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Beryn

Haarpatkm Ha IDIOCKMX KBAaHTOBHX SMax BKe
JIOCTATHBO ~ 1OOpe JOCHI/PKEHI 1 3HAWIUIA  CBOE
3aCTOCYBaHHS y TIpWiIazax omToenektpoHiku [1, 2.
30kpema, llazepd Ha KBaHTOBHUX sMax INGaAgGaAs
IIMPOKO BUKOPHCTOBYIOTHCS JUI BOJOKOHHOT'O 3B’ SI3KY.
Jlocuts BenMKi TOPOrOBi CTPYyMH, HH3bKa poOoua
TeMIepaTypa 1 HEBHCOKAa TEMIIEpaTypHa CTaOiIbHICTh
TaKHUX Ja3epiB HE 3aBXKAM BIiAMOBIIAIOTH THM BHUMOTaM,
[0 MOTPIOHI JJIsI BUCOKOIIBHMIKICHHUX KOMYHIKAIIHHUX
npucTpoiB. Ilporpec y BHUTOTOBJIICHHI OaraToIIapOBUX
CTPYKTYP CaMOOPTaHi30BAaHUX KBAaHTOBHUX TOUOK CIIOJIYK
A3Bs, 1110 JOCUTH OHOPIHI 32 pO3MipaM¥ Ta 3a (HOPMOI0
1 XapaKTePU3YIOTHCS BEIUKOK IMMOBEPXHEBOIO T'YCTHUHOIO,
NIPUBIB JI0 CTBOPEHHSI HAMiBIIPOBIIHMKOBUX Ja3epiB Ha
KBaHTOBHMX TOYKax. Taki Jla3epu MOXYTh T€HEpYBAaTH
BHUITPOMIHIOBAHHS 3 AaKTYaJIbHOIO JIOBKMHOIO XBHII
A=13MKM 3 HAI3BHYaWHO HHU3BKUMHU ITOPOTOBUMHU
CTpyMaMH 1  BEJIHUKOIO  BHXIJHOI  MOTYXHICTIO.
Ham3BuuaiiHO BaKJIMBHMHU JUIS  BHUCOKOIIBUIKICHOT
00pOOKM CHUTHAJIB € ONTHUYHI MiJCHITIOBaYi Ha OCHOBI
KBaHTOBO-TOUKOBUX  CTPYKTYp. BOHH  J03BOJISIOTH
MPOBOIUTA OOpOOKY CHTHAJiB 31 IIBUIKICTIO TIOHA
40 I'6it/c.

Jly1s mo#aibioro y0CKOHAIEHHS ONTOENEKTPOHHUX
MpWIaaiB HEOOXiTHO MPOBOJWUTH SIK €KCIICPUMEHTAJIBHI,
TaK 1 TEOPETUYHI IOCHTIKEHHsI (PI3UYHUX BIIACTUBOCTEU
CTPYKTYP MPOCTOPOBO BIOPSIIKOBAHUX KBAHTOBUX TOUOK
(KT). ToMy HaarpaTku KBaHTOBHX TOYOK TPHBEPTAIOTH

151

BEJIMKY yBary JOCIHIJHHKIB MPOTATOM OCTAHHIX POKIB.
Artopu pobotu [3] pO3IISHYIHM HAATPATKHA KyOidHHX
KBAaHTOBUX TOYOK GaAdAlAs, K1 IIHPOKO
3aCTOCOBYIOThCSL B 1H(payepBOHHX (QOTONpHUiiMayax.
BukopucTaBiy HaOI¥KEHHST 00B1IHOI QYHKIIIT B MOJIEII
Kponira-Ilenni, aBTOopu moOKazajgw, IO BpaxyBaHHS
IHTErpaJliB MEPEKPUTTSI TPH 3MEHIICHHI BiICTaHEH Mix
KT npuBomuth 0 YTBOPEHHSI TPUBHMIPHHUX MIiHI30H.
OpHak, aBTOpPM OOMEXKWINCH JIMIIE  PO3TIISIIOM
EHEePreTHYHOr0 CIEKTpa IUX eNEeKTPOHHUX 3D-Iia30H,
KOHCTAaTyBaBIIM, IO BiH YYTJHMBIIIMHA 0 IapaMeTpiB
Haarpatku KyOiunnx kBanToBHX Touok (HKKT), Hix mo
¢dbopmu camux KT.

VY pobGorti [4] MeTomoM NMpPUETHAHUX IIOCKHX XBHIIb
BHUKOHAHO PO3PaXyHOK €JIEKTPOHHOI 30HHOI CTPYKTYPH Yy
Haarpatii chepuynux kBaHToBuX TOuok (HCKT) B
HAOMWKeHHI  epeKTHBHMX Mac. JlocmipkeHo, sk
BumBaioTh po3Mmipu KT Ta BiacTaHi Mk HUMH Ha
MTOJIOXKCHHS EHEPTeTHYHUX 30H Ta 1X IIUPHHY.

Teopernune OOTPYHTYBaHHsS €JIEKTPOHHOI 30HHOI
crpykrypu Hax rpatkd  GaAgAIAsS 3 piBHOMIpHO
po3ToAiieHnMH TyHeNbHO-3B’ s;3anumu KT mpoBezneHo B
[5,6]. OrpumaHo 3ajeXKHICTH €HEPrii eNeKTpoHa Bif
XBHJIBOBOTO BeKTopa. JIOCHi/KEHO TakoX ONTHYHI
BrnactuBocti HCKT. 3okpema, oOumcieHO MaTpuUYHUIA
€JIEMEHT Ta TYCTHHY CTaHIB MIKIIA30HHHUX MEPEXOIIB 3
OCHOBHOT'O B Iepii 30ymkeHi ctanu enekrpona HIT s
pisaux paniyciB KT Tta Biacranedr Mix Humu. OTpumaHi
OOYUCIIEHHSI JlaId  3MOTY  JIOCHIJUTH  3aJISKHICTh
KoediIlieHTa MIKITIJ30HHOTO MOMIMHAHHS TETEPO CUCTEM
GaAdAlLGa AS 3  MepioAMYHO  PO3TAIIOBAHUMHU
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chepUYHUMH KBAaHTOBUMHM TOYKAMH Bil YacCTOTH
[1a1a¥040ro0 CBITIIA.
JlocmipkeHHsST ONTHYHHX — BIACTHBOCTEH  CHCTEM

HEB3aEMO/IIFOUMX KBAaHTOBUX TOYOK [7, 8] mokaszamu, 1o
Ha/I3BUYaliHO BXKJIMBUM NApaMETPOM € CEpPEHIN po3Mip
KBaHTOBHX TOYOK. [lopsi 3 MM BakKJIMBY POJIb BiJirpae
Takok 1 iX ¢opma. OyeBHAHO, WO IS TYHEIHHO-
3B'S3aHOI CHCTEMH KBaHTOBHMX TOYOK iX po3mip, (opma
Ta BIACTAaHb MIDK TOYKAMHU OYAyTh BaXKIIMBUMHU
napamerpamMu. Y 3alporioHOBaHi poOOTI PO3MIISTHYTO
HaarpatkoBy cucremy INASGa Ny AS KBAaHTOBHX TOUOK
Mamux posmipie (mo 10 Hm) kybiunoi ¢opmu. s
HAArpaToK pi3HUX BUMIPHOCTEW OOYMCIIEHO 3aKOHU
qUcnepcii Uit €JIeKTpOHHHUX Ta JIPKOBUX  ITi30H.
JlocmimKeHo  3alieKHICTh  KoedillieHTa  MiXK30HHOTO
MOTJIMHAHHSA BiJl YaCTOTH CBITJIA, PO3MIPIB KBaHTOBHX
TOYOK Ta BiJICTaHCH MK HUMHU.

|. ITocTranoBka 3amaui

JlocmipKeHHsT CHIEKTpIB TOINIMHAHHS € OJHUM 3
BAXKITMBUX METO/IIB BU3HAYCHHS ¢bi3naHIX
XapaKTEPUCTUK T'€TEPO CUCTEM 3 KBAHTOBUMH TOUKAMH.
Jns iX BU3HAYEHHS PO3MIITHEMO CHCTEMY HPOCTOPOBO
BITOPSIKOBAaHUX KyOIYHMX KBAHTOBHUX TOYOK OJJHAKOBOT'O
PO3MIpy, HIO 3HAXOASATHCS y MaTpHIi, SK MOKa3aHO Ha
puc.l, —Haarpatky Ky0iuHHX KBaHTOBHX TOYOK.

Sxmo & = a, = a,, o HKKT 6ynemo Hazusatu 3D-
HaJIpaTKoIo, KO X 8, =8, = a, — 2D-Haarpatkomo, a
st a8, =a, =a, — l1D-maarpatkoro. 3po3ymino, Mo
BEKTOp Tpchnﬂui;l' HaJl IpaTKH: |

n=na +na, +na,,
ne n (0,x1,+2,..), é (1=12,3) — ocHOBHI BeKTOpH
TpaHCISAMIi, AKi 3a HAmpsIMKaMU 30iraroTbCs 3 OCSIMH
JIEKapTOBOI CUCTEMH KOOPIMHAT.

Teopernune  mOCHiHKEHHS
IIMPOKO30HHUX  HAMIBIPOBIIHUKIB
notpedu po3s’sizaHHs piBHAHHA llpeninrepa s
enektpoHa. Jlmg  po3B’s3aHHA  3amadi MOXKHA
CKOPHMCTATUCS METOJaMHU. CKiHYEHHX elleMeHTiB [9],
NpUeAHAHUX TIOCKUX XBHIb [10] um mceBaomoTeHIiamy
[11]. PosrmsHeMOHaArpaTKy 3 HAIMiBIIPOBIIHHKOBHX
KBAaHTOBHX TOYOK MasuX po3MipiB (2 - 10 HM), s sKuX
XapaxkTepHe 3Ha4YHE po3MipHe KBaHTYBaHHS
KBa3iyacTHHOK. Yepe3 Te NpH BH3HAYEHHI €Hepriii Ta

HaHOTCTCPOCUCTEMU
nNpu3BOAUTL 10

V4

a)

e az L2

XBWJIbOBHX (DYHKIIH HE JIMIIE €IeKTPOHIB, ajie i AipoK
(BaXKKHMX IIPOK) BUKOPHCTAEMO OJHO30HHE HAOIMKEHHS
Ta HaOJMKeHHS e()eKTUBHOI MacH.

PiBusnus Llpeninrepa, mo omnucye pyx OAHIET
3apsi/pkeHol yactuHku (enektpona uu gipku) B HKKT,
MOKHA 3aIIMCATH B HACTYITHOMY BHTJISII:

éh. 1 . a
& 5N RV, () =By, ()
e m(r) 1] , (1)
I ina£x£na+L
1 |
0, £vE L
e vzl inzag yEna, +
i ,n3a3£z£n3a3+L

{U,, B inmiit o6nacti npoctopy,
MIEPIOMUIHUN MTOTEHITial, SIKUHA BiAMOBiTa€ HECKIHUCHHIH
. . . o}
MOCTIMOBHOCTI KyOiYHMX KBaHTOBUX TOYOK, M(I') —

eeKTUBHA Maca YaCTHHKH.

BukopucraBm Uit TOTEHIAJdbHOI  eHepril

. I
YACTHHKU HAONWKeHHs, 3amuiiemMo moteniian V(F) vy
BUTJISIIII CYMH TPHOX HE3AJISKHHUX NEPIOANYHUX (YHKILH
KOOpJMHAT X, V1 Z
1
V() =V(x)+V(y) +V(2) @

Takuii BUOIp MOTEHIiay J03BOJSE PO3IUTUTH PyX
3apsIHKEHOI YacTHHKM MO TPbOX OCAX KOOpAMHAT.
Tpusumipae piBusiaas  [lpeniarepa (1) B 1pomy
BUIAJKy TEPENUIIETCS Y BUINIAAI TPHOX 1IEHTHYHHX
OMHOBMMIpHUX piBHAHb. Toxi o00BiIHa XBWJIbOBA
¢byskuis pipasaHs (1) Moxe OyTH mMpeiacCTaBiieHa SK
JIOOYTOK TPhOX OAHOBHUMIPHUX BJIACHUX (DYHKIIIH:

Vo) =Y s 040 %:%) =0 (04 4, 06)%4 1, (%)

a eHepris, SK CyMa BiIIMOBITHUX CKIIAJTOBUX
En = Enl + Enz + En3

3

(4)

Jlns  BusHauenHs E Ta j, HEOOXIHO

BHUKOPHUCTATH PiBHIHHSI
éh*y 1 79 u. .
& 5o e tVX)a , x)=E]J, (%)
& 2 Tx m(r) Tx a" o
Pigusuas (5) BimnoBimaroTh  Bimomidt  Momemi
Kponira-Ilenni. 3rigHo 11i€i Mozeni po3B’ 530K piBHIHHS
(5) Bimommii [12] 1 BH3HAYAETBCI 3 BIIMOBITHUX
JCTIEPCIHUX piBHSAHB B pisHux obmactsax HI™ [3].

~ 0

v d»2 d,
az

Yy

Puc. 1. Teomerpuuna cxema 1D-Haarpatku (&)ta 2D-Haarpatku (6) KyGiuHUX KBAHTOBHX TOYOK.
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\ /5
5001 (331) |
400r
E
&3{1)' __/ w J
k)
(122)
2001 1
—/ w
100+ 112y |
(111)
0 L L L L L '
—0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
kg,m_l

0 0
Puc. 2. Eneprii enexrponnux cranis HKKT L =96A,d =12A

Sxmo O0<E, <U,, To aucnepciiine piBHAHHSI Mae
BUTJISI;

cos(ka, ) - cos(c, L) ch(x, d) +

J(eam) - (xom )’
2cnlm2 XX, My

sn(c, L)sh(x, d) =0,

(6, a)
Komu x E, >U,, T0
cos(ka, ) - cos(c, L)cos(x, d, )+
+(C”'mz) +(X”'ml) sin(c, L)sin(x, d. )=0
2cnlrr12><xnlml ' P (6,6)
_[m(Uo+E ) J2mE,|
e A e A

M, ,M, — eheKTUBHI Macu KBa314aCTUHKU BCEpPEIUHI Ta
30BHi KT. OT)Ke

E, (0= &

a E, (k)
2 (")

Hexait na Haz[rpaTKy KT namae monoxpoMaruyHa
EIICKTPOMATHITHA XBUJISA 3 BEKTOPHUM TTOTCHITIATIOM

n={n,n,ny} ,

: (8
'r .

Ie X,C— BEKTOp MoJsApH3alii Ta XBHJIBOBHH BEKTOD

MaJaryuoro CBITJIA BIANOBIAHO. 3alMIIEMO OIEpaTop

B3aeMoii eaekTpoMaruitHOl XBumi (8) 3 eleKTpoHOM Y

BUJISAIL

11 .

) eh I&r-wt?
He=— e

mow

Tyt A, — ammIiTyna BEKTOPHOTO MOTEHLialy, W —

(9)

yacTtoTta majaarodoi xBwii. Hamami OymemMo posrisimaTw
BHITQJI0K JIIHIHHO MOJSPU30BAHOIO CBITJIA 3 BEKTOPOM
noJisipu3anii B3moBxk oci Oz.
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PosrisHeMO WMOBIPHOCTI TEPEXOIiB EIIEKTPOHA 3

BaJICHTHOI 30HU 3 KBAaHTOBMMH YHCJIAMU II0YaTKOBOT'O
1

CTaHy I (v,K) B KiHIIEBHUH

CTaH (3oHa

1
nposigrocti) | (¢, k") , nev,v¢ — Habip KBaHTOBUX YHUCEN
IipKd  Ta  elekTpoHa  BigmoBigHo.  KoedimieHT
TIOTJIMHAHHS, SIKUA BHM3HAYAETHCS PI3HHUIEIO eHepril
MOMIMHYTOTO Ta BUIIPOMiHEHOT0 cBiTia [13]3amuiersest

a:mgﬂé er”.|2(f(| )- £1))d[E - E - hw]
, (10)
()=t fl)=—pre— -
exp———F+1 exp———+1
koT koT

G yHKIIT PO3MOIITY HOCITB 3apsiiy y BiIAMOBITHUX 30HAX.
Y aumonapHOMY HaOMMKEHHI Ta HaOJYDKEHHI OOBITHOT
(GYHKIIT MaTpUYHUI €JIeMEHT KBaHTOBOTO IIEPEXOaY
3a/1a€ThCS BUPA3OM:

(v

o g
‘JI = |'U|'_
o, (12)

U, — 6noxiBcbkaocumroroda ¢yHkuig kpucrany KT B T.
k=0.

Koedinient mormunanas HKKT (10) npu HH3BKHX
(remieBHX) TemmepaTypax 3a YMOBH IIOBHOTO 3aCEIE€HHS
CICKTPOHAMM  BAJICHTHOI 30HM 1 BUIBHOI  30HU
MIPOBIAHOCTI an/IﬁMe BUTJISA

4pehK

U, )dv

o

r r .
= () dEE 00~ E, (k) - twd
Ny (12)
nie I|2|.(k) =y, (F)dV| — KBaJpaT MaTPHUYHOTO
eneMenTa iHTerpana MIEPEKPUTTH,
2
dJ (r) U (r)dV — napamerp Keiina.
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Il. Ananiz oTpuMaHuX pe3yabTaTiB

KOHKpeTHI YHCIIOBI PO3paxyHKHA MPOBEACHO IS
HaATPaTOK KyO1uHHX KBaHTOBUX TOYOK
rerepocuctemul NAYGalny ,AS 3 HACTYITHUMU
napaMmeTpamu;

m, =0.023 m,, m,, =(0.023+0.044x)m,,
V, =0.77 3A
my, =055 m,, m, =(0.55+0.04x)m,, V, =0.333A
Posrmsgaroun3D-HaarpaTkys KyOlYHUMHU

0
KBaHTOBHMH TOYKaMH BBaxkaemo po3Mipu KT L =96 A ta

onnakopumu d, =d, =d, =d .Konn posrisnaerscs 2D-

HaJArpaTka, TO TIOBHHHI BUKOHYBaTHCS YMOBH, UIO
d,=d, =d,,imns 1D-magrparkn: d, = d, =d,.

Ha pwc.3 momano 3amexxHocTi  KoedilieHTY
normuHadass 3D-HKKT InAS/INnggsGay1sAS Bin eHeprii
¢oroHa. Po3paxyHKH NpOBOAMINCH MJIsl KBAaHTOBHX
TOUOK pi3HKEX po3mipis L =96 A, 84 A, 60 A ta Bincrani
Misk Huvu d =12 A, 3 rpadiunnx 3anexHOCTEH BHHO,
mo a1 L=96A (xpuBal) Mmaemo Tpu cmyru
TIOTJIMHAHHS PI3HOT aMIUTITYIH 1 IIUPUHH, IO 3yMOBJIIEHO
HasBHICTIO IIPU TaKUX PO3Mipax BiJIOBIJHOI KiTBKOCTI
enekTpoHHuX mimzon. Tomi sk mpu L = 84 A (xpusa 2) Ta
L =60 A (xpusa 3) MmaeMo BiamOBinHO ABi i omHY cMyrH

BIICTAHIMI)K HHMH B  pI3HUX  HampsMKax €
\
15¢ 3
I
I
2 T
1 nojog
10} \:: I
[ 1]
=1 | ‘
5 |
B 1IN
| |
1 I
5 il |
I ]‘ ||
|r f | 1 2
i \ !"
b \ 1
I #
_J-'I L O /) N L
20() 600 800 1000 1200 1400

Fet, MeB

Puc. 3. Koedinienr nornuuanus csitia B 3D-HKKT INAY 1N gsGag 15AS utst pizuux po3mipis KT:
L=96A—xpusal, L=84A —xpuna2 L=60A —kpupa 3 Ta Biacrani mix auvu d = 12 A.
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Puc. 4. Koedinienr nornuuanus csitia B 1D-HKKT INAY 1N gsGag 15AS utst pizuux po3mipis KT:
L =96A —xpusa 1, L =84 A —xpusa 2, L = 60 A — xpusa 3 Ta Bincrani mix mumu d = 12 A.
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Puc. 5. Koedimient normuuanns ceitia 8 2D-HKKT INASINggsGag 15AS st L = 96 A mipu pi3HuX BifcTaHIX Mixk
mumu: d =12 A —xpusa 1, d = 24 A —xpusa 2.
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Puc. 6. Koedimient normuuanns ceitna 8 HKKT INAS/INggsGag 15AS pizaux BuMiprOcTeit 11 L = 96 A npu pizaux
BincTanax Mix aumu: d = 12 A 3D-HKKT —kpusa 1, 2D-HKKT — xpusa 2; d = 24 A 3D-HKKT — xpusa 3,
2D-HKKT —kpusa 4.

TOTJIMHAHHS. XapaKTepHOI OCOOJIMBICTIO KPHUBHX €
HasIBHICTh MAaKCUMYMIB BCEpEIUHI CMYTH TOIJIHMHAHH,
gk i mis 2D-HKKT (puc. 3). Ilpu 3MeHIenHi po3mipy
KT CIIOCTEPITaeThCs 301JIbIIEHHS aMILTITY A
Koe(illieHTa TTOTTIMHAHHSI, PO3LIMPEHHS CMYT Ta 3CYBY iX
y CTOPOHY OUIBIIMX YacTOT IIaJalovoro CBiTja.
Amnajorigyna kaptuHa crocrepiraerbes i mist 1D-HKKT
(puc.4), age Ha BiAMiIHY BiI TPHUBHUMIPHOI TpPATKH
MaKCHUMyMH Koe(illieHTa IMOIVIMHAHHS JIOCATAIOThCs Ha
Kpasix KOKHOI 3 HASIBHUX CMYT TIOTJIMHAHHS.

3MEeHIIeHHS] BUMIPHOCTI HaJl IPaTku OTPUMYEMO 3a
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paxyHOK 3Ha4yHOro 30inbmieHHs Bimctanedr Mik KT y
3a]aHUX HaIpsSMKaxX IPH CTAINX PO3Mipax KBaHTOBHX
TOYOK, KOJIM TYHENIOBaHHS 3apsiiB B IMX HAampsMKax
crae HeMoxiuBMM. Ha puc.5 HaBemeHi pe3ynbTaTu
o0uucieHs KoedilieHTa MOTJMHAHHS Ul TBOBUMIPHOI
HAAIpaTKM KyOIYHMX KBAHTOBHUX TOYOK 3 pO3Mipamu
L =96 A npu pisHux BincTanaxd mix HuMu. K BUAHO 3
KPUBHX 3aJI©KHOCTEH, He3HAYHE 30inbIIeHHs BifacTani d
Bin 12 A (xpuBa 1) 10 24 A (xpuBa 2) 3MeHIIye IIHPHHH
eNeKTpOHHUX Ta AipkoBuxmim3onB KT i, sk HacIimoK,
3BY)KEHHSl Jlialla30Hy 4YacTOT TOIJIMHYTHX (OTOHIB
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Puc. 7. Koedinient normuuanns citna 8 HKKT INASINggsGag 15AS 3 posmipamu L = 96 A, d = 12 A s pissnx
BumipHocreii: 1D-HKKT — kpusa 1, 2D-HKKT —kpusa 2; 3D-HKKT — kpusa 3.

ceiTna. [lpy npOMYy MaKCUMyMH CMYT IIOTJIMHAHHS
3CYBalOThCS B CTOPOHY HMXKYHMX YacTOT 3 OJHOYACHHUM
pOCTOM aOCOJIOTHUX 3HAYEHb KOE(Iili€HTa MOTTUHAHHS.
Ile sckpaBo mposiBIseTbcs 1 Ha mnpukian 3D-
HKKT(xpusi 1, 3 Ha puc. 6). Tyt anst anamizy BuOpana
onHa (leHTpajibHa) 3 TPHOX 00JacTel IOrJIMHAHHSA,
XapaKTepHUX JUIS JTAHUX PO3MipiB KT
(L=96 A).IlopiBusHHs  KOe]ilieHTIB  MONIMHAHHS
HAJArpaToK pi3HUX BuUMipHOCTeH (puc. 6), 3D- (xpusi
1,3) ta 2D- (kpuBi 2, 4), mokasye 3BYXEHHS CMYTH
noriauHaHHA 31 3MeHmeHHsM BuMmipHocti HKKT i
30epe)KeHHs] YacTOTH TMaJaroyoro CBiTJa, NPU SIKOMY
JIOCSTAIOTBCSl MAaKCUMYMH KoedilieHta noriauHanHs. Ha
puc. 7 TpencraBieHa IIOBHA KapTUHA 3aJIKHOCTEH
KoedillieHTa MMOTJIMHAHHS Bij eHeprii (JOTOHA Maarouoro
CBITJIa TS HAJTPATOK BCIX BUMipPHOCTEH.

BucHoBkn

IIpoBeneni  Hamm  oOumcieHHs  KoedimieHTa
MIDXK30HHOTO MTOTTHHAHHS HaJ IpaTk INASINg gsGag 15AS
JTAIOTh MOYKITUBICTH 3pOOMTH HACTYITHI BUCHOBKHU.

Cnexktp  mormunanust ~ HKKT — L=(60-100) A
XapaKTePU3YIOTHCSA OIHHUM SICKPABO BUPAKEHUM ITIKOM Ta
(anexHo Bin posmipy KT) omuum abo aBoma mikaMu
MEHIIIOI BEJIWYHMHHU, IO 3CYHYTI Y KOPOTKOXBHIBOBY
YaCTUHY CIIEKTPY.

BuMipHicTh Haarpatku BIUIMBaE Ha (OPMY CMYT
nornuHaHHsA. HaiiOinpima pisHu Mix ¢opmaMu cMyr
st 3D- ta 1D-HaarpaTok.

30iIbIICHAS BiJCTaHI MK KBAaHTOBUMH TOYKaAMHU
CIPUYHHSE 3BY)KCHHS IIKIB MOTJIMHAHHS U BCIX TPHOX
THUIIB HaJI PATKH.

Boiiuyx B.I. - noxtop (i3uKo-MaTeMaTHYHUX HAYK,
npocecop, qupekrop IHcTUTYyTY (Di3MKH, MaTeMaTHKH,
€KOHOMIKHM Ta IHHOBAI[IMHUX TEXHOJIOTI;

Binuncexkuin 1.B. - xanauaat QisMKo-MaTeMaTHIHUX
HayK, IOIEHT, 3aBigyBau Kadeaph TEOPETUIHOI 1
MPUKIAIHOI (I3UKK Ta KOMIT IOTEPHOTO MOJIEIIO-
BaHHS,

Ilazwoxk P.JI. - crapmmii Bukiagad Kadeapu
1H(OPMATHKU Ta 00YHMCITIOBAIHHOI MATEMATHKH.
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Coefficient of Interband Light Absorption by InAs/Ga,ln;.,AsQuantum Dot
Superlattice at Low Temperatures

Drohobych Ivan Franko Sate Pedagogical University, 3 Sryiska &, Drohobych, 82100, Ukraine, ri.pazyuk@gmail.com

In the paper the INAYGa,In;As superlattice system of small size cubic QDs (10 nm) has been considered.
Dispersion relations for electron and hole subbands have been calculated for superlattices of different
dimensionality. The dependences of the interband absorption coefficient on light frequency, quantum dot size and
interdot distance have been researched.It is shown, that the dimension of the superlattice has influence on the
shape of the absorption bands and the increasingof the distance between quantum dotsis followed by narrowing
of the absorption peaks for dl three superlatti cetypes.

K ey words. quantum dot, superlattice, electronic states, absorption coefficient.

157


mailto:ri.pazyuk@gmail.com

®I3UKA I XIMISI TBEPZIOIO TIIA
T. 18, Ne 2 (2017) C. 158-165
DOI: 10.15330/pcss.18.2.158-165

PACS: 544.4:544.77.051.1:539.216

PHY SICS AND CHEMISTRY OF SOLIDSTATE
V. 18, Ne 2 (2017) P. 158-165

ISSN 1729-4428

Yu.V. Naydich, I.I. Gab, T.V. Stetsyuk, B.D. Kostyuk, D.B. Shakhnin

Kinetics of Fragmentation During Annealing in Vacuum of
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The results are presented of the study of kinetics of fragmentation of titanium nanofilms 100 nm thick
deposited onto the surface of samples made from single crystals of Al,O3 (leucosapphire), ZrO,, SIC, and AIN
ceramics and annealed in vacuum at temperatures 1300, 1600 °C with different exposition times at each

temperature within 2 - 20 min range.
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I ntr oduction

Joining ceramics and other non-metal materials with
metals usng solder and metal deformable gaskets is
widely used in modern technology. For such joints
making, thin meta filmsare often used widely applicable
in various fields of science and technology.

The thickness of films deposited onto metalic and
non-metallic materials may be within a wide range: from
a few nanometers till tens of microns. For technological
purposes, metal films are often used with different
thicknesses deposited by various methods (plasma
sputtering, magnetron sputtering, chemical and eectro-
chemical methods, electron beam sputtering etc.) onto
non-metallic parts to join them with each other or with
metals by brazing or pressure welding [1 — 6].

