800 1,200
123mQp 129 nniB 1088 < 1,000 -
1238n 40 xB 160 < 1,000 -
133mB 4 38,9 rox 280 2,230 0,200
135mB g 28,7 rox 270 14,600 0,700
I3Hf 23,6 rox 123 1,300 0,900
15SHf 70 nHiB 343 2,600 0,090
180mpy £ 5,5 rox, 332 0,135 0,016
184 f 4,1 rox 139; 345 0,580 0,068

OTpuMaHi pe3ynbTaTH 3 HABEIEHOI AaKTHBHOCTI MJOCTI/KYBaHHX 3pa3KiB ICIS ONPOMIHEHHS IIyYKOM
rajJbMIBHOTO BHIIPOMIHIOBaHHs (SIK BUJHO 3 TaOJ. 5), BKa3yrTh Ha Te, 110 3a Yac ONPOMiHEHHS 3pa3KiB, HAHMEHIILY
akTHBHiCTh Mae izomep 'SC"Hf. 3 ornsny Takox Ha Toil dakr, mo izomep '**"Hf mae mopiBHAHO BHMCOKHii mopir
30ymkenns (1,1 MeB) - me gae mipcraBu Uit BUKJIIOYEHHS HOTO 3 MEpENiKy IEPCIEeKTHBHUX 130TOMIB st
AKTHBAIIHHOT TO3UMETPil.

TakuM 4MHOM, B SIKOCTI HOBMX HEPCIEKTHUBHUX AO3UMETPUYHHX JAETEKTOPIB MOXKYTh OYTH BUKOPUCTaHI HACTYIIHI
matepiamn: Cd, Sn, Ba. Ilpu ompomiHeHHI muX MaTepialliB TaMMa-KBAaHTaMH 30YKYIOTHCSA 130MepH 3 HaHOinmbII
OpUIHATHAME I BEMIPIOBAaHHs i BUKOPHCTaHHS XapakTepHucTHKamu - '!'mCd; ''mSp; 13™Ba. Jlopeuno mopiBHATH
KyTOBi 3aJI€KHOCTI J030BHX BiIHOIIEHH IIEPCHEKTUBHMX i30MepiB 3 izomepoM ''"MIn. Take MOpPIBHAHHA IEMOHCTPYE
Puc. 9.

07— T T T T T T 1

IN115m

Cd111m

Sn117m
Ba135m

O’O L 1 " 1 s 1 " 1 L 1 L 1 L 1 " 1 "
0 20 40 60 80 100 120 140 160 180
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Puc. 9. ITopiBHSAHHS KYTOBOT 3aJI€)KHOCTI CIIiBBiJHOIICHHS €KBIBaJICHTHOI 031 HHU3bKOCHEPreTHYHOIO raMMa-
BUIIPOMIiHIOBaHHS (Bi/J HyJIsI 10 IIOpOra peakiii) 1o noBHoi 103u B inTepBaiti 0-10 MeB ast pi3Hux i3oMepiB:
(0-1,08 MeB - '"™In); (0-0,4 MeB - ''™Cd); (0-0,32 MeB - 1'7mSn); (0-0,3 MeB - 13™Ba).

3 Puc. 9 BuAHO, IO BUKOPUCTAHHS B SIKOCTI JO3MMeTpudHUX aerektopiB Cd, Sn a6o Ba mo3Bomse icTOoTHO
3HHM3HUTH MMOXHOKY y BUMIPIOBaHHI €KBIBaJCHTHOI J03W raMMa-BUIIPOMIHIOBAHHS B TIOPIiBHAHHI 3 IeTEKTOpoM 3 In mis
BCIX KyTiB BWIIBOTY raMMa-BHIPOMiHIOBaHHS. Hampuknan, sKIIO HpH JETEKTYBaHHI raMma-BHIIPOMIHIOBAHHS,
CHPSIMOBAHOTO «BIIEpEI», MOXHOKa y BuUMipi n10o3u getekTtopoM In cranoButs 20%, To mist gerekropis Sn i Ba, Taka
noxubka craHoBUTH 2%, a mia perekropa Cd — 3%. TakuM YMHOM, 3HA4YECHHS CHCTEMATHYHUX IOMHJIOK Y BHMIpi
€KBIBaJICHTHOI /1031 raMMa-BUIIpoMiHIoBaHHS nerekropamu Cd, Sn i Ba mo 10 pasiB menme, HiX a7 geTekTopis 3 In,
OTXKE, BOHU OLIBLI NPHUUHATHI JJsl NMPAKTUYHOTO BUKOPUCTAHHS B SIKOCTI HOBHX, HEPCIEKTHMBHUX aKTHBAI[IHUX
JIO3UMETPUYHUX JIETEKTOPIB.
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BUCHOBKH