A specia rolein joining such different materials are
played by adhesively-active metals including titanium,
zirconium, niobium, hafnium, and others. These metals
are either added to metallic solders composition or used
as coatings, particularly in the form of thin films at the
surfaces of joined materials;, and using pressure welding
joints of different materials may be obtained through
deformable gaskets made of these metals These metas
have good adhesion to both non-metalic and metallic
materials and provide good spreading of metal solders
and their interaction a the interface "solder — hard
surface to be joined".

Since, during the process of brazing or pressure
welding, metalized non-metallic parts must be heated to
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very high temperatures (1300 — 1600 °C), studying
processes of fragmentation-coagulation occuring during
the annealing of these metal nanofilms is not only of
cognitiveinterest, but also of practical importance for the
development of technological modes of joining non-
metallic materials.

We have previoudy studied the kinetics of the
fragmentation during annealing in vacuum of niobium
and hafnium nanofilms deposited onto oxide and non-
oxide non-metallic materials such as sapphire, ceramics
based on ZrO,, and others.[7, 8].

The aim of this work was to study the kinetics of
fragmentation during the annealing of titanium nanofilms
deposited onto some oxide and non-oxide materials.

. Materialsand Experimental
Procedure

Titanium nanofilm 100 nm thick was deposited onto
non-metallic substrates 4 ° 4 © 1 mm made of
leucosapphire (single crystal dumina), zirconium dioxide
and dlicon carbide single crystals, as well as of
aluminium nitride ceramics, by eectron beam sputtering
method [9]. Substrates were made of materials which are
either the most widely used in industry, particularly
leucosapphire, or the matrix of high-temperature
ceramics. Metallic films were deposited onto polished
surfaces of substrates. The parameter of surface
roughness R, was equal to 0.03, 0.05 microns.
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The polished substrates surfaces were degreased by
acetone and ethanol, after which the leucosapphire and
zirconium dioxide substrates were annealed in air at 1200
°C for two hours, and then these substrates, together with
the substrates made of single crystal silicon carbide and
aluminium nitride ceramics, were annealed in vacuum
not worse than 2~ 10 Pa at the same temperature for
one hour.The 100 nm thickness of the metal nanofilms
was chosen taking into account the fact that such films
are solid, completely covering the oxide surface, have
good adhesion to it, and provide good solder spreading
[10]. Thicker films have the ability to exfoliate due to the
presence in them of residua stresses as aresult of growth
tensions occurrence during the multilayer deposition and
because of the large difference between thermal
coefficients of linear expansion (TCLE) of film metal
and substrate material. Films were deposited during
10 — 15 min. onto the substrates which temperature was
about 100°C, and the films thickness was determined
using a specia device with the quartz sensor.

Films were deposited onto al substrates under the
same conditions, and their quality was monitored by
metall ographic microscope XJL-17.

Anneding of non-metallic samples coated by metal
films was performed in a vacuum chamber during
various time periods from 2 up to 20 min. at different
temperatures (1200 , 1600°C) in vacuum not worse than
2 10°Pa

Anneded samples were examined using scanning
electron microscopes JCM-6700, JCM-5000, and an
atomic force microscope Nano Scope Il a with
micrographs recording.

Using these micrographsthe area of substrate surface
coated with metal film idands was calculated by
planimetric weighting method, i.e. by weighting of
metal-coated sample parts images cut from micrographs
[2]. The data obtained by this method were analyzed as
the dependence of sample surface area covered with
metal film fragments after annealing on anneding
parameters (annealing temperature and time).

1. Resultsand Discussion

Original titanium films on all substrates were solid,
without any significant defects, and micrographs
obtained using eectronic scanning microscopes show
only the uniform dark gray field.

During annedling of titanium film on the
leucosapphire surface,at first, minor signs of changes in
the structure of the film appeared only as a result of its
two-minute heating up to 1300°C. As a result of further
exposition at this temperature for five minutes, film
began to blister in part without losing its integrity, and
the process rate is dightly increased after a ten-minutes
annealing (Fig.1a), but the film still remained solid. With
increased exposition time up to 20 min at 1300°C, the
film israpidly disintegrated into large pieces. The similar
pattern was observed with increase of anneding
temperature up to 1400°C: the film is partially started to
blister after the two-minute exposition without losing its
integrity; after a five-minute annealing process greatly
intensified and the film even started to crack (Fig.1b).
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Fig. 1. SEM image titanium film 100 nm thickness
onto leucosapphire which was annealed in vacuum,
x3000: a — 1300 °C, 10 min; b — 1400 °C, 5 min; ¢ —
1500 °C, 10 min; d — 1500 °C, 20 min.
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Fig. 2. Titanium film 100 nm thickness onto leucosapphire which was annealed up to 1600 °C during 2 min in
vacuum: a—SEM image, x3000; b — three-dimensional AFM images, ¢ — AFM images of intersections on which the
film profilogram was measured; d —the film profilogram.

With further exposition at this temperature for 10 min
quite long and wide cracks appear in the film; and,
findly, after a twenty min. annealing, film completely
disintegrated into large fragments between which
significant parts of free leucosapphire surface appear.
Annedling at 1500°C has speeded up significantly the
process of the titanium film disintegration. Thus, after
the two-minute annealing, film blistered intensively and
lost its integrity; after the five-minute exposition it is
cracked significantly; during further exposition time
increase up to 10 min, film disintegrated into large
fragments (Fig.1c); and after twenty-minutes annealing at
this temperature, there were only some film fragments on
the leucosapphire surface covering no more than 40% of
it (Fig.1d).With the annealing temperature increase up to
1600°C, the film began to disintegrate already after a
two-minute exposure (Fig.2); further increase of
annealing time up to 5 min led to a complete
decomposition of the film covering only about 10% of
the leucosapphire surface which was almost completely
free after ten-minutes annealing.

It should be noted that, at all stages of annealing,
rounded remains of films were not found which was
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Fig. 3. Leucosapphire area covered by titanium film
dependence on annedling time at various temperatures
(1300-1600 C).
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Fig. 4. SEM image titanium film 100 nm thickness onto zirconia which was annealed in vacuum, x3000: a —
1400 °C, 20 min; b— 1500 °C, 10 min; ¢ —1600 °C, 2 min; d — 1600 °C, 10 min; e— 1600 °C, 20 min.

observed by us earlier for disintegration on oxide
substrates of metal films which, unlike the titanium, are
not adhesively-active metals and does not wet the surface
of the non-metallic substrate.

Fig. 3 shows diagrams for kinetics of disintegration
of titanium film on the leucosapphire surface during its
annealing at different temperatures (1200, 1600°C) with
exposition at each temperature from 2 up to 20 minutes.

Continuous titanium film at the zirconium dioxide
surface was more refractory then the same film on
leucosapphire and remained unchanged even after a
twenty-minutes annealing at  1300°C. Two-minute
annealing a 1400 °C caused also no change in the
gtructure of the film, and only after the five-minutes
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exposure, the first cracks were observed in it. With
increase of annealing time up to ten, and especially up to
twenty minutes, the film shows significant changes and
gtartsto lose itsintegrity (Fig.4a).

Two-minute annealing at 1500°C caused significant
blistering of the film without losing its integrity; with a
further exposition prolongation up to five minutes, the
film began to crack and to fragment into pieces; after ten-
minutes annealing, the film is rapidly divided into large
fragments, which in turn were fragmented into smaller
particles (Fig.4b). As a result of a twenty-minutes
annealing only a small number of pieces of the film of
different sizes and irregular shapes were remained.



Yu.V. Naydich, I.I. Gab, T.V. Stetsyuk, B.D. Kostyuk, D.B. Shakhnin

100
90 -
80 -
70 4
60 -
50 -
40 -
30 4
20 4
10 4

—4—1400 oC
== 1500 oC
e 1600 0C

Mnowa BKpMTa MeTarnom, %

10 15 20

Yac suTpumKkn, XB

Fig. 5. Zirconia area covered by titanium film
dependence on annealing time a various
temperatures (1400 — 1600°C).

As aresult of annealing at 1600 °C, already after the
two-minute exposition, all the film was blistered and
began to crack (Fig.4c). After five- and ten-minute
exposure at 1600°C the film was completely
disintegrated into small fragments of irregular shape
forming conglomerates of various sizes (Fig.4d); and
after a twenty-minutes annealing, only some crystals
were remained (Fig.4e) which were apparently formed as

6262 302

a result of titanium film particles recrystallization at a
temperature equal to 96% of the melting point of
titanium.

Fig. 5 shows diagrams for kinetics of disintegration
of titanium film deposited onto zirconium dioxide
surface during its annealing at different temperatures
within 1400 , 1600°C range with exposition at each
temperature from 2 to 20 min.

Anneding of titanium nanofilm at the aluminum
nitride surface for twenty minutes at 1300°C did not
cause any changes. Only when the film is heated up to
1400 °C during the first two minutes of exposition it
began to crack (Fig.6,@), this cracking was intensified
after a fiveminute annealing, and after ten-minutes
exposition the film began to disintegrate into fragments
of mostly oblong shape which finally resultsin complete
collapse of the film into individual small pieces of
irregular shape after twenty-minutes annedling (Fig.6b).

Two-minutes annealing at 1500 °C resulted in
blistering of the entire film and in the beginning of its
cracking; after five-minutes exposion size and number of
these cracks were increased; after ten-minutes annealing
film was completdy disintegrated into separate
fragments of irregular shape; and after twenty-minutes
annealing the number of these fragments was decreased
significantly, and interaction of titanium with aluminum
nitride did probably occur (Fig.6c).

As a result of the film annealing a 1600°C,
disintegration of the film and its probable interaction

Fig. 6. SEM imagetitanium film 100 nm thickness onto aluminium nitride which was annealed in vacuum, x3000:
a —1400 °C, 2 min; b — 1400 °C, 20 min; ¢c— 1500 °C, 20 min; d — 1600 °C, 2 min.
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Fig. 7. Aluminium nitride area covered by titanium
film dependence on annedling time a various
temperatures (1400 - 1600°C).

with the aluminum nitride with apparent formation of

intermetallic compounds including titanium aluminides
took place dready after the two-minutes heating
(Fig.6d); with further exposition for five and ten minutes
the film was not changed significantly; and after twenty-
minutes exposition, as a result of intensive formation of
intermetallides, about 50 % of aluminum nitride surface
became already free (Fig.7).

Titanium nanofim deposited onto silicon carbide
single crystal surface did also appear to be very
refractory: the first appreciable changes in it occurred
only after a five-minute annealing at 1400 °C, after ten-
minutes exposition the film was cracked into large pieces
each of which had an irregular shape (Fig.8a); and
findly, after a twenty-minutes annealing the film was
completely disintegrated into separate pieces.

After a two-minute annealing at 1500 °C the film
was fragmented into large smooth pieces which, with
further exposition for five to ten minutes, were
disintegrated dowly into smaller pieces (Fig.8b), and the
process of disintegration of the film into pieces of oblong
shape was finished after a twenty-minutes annealing.
Thus, there is a possibility of titanium interaction with

Fig. 8. SEM image titanium film 100 nm thickness onto silicon carbide which was annealed in vacuum, x3000: a —
1400 °C, 10 min; b— 1500 °C, 10 min; ¢ — 1600 °C, 2 min; d —1600 °C, 5min; e— 1600 °C, 20 min.
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Fig. 9. Slicon carbide area covered by titanium film

dependence on annealing time at various

temperatures (1400 — 1600 °C).

the surface of silicon carbide single crystal with the
possibl e formation of titanium carbides and silicides.

With therise of annealing temperature up to 1600 °C
the film began to split into separate pieces each of which
was disintegrated into very small particlesin the first two
minutes of exposition at this temperature (Fig.8c). After
the five-minute exposition the film pieces have already
started to interact with silicon carbide (Fig.8d); this
interaction intensified with exposition timeincrease up to
10 min and after a twenty-minutes annealing the film
remains were completely reacted with the surface of
silicon carbide single crystal (Fig.8e).

Fig. 9 shows diagrams for kinetics of disintegration
of titanium film deposited onto the silicon carbide
surface during its annealing at different temperatures
(1400 , 1600°C) with exposition at each temperature
from 2to 20 min.

5 25

Conclusions

It was found that fragmentation of 100 nm thick
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akademii nauk Ukrainy 35, 97 (2007).

Ceram. (New-York - London, 1981), p. 629.

materiaov 45, 71 (2012).

titanium nanofilms deposited onto leucosapphire and
zirconium dioxide surfaces is characterized by
approximately the same course: during short-time
annealing (2 — 5 minutes) at 1400 °C they are still amost
continuous, with increase of annealing time at this
temperature film disintegration process is intensified
although the film fragments cover more than 70% of the
substrate surface even after a twenty-minutes exposition;
and, thus, under these conditionsthe film is quite suitable
for use in high-temperature brazing of oxides. With
increase of the annealing temperature up to 1600°C the
film fragmentation rate is growing rapidly. The film
disintegrates completely after a ten-minute exposition at
thistemperature, therefore it is not suitable for brazing.

It was discovered that titanium film at the aluminum
nitride surface proved very refractory, and even after a
twenty-minutes annealing at 1600 °C it was till covering
more than half of the substrate area which confirms that
such afilmis quite suitable for high-temperature brazing
of this ceramics.

As for the titanium film at the dlicon carbide
surface, even during annealing above 1400°C, there were
noticeable interaction of the film materid with the
substrate.  This interaction increased rapidly with
temperature increase, and thus, brazing of silicon carbide
metallized by titanium film can be done only up to
1400°C.

Using the diagrams resulting from the research data,
it is possible to select the necessary temperature and time
of brazing of the investigated non-metal materids
metallized by titanium nanofilms.
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HaBeneno pesynbpraTH IOCHIKEHHS KiHETHKH (parMeHTanii HaHOIUIIBOK THTaHy ToBmnHOM 100 HM,
HAHECEHUX Ha IOBEPXHIO 3pasKiB, OTpHMaHuX i3 MoHokpucramiB Al,O; (neiikocandipy), ZrO, SIC Ta
kepamignoro AIN, Bixnanenux y Bakyymi npu temnepatypax 1300, 1600 °C i3 pi3sHuMH HepiogaMu eKCIO3HLil
JUISL KOXKHOI TeMneparypy y Mexax Bi 2 1o 20 XBHIMH.
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I ntr oduction

Nanotechnology plays a central role in the recent
technological advances in the areas of disease diagnosis,
drug design and drug delivery. The nanotechnological
applications to disease treatment, diagnosis, monitoring,
and to the control of biological systems have been
referred to as “nanomedicing’[1,2]. Nanomedicine
needbiologically relevant nanostructures including
semiconductor nanoparticles, magnetic nanoparticles,
carbon-based nanostructures and metallic nanoparticles.
Research on semiconductor nanocrystals (NCs), aso
known as quantum dots (QDs), and their application in
nanomedicine, has intensified rapidly in the past few
decades [3-10].

QDs are useful asanovel probein biosensors as well
as for bio-imaging due to unique size dependent ther
opticl and  dectricad  properties.  Moreover,
semiconductor QDs are aso becoming valuable
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analytical tools for nanomedicine as they offer the
opportunity to design luminescent probes for labeling,
imaging, and sensing with unprecedented performance
[4].From a point of view of biomedical applications the
I1-V1 based QDs have particular interest due to broad
absorption spectra, narrow photoluminescence spectra,
sizetunable spectra and high sendtivity. These
nanoparticles are brightly fluorescent, enabling their use
as imaging probes both in vitro and in vivostudy
[5].Moreover, a semiconductor QDs are able to
fluorescence resonance energy transfer process (FRET)
and by this effect can be commonly used as a biological
molecular probes [3]. In composition with other
chemicals or materias their optical properties could be
easily modified [6, 7].

There has been increasing interest in estimating the
toxicity of the I11-VI based undoped (as well as doped)
QDs because the tremendous focus on these
nanoparticles due to their biological and biomedical
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applications. However, the toxicity of QDs including
CdTe QDs can be minimized by their composition with a
biocompatible shell [8].

It is well known that the human serum abumin
(HSA) is the most abundant protein in blood plasma
which is involved in the transport of a variety of
endogenous and exogenous ligands [9]. Transportation,
distribution, physiological and toxicological actions of
the ligandsin vivoare closely related to their binding with
proteins. Several reports have been devoted to study such
kind of interaction between the 11-VI based nanoparticles
and HSA as well as bovin serum albumin (BSA) [9-14].
So, it is very significant for nanomedicine to investigate
the interaction between the nanoparticles and the major
carrier protein like BSA and HSA.

One of nanomedicine applications of the I1-VI based
QDs is earlier diagnostic of cancer cels including
osteosarcoma cells. Osteosarcoma is the primary
malignant tumor of bone in adult, young people and
children.Patient’ sb-year survival rate is between 50 to
63 % [15]. The tumor is frequently localized in femur
and tibia bones, but the cancer diagnosisis very difficult
and often too ineffective. Researchers proved that
osteosarcoma cells have numerous genetics mutations
and other abnormalities, which additionally hinders the
effective diagnosis and treatment [16]. Early detection is
particularly important, because the tumor is prone to
metastasize (especially in the lung). The human
osteosarcoma cell line was selected to determine the
interaction of the CdTe QDs with human cancer cdlls
[17].To improve the cancer detection and treatment
effectiveness, researches on the cedl lines with
nanoparticles are conducted increasingly [9-18].

In our previous short communication [19,20] the
results onoptical spectroscopy in the region of the
fundamental absorption edge of the CdTe QDs connected
with HSA as well as the photoluminescent spectra of
some size of QDs, were presented. In the present work,
the results of research dedicated to the CdTe quantum
dots interaction with human serum abumin and human
cel culture are reported. Perticularly, the size and
temperature influence on these interactions is considered
in wide region of these parameters. The different
methods are used for this aim: the UV-VIS absorption
and fluorescence spectroscopy(as well as fluorescence
microscopy)as main methods, complemented by Infrared
and Raman spectroscopy for chemical functional groups
identification, and detection of changes in protein
secondary structure through changes in oscillation
spectra. Prepared constructs of different concentrations
of CdTe QDs under interaction with HSA protein as well
as pure CdTe QDs are investigated to found an optimal
product for human cancer cellsbio-imaging.

|. Experimental

Nanoparticles of CdTe were prepared in aqueous
solution at room temperature using procedure similar to
described in [17,18]. Briefly, Cd precursor solutions
were prepared by mixing 3 mmol of CdCl, with 225 ml
of ultrapure water followed by 7.7 mmal of thioglycolic
acid (TGA) under magnetic gtirring. The pH value of the
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mixed solution was adjusted to 10.0 by dropwise addition
of IMNaOH solution. Then, gas mixture of Ar and H,Te
was passed through the solution. The reaction time was
varied to achieve different molar ratio of Cd*": Te*:TGA.

Transmission eectron microscopy (TEM) was used
in order to confirm the structure of the grown
nanoparticles. estimate shape and determine the average
size of nanocrystals as well as their composition and
crystal structure. A TEM instrument Tecnai Osiris X-
FEG TEM microscopy that provides maximum
resolution of 0.136 nm has been used. For this kind of
microscopic analysis a drop of colloidal suspension was
placed on special carbon-coated copper grid.

HSA was purchased from PJSC Biofarma (Ukraine) at
the concentration of 1.5x10° mol I Solutions of
CdTenanocrystals with HSA were prepared by adding the
set amount of quantum dots (from 0.1 x 10° moll™to 1.9
10° mal 1) to fixed volume of HSA (1 ml) and stirred for
2 min. The experiments were garted in 10 min after the
sample preparation. It alow to achieve the temperature
equilibration.

The absorption spectra of HSA, CdTe QDs and
HSA-QDs solutions were recorded at room temperature,
with using a UV-VIS Evolution 300 (Thermo Scientific)
spectrophotometer. Whereas, photoluminescence spectra
of the colloidal CdTe QDs, pure HSA solution and HSA
under interaction with different concentrations of the
QDs (0.6; 0.9; 1.5 10°moal I™* of QDs), were measured by
means of F-2500 Hitachi spectrofluorymeter, equipped
with a 1.0 cm quartz cdll. An excitation radiation with
wavelength of 325 nm was chosen to record the emission
intensity in the wavelength region from 350 to 850 nm at
room temperature.

The oscillation spectra are obtained using Fourier
transform infrared (FTIR) spectrometer Vertex 70v
(Bruker) applying the Attenuated Total Reflectance
(ATR) technique. The measurements were performed
with 60 scans, and the 1 cm™spectral resolution. The
Raman spectra were acquired with the Smart Raman
DXR (Thermo Scientific) spectrometer in narrow
spectral range of 1000 — 1800 cm™. The 14 mWpower
and 780 nm wavelength semiconductor laser was used as
alight source.

The human bone osteosarcoma 143b cells were
maintained in Dulbecco's Modified Eagle's medium
(DMEM), supplemented with: fetal bovine serum (FBS)
(10%), and penicillin-streptomycin (1%) antibictic. The
cells were incubated in 5% CO, at 37°C. The cdlls were
collected and centrifuged for 7 min, a 4°C, a 6009
force. Then, the cells were seeded in a 96-well plate at a
density of 8.0x10cells per ml, and incubated during
24h. The CdTe QDs were mixed with DMEM medium to
8, 20, 30x10°mol I*of QDs concentration. An aliquot
(100ul) of prepared solution was added to each well, and
incubated by 3, 6, 9 and 24h.In the next experiment of
the QDs-cdll interaction, osteosarcoma cells were fixed
by pre-cooled methanol and the cell membrane was
permeated by incubating in 0.1% Triton X-100 reagent.
In this case of experiment CdTe nanoparticles were
mixed with phosphate-buffered saline (PBS buffer), and
100ul aliquot was added to cell culture, and incubated for
10 minutes.

The fluorescence ability of the CdTeQDs under
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interaction with additional amount of albumin (inside
cancer cells) were also investigated. Cell nuclei were
stained with Hoechst 33342 fluorescent dye, for 5 min, at
room temperature, in the dark. The image were taken by
In Cdl Anayzer 2000 automated microscope (GE
Healthcare, UK). Image were taken with two different
excitation/emission filters (543/605 nm for CdTe QDs
and 350/455 nm for Hoechst 33342 dye).

Il. Resultsand Discussion

The TEM and HR TEM images of typica colloida
CdTe nanoparticles are shown in Fig. 1.In insert of Fig. 1
is shown an atom-resolved image of one CdTe-QD. As
can be seen the shape of the nanoparticles is close to
spherical and the average diameter of the nanoparticlesis
found to be approximatdly from 2.5 to 3.2 nm. It is seen
in insert the crystaline structure of QDs is perfect.
Averaged size of bi onanoconjugates (or
bionanocomplexes) were confirmed by AFM
measurement, and it was about 10-15 nm.

For the evaluation of optical properties of pure QDs,
pure HSA and QDs CdTe-HSA complex absorption
spectra are recorded and analyzed. An addition of HSA
to colloidal CdTe nanoparticles leads to a gradua
decrease of optical density and broadening of exciton
structure [20]. However, energy position of the exciton
bands is not shifted. The obtained results indicate that the
binding process between the QDs and the protein
mol ecul es change not the el ectron states in the QD.

Photoluminescence spectra of HSA under interaction
with QDs have been recorded on spectrofluorymeter
upon excitation wavelength optimal for the investigated
QDs which is dependent on their size and shape resulting
in a certain position of absorption bands. The
photoluminescence intensty of HSA progressively
decreases with increasing of the of CdTe QDs

Fig. 1. TEM and HR TEM (insert) images of the
colloidal CdTe quantum dots.

concentration. Fluorescence quenching is a powerful tool
to characterize changes of the optical properties and
determine the type of interaction between protein and
quenchersin solution. The photoluminescence quenching
mechanism for quantum dots can be determine from the
Stern-Volmer eguation. Obtained results, as in [19, 20]
suggest that the nature of quenching is static, resulting in
forming QDs CdTe-HSA bionconjugates.

Infrared and Raman spectroscopy are complementary
techniques and they are commonly used for the chemical
structure determination of molecules as well as the
conformation changes and interaction between molecules
[21, 22]. For andyze the oscillation pectra of the HSA,
and tested the changes of the HSA dructure after
interaction with CdTe QDs, at first the FTIR spectroscopy
was investigated. The obtained results are shown in Fig. 2
and presented in Table 1.

Infrared spectra of HSA contains typical lines
corresponding to amide bands of proteins. Amide | band
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Fig. 2. FTIR spectra of the CdTe QDs (blue), HSA (red), HSA after interaction with CdTe QDs (grey).
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Tablel

Identification of the lines observed in the FTIR spectra of HSA (Fig. 5); s-strong, m-medium, w-weak

Position of line (cm™) | dentification Reference

1 3429 (m) O-H stretch 24,25

2 3278 (m) N-H stretch 24-26

3 2960, 2934, 2873 (m) C-H stretch (asymmetric and symmetric methyl-) 24,25

Amide | (C=0 dretch, CN stretch, CCN deformation,

6 1650 (9) NH bend) 23,24, 26

7 1547 (3) Amide Il (NH bend, CN stretch, CO in plane, CC, NC 23,24, 26
stretch)

8 1446(w) C-H bend 24,25

9 1402 (m) COO- stretch and C-H bend 24,26

10 1319 (m) O-H bend 25

11 1259 (w) Amidelll (CN stretch, NH bend, CO in plane, CC 23,24, 26
stretch)

13 1129 (w) skeleton vibration 25, 26

mainly occurs in the region of 1600 to 1700 cm™ and
amide Il band in the region of 1500-1550 cm™. Amide |
corresponds mainly to the stretching vibration of peptide
carbonyl group (C=0), but aso to CN stretching, CCN
deformation, NH bending vibrations. Amide Il band is
attributed to C—N stretching coupled with N—H bending
vibrations and in less intense to CO, CC, NC dretching
vibrations [23, 24]. Apart from these two main lines,
other characteristic signals for the HSA protein were
reported. The weak line observed a 1259
cm *corresponds to the amide 11l band and it can be
assigned mainly to CN stretching, and NH bending a
vibrations [23, 24].The region from 2800 cm* to 3600
cm™ is also interesting, and associated with the bands
corresponding to C-H , N-H and O-H dretching
vibrations [25]. The N-H vibration lines recorded at 3278
cm™and 3070 cm™ (very weak) are named amide A and
amide B [26]. The line attributed to O-H bonds is
observed approximately at 3429 cm?, and C-H bands at
around 2960cm™, 2934cm™, 2873 cm®, (stretching
vibration) aswell as at 1446 cm™*(bending vibration) [24,
25]. Other bands are assigned to the chemica group of the
amino acids in the HSA protein and to molecule's
skdeton. The most unique for each sample is the region
from 500 to 1300 cm™, it is called as the fingerprint region
[23, 25].

Both of the amide | and amide Il lines indicate the
secondary structure of protein (especialy amide 1)[27,
28]. Shifting of position of the peak maximum is not
large, from 1650 cmto 1652 cm*for amide | and from
1547 cm™to 1548 cm™*for amide II. However, the peak’s
shapes and peak’s intensity dightly changed also, and
confirmed only dightly modification in the secondary
structure of the HSA protein after interaction with the
CdTe QDs. In the region from 1200 to1500 cm™,
described as amide 111 region the structural changes were
noticed also [29].Collected Raman spectra confirmed
results based on the analysis of infrared spectra The
major line observed at 1657 cm™in Raman spectra and at
1650 cm™ for FTIR spectra assigned to the amide | bonds
is characterigtic for the a-hdlical protein structure [23]. a-
helix and p sheets are the most common type of
secondary structure of protein. The a-helix is coiled in a
right-handed structure, and is stabilized by hydrogen
bonding occurs between successive turns of the helix. In
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B sheets conformation (named zig-zag) an amino acids
lie either parallel or antiparallel to one another, and the
hydrogen bonds are localized between the strands
[30].The mentioned amide | line was shifted from 1650 to
1652 cm™ in FTIR spectraand from 1657 cm™ to 1651 cm’
lin Raman spectra, and itsintensity decreased, indicating a
dight reduction of a-hdical folding protein type. That
means HSA conformation is not much changed, and the
protein sructureis similar to natural one.

In order to prove that the CdTe QDs and CdTe QDs
connected with HSA are useful for bio-imaging, ther
performance as fluorescent labels have been investigated.
The pure CdTe nanoparticles without surface
modification do not penetrate into the living cdls.
However, some of the cellsin the culture has arelatively
higher uptake of the QDs, and they fluorescence inside
cell was noticed. Probably, they were dead and damaged
cells. This suggest, that pure CdTe QDs can be used like
a marker for determination of vitality of the damaged
cell.

The surface of quantum dots can be modified, for
improving fluorescence properties as wel as the
endocytosis process [31, 32]. In [32] the thiol-capped
CdTe QDs proved to be a good fluorescence marker for
study of cedl cycle of some human carcinoma cdl lines.
In first step of presented study the CdTe QDs were not
modified, but the cells are fixed or permeabilized by
standard laboratory methods, for increasing cell
membrane  permeability. Methanol-fixed  143b
osteosarcoma cells treated with QDs give stained interior
of the cdls induding nuclear region (Fig.3). The
fluorescence of the CdTe quantum dots is strong and
clearly visible as orange color in Fig. 3 (@) and Fig. 3 (b),
even in the lowest concentrations of CdTe QDs (8x10”
mmol |I™). The Hoechst 33342 fluorescent dye was used
like a standard for cell nucleus localization, it is visible
as blue color in Fig. 3(a) (weaker than quantum dots),
and Fig. 3(c).

Permeabilization of cell membrane by Triton X-100
increased cell labdling, and uptake of CdTe QDs. It was
demonstrated by strong quantum dots fluorescence,
especialy within the nucleusregion, near the center of
cdl (Fig.4 c,d). After cdls treatment by the CdTe QDs
connected with albumin, less fluorescence intensity than
CdTe without the protein was observed. However, the
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Fig. 3.0steosarcoma cells incubated with CdTe QDs and Hoechst 33342 fluorescent dye: orange color - CdTe
QDs (aand b),blue color - Hoechst 33342 fluorescent dye (a and c).

CdTe QDs

"

not permeabilized

permeabilized

CdTe QDs + HSA

Fig. 4. Osteosarcoma cellstreated by (a) CdTe QDs without HSA, without cell permabilization; (b) CdTe QDs
with HSA, without cell permabilization; (c) CdTe QDs without HSA, with cell permabilization; (d) CdTe with
HSA, with cell permabilization.

fluorescence efficiency was ill satisfactory and it
provides opportunities for bio-imaging applications of
this materia (Fig. 4; 8x10”mmol I'of CdTe QDs
concentration).

CdTe QDs show chemical stability in PBS buffer
under ambient conditions. Furthermore, the intracellular
CdTe QDs can be imaged by strong fluorescence even
after several days. As was demonstrated by Zheng et a.
[33] glutathione-coppedCdTe QDs were stablein cytoplasm
and suitable for cdl labdling, tracking, and other bioimaging
applications. The conduct study also confirmed utility of
pure QDs and QDs connected with human serum abum for
bioimaging of human carcinoma cdls. Under the same
procedure, there was no detectable emisson from the
control cdls (without QDs in medium). Additionaly,
morphology of the cells treated with defined concentrations
of CdTe QDs under standard conditions was not changed,
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compared to the contral. Thisindicatesthevery low toxicity
of the CdTe QDs in the case of presented bio-imaging
marker. Toxic effect can comes from the disintegration of
nanoparticles on toxic cadmium ions, therefore short time of
expogtion or nanoparticdes covering partialy prevents the
toxic effect [8,34].

Obtained results confirmed a good luminescence
intensity, stability and long photoluminescence lifetime
of CdTe QDs as well as CdTe QD-HSA. BSA and HSA
are often used to modify the surface of nanoparticles,
including semiconductors nanoparticles [22], and leads to
increase of its biocompatibility. The photoluminescence
properties of prepared construct were still strong and
they are useful for bioimaging of osteosarcoma cells. The
CdTe QDs were mainly localized in nuclear region, what
can be useful for labeling this part of cell. The QDs could
be used for marking and tracking other organelles or
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mol ecules, with additional biofunctionalization.

Conclusions

In summary, CdTe QDs with average radiuses of 3
nm were obtained by chemical colloidal method,
conjugated with human serum abumin to create CdTe
QDs-HSA hionanocomplex. The potential ability to
cancer cells bioimaging was examined. Quenching effect
of QDs fluorescence is noticed, but the fluorescence

the marker is more biocompatible, and would have less
cytotoxicity. The low toxicity as well as high stahility
and long fluorescence lifetime of the CdTe QDs-HSA
bionanocomplex in the case of their using as bioimaging
probes for the 143b osteosarcoma cells is demonstrated.
The results suggest that CdTe QDs-HSA bioconjugate
can be potentialy employed for bioimaging
osteosarcoma cells with minimal adverse effect.
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properties are still satisfactory. Obtained data enable us
to find optimal concentration of the CdTe QDs-HSA
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associated with the concentration of HSA. The covering
of QDs by protein reduce the ability of
photoluminescence, but it is still at a high level. Through
the use of a natural human protein with native structure,
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I.J1. Cromsipuyk, P. BoitHapoBchka-Hosaxk, . [Tomit, €. Lleperiit, C. Hopak,
M. PomepoBuu-Micinak

KBanToBi Toukn CdTera ix 6iokoH' 1oraTH i3 aJb0yMiHOM KPOBi JIIOAMHM JJIsT
(dayopecuenTHoi Bizyasaizamii

Meroan ONTHYHOI CIEKTPOCKONi] BHKOPUCTOBYBAIWCH ISl JOCHTIJDKCHHS B3a€MOIIl MK KBaHTOBHMH
toukamu (KT) CdTe 3 ansbyminoM kposi momuan (HSA), a Takoxk eekTHBHICTS (uryopecieHTHOI Bisyaizawii
6ioxon'toratiB KT CdTe-HSA B nopiBHsHHI 3 KONOigHMMM KBaHTOBHMH Toukamu CdTe y pakoBHX KIiTHHaX
ocTeocapkoMu JtoarHA. Bropunna crpykrypa HSA moni6na HatuBHIN (opMi, IO CBITYUTE PO G10CYMICHICTH
nigrorosieHux OioHaHokomIuiekciB. biokon'toratm KT CdTe-HSA neMOHCTpYyIOTh XiMidHY CTaOiIbHICTH B
dbocarHo-conpoBoMyOydepi (PBS) B yMOBaX HaBKOIMIIHBOIO CEpPEIOBHUINA Ta CTaOUIBHICTh B LMTOILIA3MI i
I IXOIATH JUTsl MapKyBaHHs KIITHH, BiICTEXEHHS Ta iHIoi 6ioisyaiisauii. KBanrosi Toukn CdTe, po3ramoBani
B PaKOBHX KIITHHAaX OCTEOCapPKOMHM, JIEMOHCTPYIOTb BHUCOKY IHTCHCHBHICTb JIFOMiHecleHLil. IHTeHCHBHiCTb
BUIIPOMIiHIOBaHHs KBaHTOBHX To4ok CdTe, moB'si3aHux 3 anbOyMiHOM y OiOKOMIUIEKCH, MEHIIA KOJOIAHHX
KBaHTOBHX TOYOK, aJIe € 33/I0BLJIbHA i CTabiIbHA Ta Mae TpUBAIHH dac ¢oromominectenii. Lle cBiguuts mpo Te,
mo Gionanokomiuiekcu KT CdTe -HSA Moxyrs BHKOPHCTOBYBAaTHCH B SKOCTi (DIIyOpECLIEHTHOTO 30HIA UL
MapKyBaHHsI PAaKOBUX KJIITHH, BIJICT&)KCHHS Ta IHIINX 3aCTOCYBaHb y OioBizyasizamii.

Kuouosi cioBa: CdTe, kBaHTOBa TOYKA, HAHOYACTHHKA, aJbOYMIH KPOBI JIIOMHH, TaCiHHS (IIyopecLeHILT,
PaKoBi KJIITHHH OCTEOCApKOMH, 010HAHOKOMILIEKC, 010KOH' forar, 6ioBi3yai3ais.
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iz piero iHmmx o6podok. Tepmiunuii Bignan i Y P-onpoMiHEHHS IPOIOHYETHCS IPOBOAUTH Y BaKyyMi, a Juis O
OIPOMIHCHHS HAHOCHTH 3aXHMCHE MOKPHUTTS Ha noBepxHio miiBku (GeOy abo SiOy) st yecyHEeHHs B3aeMOpii
¢ynepeniB 3 kucHeM. B conssunux xomipkax 3 miiBkamu Cgp B IIOTIMEpHiil MaTpuIli Ha Si BCTaHOBJICHA CYTTEBA
repeBara THTAaHOBHX KOHTAKTIB Iepe]l 30JI0THMH, OCOOJIMBO Micist MiKpOXBHIbOBOI 00poOku. KoHTakTHuUIl omip
3MEHIIyBaBCsi B pe3ynbraTi riopummsanii 3d-opOitaneil turamy i 2p-opOitaneil ¢dynepeHiB 3 YTBOPEHHIM

kap06iniB TiCep Ta pamialiiHO-cTUMYIbOBaHOI AUQY3ii MeTaliB, siKa 30LIbLIYE IUIONLY KOHTAKTY.
Knrouosi cioBa: ¢ynepenn Cgy, rerepocucreMu, KpUCTalTiyHA 1 30HHA CTPYKTypa IUIIBOK, BHYTPIIIHI
MEXaHi4YHi HalpY)KeHHs, eJIEKTPOHHI IapaMeTpH, TepMidHa i pajiariiiHi o0podku.

Cmamms nocmynuna 0o pedakyii 21.04.2017; npuiinama oo opyky 05.06.2017.

Beryn

Bigkpurrs monekyn C, 3 MapHUM YHCIOM aTOMIB
Byriemo  (yaepeHiB) COPHUSIO CTBOPEHHIO HOBHX
BYIJICLIEBUX MaTepiajiB 1 IeTepOCHCTEM Ha IX OCHOBI.
Cepen BimoMux ¢ymnepeHiB Monekyian Cgy HaHOUIBII

cuMerpuuHi 1 crabinbHi  [1]. Bouum  dopmyroTs
MOJICKYIISIPHUH ~ KPHCTal 3  HamMiBIPOBITHUKOBUMH
BIacTUBOCTSIMH. ['etepocuctemMu 3 twriBkamu Cgp 1

ribpuaHi rerepocucremu 3 (yjgepeHaMu B IMOJTIMEpHiH
MaTpHIli BHKOPHCTOBYIOTHCS B €IEKTPOHHIN 1HXKeHepii,
ceHcopHIli i coHsunmx Komipkax [2]. Ix BmactuBocTi
BU3HAYAIOTHCS YMOBAMHU BHI'OTOBJICHHS T'€TEPOCHCTEM 1
BIUIMBOM Ha HHUX 30BHImHIX i [3]. ®Pi3uuni
BJIACTHBOCTI T'€TEPOCUCTEMH HE € MPOCTOI0 CYMOIO abo
YCEePEIHCHHSAM BJIACTUBOCTCH IUTIBKH 1 MIAKIAIKH. BoHM
HaOyBalOTh HOBHUX BJIACTUBOCTEH 3aBISIKM BUHUKHEHHIO
HA MK TOAUTY IDIBKa-MAKIaAKa  MeEXaHIYHUX
HaNpy)XeHb 1 €JEeKTPOHHUX CTaHiB, SKi CYTITEBO
3MIHIOIOTh 30HHY CTPYKTYpY HamiBIIPOBIJTHHKA 1 HOTO
€JICKTPOHHI BJIACTUBOCTI.

Mera poOOTH — BUKOPHCTaHHS 30BHIIIHIX YAHHHKIB
(Tepmivynoro BiAmamy, ymbTpadioneToBoro, ramma i
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MIiKpPOXBHJILOBOTO OMPOMIHEHHS) JUIsl BHU3HAYEHHS 1X
epekTuBHOCTI B  30epeKEHHI  CKJIaaAy  IUTIBKH,
TIOKpAIIeHH] 11 eIeKTPOHHUX MapaMeTpiB i MeXi MOALTY
IUTIBKA-TIIKITaJKa, a TaKOX 3MEHIICHHS BHYTPIIIHIX
MEXaHIYHHX HANpPYKECHb B TETEPOCUCTEMi Oe3 po3manay

¢ynepeHis.

. YMoBHM OTpMMaHHA ILUTIBOK Ta
MeTOIH JTOCJIIKEHHS FeTePOCUCTEM

[TniBku Cgo Oy OcCa/KeHI Ha MiAKIaJKH KPEMHII0
i3 MOJIEKYJSIpHOTO ITy4yka (yJepeHiB y BakyyMi NpHU
cybmiMariii  ¢yneputoBoro mopomiky Cgo (CTymiHB
yucrotr 99,9 %) i3 TaHTtamoBoi KoMmipku KayjceHa,
Harpitoi pesuctuBHOo q0 550 °C [4]. Meton m03BoIsE
OTPUMYBATH IUTIBKM DI3HOI TOBIIMHA B €IUHOMY
TEXHOJIOTIYHOMY LUK, 3MIHIOIOYH BIJACTaHb MIX
okepenoM ¢yiaepeHiB 1 mimkiaankoro. Iligkmamkua He
MiAirpiBaii 3 METOI0 YCYHEHHS B TeTepocucTeMax
MeXaHIYHUX HanpyXeHb TepMiuHoi npuponau. [loBepxHio
IUTIBOK JIOCNI/DKYBaId B aTOMHO-CHJIOBOMY MiKpPOCKOIT
Nanoscope Illa B pexumi nepioquyHoi Moau. ATOMHO-
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Puc. 1. CxemaruuHe 300paKeHHS JIOCIIHKYBaHOL
CTpyKTypH: 1 — KpeMHi€Ba MMigKIaaAKa, 2 — HIDKHIH map
Mertanizamnii, 3 — nomimepHuid map 3 Cgo, 4 — BepxHi
OMIYHI KOHTAKTH.

6

n

Puc. 2. Cxemaruune 300pakenns PCBM (a) i PANT
(6) moeky.

CHJIOBA MIKpOCKOIisl Jae iHpopMaliro mpo peibed
noBepxHi. CKiag 1 KpHUCTalIiYHy CTPYKTYpY IUTIBKH
BU3HAYAIIM 13 CIIEKTPIiB KOMOIHAIIWHOTO pPO3CiIOBaHHS
CBiTJIa, OTPUMaHUX Ha MoHoxpomaropi DFS-24 npu
KiMHaTHIH Temneparypi. MexaHiyHi HanpyXeHHS S B
IIiBKax 1 iX 3HaK BHW3HAYanu i3 TPoQUII0 BUTHUHY
reTepocucTeMH, 3anucanoro Ha npodinorpadi I1-104, no

2
¢dopmyni CroyHni __Ed” [5]. Tyr E — monynb
6Ri(L- )
Onra migkmagku, d i N — ii ToBumHa i KoedirieHT
Ilyaccona, R — pazaiyc BHIHHY T'€TEPOCHCTEMH.

MexaHi4HI HanpyKeHHs B TUTIBLI 1 MAKIaIII BU3HAYAIN
TaKOX 13 CIIEKTPIiB €JIEKTPOBIIOMBAHHs CBITJIa MO 3MiHi
iX 3a00OpOHEHOi 30HM B TOPIBHSHHI 3 00 €EMHUMH

3paskamu. CHEKTpU BHMIPIOBAIHM  EJIEKTPOJITHYHUM
MeromoM [6] mpu KiMHATHIH TemmepaTypi Ha
MOABIHHOMY MOHOXpOMaTopi JAMP-4. 3pa3ku

3HAXOJWINCh B €IEKTPOJITUYHINA KOMIpII 3 KBapIOBUM
BikHOM 1 0.1 HOpMaJNBEHUM PO3YHMHOM XJIOPUCTOTO KaJiio
B JUCTHIbOBaHiM Bomi. JlaHuii MeTon J03BOJISE
JIOCHI/DKYBAaTH TiJIbKM HAIIBIPOBIIHUKK 1 TIJIBKH B
obnacti mpsMuX TepexoniB. [Ipu BigmaneHHi BiJ HUX
CHTHAN 3HHUKa€ [7]. AHami3 CHEKTpiB TPOBOAWIU
TPHOXTOUYKOBHM METOIOM AcHHeca 3 BpaxyBaHHSIM
eHeprii  MOMIHYIOYMX  IKiB 1  BIIHOIICHHSA  IX
iHTeHCUBHOCTI [8]. B mumiBkax JOCIiIKyBaiu Mepexoiu B
obmacti eneprii 1.6eB 1 2.1eB, a B mimkimaakax B
criekTpajibHii obsacti 3.4 eB, sxa BianoBigae mmpuHi
3a00poHeHOI 30HM KpeMmHito. Kpim eneprii mepexomis,
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BH3HAYAIM TAKOXK Mapamerp PO3MIMpeHHs cnektpy /[ i
Yyac CHEPreTUYHOI pejlakcaiii 30yKeHUX CBITJIOM HOCITB
3apagy t. BoHM  XapakTepu3yloThb  CTPYKTYpHY
JIOCKOHAITICTh JAOCHIDKYBaHOI ITOBEPXHI.

Constuna komipka (puc. 1) ckiagansach i3 KpeMHi€BOI
MiAKIa KA, HIKHBOrO Iapy Meramizamii (TUTaHOBa
TiBka ToBIMHO 40 HM) i TUTIBKH i3 CyMillli moiMepiB
PCBM 3 ¢ynepenamu Cgo (6,6-penin-Cgp-OyTrmar
MetunoBoro edipy) i P3HT (momi-3 rekcortioden).
CxeMaTnyHe 300pakK€HHsI LUX MOJIMEpPIB IOKAa3aHO Ha
puc. 2, ai 0, BianosigHo. Cymill HosiMepiB pO3UUHSIIN B
TOJYONi 1 HAHOCHWJIM Ha MOBEPXHIO THTAHOBOTO IApy B
ueHTpudy3i. [Ipn cTBOpEHHI COHSYHUX KOMIPOK BEJHKa
yBara NpUIUBUIaCh BUOOPY THITY MeETaji3amii OMIYHHX
KOHTaKTiB. 10 MBI mMapu 30J0THX i THTAHOBUX KOHTAKTIiB
HAaHOCWJIM Yepe3 MacKy Ha TOBEpXHIO TiOpHIHOT
MOJTiMEepHOI TUTIBKM. /J[JI1 BHMIipIOBaHHS KOHTaKTHOT'O
OIIOPY BUKOPHUCTAHO YOTHPHOX30HIOBUH Meron. OnHy
napy 30HIIB cTa0lTi3yBaji M0 CTPYMY, a Ha JApYTid mapi
BHMIPIOBAJIN HATIPYTY.

Il. ExciepuMeHTaNbHI pe3yJabTaTH i ix
00roBOpeHHs

Ha puc. 3, a moka3zaHO aTOMHO-CHJIOBE 300pa’keHHS
moBepxHi TWIiBKH Cgy TOBIIMHOK 2 MKM. BuaHO, 10

"'6‘2 X 0.200 umydi
Z 100000 nmy
6
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Puc. 3. ACM 306pasxxenHs roBepxHi (a) i ciektp KP
(6) miku Ceo.
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I, Bign. ox.

1200 1300 1400 1500 1600 1700 v, em’!

Puc.4. Cnextpu KPC mmiBok Cgp B
rerepocucteMi Ceof/S 10 (a) 1 micua (0)
130TepMIYHOTr0 BiJmany B BaKyyMmi
(Tann = 800°C).

I, BigH. on.

5x10° Pag

6
2 10 Pan
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PamaHiBCbKui 3CyB v, CM

I, BigH. oa.
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Puc. 5. Cnekrpu KPC miBok Cg B rerepocucTeMi
Ceo/Si o (a) i micnsa YD-onpoMiHEeHHS BIPOIOBXK
1 rogunu (6) i 5 roau ().

I, BigH. oa.

4 4x10° Pag

5x10" Pag

10’ Pag

1200 1400 1600 1800
PamaHiBCbkU# 3cyB v, cm”

Puc. 6. Cnexrpu KPC miiBok Cgg B retepocucteMi Ceo/Si (a) i GeO,/Ceo/Si (0) mpu pisHHX m03aX
OMPOMIHEHHST G-KBaHTaMH.
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s, 108 Na
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Ho3za, Pag
Puc. 7. 3anexHicTh  BHYTPINIHIX  MeXaHIYHHX

nanpyxedb B mmiBmi Cg Ha S Bim go3u @
OMPOMIiHCHHS.

MOBEPXHsS IUTIBKA TJIajgka, 0e3 BHUCTYIIB 1 BHOAAWH, 3
PIBHOMIpHHM pO3TallyBaHHAM (YyJEpeHiB MO MTOBEPXHi.
Ha pwuc.3,0 mnoka3aHo CHEKTp KOMOIHAIIHHOTO
po3citoBaHHs CBiTJIa Ii€l TUTiBKU. [HTEHCHBHA cMyra Ha
gactori 1470 cM™* BiANMOBiZA€ KOMMBAHHAM MOJEKYI
dbynepeniB B kpucrani, a Ha wactorax 1425 i 1575cm™*
MEHIII IHTCHCHUBHI CMYI'H BIJAIMOBiAIOTh KOJUBAHHIM
aTOMIB ByIJemo B Mojekydi. KilbKicThb BYIJIEHEBHX
atoMiB B Monekyni C, 3aBkmu mapHa. BoHa MiCTHTH
000B’s13k0BO0 12 rekcaroHiB i N—12 meHTarois.
Mornekyna Cgo Haragaye mo ¢opmi ¢yrOombHUN M's1d,
MOKPHIIKA SKOTO CKIamaerbest 3 12 rekcaroHiB 1 48
MEHTAaroHiB. 3B'S30K MiX TEKCaroHaMu KOpPOTKUH 1

I, BigH. oa.
1
2
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. < -1
PamaHiBCbKMI 3CyB, CM
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Puc. 9. 3anexHicTh  BHYTpIIIHIX  MEXaHIYHUX
Hanpyxedb B 1Bl Ceg Ha S BiI TPHUBAIOCTI
MIKpOXBWIbOBOI 00poOku. Topmuua 1wiiBKkH Cego
0.35mkMm (1) i 2 MxMm (2).

MOABIMHUNM, a MiX TIeKCAaroHOM 1 IIEHTarOHOM JOBILUH 1
onuHapHUid. [Ipu 30yKeHHI MOJIEKYJ BiH PO3PHBAETHCS
MepIIMM, a B IUTIBIII BHHHMKA€ OULTBIN IMiJbHA aMopQHa
Byrienesa (asza Ha uacrori 1600 e [9]. Bacminzox
po3BaJy MOJIEKY1 SK B TpPOIECI BHUTOTOBIICHHS
reTepocucteMu [4], Tak i Ipy 30BHIIIHIX [IisX, TIOBEPXHS
IUTIBKY TPYOIIIae, Ha Hill MOSABISAIOTHCS OYIpH 1 BIIAAUHH,
inTeHCHBHiCTH  cMyrH  Ha  wactori 1470 cm
sMeHIryerses [10].

Bigomo, mo npu yapTpadioseroBoMy ONpPOMiHEHHi, a
TaKOX IPH TEPMIYHOMY BiJNani B NMPHUPOTHHX YMOBax
¢bynepenn posmamatothes [11, 12]. Mu mokasaiu, Mo
NIpU TIPOBEJICHHI JaHUX OOpOOOK y BaKyyMi BOHH HeE

I, BigH. oA.
1
2
1300 1400 1500 1600 1700

. - -1
PamaHiBCcbkuun 3CyB, CM

Puc. 8. Cnextpu KPC omHodaszaux miiBok Cgo ToBInuHOW 0.35 MiMm (a), 2 Mxm (6) mo (1) i micus (2) 10 ¢
MiKPOXBHJIBOBOT 0OPOOKH.
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posmanatotbesi. Ha puc. 4 npuBeneni crnexktpu KPC
mwiiBok Cgy Ha S Ticns OMpOMiHEHHS y BakyyMmi
BroponoBx 1 roaunu (a) i 5 romun (6). Ha puc.5
nokasani criektpu KPC mwriBok o (a) i micist (6) Biamany
rerepocucremn  Ceo/Si y Bakyymi mpu 650C. Lle
o3Hauae, M0 (QYIePeHH PO3BATIOIOTHCA HE B KOMIpII
KHyncena, a mpu B3aeMOii 3 MOBEPXHEIO ITiAKIAIKH.
Ileii BUCHOBOK Oylo IATBEPIKEHO TAaKOX MpPHU
orpumanHi mIBoK Cgp i3 MOPOLIKY, SIKHHA 3aUIIABCS B
KOMIpIIi IiCNsl TONEepeTHbOr0 OCaPKEHHS (hyJepeHiB.
Posman ¢ynepenis npu g ompominenHi (puc. 6, a) Oy
ycyHeHuid Hamu (puc. 6, 6) NUISIXOM HaHECeHHS Ha
noBepxHIO IBKH Cgo 3axucHoro mokputtst GeOy abo
SiO, ma 3anobiranns ii B3aemoii 3 kucuem [13]. Tlpu ¢
OIpOMiHEHHI 0€3 3aXMCHOrO MOKPHUTTS IUIBKH B
reTepocucTeMax Ceo/S 3MEHIIIYBaBCS piBeHb
MEXaHIYHUX HAIPpyXXeHb 4Yepe3 BUHHUKHEHHS BYTJICHEBOI
¢basu micns possany dynepenis (puc. 7).

MikpoxBunboBy o6poOky rerepocucteM (2,45ITT,
muroMa moryxuicts 1,5 Br/em® 3 imTepanom 2... 3
CEeKYH/IM 3arajbHOI0 TpuBaicTio 10 cexyHI) MpOBOANIH
Ha TOBITpi 0e3 3aXMCHHUX MOKPHUTTIB IUTiBKH. B mporeci
OIIPOMIHEHHS 3pa3KH HE HarpiBajJHCh, CKIaJ ILUTIBOK HE
3MiHroBaBcs, cmyra mpu 1600 cm™, xapaktepHa s
cnektpiB  KPC ByrneueBux amopdHUX ILTIBOK, He
3'sBisace  (puc. 8). Bimomo [5], mo ToHKi IUTiBKH
MalOTh OUIBIIMHA pIiBEHb MEXaHIYHHX HAlpyKeHb B
MOPIiBHSIHHI 3 TOBCTUMHM. [Ipu 30UIBIIEHHI TPUBAJIOCTI
MIKpOXBHJILOBOI OOpOOKM 3MEHINYBAJIUCh MeEXaHIvHI
HAMpPYXEHHs B MUTiBKaxX pi3Hol ToBmuHU (puc. 9). ITicns
10 cexyHI ONMPOMIHEHHSI T€TEPOCHCTEMa BUIIPSIMUIACK,
IO CBiJUUTH PO MOBHY pellaKCcalilo B Hill BHYTPIIIHIX
MeXaHIYHHUX HaTpPYKEHb.

Jlo i micns MiKpOXBHIIBOBOI OOpOOKHM BHMipIOBAJIH
MeXaHIuHI HampyXeHHS 1 CIEKTPH eNeKTPOBiNOUBAHHS
wiiBkd Ta Mexi mofiny Ceo/Si. Penakcariiss HanpyeHb
3MCHIIyBaJIa [IUPUHY 3a00POHEHOI 30HU IUTIBKH JUIS
o6ox mepexomiB (puc. 10,a), 60 3MeHIIyBaIHUCh
HAIPpY)KEHHS CTHCHEHHs, 1 30LIbIyBajga 3a00pOHEHY
sony migknaakd a0 3,38 eB (puc. 10, 6), mo Biamosigae
KpHCTajaM KpeMHio. B Tabnuili mpuBeneHi eJIeKTpOHHI
napamerpu (mmpuHa 3a60poHeHOI 300 Eg, posmmpenHs
crekTpy I, Yac eHepreTHYHOl peakcarlii 30yHKEeHUX
CBITJIOM HOCIiB 3apsay t 1 BHYTpIIIHI MeXaHi4Hi
HAMpYXeHHs B rerepocuctemi) no i micnst 10 cekyHI
MiKpOXBHIbOBOI 00poOku. [1o 3MiHi eHeprii mepexomy i
MeXaHIYHUX HaIpyXeHb B IUTIBKax OylIH BCTaHOBJIEHI
3anexHocti dE/ds = - 2,840 eB/Ta i 4,240 eB/I1a
JUIsl TIEPIIOrO 1 HACTYITHOI'O INEpexoJiB, BiAmoBigHo. o
HAIIIMX JIOCII/KEHB 11 JaHi B JIiTepaTypi OyJH BiJICYTHI.

B coHAYHHMX KOMipKax BH3HAYald CyMapHHU OIIip

Taoanusa

Enexrponni napamerpu mwiiBku Cgp 1 BHYTpilIHI
MexaHiuHi HanmpyxeHHs B rerepocucteMi Cgo/S 110 i
micnst 10 cekyHA MiKpOXBHIIBOBOTO OIPOMiHEHHS.

Onpominenns | E; eB | I, meB | 1, 10" c, 10° Ta
biCs) 1,700 235 2,8 25
mmicIst 1,628 63 10,8 0
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Puc. 10. Criextpu enextpoBinOuBanus miiBku Cep (a) i
migtaaka S (6) mo (1) i micns (2) MiKpOXBHIBOBOT
00pOoOKH.
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Puc. 11. 3anexHICTh MOBHOTO OMOPY CTPYKTYPH Bij
TPHUBAIOCTI MIKPOXBHJIBOBOT'O OINPOMIHEHHS IpH
somotiii (kpuBa 1) i TurtanoBiit (kpuBa 2) BepxHiit
MeTati3allii.

CTPYKTYpH METaJ-IOJIMEPHUI KOMITO3UT-METaN ISt
KO)KHOTO THUIYy METaJIeBUX KOHTAakKTiB. Omip BUXiIHUX
CTPYKTYp 3aJieKaB BiJ| TUIy BepXHboI Meramizauii. o
MIKPOXBMJILOBOI'O ONPOMIHEHHSI 30JI0Ta MeTaji3amis
Maya omip B KiJbKa pa3iB Oinblini, HiX TUTaHOBa. lle
MOXKHa MMOSICHUTH BUHUKHEHHSIM XiMiuHoro 3B’ 513Ky Ti-C
i yrBopenusiM crionyk TiyCep mumsixom ribpuamsarii o-
MeraiiuyHoi 1 p-dynepeHoBoi opOirtaneir, 60 aromu
BYTJICIIIO B3a€EMOIIFOTh TUIBKU 3 THTAHOM 1 JJAHTAHOM 1 HE
B3a€EMOJIIFOThH 3 IHIMMH MeTadamu [14].