1. B pe3ynpTari mpoBEeAeHUX IOCHTIHKEHb XapaKTEPUCTHK MaTepiamy In, y SKOCTI JO3UMETPHYHOIO IETEKTOPA,
OTPHMaHi KiTBbKICHI OIIHKA BHECKY IHTEHCHBHOCTI HU3bKOCHEPTeTUIHOT YaCTHHU TaMMa-BUIIPOMIHIOBaHHS (B iHTEpBaIi
enepriit 0-1,08 MeB) B moBHY iHTEHCHBHICTb BUIIPOMIHIOBaHHS 3 BEpXHBOI Mexeto 10 MeB.

2. Iloka3aHo, 10 BUKOPHCTaHHS IJis MO3UMETpPil JCTEKTOpiB In mMOB'sI3aHO 31 3HAYHHUMH CHCTEMATHUYHUMHU
HEBM3HAYEHOCTSMH NPU BUMIPIOBaHHI €KBIBAJICHTHOI JI03M TaMMa-BHIIPOMIHIOBaHHS 3 BEpXHBOI Mexero 10 MeB, sxi
nocsratotrs 20-60% (B 3a7€5KHOCTI Bt KyTa BUIPOMIHIOBaHHS).

3. IlpoBeneHo anaii3 Gpi3MYHUX XapaKTEPUCTHK PI3HUX MaTepialiB i XapaKTEPUCTUK MOXJIIMBHUX 130MEPHUX CTaHIB
sep, SIKi MPUAATHI B SKOCTI MEPCHEKTUBHHUX AETEKTOPIB Ul JO3UMETPii MOTOKIB raMMa-BUIIPOMIHIOBAHHS BHCOKOI
IHTEHCHBHOCTI.

4. Ha oCHOBI €KCIIEpIMEHTAIBHIX JAaHKUX TPO BEJIMYMHY aKTHBHOCTI, OTPUMAaHy MICJISl OTIPOMIHEHHS OOpaHMX JUIs
JOCIIKCHHS 3pa3KiB IMy4YKaMH TaJbMIBHOTO BHIIPOMIHIOBAaHHS JIiHiMHOTO mpuckoproBada JIVE-10, 3poOneHo BuOGip
MaTepianiB-IeTeKTOpiB, HAHOUIBII IPUAATHUX AJIS aKTUBAIIHOI TO3UMETpil raMMa-BUIIPOMIHIOBAHHS.

5. ITokazaHo, M0 B SIKOCTi JO3UMETPUYHUX JETEKTOPiB, HAWOIMBII mpuaaTHIMK MaTepianamu €: Cd, Sn i Ba, mpu
ONPOMiHEHH] SKUX 30yKYIOTBCS BiNOBIAHI 130MEPH 3 NPHUHATHAMHM JUISl BUMIPIOBaHb XapakTepucTHkamu: !!'mCd;
117msn; 135mBa.

6. BukopucraHHs B SKOCTI J03UMETPUYHMX akTHBaliiiHux nerekropie Cd, Sn i Ba no3Bonse 3HM3UTH
CHCTEMaTHYHYy IIOMMJIKY B BUMIpi €KBIBaJIEHTHOI JJO3U TaMMa-BHITPOMiHIOBaHHS 10 2-3%. Tak sk mepioJ HariBpo3naiay
isomepy ''"™Cd (49 xBwiuH), € HalGLIBII BiANOBIAHUM /I BUMIPIOBaHbL B MOPIBHAHHI 3 IMEPioJaMK HaIiBpO3MaLy
isomepiB ''"™Sn; 13"Ba, mokHa 3poOuTH BHCHOBOK TIpo Te, mo Marepian Cd € HaHOGULIBII NPUEHATHAM s
MIPaKTHYHOT'O BUKOPHCTAHHS B SIKOCTI aKTUBaLiHHOTO JO3UMETPUYHOTO JIETEKTOpA.