JI.O. MatBeega, €.®. Benrep, P.B. Konakosa, O.10. Konszina, I1.JI. Hemto6a, B.B. [IlunkapeHko

R, IR

Au Ti

50

40

30

20

10 1 L 1 I} 1
0
t, c

Puc. 12. 3anexxHicTh BiJIHOIIEHHSI OMOPY CTPYKTYpH
13 30JI0TOIO0 MeTai3alliero Ray 10 Omopy CTpyKTypH 3
TUTAHOBOIO MeTalizaimiero Ry Big TpuBaiocTi
MIKpPOXBHIILOBOI OOPOOKH.

Ha puc. 11 mnokazaHa 3aJekKHICTh KOHTaKTHOT'O
OIOpPY BiJ Yacy MiKpOXBHJIBOBOI OOPOOKH UIS 30JI0TOI
(xkpuBa 1) i TutaHoBOi (KpuBa 2) Metamizarii. [Ticias 10
CeKYH/I MIKPOXBHJIBOBOIO OIPOMIHEHHS BiJIHOLICHHS
onopiB  Ryi/Ray 3menmmocs B 50 pasis (puc. 12).
OTpuMaHMid pe3yabTaT MOXKHA IOSCHUTH THUM, IO
paniaiiHO-CTUMYAbOBaHa JU(]Y3isi B NPUKOHTAKTHUX
obnactsix Ti-momimep 1 Au-moiMep 30UIBLIYE TUTOLTY
KOHTaKTiB, a kap0ix Turany TixCgo BUHHKaB SIK B 00JIaCTi
TOYKOBUX BEPXHIX THTAHOBHX KOHTAKTiB, TaK i IO BCii
MOBEpXHI ~ HWKHBOIO  TUTAHOBOI'O  KOHTaKTy 3
I IKJIaTKO0 KPEMHIO.

BucHoBkn

B poboti npescraBieHi pe3yiabTaTH KOMILIEKCHOTO
nocnipkenHs: rerepocucteM 3 Cgy (ynepeHamu Ha
KPEMHIEBHX IIKIAAKaX 1 BIUIMBY Ha HUX 30BHIIIHIX
YMHHHKIB (TepMIiYHOrO BiAmany, yibTpadioneToBoro,
raMma i MiKpOXBHJIOBOTO OIpOMiHEHH:). BeTaHoBIEHO
3HAYHy IepeBary iMITyJIbCHOI MiKpDOXBHIIbOBOI 0OpOOKH
(2,451 T, nutoma moryxHicts 1,5 Br/em? 3 IHTEpBaJIOM
2...3 cekyHmu 3arambHOI TpHBamicTio 10 cexyHnm)
nepeq IHIIMMH ~ BUKOPHCTaHUMH oOpoOkamu. lle
BiJCYTHICTH po3nany ¢yiepeHiB Cgy B IUTIBKax, IIOBHE
YCYHEHHS BHYTPIIIHIX MEXaHIYHUX HamlpyXeHb B
TeTepOCUCTEMI, TIOKpAIIEHHS! EJIEKTPOHHUX I1apaMeTpiB
IUTIBKHA 1 MiJKJIaJK{, 3MEHIIEHHS KOHTAKTHOTO OIOpPY
MeTajJeBuX KOHTAKTiB, 3HAYHy IepeBary THTAHOBHX
KOHTaKkTiB TepeA 30J0THMH 3aBASKA  YTBOPEHHIO
kap6iniB Ti,Cg. BaxkiInBo Takox, IIO0 KOPOTKOYACOBa
MIKpPOXBMIIbOBa 00poOKa rerepocucTeM 3 QylepeHaMu
Cgo € HaiOUTBII eEeKTHBHOIO B MOPIBHAHHI 3 iHIIUMHU
00poOKamMH 3 TOYKH 30py 3MEHIICHHS BHYTPIIIHIX
MEXaHIYHHX HANpPY)KEeHb B TETEPOCUCTEMi Oe3 po3manay
¢ynepenie. Kpim Toro, BoHa mpocta, MIBUIKA, JCIICBA i
He moTpedye Oarato eHeprii Ta  KOIITOBHOTO
o0JaHaHHS.
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BrutuB 30BHIIIHIX Aili HA MEXaHI4YHI HAIPY)KEHHS 1 eIEKTPOHHI MapaMeTpH...

L.A. Matveeva', E.F. Venger, R.V. Konakova, E.Y u. Kolyadina,
P.L. Neluba, V.V.Shynkarenko

Effect of Microwave Radiation on the Band Structure and Electronic
Parameter s of the Heter osystems with Fullerenes

V. Lashkaryov I ngtitute of Semiconductor Physics NAS of Ukraine, Kyiv, Ukraine, matveeva@isp.kiev.ua

The results of a complex study of Cey/Si heterosystems are presented in this work: the crystal structure and
composition of the films, internal mechanical stresses, dectronic parameters of the film and the film-substrate
interface, and the effect of external influences (ultraviolet irradiation, thermal anneaing, gamma and microwave
irradiation). The advantage of microwave treatment over others is established: the absence of fullerene
decomposition, the removal of internd mechanical stresses in the heterosystem, and the improvement of its
electronic parameters. Methods for remove the decomposition of Cg molecules under the influence of other
treatments have been developed. To eliminate the interaction of fullerenes with oxygen, it was proposed to
perform therma annealing and UV irradiation in vacuum, and in the case of g-irradiation, apply a protective
coating on the surface of the film (GeO, or SIOy). In solar cells with Cg, films in the polymer matrix on Si, a
significant advantage of titanium contacts in comparison with gold is established, especialy after microwave
treatment. Contact resistance decreased as a result of hybridization of 3d-orbitals of titanium and 2p-orbitds of
fullerenes with the formation of Ti,Cg carbides and radiation-stimulated diffusion of metals, which increases the
contact area

Key words. fullerenes Cqo, heterosystems, crystal and band structure of the films, internal
mechanical stresses, €l ectronic parameters, thermal and radiation treatments.
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Was investigated the luminescent properties of the system ZnO:Al/SiO,/PorS/Si, which was formed by the
method of spray pyrolysis. The shift of the photoluminescence intensity at wavel engths of 350 - 450 nm happen
due to the introduction of ZnO in porous silicon, the intensity increases with increasing concentration of

aluminum from 1.5 at.% to 4.5 at.%.

K eywor ds: nanotechnology, porous silicon, ZnO, doping.

Cmamms nocmynuna 0o pedaxyii2{.04.2017; npuiinama oo opyxy 05.06.2017.

I ntr oduction

Silicon in our time remains the dominant materia of
electronics. He is one of the most studied materials in
nature and the second most abundant after oxygen.

Methods of getting, purification and processing of
silicon, as well as technology of create on his based of
integrated schemes for various purposes is now well
established. In time of creation on the basis of silicon
efficient light-emitting devices, first of all we faced with
modifications task of radiate properties, due to the
creation of porous silicon on its surface. [1-2] Tool that
can significantly improve the luminescence efficiency of
porous silicon is applied on the surface of nanosized
metal oxides[3].

One of the traditional methods of making nanosized
oxide is spray pyrolysis. Using this method is the
possibility of doping the oxide layer by the introduction
of impurities into the solution. The most effective
admixtures are metals 111-1V group in the periodic table
of D.l.Mendeleev. In the framework of planar
technology can implement a variety of applications of
such structures in modern optoel ectronic devices. optical
microresonators, waveguides, MOS-diodes, lasers, and
so forth [4].

The am of this work is the definition and
explanation of patterns of change in the fluorescent
properties of the system ZnO/SiO,/PorSi, which includes
in layer of ZnO of redundant aluminum, which
introduced with help of spray pyrolysis.
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|. Experimental techniques

For research were used plate of monocrystalline
silicon which was grown by Chockhralski's method.
They had a diameter of 100 mm and crystallographic
orientation of the (100) doping of phosphorous for obtain
n-conductivity and specific resistance of 1.5 Ohm-cm.
Measurement of spectra of stationary photoluminescence
was performed at room temperature in time of excitation
light from an argon laser at a wavelength of 488 nm.
Laser radiation power did not exceed 50 mW. Spectrums
were recorded with using of monochromator MDR-23. In
quality of photodetector during the time of registration of
photoluminescence in the wavelength range 600-1000
nm were used photopanoramas PEM-62.

II. The poroussilicon

Porous silicon is one of form of the chemical
element Si, which contains nanoporous clusters in its
microstructure, which makes large ratio surface to
volume, It was discovered in 1990 and formed on
crystalline silicon wafers using e ectrochemical etching.
Porous slicon has  photoluminescence  and
el ectroluminescence [5].

Firg of al we were interested in identifying the
impact of geometric and structural parameters of
nanocrystals on the features of eectronic and phonon
excitations in nanostructures and their optical properties,
as well as the establishment of regularity and clarify the
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Fig. 1. The morphology of porous silicon after anodizing.
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It is known that the morphology of porous silicon
affects a number of factors. To them can to be include
conductivity type monocrystalline silicon,
crystallographic orientation plates, resistivity, dopant
type, light regime (the wavelength of light used, light
intensity, duration), current density, time of the process
of anodizing, the electrolyte composition and etc.[2].

It was necessary at first experimentaly and
theoretically investigates the mechanisms of growth and
formation of dlicon nanocrystals in during
electrochemical dissolution of the surface in the process
of obtaining and subsequent thermal treatments. Creating
a porous silicon structures with a fairly wide range of
values of the characterigic parameters made possible
through the use of different methods for their preparation
[2].

Electrochemical etching the surface of silicon
samples was carried out in a specia device in Galvan
static mode in the eectrolyte with different ratios of
HF:H,O:HCI:C,HsOH = 1.5:3.5:1.5:3.5 current density
of anodizing was 40 mA/cm? and the duration of
anodizing — from 10 sec. Was used 48 % hydrofluoric
acid and 96 % alcohol. Cathode served platinum wire
diameter of 0.3 mm. The thickness of the porous silicon
layer was 80 nm. Porosity silicon samples were about
50 %.

After anodized samples were washed with deionized
water, blown flow of hot nitrogen and kept in the dark.

The morphology of porous silicon after anodizing
shown in Fig. 1.

Formation of porous films on the surface Si leads to
improved conversion efficiency of solar cells made on
base of them.

responsible
various stages

[11.Characteristics of metal deposition on
silicon
One of the effective ways to increase factor of useful

activity photoconvertor is the use of wide-gap
semiconductors, for example thin leading of oxide (TLO)
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IN,05, SNO,, ZnO, which have value band gap (Ey) of
2,0-3,7eB [6].

The metal precipitated on Si has some characterized
features. Silicon and precipitated meta is usualy show
weak interaction, which leads to the growth of 3D islands
on the mechanism Folmer-Weber. Their use is due to the
fairly large transparency (>80%) in the visible
wavelength range, significant refractive index (n~ 1.6 -
2.3), sufficiently low surface resistance values
(Raurface = 10 - 70 Ohm/cm?), a variety of low temperature
technological methods of production (T = 390 —970 K).

Parameters process of making films ZnO:Al erected
inTable 1.

Tablel
Options process of spray pyrolysis

Parameters The optimal value
I_nt_erval from nozzleto 380 mm
silicon
Diameter of nozzle 0,3 mm
Carrier gas ar
Pressure of gas 2 kg/em?
Speed flow solution 8 ml/min
Te_rnperature on holder of 400 °C — 600 °C
silicon

Preparation of the solution for the manufacture of
thin films ZnO:Al performed by 0,15 M Zn(CH3CO,),
and distilled water. Dissolution took place in amixture of
20 ml of C3HgO. As a source of aluminum was used B-
diketonates aluminum Al(AA)3, which was added to the
solution in certain proportions (Zn:Al, at%): from 1 at%
to 5 at%. Before the spraying process, solution was
heated to 900C during 15 minutes. Film ZnO:Al
precipitated by method of spray pyrolysis with
temperature 450°C and had a thickness of 400 nm.

The crystalline structure and phase purity were
investigated by XRD using the Cu Ka radiation (A =
1,5406 f\) of a Bruker D8 Advance diffractometer.
Typical 6-20 spectra were collected between 26=20° and
70° in 0.02° steps. The surface morphology of ZnO:Al
thin layer was investigated using electron microscopy
(SEM). Current—voltage measurements were performed
usng a computer controlled set-up. To illustrate
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Fig. 2. View on system spray pyrolis. 1 — solution in
flask; 2 — faucet; 3 — tripod; 4 — pipe to the compressor;
5 —flow meter; 6 — aerograph; 7 — camera; 8 — substrate;
9 — gilicon; 10 — hermocouple; 11 — thermometer; 12 —
heater; 13 —holder of silicon, 14 —foating.

photovoltaic conversion of our proposed structures, we
used simply an ordinary tungsten lamp placed at a fixed
distance. Data was saved after 5 min to ensure an optimal
efficiency of the investigated cells. Spray pyrolysis
system is housed in a closet with forced exhaust
ventilation (Fig. 2).

The temperature of the process is given insulated
heater (12) round shape with a diameter of 160 mm,
which is powered by a laboratory transformer and by
which regulated voltage in an dectrical circuit and
gradually changing the temperature of the heater (12). At
the same heater are lining holder (13) with the substrate
(8), which made the application of film and plate-satellite
(9) attached Cr-Al thermocouple (10). The temperatureis
controlled by a digital meter temperature (11) precision
1°C. The solution is fed from the flask (1) through the
pipe system with regulator (2) and flowmeter (5) to
aerograph (6), by which to regulate the flow of solution
and air. The design aerograph attachment (6) let to move
and rotate him. Air inflated from compressor on the
pipeline (4). Camera (7) is made of quartz glassand hasa
specific shape: round bottom, and the top has cone
narrowing.

In accordance with computations and experiments
identified the following dimensons of main camera
a =30-35°, a=90-110 mm, b = 48-69 mm. Camera (7)
located on four guide rods, mounted in the support (14).
Thus formed air exchange with the outside space.

V. Results and discussion

Fig. 3. shows the XRD spectrum of the nanoparticles
of ZnO:Al as elaborated in the first step for the different
Al concentrations from 1 a% to 5 at%. Six pronounced
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Fig. 4. Dependencies resistivity from concentration
carrier of aluminum with thickness films ZnO:Al —
400 nm for different temperature deposition: 1 —
400°C, 2-450°C, 3-500°C, 4-550°C, 5-600°C.

diffraction peaks appear in the 10 —70° 20 range, which
can be attributed to the (100), (002), (101), (102), (110),
(103) planes of ZnO. This result indicates that ZnO:Al
nanopowder has a polycrystalline hexagona wurtzite
structure. Upon reaching the concentration of aluminum
4.5 at%, the intensity of peaks (100), (002) and (101)
amost aligned, that indicating about decrease in the level
of crystalline of the films ZnO:Al with increasing
concentration of aluminum. The average grain size was
calculated using Scherrer’s formula. The average grain
size of the basal diameter of the cylinder-shape
crystallites varies from 21 nm to 28 nm, whereas the
height of the crystallites varies from 25 nm to 35 nm.

Researching of eectrical properties of films ZnO:Al,
obtained by method of spray pyrolysis, showed the
following results.

ZnO and Al nanoparticles have hexagonal shape
with diameter about 30 nm for sample. Low eectrica
resistance of films ZnO:Al associated with a high
concentration of electrons and not stoichiometric
composition. Aluminum belongs to the third group of the
periodic table of elements, its atoms displace atoms
Zn*?and act as donors.

Measurements confirmed that the made films have a
conductivity n- type. The effectiveness of doping is
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Fig. 5. The photoluminescence spectrums of the
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achieved when the ionic radiuses of the alloying dopant
isequal or lessthan the ionic radius Zn*2 In our case, the
ionic radiuses Zn*? and Al** is 0,083 nm and 0.053 nm,
accordingly. On the Fig. 4 depicts dependencies of
resigtivity of the films ZnO:Al thick 400 nm, precipitated
at temperatures 400°C, 450°C, 500°C, 550°C, 600°C and
levels of doping from 0.5 at% to 5 at%. The resigtivity of
films AZO within 1.50mcm — 1.7x1020mcm. The
lowest values of resigtivity are films which have been
produced at a temperature of 50°C and the concentration
of aluminum 1%. The difference in the ZnO nanoparticle
size is related with different quantity of charge
transferred through the system during the same time at

different current density. ZnO particles penetrated the
entire depth of PS layer in both samples, however the
concentration of ZnO at the bottom part of PS is higher
for thefirst sample.

Conclusions

Experimentally investigated luminescent properties
of the system ZnO/SIO,/PorSi, which includesin layer of
ZnO of redundant aluminum, which introduced with help
of spray pyrolysis. The shift of the photoluminescence
intensity at wavelengths of 350-450 nm happen due to
the introduction of ZnO in porous silicon, the intensity
increases with increasing concentration of aluminum
from 1.5 at.% to 4.5 at.%.
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JocnipkeHo moMiHeceHTHi BiacTuBocti cucremu ZnO:Al/SiO,/PorSi/Si, sixa Gyna chopmoBaHa METOIOM
PO3MUIICHHS Tiposi3y. 3CyB iHTEHCHBHOCTI (hoTorominecieHnii Ha noBxkuHax xBuib (350-450) HM BinOyBcst
4epe3 BBesieHHA ZNO B nopyBaTHil KPeMHil, IPUYOMY, IHTEHCUBHICTb 3pOCTalia 3i 30UIBIIEHHAM KOHLEHTpPALLi

aimroMiniro Bixg 1,5 ar.% no 4,5 ar.%.

KurouoBi ci10Ba: HaHOTEXHONOr' S, TOpyBaTHi KpeMHil, ZNO, neryBaHHs.
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3MiHA CTPYKTYPH Ta €JEKTPONPOBITHUX XaPAKTEPUCTHK TOHKHX
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JlocitimKeHo 3MiHy CTPYKTYPH OBEPXHI Ta eJIEKTPONPOBIIHI XapaKTePUCTUKH KPUCTaIiYHUX TOHKHX IIIiBOK
tepHapHux cronyk (La, Y, Sc)-(Ni, Fe)-Ge 3 Bmicrom merany e Ginbiie 50 at. %, siki Oyau oTprMaHi MeTofaMu
BaKyyMHOro HanwieHHs. Iloka3aHo HampsMKM pocTy Ne(eKTHOCTI IUIBOK npu crapiHHi Oinbmie 20 pokis,
[POAHAaIi30BaHO iX BIUIMB HA €IEKTPOIPOBI/IHI XapaKTEPUCTHKU KOHJICHCATIB.

Ko1ro4oBi c/10Ba: TOHKI IUIIBKH, CTapiHHS, €JIEKTPOHHA MiKPOCKOIIiS.
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Beryn

OTtpumanHst KPUCTAIYHHUX TOHKOTLTIBKOBHX
CTPYKTYp CHCTEM TEpPHApPHUX CIHOIYK € CKJIaJHUM
TEXHOJIOTIYHIM 3aBIAHHSIM, SIKE PEasi3yeThCs JIUIIE MPH
MOTPUMAaHHI  MEBHUX  TEXHONOTIYHHUX  BHMOT 3
ypaxyBaHHAM TEPMOJMHAMIYHUX YMOB HamWiIeHHS. B
OCHOBHOMY, TaKi KPHCTaJIIYHI TOHKOILTIBKOBI Martepianu
OTPUMYIOTh TP BHCOKHX MIBHAKOCTSIX OCAKCHHS
(vp> 10°um/c)  HOBITHIMH  METOZAMH  BaKyyMHOI
KOHIeHcallii (M1a3MOBi TEXHOJIOTIT, METO/] EIEKTPUIHOTO
BUOyxy), abo 3a JIOMOMOrOK CIIEIiaJbHUX TEXHIUHHX
3aCTOCYBaHb  JIGSIKHMH  METOJAaMH  TEPMIYHOTO
BUIIAPOBYBaHHSA MaTepiaiy (IUCKpETHE BUMAPOBYBAHHS
CHOJNIYKH,  Y3TOJDKEHE  BHIIAPOBYBaHHS 3 JIBOX
He3aJeKHUX JpKepen Towo) npu Vp < 30 HM/c. Yacosa
cTaOimi3amiss CTPYKTypH Ta BJIACTHBOCTEH  TaKUX
MaTepiajiB 3aJIeKUTh BiJl iX CKIaay, TEXHOJOTTYHHX
mapaMeTpiB OTpUMaHHS Ta YMOB ekciutyaramii [1, 2.

I[Ipy 1mBOMYy 3a3HAYalTh, IO  XaPAKTCPUCTHKH
TOHKOIUTIBKOBUX MaTepiajiB, OTPUMAaHUX METOJIaMHU
TEpPMIYHOTO BHIIAPOBYBaHHs, OLIBII  BIJIIOBIJAIOTH

MAacHUBHHMM 3pa3KaM, IIPOTE € MeHII CTaOlIbHI II0
BJIACTHBOCTSX 1 CTPYKTYpi 3pa3KaM, OTPUMAaHUX MpHU
BHCOKHX IIBUJIKOCTSIX OCAJKEHHS.

Mertoro naHoi po6oTH 0y10 BUBYECHHS YaCOBUX 3MiH
CTPYKTYpH Ta  EJIEKTPONPOBIMHUX  XapaKTEPUCTHK
KPHUCTAJIYHUX KOHJICHCATIB TEPHAPHUX CUCTEM CKIIaIy
25 atr.% (La, Y, S0)-25 at.% (Ni, Fe) - 50 ar.% Ge,
OUIBLIICTh SIKMX Oynu iAeHTH(IKOBaHI SK CHOIYKH
crexiomerpuynoi ¢asu RMeGe,, a Takok IUTIBKH
6inaproro repmaiga P3M ScGe, (67 at.% Ge).
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|. ExcrnepuMeHTaJIbHA YacTHHA

Marepianamu JUTst JIOCITIIKEHB CITY)KHIT!
KpUCTATiUuHI  TOHKOIUTIBKOBI  KOHJICHCATH, IIiiIaHi
JOBroTpHuBajoMy crapinuio (1o 20 pokiB) y CKIAACBKUX
YMOBax, a TAKOX SIKi TMEPIOANYHO EKCILTYyaTYBaJIHCh SIK
eNIEMEHTH TEPMOCIIEKTPUYHHX TMEPETBOPIOBAUiB (3pa3ku
31 ckaHaieM). Bei 3pasku Oyau oTpHMaHi y BilMOBiMHOCTI
70 TexHomoriuHmXx ymoB y Bakyymi 10° TIla 3i
MIBHAKICTIO KoHaeHcalli Bix 4 mo 30 HM/C: i3 TaHTaHOM
Ta CKaHJIEM — METOJOM IHMCKPETHOTO BUIIAPOBYBaHHS
CIUIaBy, I3 ITpieM METOJIOM  Y3TOJIKEHOT'O
BUIIAPOBYBAHHS KOMITIOHEHT. 3pa3Ku XapaKTepU3yBaJHCh
BHCOKOIO ajresiero. Marepian MiAKIAAKH — CHTa.
ToBuuHa koHAeHCATIB cTanoBIIa 60 — 120 HM.

JlocmimKeHHsT TTOBEpXHI 3pa3KiB NPOBOJWIOCH Ha
ckanyrouomy Mmikpockomi EVO 40XVP 3 Bucokoro
PO3ILIBHOIO 3JaTHICTIO.

I1. Pe3yJbTaTu ekcnepuMeHTy Ta ixX
00roBOpeHHs

JloBrorpuBane crapiHHsS MPHUBEIO O ITiABUIICHHS
EIIEKTPOOIIOPY KPUCTAIYHUX KOHICHCATIB, BIIXMJICHHS
BiJl MIOYATKOBOTO HOMIHAJY y SAKHX 3aJIe)Kajo Bill YMOB
KoHAeHcamii (B OCHOBHOMY 10  IOKa3HHKaXx:
TeMmepaTypa MAKIAIKH I 4Yac HamWwieHHS T,
TepMOANHAMIYHE MePECHUYEHHS MiA 4ac KoHIeHcanii Z,
MIBHAKICTE POCTY KOHJEHcAaTy Vp TOIIO), Marepiaiy
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3MiHa CTPYKTYpH Ta €JIEKTPONPOBIJHUX XapaKTEePUCTHK. ..
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Puc. 1. Mopcdornorist moBepxHi IUTiBOK Y 2sF€5Ges0, 0TpuMaHuX npu Vi = 6 HM/c Ta T, = 710 K metonom
Y3TOMXKEHOT0 BUMIAPOBYBAHHS KOMITOHEHT, MiCJIs JOBTOTPHUBAJIOrO CTapiHHs B ekcukaTopi (a — X 6000,
6 — X 2000; y miBoMy KyTKY MikpodoTorpadii mokazaHo mMaciirab).

(cionykn), yMOB CKJIaAyBaHHS Ta eKCIUIyaTarlii.
HalimeHmmmMu  BiZXWIEHHAMH  BiJi ~ II0YaTKOBOI'O
eNEKTPOONIOpY ~ MpH  JIOBFOTPHBAJIOMY  CTapiHHi
XapaKTepPU3yBaUCh KpHUCTaTivHi KOHJIEHCATH
Y sFesGesp,  HammieHHX ~ METOJOM  Y3TOIDKEHOTO
BUIAPOBYBAaHHSA KOMIIOHGHT Ha MAKIAAKY [pH

T,= 710 K 3i mBuakicTio V, = 6 HM/c, a Takox LaNiGe,,
ki OynM OTpHMaHI B TakMX K€ yMoOBax. Y IepIIUX
BigxuiieHHs1 craHoBUIIO 15 - 25 %, y npyrux — 26 - 40 %.
TOHKOIUTIBKOBI KpHCTaNIiYHI 3pa3KH TEPHAPHUX CHOIYK

3 SC ta La sxi Oymum orpumani T, =650K,
XapaKTepHu3yBaJIuCh 3HAYHUMH BIAXWICHHAMH
enexktpooriopy 1o 80 %. [Ipore  HaWOiBII

HecTaOUTbHIMHU BUSIBUJIMCH TOHKOILTIBKOBI KpHCTaJI4HI
3pasku SCGE,, fAKi MepIIonoyaTkoBO TpuBamuid vac (4
POKH) EeKCIUIYaTyBaJHCh SIK TEPMOIAPHI EJIEMEHTH, IO
MaJId BiJXWJICHHS BiJl HOMiHAIy €JIeKTpoonopy B 3 pasu
(BigxomoM Bix JOMYCTUMUX 3Ha4YEHb TEPMO-€.p.C. BIKE Ha
3 porii excrutyaTariii).

Kpucraniuni miiBKy repMaHiiB pilKiCHO3EMEIbHIX
Ta TEpeXifHUX  METaJiB  KPUCTAN3YIOThCS  MpH
TeMIIepaTypax T AKIIa IKK BHIIIE 580 - 600 K.
MiniManpHa  TemIepaTypa IIKIAAKH, TpU  SKid
KOHJICHCAT Ma€ TMOBHICTIO KPUCTATIYHY CTPYKTYPY
3aNeKUTh BiA YMOB  HAIMJICHHSI IIBUJIKOCTI
BUIIAPOBYBAHHS MaTepially i pocTy KOHZAEHCATy, CTEIeHi
BaKyyMa, THUIy MiIKJIaJKH{, TOBIIMHM IUIiBku. [Ipore
HafKpally 4acoBy CTaOiNBHICTB IO XapaKTepPUCTHKAX
SJICKTPOOIIOPY MOKa3ajiM IUTIBKH, KOHACHCOBaHI IIpU
MaKCHMaJIbHO BUCOKIH JOIyCTUMIH JUIsl TaHOI CUTAJIOBOL
migknankd temneparypi. CTpykTypa IOBEpXHI TakHX
TUTIBOK IICJISt JIOBTOTPUBAJION JABAUSATHPIYHOI BUTPUMKHU
PIBHOMIpHO IIiyIbHA, 0€3 BUAUMUX Ne(EKTiB THITY IOp Ta
kaBepH (puc. 1,a). VYT1iM, coocrtepiraBcs  pict
KPUCTATIYHUX KOHIJIOMEPATiB MEPEBAXKHO OKPYIJIOL
dopmu 3 posmipamu 0,5-10° M. BusiBiieHi momKomKeH s
IUTIBKM y BWIJISAI TOp Oynu BigHeceHi A0 nedekTiB
HEpIIONOYaTKOBOTO OTPUMAaHHs KOHJECHCATY, sIKi, OJHAK,
HE PO3POCIHCH MPU YacOBiH JTOBTOTPUBAIIN BUTPHUMII
(puc. 1, 6).

AmnasoriyHi cTaOinbHI XapaKTEepUCTHKHA IOKa3aJIH
kpucraniuni koHaencatu LaNiGe,, ski, y cBiif yac, Oymu
OTpUMaHi B TaKuUX K€ yMOBax, IO 1 MOMEPeHi IUTiBKH.

185

CTpyKTypa MOBepXHi TaKHX IUTIBOK YHCTa, O€3 0COOIMBO
BEJIMKUX Je(EKTiB, X04a B OKPEMHUX MICILIX BHIHO CIiIU
pekpucTaiizanii Ta YTBOPEHHs CTPYKTYp, PO3MIp SKHX
Mir gocsaratu 1,6-10° m (puc. 2).

3HIDKEHHS TeMIepaTypu MiJKIaK{, IIiABUIICHHS
IIBUJKOCTI POCTY, MEPECHYEHHs I 4Yac KOHJCHcallii,
nepeMiHa THITy MiAKJIaJK{A Ta 1HII 3MiHH, IO MIiHSIOTH
TEPMOJMHAMIYHI ~ PEKUMM  HAIWICHHSA, HEOAMIHHO
NPUBOAATH 7O TpaHcopmalii y JOBroTpHUBaNii
CTablIBHOCTI BIACTHUBOCTEH Ta CTPYKTYPH OCaIKOBOTO
Mmartepiany [3-5]. Taki wmartepianu miaMagaOTh i
peKpucTaltizaniio, y HIX BUHUKAIOTh 001acTi 301IbIIEHOT
nedekTHOCTI, 3HWKYEThCS aaresiss 3 MiIKIajkor. B
OCHOBHOMY Taki [JUISHKM BUHUKAIOTh Y MicCILIX
MIKpPOCKOMIYHHUX Ae(eKTiB Ta HEPIBHOCTEH ITiJKIIAJKH.
Jus mtiBok, orpumanux npu T, = 670 K na curaini, 1e
XapakTepHi MIKpOCKOMIYHI TpilMHU Ta OOpO3HH,
mmpunoro d = 3-10° M, yrBopeni pexpucranizamieio Ta
PO3TpPiCKyBaHHAM MaTtepiainy. Kpucramniuni
HOBOYTBOPEHHS, SIKi 3pOCTAIOTh 3 KOHACHCATY, MOXYTh
MaTH rojiyati 3aKiH4eHHs, 10 XapaKTepHO UL IIPOLECciB

Date :6 Feb 2017
Time :16:35:06

Signal A= SE1
Photo No. = 2798

EHT =15.00 kV
WD=11.0mm

Puc. 2. 300paxkeHHs NOBEPXHI KPUCTAIIYHUX IUIIBOK
LaNiGe,,  oTpuMaHMX  METOIOM  JHUCKPETHOTO
BUIIAPOBYBaHHA IpH Vp = 5 um/c Ta T, = 700 K, micus
20 pokie crapinns (X1000).



B.I1. Slummuan, H.I. JlomaHneBuy

2pm* EHT =15.00 kV Signal
H WD =10.5 mm Photo No. = 2794

Date 6 Feb 2017 w

Time :16:30:00
Puc. 3. Haciimku pekpucramizamiiHUX TpPOLECIB Mif
Yyac JIOBIOTPUBAJOrO CTapiHHA Yy KPHUCTaJIiYHOMY
koHaeHcari LaFeGe, (X2000).

EHT =15.00 kV
WD =10.0 mm

Signal A= SE1
Photo No. = 2817

Date :6 Feb 2017 w

Time :16:58:03

Puc. 4. XapaxTrepHi 0COOJIUBOCTI CTPYKTYpH
KpucTaniuHoi twiiBku SCGE, micis JOBrOTPHUBAJIOro

crapinas (X3000).

JIOBIOTPHUBAJIOrO CTapiHHA. 3BHYAlHO, MIO 301NIbIICHHS
KUJIBKOCTI TakuX JAe(eKTiB, NPUBOAUTH JO 3HAYHOTO
3pocTaHHs enekTpoonopy (puc. 3).

[Ipore, HaiOiIbOTy HECTaOLIBHICTE CTPYKTYpH Ta,

BiJIMIOBITHO, BJIACTHBOCTEH BUSBWIM y KPHUCTATIUYHHX
iiBkax SCGE,, y SKHUX TPOIECH peKpHCTalli3aliifHoro
CTapiHHs BKpai akTuBHI Bke Ha 4-5 poui (puc. 4). Llei
Marepial eKCIUTyaTyBaBCs SK TEpPMOMApPHUIl ILTiBKOBHI
€JIEMEHT y BY3bKOMY TEMIIEpaTypHOMY Adiara3oni 273 -
393 K. Onnak, HaBiTh Take HE3HAYHE TEPMOIMKIIIOBAHHS
MPOSIBWJIO BCi HEraTMBHI MOMEHTH, SIKI BHHHUKIM TpH
OTpUMaHHI  KOHAeHcaTy. AJpKe JUIsl  HE3HAYHUX
TEPMOJMHAMIYHUX  MEpeCHYeHb  OPH  OTPHMaHi
KOHJICHCATy WMOBIPHICTh YTBOPEHHSI 3apoJIKiB, SIKi
PO30pi€HTOBaHI Ha JECATKH KYTOBHX CEKYHI, BHCOKA.

Takoi posopieHTamii JOCTATHBO [UI  YTBOPEHHS
JUCIIOKalii, JAe(eKTiB yIakoBkH Y oOiacted 3
HAMpYXEHHAMH  Benukoi  BemuumuHu. Came 1€
MPOSBIIAETHCS Opyd  JOBIOTPUBAIIOMY  CTapiHHi,

MICUITIOIOUUCH  eCTa0lTi3allifiHIMK  TIpoliecaMy  3-3a
BUHHKHEHHS HAaIIPY)KeHb ITiIKJIaJKOI0 Ta ILTiBKOIO.

BucnoBok

JlocmipkeHHAMHE  BCTAaHOBJIGHO, IO TeMIIepaTypa
HiIKIAAKA € OfHMM 3 OCHOBHUX IIapaMerTpiB, fKi He
JHIIE IEePLIONOYaTKOBO BCTAHOBIIOIOTH IPOXOKEHHS
mpollecy Kpucramizamii 1 BIUIMB Ha  CTPYKTYpy
KOH/JICHCATIB, aJie i BU3HAYAIOTh XiJl MPOIECIB CTApiHHS
KOHJICHCATY, SKi MaroTh peNlakcaliiHui Ta MOCTYMOBUH
xapaktep. lle cBiTUMTP NpO JOMIHYIOUMH BKJIAJ
JerpafjallifHiX — TOpOLeEciB Yy  CTPYKTypi, audysii
MaTtepiaiy, CTOKy Ae(eKTiB, a 3HauHa Pi3HUI y 3MiHaxX
CTPYKTYpH TOHKOIUIIBKOBHX MaTepiajiB, siki Oyiaum B
eKCIUTyaTallil BKa3ye 1€ MOXJIMBI BIUIUBH OTOYYIOUOI'O
cepenoBuna (mapiB BOIH) Ha KOHACHCAT Ta 30epe)KSHHS
MIITHOCTI aare3iitHUX 3B’ I3KiB B nporeci
TEPMOLMKIIIOBAHHS.

Avwuwun B.I1. — npocecop, TOKTOp TEXHIYHUX HAYK;
Jlomanuyeeuu H.I. - podecop, TOKTOpP TEXHIYHUX HAYK,
npodecop Kkadenpu TOBAapO3HABCTBA Ta TEXHOJOTIT
HETPOJI0BOJILYUX TOBAPIB.

[1] .M. ®peik, b. I1. SIuuumnn, disuka i ximis teepaoro Tina 8(1), 7 (2007).

[2] B.II Summmn, Matepianu Ta TexHoOr i (pOpMyBaHHS aMOPQHHMX Ta HAHOCTPYKTYPHHX ILTIBOK Ha OCHOBi
repmasijiis P3M (BunaBuunreo JIbBiBCbKOT KOMepIIiliHOi akaneMii, JIbBiB, 2008).

[3] JI.C.anaraux, U.H. [Tanupos, DnurakcuansHele mieHkd (Mertamnyprus, Mocksa, 1970).

[4] JI1.C.Hanarrux, U.H. ITanupos, OpuentuposanHas kpucrauusamus (Meramnyprus, Mocksa, 1967).

[5] D.U. Tounukwuit, Kpucrammsanus 1 TepMoodpaboTka TOHKHX TueHoK (Munck, 1976).
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The changes of surface structure and electrical properties of crystalline thin films of ternary compounds (La,
Y, Sc)-(Ni, Fe)-Ge with meta content of not more than 50 at. percent, which were obtained by vacuum
deposition, were investigate. The directions of growth defects of filmsin aging over 20 years shown also as the
influence of aging on the electrical properties of the condensates analyzed.

Key words: thin films, aging, €lectron microscopy.


mailto:bogdan.yatsyshyn7@gmail.com
mailto:nina.domantzevich@gmail.com

®I3UKA [ XIMISI TBEPJIOT'O TUIA
T. 18, Ne 2 (2017) C. 187-193
DOI: 10.15330/pcss.18.2.187-193

YK 537.311.322

PHY SICS AND CHEMISTRY OF SOLIDSTATE
V. 18, Ne 2 (2017) P. 187-193

ISSN 1729-4428

JIIL. POMaKal, 10.B. CTaI[HI/IKl, B.B. POMaKaZ, B.A. KpaﬁOBCLKHI?IZ,
I1.-®. Porms’, A.M. FOpI/IHbl

JlocJTiImeHHS eJIEKTPOHHOI CTPYKTYPH HANIBIPOBIIHUKOBOI 0
TBepaoro po3unny ZrNiSn, ,Gay

Ylvsiscoruii nayionansnui ynisepcumem im. I.dpanka, syn. Kupuna i Megoois, 6, Jesis, 79005, Vpaina,
e-mail: romakal @franko.lviv.ua;

2Hayionansnuii ynisepcumem “ JTvsiecoxa nonimexuika” , eyn. C. Bandepu, 12, Jvgis, 79013, Vipaina;
3Iucmumym isuunoi ximii Bidencokozo ynisepcumemy, 6yi. Bepineepumpace, 42, Bioenw, A-1090, Ascmpis

BcranoBiieHa mnpupozsa MexaHi3My TI'eHEpYBaHHS [OHOPHO-aKLENTOPHUX Map y HaHiBl‘IpOBi}JHHKOBOsz
i 1Sn..,Gay. aHO, 1110 IIPH 3aHHATTI aTOMOM no3uwii 4b aromis
TBepaomy posunni ZrNiSn,,Ga,. ITokas Ga (454p* 4b Sn (5¢%5
OIHOYACHO T'€HEPYIOThCS SIK CTPYKTYPHI Ie(EKTH aKIEeNTOPHOI NPUPOIH, TaK i JOHOPHOI (IOHOPHO-AKIENTOPHI
Hapy) y BUIJIAAI BakaHCii y mosunii 4b. 3HaiineHo Take MpOCTOPOBE PO3TAIlyBaHHS aTOMIB B €JIEeMEHTapHIH
xomipi ZrNiSn,.,Ga,, komu mBUIKICTE pyxXy piBHA PepMi &r, OTpUMaHa 3 PO3PAXYHKIB PO3IOALTY T'YCTHHU
enekTpoHHUX cra”iB DOS, criBnazae 3 eKCIepHMEHTalbHO BCTAHOBJICHOK 3 TEMIIEPATYPHUX 3aJISKHOCTEH

muToMoro enekrpoonopy Inp(U/T).

KurouoBi ci10Ba: kpucraiiuHa i eIeKTPOHHA CTPYKTYPH, €JIEKTPOIPOBIIHICTb, KOe(iLieHT TepMO-epc.

Cmamms nocmynuna 0o pedakyii 31.03.2017; npuiinsama oo opyky 05.06.2017.

Beryn

JlocmimkeHHsT  KIHETHYHUX Ta  €HEPreTHYHUX
XapaKTepPUCTUK IHTEpPMETATiYHUX HAMIBIPOBIAHUKIB N-
ZrNiSn [1] ta n-TiNiSn [2], neroBaHux axIENTOPHOIO
nmoMimkoro Ga, yBEACHOM NUIIXOM 3aMill[CHHS aTOMIB
Sn, BUSABWIM TIOSBY 3HAYHOIO YHCIA EJIEKTPOHIB
HEBIIOMOT'0 TIOXOJDKEHHS, KOHLEHTpAIls SIKMX 3pocTaa
nopsia 31 30UIbIIEHHSM KoOHIEHTpalii aromiB Ga
CrpykrypHi mocmimpkerns He BusBund y ZrNiSn, ,Gay ta
TiNiSn;xGa, mosiBE CTPYKTYpHHUX Ie()EKTiB TOHOPHOI
NPUPOIH, SKI MOTITH OYTH JDKEpEIOM E€JEKTPOHIB,
OCKIJIbKM iXHS KOHIEHTpAIsl JIOKUTh 3a MeKaMH
TOYHOCTI PEHTreHIBCHKUX METOAIB. Y TOH e dac
YTOYHEHHS KpHCTamiuHoi cTpykTypu ZrNiSn;,Ga, Ta
TiNiSny,Ga, nokaszano [1,2], mo yBenenns aromiez Ga
LUISIXOM 3aMiIlleHHs] SN yropsiAKoBye TXHI KpHCTaivHi
CTPYKTYpH: BCi aTOMHU 3aliMaroTh BJIacHi
Kpuctajorpadiuui  MO3WINI Yy  BIANOBITHOCTI  JO
crpykrypHoro tuty MgAgAS [3].

HeoOximHO 3a3Ha4WTH, IO KPHUCTAIIYHI CTPYKTYpH
cronyk ZrNiSn (puc. 1) ta TiNiSn € HeymopsKOBaHUMHU
BHACJIIOK 4acTKOBOro, 10 ~ 1 %, 3aiiaarra aromamu Ni
(3d®45%) nmosumii 4a aromis Zr(Ti) (4’559 [4], mo
TCHEPYE y CHONYyKaxX CTPYKTYpHI Je(eKTH IOHOPHOI
npuponu («ampiopHe JIeryBaHHS»), OCKiTbkH y Ni

Oinbie d-eeKTPOHiB, a B 3a00pOHEHI i 30H1 3’ IBISIOTHCS
JoHOpHI cTanu ep'. BpaxoByioun, mo arom Ga (45°4p')
BOJIOJIi€ HA OMH p-eJIeKTPOH MeHIIe, Hixk Sn (55°5p°), To
3aminreHHss atoma SN Ha Ga renepye y mosuiii 4b
CTPYKTYpHUH Je(eKT aKIeNTOPHOI MPHUPOIH, IO
CIPUYMHUTH TOSIBY y 3a00pOHEHIH 30HI JTOMIIIKOBOT'O
AKIENITOPHOTO PiBHSA, KU 332 3HAYHOTO YHUCIA TOMIIIIOK
MIEPETBOPHUTHLCS Y TOMIIIIKOBY aKIEIITOPHY 30HY €.
OCKIiTbKH pe3ynbTaTu CIICKTPOKIHETHYHHUX

F—¢2 s,

W 2Zr
@ Ni

s ‘9 "‘9

¥

Puc. 1. Mozens KpUCTATiYHOI CTPYKTYPH CIIOTYKH
ZrNiSn (ctp. Tum MgAQAS, mip. rp. Fm-4m).
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mocmimkens  ZrNiSn,Ga, Tta TiNiSn,,Ga, [1, 2]
MoKa3aJid, M0 3HaK KoedillieHTa TepMo-epc 3a
temrepatyp 7 =80K ta 7>250K 3amumancs

BiJl €MHHUM JUIS yCIX KOHIEHTpAIi JOMIIIKOBUX aTOMIB
Ga, aBTOpH BHCYHYJIH IIPHUIYIICHHS PO OJHOYACHE 3
aKIEeNnTOpaMu TeHEepYBaHHA CTPYKTYpHUX JedekTiB
JOHOpHOT TIpUpoau  (TOHOPHO-aKIENTOPHUX Map) Y
BUJISIAI  BakaHcih y mosmmii 4b aromiB Sn.  [lis
MepeBipKU JaHOI'O TPHITYHIEHHS HEOOXiqHI JI0IATKOBI
JIOCII/DKEHHS,  30KpeMa,  BHUBUEHHS  EJIEKTPOHHOI
CTPYKTYpH.

BimoMo, mo mis po3paxyHKy €HEprii eJIeKTpOHa Y
niepiniii 3oHi BpinnroeHa HE0OXiHO 3HATH MPOCTOPOBE
posTanryBaHHs atomiB (abo I1XHIO BiACYTHICTBH
BaKaHCil) y By3JlaX eJeMEHTapHOI KOMIpKH. 3 iHIIOro
00Ky, HaliMEHIIII CTPYKTYpPHI 3MiHU 3MIHIOIOTh JIOKAJIbHY
CHMETPIIO Ta PO3MOJILI T'YCTUHU €JIeKTPOHHUX CTaHIiB. Y
TakOMy pa3i OJNU3BKICTh PE3YNBTATIB  PO3PaXyHKY
PO3IIOALTY TYCTHHHM €IEKTPOHHUX CTaHiB Ta Pe3yJbTaTiB
€KCTIePUMEHTAJIbHUX JIOCITI/PKEHB €HEepreTHIHUX
XapaKTepUCTUK HAITiBIIPOBITHUKOBOTO MaTtepiany
nependavae, o MOJIENb HOro KPUCTAIIYHOI CTPYKTYPH €
ONM3BbKOIO JI0 TPOCTOPOBOTO PO3TAIIyBaHHS aTOMIB Y

KpHUCTaliuHiii  pedoBuHi. Pe3ymbratm  po3paxyHKy
€IEKTPOHHOI  CTPYKTYpH y  CIIBCTaBJICHHI 3
pe3ynbTaTamH, HaIpHKIAN, KiHETHIHUX qH
€HEPreTUYHNX XapaKTePHCTHK, JAlOTh MOXIIHUBICTh
24+
n-ZrNiSn
201
m
O 16-
=
=
S 12-
)
N—
n
£ B .
e &
44 ]
SV : 6‘C
0 T T T T 1
-2 -1 0 1 2
£(eB)
18+
15+ Zersno.%Gao.os

—
N

o

DOS (cranun/eB)

£ (eB)

orpumaru iHQopMaLil0 TPO pealbHy  CTPYKTYPY
KpHCTally, sKa HEJOCTYIIHAa PEHTI€HIBCHKHM METO/aM
JIOCITiJPKEHHS.

Tomy MeTor0 maHoi poOOTH € PO3PaxXyHOK
enektponHoi crpykrypu ZrNiSny.,Ga, st pisHHX
BapiaHTiB IPOCTOPOBOI'O PO3TAIIYBaHHS aTOMIB y By3J1ax
elleMeHTapHOi KOMipkd abo iXHBbOi  BiJICYTHOCTI
(BakaHncil), Ta BHOIp TaKOro BapiaHTy pO3TAlIyBaHHsI
aTOMIB YM HAsABHUX BaKaHCIH, 3a SKOrO po3paxoBaHa
MoBeNliHKa (yHIAMEHTAJbHUX NapaMeTpiB eIeKTPOHHOI
CTPYKTYpPH HaIliBIIPOBITHUKOBOI'O TBEPIOIO pPO3UUHY

CHiBaze 3 TAaKUMH, OTPUMAHUMH y PE3YJIbTaTi
eNEeKTPOKIHETHYHHX JOCIiKeHb poboT [1].
|. MeToauKH TOCTiKEHHS

Po3paxynku €JIEKTPOHHOT CTPYKTYpH

HAITiBIIPOBIIHMUKOBOrO TBepAoro posuuHy ZrNiSn;,Gag
npoBoawiuch  Meromamu  Kopinru-Kona-Pocrokepa
(KKR) y HabmmxkeHHi korepertHoro norexiiany (CPA) i
nokanbHoi ryctuan (LDA) [5] ta LMTO y pamkax
teopii ¢yHkuionana rycrunn DFT. BuxopucroByBanu
eKCIIEpUMEHTAJbHI 3HA4YEeHHs Tepiofy eleMEeHTapHOl
koMmipku [1] Ha k-citiii posmipom 10x10x10 i Tum
napamerpu3aiii 0OMiHHO-KOpEJSIIHOr0 TMOTEHIaly
Moruzzi-Janak-Williams [6]. IllupuHa eHepreTHYHOTO

18+
ZrN 18110'98(3&10'02

—_
(9, ]
1

—_
[\e)

DOS (cranu/eB)

£(eB)
18+

ZrNiSnO%GaO_10

—
W
1

—
N

o

DOS (cranun/eB)

-1 0
£(eB)

Puc. 2. Po3paxyHOK po3Moiay I'yCTHHH eaekTpoHHuX craHiB DOS ZrNiSn, ,Ga, 3 ypaxyBaHHAM 3aMillleHHsI
aTomiB Sn Ha Ga
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BikHa ckimagana 16eB, a TOYHICTH PO3paxyHKY
mojoxkeHHs piBHI DepMmi er craHoBmia * 8MmeB s
1000 3HaueHs eHeprii.

1. JdocainkeHHs eJIeKTPOHHOI
crpykrypu ZrNiSn,,Ga, 3
ypaxyBaHHAM 3amilieHHs Sn na Ga

Jlns mporHo3yBaHHS TOBeNiHKM piBHS Depmi e,
IMIUPUHA  3a00pPOHEHOI 30HM &y Ta  KiHETHYHUX
xapakrepuctuk ZrNiSn, ,Ga, mnpoBeneHO pPO3PaxyHOK
po3moiny rycTHHU enekTponHux cranis (DOS) (puc. 2).
Bepyun 10 yBaru pe3ysabTaTH CTPYKTYPHHX JOCIIIKEHb
[1], srimHO sikMX yBemeHHs aTomiB Ga y CTPYKTYpy
ZrNiSn  wa gimHmi  koHnentpariin  0<x<0,01
MPUBOAUTH 1O il yHOPSAKYBaHHS LUIIXOM BUTICHEHHS
atomiB Ni 3 moswuriii 4a atomamu Zr («3anikOByBaHHS»
cTpykTypHUX nedekTiB), pospaxyHok DOS mposeneHO
JUIL BHMNAJKY YIOPSIAKOBAHOTO BapiaHTy CTPYKTYpH 3
ypaxyBaHHSIM 3aMilleHHs aToMiB SN Ha Ga.

SIk BUAHO 3 pHUC. 2, y HamiBOpoBimHuKy N-ZrNiSn
piBeub ®epmi &r (MyHKTHUpPHA JIiHiSA) PO3TANIOBYETHCS
Ol [HA 30HM TPOBIAHOCTI, WO € XapaKTepHHUM IS
HAITIBIIPOBI/IHUKIB €JIEKTPOHHOTO THITY POBIJHOCTI Ta
Y3TOIDKYETBCS 3  pe3ylbTaTaMH  eJEKTPOKIHETHUHHUX
nocmimkens [1]. Tlpu yBeaenuni B N-ZrNiSn naiiMeHn
JIOCSDKHUX B €KCIIEPHMEHTI KOHIIEHTpAIlii aKIenTOpHOI
nomimkn  Ga  3poctae  CTymiHb — KOMIIEHCAIii
HamiBOpOBiMHWKA  (CIIBBiAHONICHHS  TOHOpPIB  Ta
akienTopis), a piserp depMi e mounHae apeidyBaTh
BiJI 30HHU TPOBITHOCTI &c IO CEPEAUHU 3a00POHEHOI 30HH.

VY naHOMy KOHTEKCTI HEOOXiIHO 3a3HAa4yWTH, IO Ha
nmistHni - koHneHtpanin Ga 0<x <0,1 Ha MBHAKICTH
pyxy piBHs Depmi & Big Kpar0 30HM TPOBIAHOCTI Yy
HaNpsIMKY cepeAuHH 3a00poHEeHOi 30HUM &c Oyne
BIUIMBATH M€ OAWH CTPYKTYpHHUH (DaKTOp, OCKUIBKH
YIOPSAAKYBaHHA KpHUcTamiuHoi cTpykrypu ZrNiSn,..Ga,
CYNPOBO/IKYETBCS TAKOX Iepe0yq0BOI0  eIeKTPOHHOT
crpykrypu. Tak, skmo B N-ZrNiSn y 3aboponeHiit 30Hi
icHyloTH ~ JOpHI ~ CTaHm  &p° 5K pe3yNmbTaT
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HEBIOPSAAKOBAHOCTI CTpYKTYypH [3], TO il ymopsiaKyBaHHs
(Buticuennst Ni 3 mosumii Zr (4a)) npUBOOUTH 110
3MEHILIEHHSI YMCIIa JIOHOPIB Ta JIKBIAAIi JOHOPHOI 30HU
eDl. VY TakoMy pa3i Ha CTyMiHb KOMIICHCAIIil, a BIATaK i
nono>keHHs1 piBHg Pepmi, Ha TUISAHIN KOHUEeHTpauiii Ga
0 <x <0,1 BrnBae nBa akTopu:

a)  3alHATTS  JgoMimKoBMMH — atomamu  Ga
kpucramorpadiunoi mosumii 4b atomiB Sn renepye
CTPYKTYpHI nedexru aKLEeNTOPHOT TIPUPOJIH,
KOHLISHTpALS SIKUX JIHIHHO 3011bLIYETHCS,

6) yBemeHHs aroMiB Ga YIOPSIKOBYE CTPYKTYPY
ZrNiSn,.Ga, Ta 3MeHIrye 4ucio AeeKTiB TOHOPHOI
npupoau: atomu Ni mokuaarTh mo3uiito 4a atomis Zr.

[Mpn Ginpmmx KoHIEHTpauisx nomimku Ga piBeHb
depmi & meperHe cepeauHy 3a0OpPOHEHOI 30HU
(x~0,025) i 6yme pyxaTucs 10 BAJCHTHOI 30HHU &y, AKY
neperHe 3a koHueHrtpanii Ga X~ 0,05 peanizyerscs
Mepexii MPOBIAHOCTI  JiCNEKTPUK-METal, II0 €
nepexofaoM AHaepcoHa [7]. 3a Takux KOHIIEHTpaIii
JIOMIIIKOBUX aToMiB Ga 3MIHHMTBCS THIT IIPOBITHOCTI
HAIIBIPOBIHUKA, NIPKU CTAaHYTh OCHOBHHUMH HOCISIMH
CTpyMy, a crymiHb kommeHcarii p-ZrNiSn,,Ga, mnpu
X > 0,025 6yne 3MeHITyBaTUCS.

[IpornozoBana moBeminka piBHA  Depmi ¢
CYMPOBOKYETHCS I[IKABOIO TIOBEAIHKOIO T'YyCTUHH CTaHIB
Ha piBHi @epmi O(ef) (puc. 3, ). Tak, nmeryBanHs N-
ZrNiSn  akmenTopHOo — gomimikoro  Ga  odikyBaHO
NPUBOIUTH IO 3MEHIICHHs 3HaueHb ((eF), a MiHIMyM
sanexHocti g(ep) mpu x = 0,025 Bigmosimae mepeTuHy
piBaeM ®Depmi e cepequHM  3a0OpOHEHOI  30HHU
ZrNiSn,.Ga,. Tlpu xounentpamisx Ga, Komu piBeHb
depMi e TepeTHE cepenuHy 3a0OpOHEHOI 30HU 1 Oyne
HaOIKATUCS 10 BAJIEHTHOI 30HU &y, TYCTUHA CTaHIB Ha
piBHi @epmi g(eF) mOUHE TPOrHO30BAHO HAPOCTATH.

Po3paxyHOK eNeKTpOHHOI CTPYKTYypH TBEPIOTO
posunny ZrNiSn;Ga, 103BojsIE MPOrHO3YBATH MOTO
KiHETHYHI ~ XapaKTepUCTHKH, 30KpeMa, IOBEIIHKY
KoediIlieHTa TepMO-epC, MUTOMOIO €ICKTPOOIOPY TOIIO.
Jliis po3paxyHKy 3HaueHb KoedilienTa Tepmo-epc a(x) y
SIKOCT1 Po00490i (HOPMYJIM BUKOPUCTAHO CITiBBIAHOIICHHS

[7]:

5007 ZrNiSn,_Ga_

0.00 0.03 0.06 0.09 012 0.15

x (Ga)

Puc. 3. Po3paxyHOK 3MiHH 3HaY€Hb I'YCTHHH EJIEKTPOHHMX CcTaHiB Ha piBHI Depmi g(eF) (@) Ta koedimienta
Tepmo-epc (6) ZrNiSn, «Gay 3a pisaux temnepatyp: 1 —80K; 2—-160 K; 3—250K; 4— 380 K.
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2 kz'raed

3 e éde

Ha puc. 3, 6, sx npukiaj, mokasaHa 3MiHA 3HAYCHb
koedirienta tepmo-epc a(x) ZrNiSn,,Ga, 3a pi3HHX
TemrepaTyp. BuaHo, 110 3a pi3HMX KoHmeHTpamid Ga
MO)XHA OTPHMATH y HaHlBHpOBlI[HI/IKOBOMy TBEPIOMY

g(eF )— .

pO34YMHI  BHMCOKI JomaTHi 1 BiZ €MHI 3HAYEHHS
koedilieHTa TepMo-epc, M0 € OHIEH i3 yMOB
OTPUMAHHS  BHCOKHUX  3HA4Y€Hb  TEPMOCIEKTPHYHOI
JIOOPOTHOCTI.

Omnmucani Buiie pe3ynsTatd pospaxyuky DOS, g(eF)
ta ox) ZrNiSn,.,Ga, 3pobieHo y MNpUIyIIEHH], [0
peani3yeThcs KIACHYHHNA TBEPAWHA PO3YMH 3aMillICHHS,
SKUA Tiependavyae JMIIe OJHY CTPYKTYpHY 3MiHYy —
3aMileHHs atoMa SN Ha atoM Ga. Came Tak OyayBanacs
eJIeMeHTapHa KoMipka TBepaoro posuuny ZrNiSn,.,Gay i,
SIK pe3ynpTar, o0epHeHa Komipka Birnepa-3eiitua, 1o €

MEpPIIOI0  30HOK bpimitoeHa, B sAKiH  MPOBEICHO
PO3paxyHOK €Heprii eleKTpoHa.