MOJSIKA
ABTopu BUCIOBIIOIOTH MoKy I'.J1. [lyradoBy 3a qonomory B 300pi JaHUX MO «I030BHM Koe(illieHTaM raMMa-KBaHTiBY.
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JOCJIKEHHS TA BUBIP HEPCHEKTUBHUX MATEPIAJIB 111 AKTUBALIIMHOI TO3UMETPII
TAJBMIBHOI'O BUIIPOMIHIOBAHHS BEJIMKOi IHTEHCUBHOCTI
0.C. Jlees, P.M. /Iponos, B.A. llleBuenko, b.1. llIpamenko
Hayionanvnuit Hayxosuii Llenmp «Xapkigcokuii izuxo-mexuivnuil incmumymy»
1 eyn. Axademiuna, m. Xaprie Yxpaina 61108

PaniauiiiHi TexXHOJOTI], 3aCHOBaHI Ha 3aCTOCYBaHHI MOTYXXHUX IyYKiB €JIEKTPOHIB Ta raMMa-BUIIPOMIHIOBAHHs TiCHO IOB's3aHi 3
HEOOXIZHICTIO J03UMETpii UX Myd4KiB. BembMu yCHilIHOKO A LHUX LiNell € A03UMETpis, 3aCHOBaHA Ha BHKOPHCTAaHHI peakiil
HEMPY>KHOTO PO3CiIOBaHHS raMMa-KBaHTIB Ha LIIOMY DSl sAep 3 YTBOPSHHSAM i30MepiB 3 pi3HMMH MepiofamMu HamiBposmany i
€HEPrisMU KBaHTIB BUIPOMiHIOBaHHSA. IIpHKIIaoM TaKoOro 3acTOCYyBaHHs B J03uMeTpii € peakuis In (y,y")!"™In B pe3ynbraTi KO
YTBOPIOETHCA i30Mep '°™In, 1m0 Mae raMma-niHio 3 eHepricro 336,24 keB i nepion Hanisposnany 4,5 roaus. Mano Micue ycrinse
3aCTOCYBaHH Ii€l METOAWKH B JO3MMETpii IPH BHUPIMICHHI NIEBHUX MPAKTHYHHUX 3aBJaHb (OMPOMIHIOBANbHI KOMIUIEKCH HA OCHOBI
mxepen ©Co - xobanbToBi «rapmaruy). V naniii poGOTi MOKa3aHO, 10 BUKOPHCTAaHHS JETEKTOPiB 3 In mis mosumerpii ramma-
BUIIPOMIHIOBAHHS 3 MIMPOKUM CHEPreTHYHUM CHEKTPOM (TabMiBHE BHIIPOMIHIOBAHHS) ITOB'I3aHE 31 3HAYHOIO HEBU3HAUCHICTIO IIPU
BUMIPIOBaHHI €KBIBAJICHTHOI 103M TaMMa-CIeKTpa 3 BepxHboro Mexeto 10 MeB. Taka HeBH3HauyeHICTH OOyMOBJIEHa BiJTHOCHO
BHCOKMM TMOpOroM Buine3raganoi peakiii -1,08 MeB. B pnaniii po0OTi BHU3HAUCHO KUIbKICHMH BKIQX y TMOBHUH MOTIK
BUIIPOMIHIOBAHHS JUITHKHA TaMMa-CIeKTpa HIbK4e mopory (y,y') peakuii Ha sapi In Ta nmokasaHo, 10 B 3aJISKHOCTI BiJl HaPSIMKY
BUIIPOMIHIOBAHHS Ma€ MiClle CHCTeMaTH4Ha IOXHOKa IIpH BUMIpPIOBaHHI €KBiBAJICHTHOI 103H, 10 jocsrae 20-60%. ocmimpkeHo Ta
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3aIPONOHOBAHO ISl BAKOPUCTaHHS aJbTEPHATHBHI MaTepiay - AETEKTOPH, 110 JA03BOJIAIOTh 3MEHIIUTH CUCTEMATHYHY TIOXMOKY IIpH
BUMIpi €KBIBaJICHTHOI 103U 10 2-3%, 1110 € UIIKOM NPUHHATHUM IS IPAKTUYHOTO 3aCTOCYBAHHS.
KJIFOUYOBI CJIOBA: niHiifHMI TPUCKOPIOBAY €JIEKTPOHIB, FaMMa-BUIIPOMIHIOBaHHS, (V,Y') peakiiis, i3oMep, 103UMeTpist