[MopiBHsNBHMIA aHaJi3 pe3yabTaTiB
€KCIIEPUMEHTAJIbHUX  JIOCTI[DKEHb  KIHETHMYHHUX  Ta

CHEPreTUYHHUX XapPaKTEPUCTHK  HAIiBIPOBIIHUKOBOTO
TBepmoro posunny ZrNiSn;.,Gay [1] Ta HaBeneHHX BHIIE
pe3yabTaTiB PO3PaxyHKy HOTO eNeKTPOHHOI CTPYKTYpH
BUSIBIISIE HU3KY TIPHHIIMIOBHX cyrnepeuHocteit. Tak, mis
BCix ckmamiB 3paskiB ZrNiSn;,Ga, Ha TemmepaTypHUX
3aJEKHOCTSIX ~ MUTOMOro  enekrpoomopy  Inp(UT)
MIPUCYTHI BHCOKOTEMIIEpATYpHI aKTHBALiNHI IUISHKH,
SIKi MOKa3yloTh, 110 piBeHb PepMi &r po3ralioBaHUl y
3a00pOHEHIH 30HI, 3 SKOrO BiJOYBa€ThCS TEpMiYHA
aKTHBAllisl HOCIIB CTPYMY y 30HU HETlEpEepBHHUX CHEPTii.
Y Toli ke 4Yac pe3yapTatd po3paxyHkie DOS
ZrNiSn,.Ga, (puc. 2) mpOrHO3yIOTh TMEPETHH PiBHEM
®depMi & CTeTl BAJEHTHOI 30HH &y 1 MEPEXOAOM
MIPOBITHOCTI  JIieNIeKTPUK-MeTan 3a KoHmeHtpaunii Ga
x~0,05. Sxmo npunycrutd, mo y ZrNiSn;,Gay
peani3yeThcs JUIIE OfHA CTPYKTYpHY 3MiHA —
3aMminieHHss aroMa 9N Ha atom Ga, To 3a KOHIEHTpaii
akmentopuoi  momimku Ga, wHampukimax, x =0,15
(NA®?3-10" cm®), piBens Depmi & 1aBHO MaB OH
MEPETHYTH BaJieTHY 30HY. [IpUpOIHO, BUHHUKAE JIOTiYHE
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3alUTaHHsA, a 10 CTPUMYE mNepeTuH piBHeM Depmi &
BaJICHTHOI 30HM Ta MeTaji3allii MpOBiJHOCTI 3a TaKHX
TIraHTCHKMX KOHIICHTpAIid TOMIIIKH i 3MYIIYe PiBEHb
depMmi er 3amumiatucs y 30HI 3a00pOHEHHX EHepri,
BigoOpakarouu cTymins kommencarii ZrNiSn, ,Ga.?

[xma HEBI1INOBIIHICT pe3ynbTaTiB
eKCIepUMeHTaIbHUX  mocimimkens  ZrNiSnGa, Ta
pPE3YABTATIB  PO3PAXYHKY  EIEKTPOHHOI  CTPYKTYpH

CTOCYETHCSI TOBEAIHKHM KoedillieHta Tepmo-epc  a(x).
JlocmimpkeHHsT TeMIepaTypHUX Ta KOHIEHTpaIliHHUX
3anexHocTel  koedimienra Tepmo-epc  ZrNiSn,,Ga,,
Hanpukiazn, 3a remrepatypu 80 K mokasanu [1], 1o 3Hak
koe(ilieHTa TepMo-epc a(x) 3aJHIIAETHCA Bix eMHHM
JUI yCiX KOHLEHTpaliil, a eNeKTPOHH € OCHOBHUMH
HocisiMu  ctpymy. OpHaK pe3ylbTaTh pPO3PaXyHKY
pO3Moiny TYCTHHH eNeKTPOHHHX CTaHiB (puc. 2)
nepenbavarTh, 1Mo 3a KoHmeHTparii x > 0,025 pisenb
depMi e TepeTHE cepenuHy 3a0OpOHEHOI 30HU 1 Oyne
HaOMKaTUCs 10 BaJICHTHOI 30HU é&y. Lle Mae mpuBectn
JIO TIOSIBH Ta 30UIBIIEHHS] KOHIIEHTpAlii BITBHUX JIPOK,
SKi CTaHyTh OCHOBHHMH HOCIIMH CTPyMY, HYOMY
BIJIMIOBIIAIOTh JOMATHI 3HAYCHHS Koe(illieHTa TepMO-epC
a(x). TIpo 3MiHY THIy OCHOBHHX HOCIIB CTpyMy
ZrNiSn;.Ga, Tako CBiI4aTh Pe3ylbTATH PO3PAXYHKY
3MiHHM 3Ha4YeHb KoedillieHTa TepMo-epc a(x) 3a pi3HuX
temrepatyp (puc. 3, 6).

TakuM YMHOM, PO3PaXyHKH EIEKTPOHHOI CTPYKTYpH
ZrNiSn,.Ga, IS YIIOPSAKOBAHOT'O BapiaHTy
KPHUCTAJIYHOI CTPYKTYpH, KOJIHM PpO3MISAAIOTH JIUIIE
3aMminieHHss atomy Sn Ha Ga, mio reHepye y KpucTaii
CTPYKTYpHI  Je(heKTH akIeNTOpHOI MNPUPOAH, HE
Y3TOKYETBCSA 3 PE3YJIbTATAMH KIHETHYHUX JOCTI/DKCHB
[1]. OdeBumgno, y HamMiBIOPOBIAHMKOBOMY TBEPAOMY
posumni ZrNiSn,,Ga, mie OiTbII CKIaTHAN MeXaHi3M
OTHOUACHOTO TEHEpyBaHHs CTPYKTypHHUX JedeKTiB
aKIENITOPHOI Ta JIOHOPHOI IIPUPOH.

HampomryeTbcst BHCHOBOK, IO Uit TOTO, 100
pe3yNnbTaTh  pPO3paxyHKY  EINEKTPOHHOI  CTPYKTYpH
ZrNiSn,.,Ga, i, 30kpema, HanpsIMOK Ta MIBHAKICTb PYXY
piBust Pepmi g Oynu ONM3BKUMH Ta Y3TOPKYBAJHCS 3
moNmoXKeHHssM  piBHA  DepMmi  &r, pO3paxoBaHUM 3
BHUCOKOTEMITEPATYPHHUX JiISHOK 3anexHocredl 1np(UT)
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Puc. 4. Excriepumentansao orpumana (1) i pospaxosana (2) 3aexHiCTh 3MiHU eHepriil akTuBalli &,” 3 piBHs Depmi
Ha Kpail 30HU MPOBIAHOCTI (@) Ta quHaMiKa 3MiHK KoHIeHTpanii atomiB Ni (2) B mosuitii 4a atomis Zr (1) i
BakaHcii (v) B mosutiii 4b aromis Sn (2) (6) ZrNiSn,.Ga..
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[1], HeoOXimHO BHECTH CYTTEBI 3MiHH Y TPOCTOPOBE
pO3TAalIyBaHHS aTOMIB y BY3JIaX €leMEHTapHOI KOMipKH
HAMIBIPOBIMHUKOBOTO  TBEpJAOro  posumHy.  Jms
BHUpIIICHHS JaHOI MpPOOJIeMH 3aCTOCYEMO .Memoo
onmumizayii MOAENI KPUCTATIYHOI CTPYKTYpPH Ha OCHOBI
pe3yabTaTiB PO3PAXYHKY EIEKTPOHHOI CTPYKTYpU Ta
¢biznunux Bracrusocreit ZrNiSn, ,Ga, [8].

[11.MexaHi3M reHepyBaHHsI JOHOPHO-
aknentopaux nap y ZrNiSn,.,Ga,

Jns  BupimieHHs [gaHoi MpoOJIEeMH TPOBEACHO
PO3PaxyHKH PO3MOALTY TYCTHHH €JICKTPOHHUX CTaHIB
DOS npaxktu4HO AJ1s1 BCIX BapiaHTIB K PO3TALTyBaHHS
aToMiB y By3iax enementapHoi komipku ZrNiSn,,Ga,,
TaK i CTYMEeHIO 3alHATOCTI BCiX MO3UINN BIacHUMH i/a00
YY)KHUMH aTOMaMH, a TAKOX HAsBHICTIO Y HUX BaKaHCIii.
Maroun  eKCIIepUMEHTAJIbHI  Pe3yJAbTaTH  IIBUIKOCTI
npeiipy piBus Depmi e SK eHeprii akruBamii &;”(x)
ZrNiSn,.Ga, (puc. 4,a, xkpusa 1), mykamu CTymiHb
KOMIIeHCAIlii (CMiBBIHOIICHHS] CTPYKTYPHHUX Je(eKTiB
JIOHOPHOT Ta aKIENTOPHOI MpPUPOIH), sKa 3aJacTh
WIBHAKICTE pyXy piBHa DepMmi & MaKCHMaIbHO
OMIM3BKOIO 110 &1°(x).

Ha puc. 4,6 mnokazaHi pe3ynbTaTd pO3paxyHKY
IUHAMIKM 3MIiHH BCIX CTPYKTYpHUX JedekTiB mpu
CHJIBHOMY  JIeryBaHHI N-ZrNiSn  akIenTopHo
momimkoro Ga, mo 3abe3meuye y Mexax I[MOXUOKH
00uHuCIIeHb OJM3BbKICTh PO3PaxOBaHOI IIBUAKOCTI PyXy
piBas ®epmi e (puc. 4,a, xpua 2) Ta OTpUMAaHOI 3
BHUCOKOTEMITEPATYPHHUX IAHOK 3anexHocredl 1np(UT)
(puc. 4,a, xpusa 1). BusBunocs, 0 HAWOLIBII
OPUHHATHAM € BapiaHT pO3TAlIyBaHHA aTOMiB B
YIIOPSIIKOBaHIH, ofiHaK Ae(OopMOBaHii CTPYKTYpi, B sKiH
BiOy/HCS HACTYIIHI 3MIHH:

a)  KpuctamiyHa  cTpyktypa  N-ZrNiSnh €
HEYIOPSAAKOBaHOK  (JlokanbHa amopdizamis) uepes
9JacTkoBe 3aiHATTS, 10 ~ 1% (z~0,01), atomamu Ni

ZrNiSn,_Ga,_ 3

a

no3utlii 4a aTomiB Zf, 1m0 TeHEpYye Y HamiBIIPOBITHUKY
CTpYKTYpHi Jedektd moHOpHOI npHpoau (hopmyia
HamiBrpoBinHuka (Zr.,Ni;)NiSn) [4];

0) yBeneHus atomiB Ga yrmopsaKoBye CTPYKTYpY Ta
3MEHIIYE YHCIO CTPYKTYPHUX Je(eKTiB JTOHOPHOI
npupoau: atoMud Ni mokumaroTe mo3uiio 4a atomiB Zr
(z—0), a ¢dopmyra HamiBOPOBIAHMKOBOTO TBEPIOTO
po3unny Habupae Burisay (ZryNi)Ni Sny,Ga,;

B) 3aiiHarts  momimkoBuMu  aromamu  Ga
kpucramorpadiunoi mosumii 4b atomiB Sn renepye
CTPYKTYpHI Ae(eKTH aKIeNTOPHOI IPUPO/IH;

T) TeHepyBaHHs Ta 30UIbIICHHS YUCTa BakaHCii (v) B
mosunii  4b  aromie  Sn  (kinmeBa  ¢opmyna
tpaHcopmyeTbes Y (251 Ni)Ni Shy,.,Ga,).

Y n1aHOMy KOHTEKCTI MOXEMO BiI3HAYMTH, IO
OJHOYACHE TEHEepyBaHHS JOHOPHO-AKIENTOPHUX Tap
3a0e3reuye NPUHIUI eIeKTPOHEHTPaIbHOCTI y MO3MIT
4b ta CTIHKICTh CTPYKTYPH TBEPAOTO PO3UHHY.

Ha ocHOBiI oTpuMaHHX pe3ylbTaTiB MPOCTOPOBOTO
po3TallyBaHHS aTrOMIB 3 ypaxyBaHHSIM YTBOpEHHs
noHopHO-akientopuux map B ZrNiSn,,Ga, mposeneHo
PO3paxyHOK pO3MOALTY TYCTHHH €JIEKTPOHHUX CTaHIB
DOS (puc. 5, a), skuii agekBaTHO BimoOpaka€ CTYIHb
KOMIIEHCAIIi1 HaITiBIPOBiIHMKOBOT'O TBEP/IOI0 PO3YHHY. 3
puc. 5,a TakoX BHIHO, 1O piBeHb Depmi &
ZrNiSny,Ga, 3a ycix KOHIEHTpAIliifi aKIEenTOPHOI
nomimkn Ga He3HayHO 3MIHIOE CBOE PO3TAllyBaHHS
BIJTHOCHO Kpar 30HHM IIPOBIJHOCTI, MIO BiAMOBiJa€e
Bil'EMHUM 3HAYeHHSIM KoeQillieHTa TepMo-epc Ta
Y3TOIDKYETBCS 3  pe3ylbTaTaMH  eJEKTPOKIHETHUHHUX
Jocimpkens [1].

Pe3ynpraTi po3paxyHKy 3MIHM 3Ha4eHb T'yCTHHHU
eNeKTPOHHUX cTaHiB Ha piBHI Depmi g(er) ZrNiSn,Ga, 3
ypaxyBaHHsAM TeHepaulii JOHOPHO-aKIENTOPHUX THap
(puc. 5, 6, kpuBa 2) CyTTEBO BipI3HSIIOTHCSA BiJ| TAKHX
JUIs  BUMAAKY TEHEepPYBaHHS Yy KpUCTali  JIMIIe
CTPYKTYpHHUX Ae(eKTiB akuenTopHoi npupoau (puc. 5, 6,
kpuBa 1). Buano, mo rycruHa craHiB Ha piBHI Depmi
O(ep) M BUMAAKY ypaxyBaHHS TeHepallii JIOHOPHO-
aKIENTOPHUX Map 3MIHIOEThCS HabaraTo MOBLIbHIIIE,
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Puc. 5. Po3paxyHOK po3nofiiiry TYCTHHH eleKTpoHHuX craHiB DOS 3 ypaxyBaHHSM TreHepallii JOHOPHO-
akrenropaux map y ZrNiSn,Ga, (a) Ta rycTuHu enekTpoHHUX cTaHiB Ha piBHi Pepmi g(e) (6) ZrNiSn,.Ga,:
1 —3 ypaxyBaHHSM T'€eHEpYBaHHS aKIENTOPIB; 2 —3 ypaxyBaHHSAM T'€HEpYBaHHs JOHOPHO aKIENTOPHUX Tap.
BceraBka 6: 3MiHa 3HaueHb MarHiTHOI cripuitasaTauBocTi ZrNiSny.,Ga, y(x) 3a Temmnepatypu 300 K.
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HIK JIJTsI BUMTAJKy T€HEPYBAHHSA Y HAIiBIPOBIAHUKY JIUIIE
CTPYKTYpHHUX  JIe(eKTiB  aKIENTOPHOI  MPUPOIU
(3amimenns Sn Ha Ga). Jlani po3paxyHKH BiIIOBigal0Th
pe3ynbTaTaM KiHeTHYHUX gociimkers ZrNiSny ,Ga, [1].
[{ikaBuMH BUSIBHJIMCS PE3YIbTaTH  JOCTIHKEHB
MarHiTHOl cnpuiinaTauBocti y ZrNiSn,Gay, (puc. 5, 6,
BCTaBKa), sKi IMiATBEPHKYIOTh 3pO0JIEHUI BUCHOBOK PO

OHOYaCHE TEHEepyBaHHA Yy TBEPAOMY  PO3YHHI
CTPYKTYpHUX Je(eKTiB aKUEenTOpHOi Ta JIOHOPHOI
npupon.  JIoCHi[UKeHHS — TOKasand, IO  3pa3Ku

ZrNisny,Ga,, x>0,01, e mapamaraerukamu Ilaymi, B
SKAX MAarHiTHA CHOPUHAHATIMBICTE ) BU3HAYAETHCS
BUKIIFOYHO EJIEKTPOHHHMM Ta30M i IPONOpLiiHa T'yCTHHI
craniB Ha piBHi @epmi g(ef). Sk BumHOo 3 puc. 5,6,
3anexHicTh y(x) 3a x> 0,03 cTpiMKO 3MiHIOE HaXwWI,
BUXOJWTh HA IUIATO i MPAKTHYHO HE 3MIHIOETHCA [0
x = 0,15. To6To, 301IbIICHHS KOHIICHTPAIlii aKIIENTOPHOT
JIOMIIIKK 1 MOYKIIMBE 301JIbILICHHS KOHIIEHTPAIl BUTBHUX
IIpOK  MPakTHYHO He 3MiHIOE 3HadYeHb  J(efF)
HAMiBIPOBiMHUKOBOrO TBepmoro posuuny ZrNiSn,Ga,.
Taxa moBeninka y(x) (y ~ 0(er)) MOXXIIHBA JIKIIIE 32 YMOBH
nosieu y ZrNiSn;Gax HOCIB CcTpyMy MpPOTHICKHOTO
3HaKy OJM3BKOI JI0 JIpOK KOHIEHTpAIli SK pe3yiabTaT
TeHepyBaHHs JOHOPHO-aKIENTOPHUX Tap, M0 3YMOBUTh
HE3MIHHICTh TYCTHHH CTaHiB Ha piBHi Depmi g(ep).
3asHaunmo, 1m0 HamiBmpoBimHHK N-ZINiSn He €
napamarseTukoM Ilayi, a cimaOkuM JiaMarHeTUKOM, PO
0  CBiMY4aTh  BIJ €MHI  3Ha4YeHHS  MAarHiTHOI
cnpusTiuBocti:  y(x =0) =-0.07 em®r.  Tomy  picr
sanexHocTi y(x) Ha mimsHOi koHmentpamiid x = 0- 0,01
MH HE MOXEMO MPHUIUCYBATH 30iJbIICHHIO 3HAYCHB

a(er)-

[1]
[2]
(3]

di3uka i ximis TBepaoro tina 18(1), 41 (2017).

Tepmoenextpuka 3, 24 (2016).
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PO3paxyHKy €IEKTPOHHOI CTPYKTYpH Ta (Pi3WUHHX
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JlocTiKeHHST eeKTPOHHOT CTPYKTYPH HAMiBIPOBIIHUKOBOI0 TBepaoro po3unny ZrNiSn,.,Gay
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I nvestigation of Band Structure of ZrNiSn,;.Ga, Semiconductor Solid
Solution

Y}van Franko National University of Lviv, 6, Kyryla and Mefodiya Sr., Lviv, 79005, Ukraine,
e-mail: romakal @franko.lviv.ua;
2National Univergty “ Lvivska Politechnika”, 12, S Bandera Str., Lviv, 79013, Ukraine;
SUniversitdt Wien, 42, Wihringer Str., Wien, A-1090, Osterreich

The mechanism of simultaneous generation of donor-acceptor pairs in ZrNiSn,.,Ga, semiconductor solid
solution is established. The modeled distribution of atoms in the crystal lattice of ZrNiSny,Ga, showed that the
speed of movement of Fermi level & obtained from the band structure calculaions is in agreement with
experimental extracted from Inp(1/T) dependencies. It is shown that with substitution of Sn (5s°5p%) with Ga
(4s*4p") atoms in 4b crystallographic site both acceptor and donor (vacancies in 4b site) defects are generated.

K eywor ds: crystal and € ectronic structures, conductivity, thermopower coefficient.
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Temperature dependencies of Bi,Se; whiskers resistance with Pd doping concentration of 1° 10™ cm™®where
measured in temperature range 4.2 - 300 K. At temperature 5.3 K a sharp drop in the whisker resistance was
found. The observed effect is likely connected with contribution of two processes such as the el ectron localization
in the whiskers and transition in superconducting state a temperature 5.3 K, which is likely result from Pd

compl exes.

Transversemagnetoresistance in n-type Bi,Se; whiskers with Pd doping concentration in the vicinity to
themetd-insulator trangition (MIT) from metal side of the transition were studied in magnetic field 0 -10 T. For
the whiskers a res stance minimum was observed at temperature about 25 K that is connected with Kondo effect.

Keywor ds: Bi,Se; whiskers; transversemagnetores stance; effect Kondo; superconductivity
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I ntr oduction

Nowadays, in sensor electronics silicon is a major
material to create semiconductor piezoresistive
mechanical sensors [1, 2]. On the basis of Si whiskers
were developed various mechanica sensors [3].
However, mechanical sensors on the basis of silicon
sometimes could not satisfy al of the appearing
requirements due to the progress of new branches of
science and technic. Therefore, it is interesting to search
and study other semiconductor materials for sensors,
particularly A°B® compounds.

Magnetotransport properties of various
semiconductor whiskers such as Si, Ge, InSh, GaSh at
low temperatures have been widely studied in our
previous works [4-7].

The aim of this paper is to study Bi,Se; whisker's
superconductivity and Kondo effect by measurement of
thelir temperature dependence of resistance in the
temperature range 4.2 - 300 K at magnetic field induction
upto10T.

|. Experiment
N-type Bi,Se; whiskers with doping Pd
concentrations were sdected for our studies. The

microcrystals were grown by CVD method in the closed
bromide system. The obtained whiskers have the
diameter about 20 nm and length in the range 1-2 mm.
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According to the results of ion mass spectroscopy it was
found Pd doping concentration in Bi,Se; whiskers, which
corresponds to metal side of the MIT and consists of
110" cm™. The dectrical contacts to the whiskers were
created by the welding of Pt microwires with diameter 10
mmon the opposite ends of the crystals. The current
contacts were ohmic according to measured |-V
characteristics in the temperature range 4.2-300 K.

The temperature of liquid helium was reached with
using of the helium cryostat. Bitter-magnet was applied
for studying of the transversemagnetoresistance in n-type
Bi,Se; whiskers in the strong magnetic fieldsup to 10 T
with deflection time of 1.75 T/min in the temperature
range 4.2 - 77 K. Stabilized eectrical current of 1-100
MA was generated by current source of type Keithley
224. Digital multimeters Keithley 2000 and Keithley
2010 were used for measuring of the potential contact
voltage and thermocouple output signals. The accuracy
reachedto 1" 10° V.

1. Resultsand discussion

Temperature dependence of resistance for Pd-doped
Bi,Se; whisker is shown in Fig. 1 over the temperature
range 4.2 - 300 K. Reviled R(T) with monctonic decrease
of the resistance from 8 to 2.5 Ohm in the temperature
range 30 — 300 K corresponds to the metallic behaviour
of the eectric resigtivity of the Bi,Se; whiskers. For
Bi,Seswhiskers a resistance minimum was observed at
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Fig.1. Temperature dependence of resistance for n-typeBi,Se; whiskerswith Pd doping concentration of 1° 10*°
cm® in temperaturerange: a) 4.2 - 300K; b) 4.2 - 65 K.

temperature about 25 K, that may indicate in Kondo
effect presence in the crystals. At temperatures below 5.3
K the behaviour of characteristics is significantly differs
due to change of the carrier transport mechanism. Below
let us congder the above effectsin detail.

2.1. Superconductivity of Bi,Se; whiskers.

Unexpectedly the sudden decrease of Bi,Se;
whiskerresistance from 2.9 to 2.6 Ohm is observed at
temperature just beow 5.3K. This interesting
behaviour of the resistance, namely, the sudden drop of
R(T) at T ~ 5.3 K, could indicate the superconducting
trangition at this low temperature (Fig. 1). To be sure,
firstly, it should be discussed to what extent the junction
properties (welded Pt microwires) influence the
measurement data at about 5K and may contribute to the
observed drop in the resistance effect. To check the
possible influence of Pt junctions, |-V characteristics of
the whiskers were measured in the temperature range
4.2 K-300 K. The measurements have shown that I-V
characteristics were linear at every fixed temperature and
electrical contacts from Pt microwires remain ohmic.
Thus, sudden drop in the whisker’s resistance is hardly
connected with influence of the Pt contacts at low
temperatures.

On the other hand, the drop in resistance is very
small, namely about 9.3% and the resistance below
5.3K is dtill very large in order to be interpreted as
transition to thesuperconducting states, which
expectedly is associated with a zero resistance.
Nevertheless, one can suppose a presence of a small
superconductive phase in the whisker. As can be seen
from [8,9], Bi,Se; doped with various impurities (Sr, Cu)
being typical for Il type superconducting state observed
in the available temperature range from 2.7 K up to
3.8K.

Thus, the partial superconducting transition of
Bi,Se; whisker is likely to occur at the critica
temperature of about 5.3 K. Nevertheless, the reason of
the superconductivity in the whiskers is not clear. The
one possible reason of the trandtion may be Bi cluster
presence at bicrystal interface, which are known to show
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a superconductivity up to 21 K [10]. Particularly in [11]
was reported about a superconductivity in textured Bi
clustersin Bi,Te; films with Tc = 3.1 K. Authors of [12]
observed Tc=7.2 K and Tc=8.3 K for Bi inclusionsin
polycarbonate porous materials. However, the above data
does not correspond to our experimental value of Tc
=5.3K.

The most probable reason of the Bi,Se; whisker
superconductivity is connected with Pd doping. PdBi,
complex is known to lead to superconductivity with
Tc=55K in Bi,Te; crystals [13]. One can suppose that
inclusion of PdBi, complexes in Bi,Se; whisker may call
a superconductivity with Tc= 5.3 K. The microprobe
anaysis has shown a presence of Pd impurities with
concentration of about 10%° cm?® The microprobe
analysis gives information from the whisker surface and
subsurface layers up to depth of about 1 mm. However, it
is difficult to say about a configuration of Pd complexes
in this region. Next XRD investigations are needed to
establish anature of Pd complex in the whiskers.

2.2. Kondo effect in Bi,Se; whiskers.

Suppression of superconductivity by magnetic field
is also informative for explanation its possible origin. In
order to observe the influence of magnetic field on the
resistivity drop below 5.3 K, one has to investigate the
Bi,Se; whiskers magnetoresistance Rg(T). Transverse
magnetoresi stance of n-type Bi,Se; whiskers was studied
in the temperature range 4.2 — 77 K and magnetic fields
0-10T. Results of these invegtigations for Bi,Se;
whiskers with Pd doping concentration 1x10™ cm?,
which corresponds to metallic side of the metal-insulator
trangition, are presented in Fig. 2.

Peculiarities observed on the temperature
dependences of resistance in Bi,Se; whiskers with clearly
minimum at low temperatures of about 25-30 K (Fig. 1,
b) could be explained by Kondo effect.

Taking into account the typica finding on Kondo
physics, the dominant role plays exchange interaction
between magnetic moments of intrinsic 3d eectron
localized on magnetic impurities and free charge carriers.
One can assume that the similar anomalies of the
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Fig. 2. Transverse magnetoresistance of n-typeBi,Se; whisker at different temperatures:
1-42K,2-13K,3-29K,4-40K,5-50K, 6-60K.

temperature dependence of the resistance may occur in
semiconductors doped with non-magnetic impurities to
the concentration correspondent to MIT [14]. Then
exchange interaction takes place between magnetic
moments of twice occupied by charge carrier impurities
and free charge carriers. Such Kondo effect was observed
in heavily doped with boron Si-Ge whiskers that have no
any magnetic impurities [15]. Now we observed the
similar effect in n-type conductivity for Bi,Se; whiskers
with concentration near the MIT.

Studied properties of doped Bi,Se; whiskers at low
temperatures and high magnetic fields allow to design
the sensitive sensor of temperature (Fig. 1) and magnetic
field induction (Fig. 2) operated in the temperature range
30-300 K. The sensor sendtivity to measurement of
temperature consists of 0.1 K, while the senstivity to
magnetic field induction measurement is about 0.05 T.
The main advantages of the sensor are miniature
dimensions as well as high radiation stability, which
allow to use the sensor in harsh conditions.

[11.Conclusions

Temperature dependences of the resistance in n-type
Bi,Se; whiskers with Pd impurity concentration in the
vicinity to the MIT from metal side of the transition were

studied in the temperature range 4.2-300K.The
peculiarities of whisker resgtance such as sharp drop at low
temperature range bdow 5.3 K were observed for BiSe
whiskers with various doping concentrations, which
could be explained by partial superconductivity of the
whiskers. The most probable reason of the Bi,Se;
whisker superconductivity is connected with Pd doping.
PdBi, complexes are likely existed in the whisker surface
and lead to superconductivity with Tc=5.3K. XRD
investigations are needed for further deepening a nature
of the observed superconductivity in the whiskers.