MCCJEJIOBAHUS U BBIGOP NEPCHEKTUBHBIX MATEPHAAJIOB JIJI51 AKTUBALIMOHHOM JO3UMETPUA
TOPMO3HOI'O U3JIYYEHHUS BOJbIIOW UHTEHCUBHOCTHU
0O.C. lee, P.M. /Iponos, B.A. llleBuenko, b.H. LlIpamenko
Hayuonanvnwiti Hayunouii Llenmp «Xapbrko6ckuii pusuxo-mexnuueckuti uHCmumymy
1 yn. Akademuueckas, Xapvkos Yxpauna 61108

PajmanyioHHble TEXHOJOTUH, OCHOBAaHHBIE HA IPHMEHEHWH MOIIHBIX MYYKOB AJICKTPOHOB M I'aMMa-H3JTyYeHUs], TECHO CBS3aHBI C
HEOOXOIUMOCTBIO JO3UMETPHU 3TUX MydKoB. BecbMa ycmemrHoi Uit 3THUX Ieled SBIAETCS I03MMETpPHs, OCHOBaHHas Ha
HCTIONB30BAHUM PEAKIUHU HEYNPYroro paccestHusl raMMa-KBaHTOB Ha IIEJIOM Psfe sAep ¢ 00pa3oBaHHEM H30MEPOB C Pa3HYHBIMU
MepHoIaMU TIONypaclafia M SHEPrusIMHA KBAHTOB HM3IydeHMs. [IpuMepoM Takoro NMpHMEHEHHS B JO3UMETPHHU SIBISIETCS PEaKmus
5Tn (y,y)!"*™In B pesyabTate KOTOpoil 06pasyercsas uzomep ''"MIn, umerommii ramma-nuHuI0 ¢ SHepruei 336,24 k3B u mepuon
nomypacnaga 4,5 qaca. VmMeno MecTo ycmelmrHoe NPHMEHEHHE 3TOH METOAMKH B JO3MMETPHH IIPU PEIICHUH OIpeeTIeHHBIX
HpaKTHYEeCKUX 3anay (00JydarebHble KOMILIEKCHI HAa OCHOBE UCTOUHMKOB °°Co — K0OabTOBEIE «IIYINKW»). B HacTosmel pabore
MI0Ka3aHO, YTO HCIIONB30BAaHHWE JETEKTOPOB M3 In IS MO3MMETpUM TaMMa-H3JIydeHHs C IIHMPOKHM JHEPreTUYECKHM CIIEKTPOM
(TOpMO3HOE H3IIydeHHE) COIPSDKEHO CO 3HAUUTENBHOM CHCTEeMaTHYeCKOH OMMOKOH B M3MEpEeHHH SKBHBAJICHTHOM 03Bl TaMMa-
crekrpa ¢ BepxHeil rpanuneit 10 MaB. Takas HeonpeaeaeHHOCTh 00y CIIOBIEHa OTHOCUTEIFHO BEICOKAM OPOTOM BBIIICYOMSIHY TOM
peakiuu -1,08 MaB. B pabote ompezneneH KOJMYECTBEHHBIH BKJIAJ B IIOJHBINA MOTOK M3JIy4EHMs y4acTKa raMma-CleKTpa HIDKe
nopora (y,y") peakuuu Ha sape In. TlokazaHo, 4TO B 3aBHCHMOCTH OT HalpaBJICHHS M3IyYEHHS MMEET MECTO CHCTeMaTHyYecKas
omMbKa B HM3MEPEHHMH SKBHBaNEHTHOH 103bl, nocturaromas 20-60%. MccnemoBaHbl M TPeNIOKEHBI U MCIOJIB30BaHUS
abTEPHATUBHBIE MAaTEpHANbl — JETEKTOPHI, MO3BOJISIONINE YMEHBIIUTh CUCTEMAaTHYECKYIO OMIMOKY B W3MEPEHMU SKBHBAJICHTHOM
J03BI 110 2-3%, 4TO SBISETCS BIIOJTHE MPUEMIIEMBIM IS IIPAKTHUECKOTO IPUMEHCHUS.

KJIFOYEBBIE CJIOBA: nuHeiHbIH yCKOPUTENb JICKTPOHOB, TaMMa-H3JIyueHue, (,Y') peakuus, n3oMep, 103UMETpHUs
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