For Bi,Seswhiskers a resistance minimum  was
observed at temperature about 25 K, that may indicate in
Kondo effect presence in the crystals. The effect is
connected with exchange interaction between magnetic
moments of twice occupied by charge carrier impurities
and free charge carriers and occurs only at certain
impurity concentration at the vicinity to MIT.
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H.C.Hﬂx-Karyﬁl, A.O.I[pY)KI/IHiHl’ 2 I.H.OCTpOBCLKHﬁl’ 2 IO.M.XOBepKol’ 2

MarHeToomnip HUTKONOAIOHUX KPUCTAJiB Bi,Se; npu HU3BKHX TeMmepaTypax

1 . o . . . . . .
Hayionanvuuii ynisepcumem «/Ivgiscoka nonimexuixka», JIvgis, Yxpaina
2 . . . ..
Miscnapoona nabopamopis CunbHUX MAazHimHUX noaie i Hu3bKux memnepamyp, Bpoynas, Ionvwa

JlocmipKeHO TeMIepaTypHi 3ale)KHOCTI OIOpy HUTKOMomiOHMX KpucraniB Bi,Se; merosanmx Pd no
xonuenrpanii 10°° cM® B nianasoni Temmepatyp 4,2 - 300 K. BusiBiieHo piske mafiHHs oropy KPHCTaIiB mpu
temreparypi 5,3 K. CnocrepexxyBanuii edexr, WMOBIpHO, IOB'I3aHMI i3 BHECKOM IBOX €(EKTiB, TaKHUX SK
JIOKaJTi3allisl eIEKTPOHIB y HUTKOMOAIOHMX KpHUCTallax Ta MepexiJi B HaANpoBiHuii cran npu temmneparypi 5,3 K,
1110, IMOBIPHO, € Pe3yJIbTaTOM MPHCYTHOCTI KOMIUIEKCIB oMimiky Pd.

Byno BUBYEHO IONEPEYHMI MAarHeTOOHip HUTKONMOXIOHMX KpucraniB BiSe; n-tumy mnpoignocti 3
KOHIeHTpaniero nqoMimku Pd, mo Bianosinae GIM3BKOCTI 0 MEPEXOLy MeTall-IieIeKTPUK 3 METaNeBoro OoKy B
marsiTHoMy 1ot O - 10 Tui. TIpu temneparypi 25 K crocrepiraerbes MiHIMyM Ha TeMIepaTypHIH 3alle’KHOCTI
oropy, 1o MoB'13aHo i3 npossoM edexry Konno.

KarouoBi cioBa: HuTkOmomiOHi  kpucranu Bi,Ses;; monepeununii  marmeroomip; edekr Kowo;
HaJIIPOBI/THICTB.
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Beryn

Po3BUTOK MiKpO- Ta HAHOENEKTPOHIKU CIIOHYKA€E 10
BCE TJIMOIIOr0 BUBYEHHS Ta BJIOCKOHAJICHHS IPOIIECIB
3'€IHaHHS OKPEMHUX €JIEMEHTIB Y BEJIHKI EIEeKTPOHHI
cucrteMd 3 0araToQyHKIiOHAIEHHMHU BIIACTHBOCTSIMU
Bzarami  kaxyuu, sSKkuMH O  JIOCKOHAJIMMH  Ta
BHCOKOIIPOJAYKTUBHUMHU HE OYJIM EJIEMEHTH Cy4acHOI
CIICKTPOHIKH, ©0€3 HaJifiHOro Ta OBrOBIYHOTO iX
3'€IHaHHS BOHU (PYHKIIOHYBaTH HE MOXYTh. OqHUM 3
HAONTUMAJBHIIINX METOMIB 3’ €IHAHHS € MasHHS, Ui
SIKOTO BHKOPHCTOBYIOTH HU3KY IPUIIOIB PI3HOTO CKJIany
Ta KOHIIeHTpallii [1]. BukopucTaHHs NPUIIOIB Ha OCHOBI
eBTeKTHKH SN-Pb Ha manumit yac 3abopoHeHe B KpaiHax
€pponeiicbkoro Coro3dy Ta iHOMX, Yy 3B'S3Ky 3
TOKCHUYHICTIO CBHHIIIO, HE3B)KAIOYH HA TXHI ONTUMAaJIbHI
BJIACTUBOCTI Ta CTYMiHb JOCKOHAJIOCTI TEXHOJOTIH
nastHHS. 3Ba)KarouM Ha Iie, BEAEThCs IHTEHCUBHUH TOIITYK
O€3CBUHIIEBUX IIPHIIOIB, BJIACTHBOCTI SKHX Oyiu O
MaKCHMAaJIbHO OJIM3bKHMHU JI0 BIIACTUBOCTEH MPUITOIB SN-
Pb [2-4]. Cepen HalBaXIHBIIMX BHMOI IO MasHUX
3’ €IHaHb BIJJHOCATH J100pY 3MOYYBaHICTh MasHOI OCHOBU
NPUTIOEM, HU3BKY TeMIlepaTypy IUIaBJICHHS MPUIIOK0
(~180°C), nmobpi MexaHiuHi BJIaCTHBOCTi, IPOTHIis
Ha/JIMIPHOMY PpOCTY HUTKONOAIOHMX KpHCTAlliB OJIOBA,
LIBHUJIKE YTBOPEHHSI TOHKOI'O IIapy IHTEpMETaIYHUX (a3
Ha MexXi 3’ emHanHs Ta iH. [5-7]. OcranHi nBa ¢akropu
BiJIrpaloTh YW HE HAaWBaXIMBILNIYy pOJb B IpoOIeci
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(dopMyBaHHs HacamIlepe]l MEXaHIYHHUX BIIACTUBOCTEH
nasiHux 3’ eqHanb. Ha popmyBanns ¢as B kpucTamigHOMy
CTaHI BENMKUHA BIUIMB Ma€ sSK CKJIaJ Ta KOHLEHTpAIis
MIPUTIOIB, TaK i TEMIEPaTypHi PEKUMH MPOLECY ITasHHSI.
Y 3B'S3Kky 3 1M, Ha CBOTOOHI 3aUINAIOTHCS
aKTyaJbHUMU pPOOOTH 3 JOCIHI/DKEHHS Ta ONTHMIi3allii
NPOLECiB  MasHHA Ta MPUIOIB, SKI IS [BOTO
BHUKOPHCTOBYIOTb.

Cepen Bci€l pPi3HOMAHITHOCTI TPHUITOIB OCOOJIUBOI
yBard 3aCJIyroBYIOTh CIUTaBU cucTeMu Sn-Bi. JlomaBanus
43 ar. % BicMyry ngo onoBa Bene A0 (OpMYyBaHHS
€BTEKTHKH 3 Temneparyporo masieHHs 139 °C. [xmoro
MepeBarol0 CIUIaBiB 1Ii€l CHCTEMH € Te, L0 TYT He
(GOpPMYIOTBCS  CIIONYKH, SKIi MODIM O HETaTUBHO
BIUIMBATH Ha MEXaHiYHI BIIACTUBOCTI MasHHUX 3’ €/IHAaHB,
i TpUIO € JCIICBUMHM, a iXHi BJIACTHBOCTI € I00pe
BUBUYEHUMHU [8].

Sk CBIAYUTH HHU3KA JOCIHIDKCHb, IIPH B3a€EMOIIi
NpPUMOIB Ha OCHOBI SN-Bi 3 MigHOW MMiAKITAIKOLO,
crodaTKy BifOyBaeThcs (opmyBanHs crionyku CusSns 3
nopaipmmM  yrBopeHHsM CUsSn sika  ¢opmyeTbess B
nporteci crapinns [9]. B cucremi Bi-Cu intepmeraniumi
cionyku He yrBoprorothest [10]. Ilpu  ¢dopmysanHi
MasHUX 3 €THAHb Ha HIKEJICBI OCHOBI B OCHOBHOMY
croctepiraetbest popmyBanns crionyku NizSn,. Cronyka
NiBi3 hopMyeThcs nuiiie TOMI, KOJU BMICT BICMYTY csTae
98 % [11]. BcraHoBieHO, 10 Ha (OPMYBAHHS MIAPY
IHTEpMeTaJily Ha MeXi 3 €JJHaHHsA 3HaYHUI BIUTUB Mae
JIETYBaHHS TIPHUIIOI JESKUMU €JIEMEHTaMH, a TaKOoX
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TepMo-uacoBi pexumu nasHHS. [llomo ocraHHBOTO,
HEOOXiHO 3a3HaYWTH, IO JOCHTh 3HAYHHHA MacuB
JIOCITI/DKEHb BIUIMBY TEMIIEpaTypd Ta 4acy Ha IIpOIec
TastHHS HE JIa€ OJJHO3HAYHUX BiAIIOBIJICH HA IIUTAHHS PO
KiHeTUKY (popMyBaHHS iHTepMeETaTiyHUX (a3, a TaKoK

He Jae 3MorH  c(OpPMYJIOBATH  TEXHOJIOTTYHHX
peKkoMeH Al om0 pexxumMiB masuus [12-15]. Braszawni
HEJOJIKM MO)KHa YCYHYTH JIMIIE  YCECTOPOHHIM

BUBYEHHSM (DaKTOpiB, SIKI MOXYTh MaTd BIUIMB Ha
npouecu audy3ii Ta (a3zoyTBOPEHHS Ha MeXi piaKui
npumid-makiaaka. OqauM 3 Takux (aKTOpiB € aTOMHA
CTPYKTypa PpIJIKOro IpHIol Ta i1 TpaHcdopmamis 3i
3MIHOIO TEMIIEPATYPH.

Ha nanwii yac cTpykTypy OLIBIIOCTI PiAKUX METAJiB
Ta CIUIaBiB BUBYCHO JOCUTH JeTanbHo [16], B ToMy dncii
JIETAIBHO ~ JTOCHI/DKEHO CTPYKTYpy Ta CTPYKTYPHO
YYDIMBI BJIACTHUBOCTI CIUIaBiB SN-Bi B  mmpokomy
KOHIIeHTpaIlifiHoMy inTepBaii [17-20]. 3a pesyapratamu
OUX poOIT MOXHA CTBEP/KYBATH IIPO ICHYBaHHS
TepeBaYKArouoi B3a€EMOJIT MiXK aTOMaMHu Pi3HOTO COpPTY,
mo Bexe a0 (opmyBanHs aumepiB [17], a Takox

KjnactepiB  ski €  cTaOUIBHUMH B IIHPOKOMY
TEeMIIepaTypHOMY  iHTepBami. AHami3  CTPYKTYpH
posrmiaBiB  cucteMd SN-Bi B KOHIEHTpauiitHOMY
intepBanmi  25-60at% Bi maB 3Mory BCTaHOBUTH

HasIBHICTh KIJBKOX THIIB KiaacTepiB (SnzsBizs, SNesBise,
Sns3Bis; (eBTekTHYHA KOHIIGHTpAIlS) Ta SNsBigy) siKi €

CTaOlIPHUMHU TIPH  TeMIIepaTypax, sKi Onm3bki 10
TemnepaTypu IUTaBJICHHS [18]. [TinBumeHHs
TeMIepaTypd, 3a JgaHuMd pobotu [19] Beme 1o

nepeOyJOBH  KJIacTEpiB  €BTEKTHYHOTO CIUIaBy 0e3
CYyTTEBUX 3MIiH OCHOBHHUX CTPYKTYPHHUX IapaMeTpiB,
TaKUX SK HaWOLTBII IMOBIpHI MIXKATOMHI BiJCTaHI Ta
KoopauHalliiHi uncna. B po6oti [20], 3a pesyiapraramu
JIOCITI/DKEHHST TEeMITEpaTypHHUX 3aJIe)KHOCTEH MHTOMOTO
OIOpYy,  BKAa3yeTbcsi  HAa  MOXIIMBICTD  3HAYHHX
CTPYKTYPHHUX IepeTBOpeHb B iHTepBaii remneparyp 700-
800K nu1sixoM KoorepaTHBHUX HepeMillieHb aTOMIB.

Sk BUIIIMBAE 31 CKa3aHOro, MPOIEC IUIABJICHHS Ta
MOMANBIIION0 HATPiBaHHSA pO3IUIaBiB cuctemu SN-Bi
CYNpPOBO/IKYETHCSI  CTPYKTYPHHUMH — TIEPETBOPEHHSIMH,
NPOTiKaHHS SKUX Ma€ 3HAYHMH BIUIMB Ha TMPOLECH
3MouyBaHHs,  AuQy3ii, ¢dopmyBanus a3z Ta
KpHCTAJI3alliIo CIUIaBiB i€l cucTeMH. 3Ba)kaloud Ha I,
B JaHili poOOTI MpPOBENEHO JeTajbHI JOCIIIKCHHS
CTPYKTYpPH PIJKOIO €BTEKTHYHOTO CIUIaBy Shs;Biss B
TemriepaTypHomy iHtepBaii 420-1120 K.

|. MeTonnka ekcriepuMeHTy

CTpyKTypy pO3IUIaBiB JOCIIKYBAIU 3@ JONOMOIOI0
BHCOKOTEMIIEPATYPHOIO PEHTIeHIBCHKOTO
nmudpaxromeTpa, KUl naBaB 3MOTy OTPUMYBATH KpPHUBI
IHTEHCHBHOCTI JAM(ParoBaHOr0 BUIPOMIHIOBAHHS MpPHU
pi3Hux Temneparypax g0 1400 K. 3pa3ok po3minryBanu B

kamepi audpakTOMeTpa, 3amloOBHEHIH TemieM, Ui
3aro0iraHHsl WOro OKMCHEHHIO. ['eoMeTpis po3MilleHHs
BXiHOT LIUTHHA PEHTIeHIBCHKOTO MIPOMEHH,
MOHOXPOMATH30BaHOIO 3a JIOMOMOrow kpucrama LiF,
IEHTpa KaMepd | BXigHOI IMIJIMHH JYMJIBHUKA
BimoBimana cxemi QokycyBanus tuny bperr—bpentano
[21]. Tounicts BUMIpIOBaHHS IHTEHCHBHOCTI
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BUIIPOMiHIOBaHHs Oyna B Mexax 2—3 % i 3anexana Bina
BHOPAaHOTO Yacy eKCIO3MIii B  KOXKHIA  TOYIII.
TemmepaTypy BUMIipIOBaIHM W MiATPUMYBAIN 3 TOYHICTIO
+2K.

OTpuMaHi eKCIIEpUMEHTaIbHI KYTOBI 3aJIeXHOCTI
IHTEHCHBHOCTI nudparoBaHoro BHUIIPOMIHIOBAHHSI
yCepeIHIOBAIN METOOM HaWMEHIINX KBaJpPaTiB, a MiCIs
[[OT0 B HHUX BBOMWIM TIOMPAaBKA Ha MOJSPHU3AIIiO,
MOTJIMHAHHS W aHOMalbHy maucrepcito. [IpuBeneHHs 10
eNCKTPOHHUX OJIMHHIb 3 HICHIOBATH 3a JOMOMOTOH0
MeTofy, onucaHoro B [22]. BunpasieHi i mpoHopMoBaHi
KpUBI IHTEHCUBHOCTI BUKOPHCTOBYBAIH ISl PO3PAXYHKY
cTpykTypHux (Gakropip (CD), mapHHX KOPETIAIIHHUX
¢byakuiit (IIK®) ta ¢GyHKIHE pagiadbHOrO PO3MOMAITY
atomiB. I1i ¢pyHKIiT 1aBaIKM 3MOr'y OOUHCITIOBATH OCHOBHI
napaMerpu OJFKHBOTO TOPSIIKY I . HAWOINbIT IMOBIpHY
MIXKaTOMHY BijacTaHb Ta Z - KiJIbKICTh HaHOIMKIMX
cycimiB. KpiM HalOnbmI  iMOBIpHHX  MiKATOMHHX
BiJICTaHEH aHaIi3yBaJlk TAKOXK TEMIIEPATYPHI 3aJIKHOCTI
CcepeqHIX Ta CepedHiX KBaJpaTHYHHX MI>KaTOMHHUX
BiJICTaHEH, a TaKOXK BUBYAIN TEMIIEPATYpHI 3MiHH MEXi
nepiroi KoopAuHaLiiiHOT cdepH, Ky BHU3HAYaId 3a
TIOJIOXKEHHSIM MiHIMYMY 3a nepimuiM Makcumymom [TK®.
Awuani3zyBand TakoX Mpodiis CTPYKTypHOro (akropa,
BU3HAYAIN TIOJIOKEHHSI IOr0 OCHOBHOTO MaKCHMyMY Kj
ta Bucoty S(Ky).

Haii6ispin iMOBipHI MiXKaTOMHI BiJICTaHI BH3HAYaIN
32  MOJOXEHHSM  TEpIIoro  MakCUMyMy  TapHOI
KopemsliiHoi  (QyHKWii, a cepemHi Ta  cepenHi
KBaJpaTH4HI ~ MIDKaTOMHI  BiJACTaHI  OOYHCITIOBAIIN
BiJITIOB1/THO JIO CITiBBi/IHOIIIEHB:

"min
o rg (r) dr
‘o
min
09 (r) dr
‘o

BukopucroBytoun  TemmeparypHy — 3aJIeKHICTh
T'YCTUHH, a TaKOX TEMIEpaTypHi 3aJIeKHOCTI HaWOiIbII
IMOBIpHHX, CEepeQHIX Ta CepelHiX KBaJAPaTUIHHX
MDKaTOMHHX BijcTaHed, OOYHUCIIOBAIH KOEQIIEHT
TEPMIYHOTO PO3LIUPEHHSI.

1dr
r dT
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Jis OinbIn AETanbHOrO JOCIIKEHHS, ITPOBOANIN
PEKOHCTPYKINIO CTPYKTYpH PO3IUIABIEHOI EBTEKTHKH
Sns;Bisz obeprennm Meromom Monte-Kapmo (RMC).
Jlns  mporiecy MOJENIOBaHHS, CTBOPIOBAJIM KyOIdHY
KoMipky, sika mictiiia 10000 atomis. Po3mipu MoaensHOT
KOMIpKH OyJii BUOpaHi BiJIIOBIIHO 10 TYCTUHH PO3ILIABY

d(<r? >)%

(4)

b =
rms dT
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IIpU TeMIEepaTypi eKcriepuMeHTy. MiHIMalIbHO MOXJIUBI
BificTaHi Mixk aTroMamu Rj; mpuiiManu sik TOUKy nepeTHHy
JIBOI BITKH IEPIIOT0O MaKCUMyMY €KCIHEPHUMEHTAIbHOI
I[IK® 3 Biccro abcuuc. B pe3ynbTari, OTpUMYyBaIH
napiiagbHi MapHi KOpesmiiHi (yHKIIT, 32 TOMOMOroro
SIKMX BH3HAYAJIH HapIliaibHi Mi>KaTOMHI BiICTaHI Ta MEXi
nepiroi kKoopAuHalidHOI cdepu. Posmomin aromiB B
MOJICTIbOBAaHI  KOMIpIi ~ BHKOPUCTOBYBAJIM IS
PO3paxyHKy BUIBHOI'O 00'€MY BiIIOBITHO IO 3arajibHO
npuitHATOI MeToauku [23].

[1. Pe3yabTaTu Ta ix 00roBopeHHs

S BiZIOMO, OCHOBHI BHCHOBKH TIPO CTPYKTYPY PiJHH
MoxHa 3pooutn 3 aHamizyC® Ta (yHKIIH aToMHOTO
po3moniny, sKi po3paxoBylOTh Ha iX ocHoBi. Ha puc. 1

TEMIIEpaTyp.

HasiBHicTh Ha mpaBiii BiToi MakcumymiB  CD
HAIUIMBY y BHIJISI IUIe4a, OCOOIMBO MPH TeMIeparypax
ONMM3bKMX 10 TEeMIepaTypu IUIaBIICHHS, BKa3dye Ha
HasIBHICTH TPYII aTOMIB BIJICTaHI MK SKUMH € MEHIIUMHU
3a Haitbinbi iMoBipHi. Sk Gyno 3a3HadeHo B pobori [17],
B CIUlaBax Ha OCHOBI Bita Sn MoxnnBa HasBHICTH
IUMEpIiB Ha OCHOBI aTOMIB OTHOIO THIy, abo map
pizHOCOpTHHX aTomiB. CTpyKTypy TakuX CIUIaBiB
HEMOJKJIMBO OIMCATH B paMKaX MPOCTOI MOJIEIN TBEPIAUX
chep, ame MOXKIMBO Lie 3pOOMTH IIUIIXOM BBEICHHS
JIOAaTKOBOTO  BiJIITOBXYBAaJBHOO  Mapamerpa  Ha
BiacTansx o <r < \o. BignmosigHo g0 miei Momeni, 3MiHa
BUCOTH  mepiioro  makcumymy Cd  3ymoBieHa
aHaJIOTTYHOIO0 3MIHOIO CEPEIHBOI ATOMHOI I'YCTHHU Po.

Sk BUIHO 3 puc.2, BUCOTa nepioro Makcumymy CD
JHIHHO 3MEHINYEThCS 3 IABUIICHHSAM TEeMIEpaTypH.

s(k) ———— ——————————————————
1 — 420K
- - - 540K ]
] = 2 e 600K PN =
1 —-—--720K I oaa e
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Puc. 1. CD eBTeKTHYHOTO PO3ILIABY SNs7Bi 3.
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Puc. 2. TemnepatypHa 3aJeXHICTh BUCOTH Hepiroro MakcuMymy C® piakoi eBTeKTHKH SNs7Bi 3.

HaBeneno CO st piakoi eBTEKTUKU SNs7Bigs I Ieskux
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Taka moBemiHKa JAHOTO IapaMeTpy € THUIIOBOIO IS
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OUTBIIOCTI PO3IUIABIB  Ta BKa3ye HAa 3MCHIICHHS
CepelHbOI  KIJBKOCTI aTOMIB B ONUHHIN 00 €My
po3IiaBy. 3BaKarOUW Ha 3HAYHI B3aEMOJIi MK aTOMaMu
siKi (DOPMYIOTH JAUMEpPHU, 3MEHIICHHS CepPeIHbOI aTOMHOL
TYCTHHA TIpH  TeMmrepaTrypax, sKki  Onum3pki 10
TeMIepaTypu IUIABJICHHsS, HE MOXXE OYTH BHKIHKAaHE
30LIBIIEHHSAM MIKaTOMHUX BiJICTaHEH.

JiticHo, sk 0aynMMO Ha pHUCYHKa 3, IIiJIBHIICHHS
temriepatypu B Mexax 420—-950K Beme HaBiTh 10
HE3HAYHOI'0 3MEHIICHHS BiJCTaHEH, 1 Jume 3a
temnepatyp Bumux 950 K cmocrepiraemMo 301IbIICHHS
MDKaTOMHHX BijctaHed. Taka MoBemiHKa CTOCYETHCS HE
JIUIIIE HAaHOUTBIT iIMOBIPHUX MIDKATOMHHUX BiJICTAHEH, ajie
1 CepelHIX Ta CepemHiX KBaIpaTHYHUX MIKAaTOMHHX
BIICTaHEH, SKi BpPaxOBYIOTh AaCHUMETPII0 PO3MOMLTY
MDKaTOMHHX BiJcTaHEeH B Mexax TIePIIoi
KOOpAUHAIHHOT chepH IO BiTHOIICHHIO IO MOJOXKCHHS

3MeHIIEHHd MIDKATOMHMX BIJCTaHEld BIAIIOBIIHO
CYNpPOBO/IKYETHCS ~ 3MEHIIEHHSAM  KOOPIHMHAIIHHOTO
yucna (puc. 4.), M0 BeJe MO YIIBHEHHS CTPYKTYpH
OJIDKHBOTO TOPS/IKY B MEXKax HEpIIol KOOpIUHAIHHOT
chepu.

JeranpHimy iHQoOpMalio mpo TpaHCHOpMAIlio
CTPYKTYypH OJIMDKHBOTO TOPSIKY MOXKHa OTPHUMATH 3
aHayi3y = mapuiajlbHUX  CTPYKTYpHHX  IapaMeTpiB,
30KpeMa, MapliabHAX HAHOLIBII IMOBIPHHX BiJICTaHEH

. (puc.5) Ta mapmianbHMX ~— BiACTaHeW,  AKi

ij
XapaKTepu3ylTh MEXKY HepIIoi KOOpAWHaNiHHOI chepu
I‘ijmIn (puc. 6.). Sk Gaummo, MiJBUIICHHS TEMIEPATYpH
Bin 420K nmo 800—-900K Beme 10 3MeHIIEHHS
napiaJbHAX MIDKaTOMHHUX BiJCTaHel Ta MeXi mHepmiol
KOOpAUHAIMHOT chepH, IO CBITYUTH MPO YIIUILHEHHS
CTPYKTYpH B MeXaxX Iepuioi KoOpAuHAliiHOoi cdepu.

nepioro mMaxkcumymy IKO. IMomanpiie  MiABUINEHHS  TEMIEpPAaTypd  Belde 10
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Puc. 3. TemnepatypHa 3aJeKHICTh MIX)XATOMHUX BiJCTaHEHPIAKOIEBTEKTHKH SNs7Bigs
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Puc. 4. 3anexHicTs KOOPIUHAI[MHOIO YUC/Ia BiJl TEMIIEPATYPUPIIKOT €BTEKTUKU SNs7Big3,
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Puc. 5. TemnepatypHa 3aJeXHICTh MapIialbHAX HAHOLIBIIT IMOBIPHUX MiXKaTOMHHX BiJICTaHEH pO3ILIaBy SNs;Bijs
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Puc. 6. 3anexHicTh MEXi IEPIIOi KOOPAUHAIIIHHOI chepH Bifl TEMIIEPATYPH PiZKOTI eBTEKTUKH SNs7Bigz,

3pOCTaHHs BKa3aHHWX MapaMeTpiB,BKa3ylOud TUM CaMHUM
Ha 3HAaYyHI CTPYKTYPHI NEPETBOPEHHS B PIiJKOMY CTaHi.
IarepBan Temneparyp 800-900 K, B sikomy BiiOyBaroThCst
3MIHM ~ TEMIEpPAaTypHUX  3QJIKHOCTEH  OCHOBHHX
CTPYKTYPHHUX napamerpiB, CHiBNA/IAI0Th 3
TeMIlepaTypaMi aHOMaJIbHUX 3MiH eJIeKTPOIPOBiTHOCTI
Ta B'SA3KOCTI PiAKOI €BTEKTHKH SNs7Bigg[20, 23]. Taki
aHOMaJIbHI 3MIHM BKa3aHUX CTPYKTYPHO YYTJIUBHX
BJIACTHBOCTEH  MOXXYTh BHUHHKATH B  PE3YJbTATI
CTPYKTYPHHUX TIEPETBOPEHB, SKi CYNPOBOIDKYIOTHCS
3MEHILEHHSIM PO3Mipy KJIacTepiB y piJMHI Ta NEpPexoay
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BiJl MIKPOHEOIHOPIAHOT CTPYKTYPH IO PO3YHHY.
TemrmepaTypHi 3aJeKHOCTI MIXXaTOMHHX BiJICTaHEH
i HaM ~ MOXJIMBICTh ~ OOYHMCIHMTH  JTOJATKOBO
KOe(ILiEHT TEPMIYHOIO PO3LIMPEHHS JOCIIIKYBaHOI
€BTEKTUKH B MeEXax IepIIoi KOOpJHMHAIHHOI chepu
(moxanpHMI KOE(DIIIEHT) BiAMNOBIAHO 0 CHiBBiJAHOIIEHD
(2)-(4) Ta mopiBHATH 3 KOEDIIIEHTOM PO3MIUPECHHSI
00YHCIICHUM 3 TEMIIEPATYPHOI 3aIeKHOCTI I'YCTHHH (pHC.
7). Sk Gauumo, B TemrmepaTypHomy intepsami 420 —
950 K nokanbHuid KOE(II[iEHT TEPMIYHOTO PO3LIMPEHHS
€ HCTaTHMBHUM, B TOW dYac sK 00 eMHHH KoeQillieHT
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TEPMIYHOI'O PO3NIMPECHHS OOYMCIICHUH BIAMOBIAHO IO
TEMIIEPaTypHOi 3aJIeKHOCTI TYCTUHH € JOAaTHIM Yy
BCBOMY 1HTepBami Temmeparyp. Taka ocoOiauBiCTH
TEMIIEPaTYpHOI 3aJIKHOCTI KOe(iliEHTY TEepMiYHOro
PO3LIMPEHHSI CBIMYUTH TPO YIIIJIBHEHHS JIOKAIBHOI
CTPYKTYpPH piAMHM B MeXKaxX IepuIoi KOOpAWHAaiHHOT
chepu pasoM 31 30UTBIICHHAM 00 €My pIiAMHU B
pe3ynbTaTi TEpPMIYHOrO pO3IMIMpPEHHs. Taki 3MiHH €
MOXIIUBHMHU JIMIIE Y BUNAAKY TpaHchopMmarii BiIBHOTO
00’ eMy B pO3ILIABI.

BukopucToBytoYr po3IOIiN aTOMIB B KOMIpIi JUIst
MOJICTFOBaHHSI CTPYKTYpU OOEpHEHUM MeTonoM MoHTe-
Kapno 0yno mopaxoBaHO BiibHHI 00’ €M BiAITOBIIHO O

Merofy, omucanoro B po6oti [22] (puc. 8). Ha mpomy

PHCYHKY HaBEICHO BiJIHOCHHMH BIJBHUHA 00’ €M , Vf /V

(tyr V - 00'eM MomenbHOi KOMIpKM 3 aroMaMmH), Ta
BIMHOCHHH (DIyKTyaIlifiHUN BUTbHHNA 00’ €M Vi /V. Sk

BUJHO 3 PHUCYHKa, MOPaXOBaHWH BIIHOCHWH BUILHHI
00'eM Mae BeNWKI 3HAYEHHA [0 CHPUYHUHEHE
MIEpEeKPUBAHHIM BIIUCAaHUX B TMOPOXKHUHH cdep, SKIIO0
MOPOXXKHUHU MaloTh PO3MIpU CHiBMipHI abo Oinbmii 3a
po3Mip aroma. J[is BU3HAYEHHS CTYIEHS IMEPEKPUTTS
Npyu  pI3HUX  TeMmIeparypax Oylo  MOpaxoBaHO
BIJIHOIICHHS BUILHOI'O 00 €My OOYHCIICHOrO 3a JaHUMHU
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Puc. 7. TemnepatypHa 3aJeXHICTh KOS(illiEHTa TEPMIYHOTO PO3UIUPEHHS EBTEKTHKU SNs7Bi43.
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TYCTHHHU VO, 0 BIIBHOTO 00’ €My Vf. Sk Gaunmo,

CTYMiHb NEPEeKpUTTs ckianae Oxm3pko 35%. [uHamika
3MiHH BIJIBHOTO 00’ €MY 3 TEMIIEPaTypOIO y3TOKYETHCS 3
MIDKYBaHHSIMH  BUKJIQJICHUMH BHUIle. 30Kpema, B
intepani Ttemmepatyp 420-900K cmocrepiraerbes
30UIbIIEHHST BUIBHOrO 00'€My, a TpH MOAAIBLIIOMY
HarpiBaHHi BiH HaBiTh JIENIO 3MEHITYEThCS.

BucHoBkn

B pesyabrari nmOCHiIKEHHS CTPYKTYpW — piakoi
€BTEKTHKH SNs7Bigs B IMUPOKOMY iHTEpBaAJi TeMIEpaTyp
(420 -1120K) BCTAHOBICHO HEMOHOTOHHY 3MiHY
3HAa4eHb MDKATOMHHMX BiJICTAHEH B Mexax Hepuol
KOOpJMHAIlHHOT cdepu. Bussieno, mo B okoii
temriepatyp 800 —-900 K BinOyBaerbcs 3MiHa 3HaAKYy
TEMIEepPaTypHOI 3aJIC)KHOCTI K MIKATOMHHX BiJICTaHEH,
Tak 1 BEJIMYMH IIOB's3aHMX 3 HUMH — 00 €MHOTO
Koe(illieHTa TEpMIYHOTO PO3UIMPEHHS Ta BUIBHOTO
00’'emy. Bin'emHi 3Ha4YeHHs JIOKaJbHOro KoedimieHTa

[1]
[2]
[3]
[4]
[5]
6]
[7]
(8]

TEPMIYHOTO PO3UIMPEHHS BKa3yIOTh HA YIIIIbHEHHS
CTPYKTYypH ONIKHBOTO IOPSIIKY B MeXax Hepiol
KOOpJIMHAIIHHOT cepH, B pe3yJbTaTi 4oro Bil0yBaETHCS

30inblIeHHss BuUTbHOrO 00'eMy. Ilpm  mocsrHeHHi
temriepatypy 800K  BimOyBaroThcst  CTPYKTYpHI
MIePETBOPEHHS TTOB’ sI3aHi 3 MIePEX0JI0M BiX

MIKPOHEOJHOPIAHOT OY/I0BH PO3ILIABY 10 CTATHCTHYHOTO
PO3TONITY aTOMIB B PE3yJIbTaTi YOro Mi>KaTOMHI BificTaHi
B MEXax IepIIoi KOOPIUHAIINHOI cepu 3pOocTaroTh, a
IIBUIKICTh 30UTBIICHHS BUILHOTO 00’ €My 3MEHIIYETHCS.
Bkazanmii TemmepaTypHuil  iHTEpBaJll  CTPYKTYPHHX
MEepEeTBOPEHb  Y3TOJDKYEThCA 3 TEMIEpaTypHUM
IHTEpPBaJIOM 3MIiHM B'SI3KOCTI Ta E€JIEKTPONPOBITHOCTI
CIUTaBiB cucteMu SN-Bi.

HImaonaeun 1. I. - xangunar ¢i3uKo-MaTeMaTHYHUAX
HayK, TOLEHT Kadeapu (i3uku MeTaiB;

Mpyopuit C. I. - noxtop (i3UKO-MaTEMaTUYHUX HAYK,
3aBiqyBau KadeapH (izuku MeTaiiB

Jwokesuy Y. I. - Monoanmii HayKOBHI CHiBPOOITHHK
kadenpu Gi3uKu MeTaiB.
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[.1. Shtablavyi, S.I. Mudry, U.l. Liudkevych

The Transformation of the Structure at Heating and M echanism of Ther mal
Expansion of Sn-Bi Eutectic Alloy

Ivan Franko National University of Lviv, Kyrylo and Mephodii str., 8, 79005 Lviv,
Ukraine ihor.shtablavyi @I nu.edu.ua

The short range order structure of Sn-Bi liquid eutectic aloy in the temperature range of 420-1120 K have
been investigated by means of high-temperature diffraction and Reverse Monte-Carlo methods The temperature
dependencies of the interatomic distances within the first coordination sphere and volume coefficient of thermal
expansion have been obtained. Our studies allowed us to establish the existence of structura transformation in
liquid eutectic aloy and define the temperature limit of this transformation. It was reveaed that in the vicinity of
temperatures of 800-900 K a change in the sign of the temperature dependence of interatomic distances aswell as
variables associated with them occurs. Negative values of local therma expansion coefficient indicate the
compaction of short range order structure within the first coordination sphere, resulting in an increase in free
volume. At atemperature of 800 K the structural changes associated with the transition from microheterogeneous
structure to statistical distribution alloy is occurring. Results of our investigations can be used to improve the
technol ogy of forming solder jointsin e ectronics and other related industries.

Key words:. the structure of the near order, therma expansion, free volume.
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Beryn

[omimMepHi MarepinM IIUPOKO 3aCTOCOBYIOTH Y
Cy4acHOMY OyIiBEIbHOMY IH)KEHEpPHOMY OOJaJ HAHHI,
HEBIWHHO ITiIBUIIYIOYU BUMOTH JIO TX TeXHIKO-(i3NnIHIX
Ta XIMIYHUX XapaKkTEPUCTHK, 30UIBIIYIOYH TEpMiHM
eKCILTyaTallii 3 Takux marepianiB. OMHUM i3 HampsMKiB
BUKODHCTaHHS €  IOJNIMEPHUX  MarepialiB €
TpyOONPOBOOM Ta TPYOONPOBiHA TEXHIKA, SIKY
BUTOTOBJISIIOTH 13 Pi3HUX TEPMOIUIACTUYHHUX MaTepiajiB i
iX KOMITO3MIIIM, TAaKUX SK IOJCTHJICH, IMOJIMPOIIICH,
MO BIHIIXJIOPU, MOTIOYTHIICH, MOJTiaMia, Pi3HUX BHUJIIB
HAIIOBHEHWX TMOJIMEPiB Ta PEaKTOIUIACTiB  TOIIO.
Haiiyacrime st mux Iijiedd, SIK OCHOBHHHA MaTpUYHHIN
Marepian, B)KMBAIOTh TIOJMICTHJICH BHCOKOI IMIJIBHOCTI
(HDPE) xiacis IIE 63, TIE 80, IIE 100 i ITE 100+,
MOCTIHHO 3MIHIOIYM 1 MiAOUpalOYd KOMITO3HUINIHHI
CKJIaJi{, 3aJIGKHO BiJ MOTped criokuBaviB. JlocmimKeHHS
MEXaHIYHUX  XapaKTEpUCTHK  IOJIMEPHUX  3Pa3KiB,
MPU3HAYEHUX Ul BUKOPUCTaHHS B CHCTEMax TPYOHOro
BOJIONIOCTaYaHHsl, TPOBOMATH 3a 12 OCHOBHHMH
MOKa3HUKAMHU, Cepell SKHUX CIiJ| BUAUIMTH BU3HAYCHHS
poboUoro Ta MakKCHMalbHOrO pPOOOYOro THCKY, MeXa
TEKY4OCTi TIPH PO3TATYBaHHI, BiJTHOCHE MTOJIOBXKEHHS MIPH
PO3pHBI, CTIHKICTh J0 MOBIIBHOTO MOITHPEHHS TPIIIMHY,
OITip yaapy Majgaroyoro BaHTaXy TOLIO.

Mertoro poboTu Oya0 MOCHIIKEHHS MeEXaHIYHUMHU

XapaKTepUCTUKAMH  TOJNIMEpHUX  MaTepiaiiB,  sKi
BUKOPHCTOBYBAINCh y HANIPHUX TPYOHHX BUpOOax IJist
XOJIOJHOTO ~ BOJAOIIOCTAQYaHHS, a TaKoX BHBYEHHS

MOopGoJIoTii IX TOBEPXHi.
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Tpyou Ta iHImI [eTanmi BOJONPOBITHUX CHUCTEM
BHUT'OTOBJISUTM JIUTTAM IiJ THUCKOM 13 Moau(iKOBaHOI
KOMIIO3HIIiT MoNieTueHiB Hu3bkoro (mMapku IME2HT11-
285]1 (TIE 100)) i Bucokoro (mapku ITEBT 15803-020)
TUCKY. 3acTOCYBaHHs IIOJNI€THJICHY HU3BKOTO Ta
BHUCOKOTO THCKY Oyno 0OyMOBJIEHO OTPHUMaHHSIM
MONIMEPHOrO  Marepiany i3  BHUCOKUMH  (i3uKO-
MEXaHIYHUMH,  TEXHOJOTIYHMMU  Ta  XIMIYHUMH
XapaKTEePUCTUKAMH. Sx MoauikaTopu
BUKOPHCTOBYBaIM CcyMill (heHonbHOro Ta (ocditHOrO
aHTHOKCHIAHTIB, BimoMy sk “IpraHokc B225FF’, a
TakoX TponeciHroBy mobaeky “Dynamar FX 59117,
TeXHIYHUI ByrIelp (caxy) Ta (hapOyBaabHi MIrMEHTH.

CTiliKiCTh TIpU TOCTIHHOMY BHYTPIIIHBOMY THCKY
BuzHavany 3rigHo ['OCT 24157-80 Ha Tppox mpobdax, i3
KOXKHOI TNpoOM BHUIOTOBJSIM MO OJHOMY 3pasKy.
BunpoOyBaHHs NpOBOAWIN Y BaHHI 3 BOJOIO 13 33/1aHOI0
TEMIIEPaTYpOIO Ha 3pa3Kax, Ha KiHIIIX SKUX BCTAHOBJIEHO
3aTJIYIIKK 1 CepeAUHY AKUX OYIIO 3aIlIOBHEHO BOJOKO MPH
TUCKY Pesynpratn  BUIpoOyBaHb  BBaXKAJIUCh
3aJI0BIIBHUMH, SIKIIIO YCi 3pa3ku HE 3a3HAllM pYHHYBaHb
MPOTSITOM KOHTPOJIBHOTO Yacy BunpooyBans y 100 rog.

Mexy TeKydocTi NMpH pPO3TATYBaHHI Ta BiJHOCHE
TIOZIOB)KEHHS TIPY PO3PUBAHHI BU3HAYAIH Ha MOIEPETHHO
BUTOTOBJICHUX IT SITW 3pa3Kax-JionmaTtkax, THUIl SKHX
0o0Hpasi 3aJIeKHO BiJl 3HAUYEHHS! HOMIHAJIbHOI TOBIIMHU
CTIHKHM Ta 30BHIITHHOTO HOMIHAJBHOIO JiaMeTpa TpyOH,
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Puc. 1. CrpykTypa NOBEpXHI BHXIJHOrO 3paska i3
MoaudikoBaHoro Tepmoctabdimizaropom (7 Bar. %)
nomieruneny [TIE2HT11-285]] (X500).

srizno 'OCT 26277. [locmimKeHHs NpPOBOAWIN 3
BUKOPHCTAaHHIM po3puBHOI Mammuu ity 2054 P-5,

JlocmimKeHHsT MIKPOCTPYKTYpPH ITOBEPXHI BUXiIHUX
Ta MiAJAHUX CTAapiHHIO 3pa3KiB TPyO NMPOBOIWIUCS Ha
CKaHyIuOMYy eneKTpoHHoMY Mikpockori EVO 40XVP 3
BHCOKOIO PO3JLJIBHOI0 37aTHICTIO 13 30inbmienHsm 200-
20000 pa3. [ns 3abe3redeHHs] KOHTPACTHOCTI 3pa3Ku
T AJISIralTy rorepe Hii ioHHiH ouncTi Ha npunaii BYTI-
4, e TPOBOAWIOCA HAIMIEHHA QIIOMIHIIO Ui
3a0e3Me4eHHs] CTOKY 3apsiIiB.

1. Pe3yabTaTn

Pe3ysnpraTi HOCTiIKEHHS TOKa3HUKA CTIMKOCTI MPHU
HOCTIHHOMY BHYTPIIIHBOMY THCKY HEpIIOINOYaTKOBO HA
TpyDOax, BUTOTOBJIEHUX MO0 12 BapiaHTax KOMIIO3WILIH i3
noMieTHsIeHy 3 Moau(ikyrounMu 100aBKaMH, Ta JIMIIE Ha
5 BapiaHtax 1mHMx TpyO, sKi Oynum B eKcIuryaramii
npotsiroM 6 pokis.

Haii6inbury CTIHKICTh pu MOCTIHHOMY
BHYTPIIIHBOMY THCKY BHSBWIM TPyOM BHI'OTOBJICHI i3
kommo3uiii, B siky Bxoaus [IEBT 15803-020 (ix 12 mo
16 Bar.%), a momatku Ipranoxcy B225FF ta Dynamar
FX 5911 — 1,0 (mo 2Bar.%) mie TpimKe 30iNbITyBATH

MOKA3HUKH CTIHKOCTI BUPOOIB, BETMUUHA SIKHX 3pOCia y
Mexax 8 - 10 % mnopiBHSHO 3 HOPMAaTHUBHUMH. 3TiIHO
Bumor JICTY B.B.2.7.151-2008 criiikictb TpyO i3
nomerwieny 3a temrneparypu 293 K npu mocrifiHomy
BHyTpimHboMYy THUCKY Boau 0,988 MIla i moyarkoBomy
HaINpy)XeHHI B CTiHIl 3pa3ka 12,4 MIla noBuHHa OyTH He
menmie 100 ron. Ilpm pyiinyBaHHI Takux TpyO Ha ix
TOBEPXHI 3'SBISUIACh HHU3Ka TPIIIUH, SKi CIPUYUHSIIN
MOCTYIOBE MaJiHHA TUCKY BCEPEIMHI BHUIIPOOYBAaHHX
3pa3kiB. BuxigHi 3pa3ku  NONIETHIEHOBUX  TPYyO
XapaKTepU3yBaJNCh BHCOKMMH 3HAYCHHSMH  Mexa
TEKy4OCTi TpU pO3TATYBaHHI S, (Bix 26 MIla s
IE2HT11-285/1 no 33MIla amd KOMIIO3HUIIHHOTO
HOJieTWIICHY) Ta  BiJHOCHOTO  IOAOBXEHHS  IIpU
pospusanHi E,, (mo 900 %), npuuomy moamdixoBaHi
3pa3kd MajM Jemo Kpamy MokasHukd. CTpykTypa
MOBEPXHI TaKWX 3paskiB Oyna pIBHIMIOW, i3 MEHIIOI0
KIUJIBKICTIO JIe(heKTIB y BUTJISIII TPILIMH Ta KaBEepH, MpOTe
y Moau(iKOBaHUX 3pa3kax i3 30LIBIICHOI KUIBKICTIO
MPOLIECIHTOBUX  JIO/IaTKIB, TepMocTalimi3aTtopiB  Ta
ruiactudikaTopa criocTepirany BUAIJICHHS Ha MOBEPXHI y
BUIIISAAI KynbOK (puc. 1).

VYV 3paskax, sKi EKCIUIyaTyBaJlWCh, HE BHSBIIIH
BUAUMHUX  JeeKTiB  IOBEpXHI abo  MeXaHIYHHX
MOMIKO/DKEeHb. [IpoTe BHYTpilIHSA MOBEpxHI Tpyo Oynu
HIOKPHTI 0CaoM, CKJIaJ AKOro 30iraBcs i3 CKIagoM BOIH,
110 TpaHcmopTyBanack (puc. 2) [1].

3Ha4yeHHsI HOKa3HHUKa CTIHKOCTI MPOKOHTPOIBOBAHHX
3pasKiB, L0 EKCIUTyaTYBAIHCh TPUBAJIMH 4ac, BiI4yTHO
3MeHImmIoch 1 cranoBuio MeHme 80 roa. I numie 3pasku
i3 MOIU(IKOBAaHOTO KOMIIO3HMIIIHOTO  TOJIETUIIEHY
MIEPEBUIIYBAIM HOPMATUBHI BEIIMYUHU 110 CTIHKOCTI.
XapakTepHOI0 PHCOI0 PYIHYBaHHS TAaKHUX 3pa3KiB IpPH
JIOCITI/DKEHHSX Ha CTIMKICTh OYyB HANpsMOK ITOIIUPEHHS
TpiH — 0OOB’SI3KOBO B3/OBXK 3pa3ka. Ekcruryaramis
HPOTATOM POKY IOJIETHICHOBHUX TPYO, BUTOTOBJICHHX 13
INE2HT11-285/1, BusgBHIa  HE3HAYHE  3HIDKCHHS
MEXaHIYHUX XapaKTePUCTUK Spr HE IEPEeBHIYIO
25,3 MIla, a E,,, dikcyBanoce Ha piBni 930 — 970 %. ¥V
TaKuX 3pa3Kax METOAAMH EIEKTPOHHOI MiKpOCKoIii 0yIo
BUSBIICHO 3POCTaHHsS KPHCTANIYHOCTI Ha iX IOBEpXHI,
BiJIMIOBITHO 30UIBIIMIIACH KINBKICTh JAE(EKTIB y BUTIISII
HOp Ta KPUCTANiYHMX HamlapyBaHb. Po3Mipu Takux
YTBOpEHb TE&XK 3pocid. Tak mmpuHAa  TpilIUH
30inbIMnack Big 1 MKM 10 2 MKM, a JiaMeTp mop — BiJ

Puc. 2. Ocan Ha BHYTpIlIHI il MOBEpXHi CTIHKM ToTiMepHOT Tpyou (MaTepian — [IE2HT11-285]] i3
TepMOCTabisIi3aTopoM), IO eKCINTYaTyBaIach MPOTAroM 6 POKiB y BOJOIOCTAYaIbHUX MepeKax
(a —X500; 6 —X2000).
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Puc. 3. 36inbmenHs qedeKTHOCTI TOBEpXHI TpYOH 13 MOIH(iKOBaHOTO MOIETUIIEHOBOI'0 MaTepiany
(TTE2HT11-285]/1 + 7 Bar. % TepmocTadinizaropa), 1o eKkcIuryaTyBaiachk nporsroM 1 poky: a — X500; 6 - X5000

0,5 MM bi(o) 1- 1,5 MxM, MIOPiBHSHO 3
CBIXKOIIPUIOTOBAaHUMHU 3pa3kami (puc. 3).

HacrynHa ekcrumyatamiss TpyO i3 Moau¢ikoBaHOTrO
[ME2HT11-285/ He mnpuBoAWia A0 MOAAJIBIIOTO
HOTIpIIEHHS  MEXaHIYHMX  XapaKTEePHCTHK,  IPOTe
MopQoJIoTisl TMOBEPXHI TaKMX 3pasKiB craja OuIbII
penbedHa, 3apOPKYIOTHCS TPIIIMHA Ha MEXi pO3IiTy
¢as, mo  30UIBIIYIOTBCS B poO3Mipax  Ta
KOHIJIOMEPYIOTBCS, MOSBISIOTHCS IIOpH, 00 €IHAHHS
SKUX MOXKE TIPU3BECTH JO PO3PUBIB MATPHUYHOTO
MaTepialy, Ha IOBEPXHI JAESKUX IUISTHOK KOJO IIOop
BHUTICHSIOTHCSI MOAU(IKaTOPH Ta 6GapBHUKH (puc. 4).

Haii0inpin CTIHKUMH Ta BHUTPUBAIUMH 10 YMOB
eKCIUTyaTalii BHABWINCH TpPyOH i3 MoAn(iKOBaHOTO
KOMITO3UTHOTO TOJieTWIIeHY, B CKJaJ SKOrO BXOIHIN
IE2HT11-285/1 Ta ITEBT 15803-020, aHTHOKCHIAHTH,
MTMEHTH Ta TPOIECIHrOoBI JodaTku. Marepian Takux
Tpy0 ~ MaB  HaiiBHIII  TOKa3HUKH  MEXaHIYHHX

XapaKTepUCTUK, TIOBepXHs Oyna Oinbll piBHIIIA, 3
MEHIIIOK KiJIbKicTIO AedekTiB (puc. 5).

- .

Puc. 4. Crpykrypa mNOBepxHi TpyOM i3 MOJiETHICHY
MME2HT11-285/1 + 7 Bar. % TtepmocradinizaTopa, M0
nepebyBaia B ekciutyaTaiiii mpotsirom 6 pokis (X500).

[11.O6roBopenHst

OTpuMaHi pe3yiabTaTH JOCHIPKEHb MEXaHIYHHX
XapaKTePUCTUK TMOJICTHICHOBUX TPYO IS XOJIOIHOTO
BOJIONIOCTaYaHHs] ~ HE3HA4YHO  BIPI3HSIOTBCA  BiA
OTpUMaHMX iHOIMME gochigHukaMu [2, 3]. OcHoBHI
BIJIMIHHOCTI y MOKa3HHKAX HOCATh CKCICPUMEHTATbHUI
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XapakTep Ta € Ha pIiBHI HOMHJIKH JIOCIHi/KEHb.
Moaudikaiis MmaTepianiB, 4acTKOBa 3MiHa iX CKJIaxy
NPUBOAUTH JO BiAMIHHOCTEW Y (i3UKO-MEXaHIYHHX
XapaKTepUCTUKAX MarepiaiiB, sIKi MiJCHUIIOIOTECS TI0
MIpi CKJIaJCbKOTO CTapiHHA Ta eKcIUTyartalii BHpOOIB.
ToMy BaXKJIMBUM € BHSBHTH HAIPSIMKH IIPOXOIKCHHS
CTapiHHS Ta TmependaYuTH BXKE Ha paHHId cranii
KHUTTEBOI'O IMKIY BHUPOOY HOro MOBEIIHKY B TpHBANii
eKCIUTyaTarii npu HaBaHTaXkeHH1. [{ist 3anobiranHs Takol
neeKTHOCTI BHKOPUCTOBYIOTH TIOJIIETHIICH, SIKHHA €
BUCOKOIUTACTUYHIM MatepianoM, 3[JaTHUM YHHHUTH OIIp
JOCTATHBO BEJMKUM JedopMallisiM, He BTpadarouu CBOET
poboro3gatHocTi. [IpoTe B EeBHUX yMOBax eKCILTyaTawii
TaKUX SK HU3bKI TeMIlepaTypd panToBi yAapHi
HaBaHTaXeHHs, Jedopmanii 3CyBy, IMOJETHIEH MOXKe
craBatd kpuxkuMm [4, 5]. KpiM 1p0oro, BHKOpHUCTaHHS
Tpy0 Ui Trapsdoro Ta XOJOJHOIO BOJOIOCTAYaHHI,
KaHAT3alifHUX MepeX, Ta30MOCTayaHHs BHUSIBUIO
HeOaXxaHy JUI1 CIOXKMBada TEHAEHLII0 Yy 3MiHax
BJIACTHBOCTEH OyJb-siKOro TpyOHOro Mmarepiany
MOXIIUBICTh TOSIBU Je(EKTIB, IO OTPpUMAaIM Ha3By
“IIBHUJIKE PO3MOBCIOKEHHs! TpituH” [6]. ToMy omHi€ero 3
TOJIOBHHX XapaKTEPHCTUK, SIKi BH3HAYAIOTh SIKIiCTh
TIONIETHIEHOBOT KOMMO3HUIT /jIsi BUPOOHHIITBA TPYO, €

MOKa3HUK  “CTIMKICTh [0 IIBUIKOTO  IOUIMPEHHS
TpimmH” .
JlocnmipKeHHsIMA ~ BCTAHOBJIEHO,  MOJAW(IKOBaHHN

KOMIIO3UTHHI IOJETHICH HaWOUIbII BJAAJIO IMiIXOOUTH
SK MaTepiajJ TPyOHUX BOJOTOHIB, BHSBISFOYM BHCOKI
XapaKTepUCTUKH 3  CTIMKOCTI TP  TOCTIHHOMY
BHYTPIIIHBOMY THCKY Ta YIapHMM HaBaHTa)KCHHSIM
[ajayoro BaHTaxy. Takuil MaTepiaa MeHIIe miyisrae
CTPYKTYpHUM 3MiHaM, 30epirae mo4yaTtkoBui (a3HHi
CKJIaJ, He3HAYHa CTYMiHb KpHUCTaNi3amii IpH CTapiHHI,
BIATIOBITHO XapaKTepU3yIOThCS HIOBEPXHEBOIO
CTPYKTYpOIO i3 HE3HAYHOI KUIBKICTIO Je(eKTiB.
Hesnauyni pomatkn wmomudikaropa He CHPHUYUHSIOTH
TOTIPIIEHHSI  CIIOKMBYMX Ta  CaHITApPHO-TITi€HIYHHX
MOKa3HMKIB TpaHcroproBaHoi Boau [1]. 3Buuaiino, 1o
TEXHOJIOTiSl BHTOTOBJICHHS TaKUX TPyO TEX BHMarae
HEBHOIO  yJIOCKOHAJEHHsS,  OCKINBKM  BHUHUKHEHHS
0araTboX IIOYAaTKOBUX Je(eKTiB MOXKHA BIJHECTH [0
TEXHOJIOTIYHUX HEMOJIKIB BUTOTOBJIEHHs (HEBiAMOBIqHA
TeMIepatypa  TOJNOBKM  eKCTpynepa,  HEIOCTaTHs
KiJIbKiCTh iacTudikaTopi) [7]. B maiiOyrHpoMy Taki
MICIIS IPU eKCIUTyaTalii Ta CTapiHHI CTaloTh 00NacTIMU
KOHIIGHTpAIil HampyXeHb, SKi IOCHIIOIOTBECI 3-32



BruuB yMOB ekcrutyaTanii Ha CTpYKTYpy Ta (i3UuHi BIaCTUBOCTI. ..

Puc. 5. Burisia noBepxHi TpyOu i3 MOITU(IKOBAaHOTO KOMITO3UTHOT'O MTOTIETHIIEHY ITiCIsl 6 POKiB eKCILTyaTarii
(a —X 500; 6 — X 1000).

TEPMOOKHCIIOBAJBHOI ~Ta  MEXaHIYHOI  JeCTPYKIIii,
Tipoi3y, MO NMPUBOJUTH J0 MOCTA0NIEeHHS MeXaHIuHHX
XapakTepuctuk  Marepiamy.  Ilpore,  mpoBezeHi

JIOCII/DKEHHST Ha Marepiasax TpyO, BHIOTOBJICHHX 13
HOJIieTWIICHY BHCOKOIO Ta HHU3BKOIO THCKY, IO
nepeOyBanu B ekciuryatauwii no 15 poki, BuUsBHIH
LiKaBy  3aKOHOMIPDHICTH Y  3MiHI  MEXaHIYHHX
XapaKTEPUCTUK IIJBUIIEHHSA IIOKAa3HUKIB 3 Mexi
TEKy4OCTi NMPH PO3TATYBaHHI y IMEpLIl I ATh POKIB Ta
HOHIDKEHHS X 3HA4YeHb IIPU MOJANIBILIIN eKcIuTyaTamil
[8]. 3posymino, 1m0 Taki 3pOCTAHHS MEXaHIYHHX
MOKA3HUKIB ITOB’3aHO 13 301IBLIICHHSIM KPUCTATIYHOCTI
MONieTHIEHy y Tepiri poku ekcruryaramii. [lpwm
HACTYIHII eKcIuTyaTanii I[i MOKa3HUKU 3HIKYIOTCS 3-32
3poctaHHs Je(EeKTHOCTI OCHOBM IO JiHIl po3airy
amop¢dHa-kpucraniuna ¢asza. Taki mpouecu He HOCHIN
JUIi  TpyOHMX BHpPOOIB KartacTpoiuHUX HACIIJKIB,
OCKIJIbKM BUKOPHCTOBYBAJINCh [UIsl ipUraliiiHUX poOiT,
J€ HE 3aCTOCOBYBAJINCh  JIONAaTKOBI  MeXaHiuHI
HaBaHTa)XEHHs, SIK IPM MOHTYBaHHI, Tak 1 B Tporeci
eKCILTyaTallii.

[1]
[2]
(3]

[4]
[5]
6]
[7]
(8]

221(1), 269 (2015).

2010).
NEPROPLAST HDPE Pipes for
www.neproplast.com; www.namat.com).

M. Ce3onos, ITomumephsie Tpyost 5(4), 32 (2007).

A.M. Ollick, A.M. Al-Amri.
Documents/1010.pdf

Water, Gas & Sewage Systems.
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CTpyKTypa MOBEPXHi KOMITO3UTHUX ITOJTi€TUIICHOBHX
MaTepiajiB, y SKUX MPUCYTHI MOIM(]iKyroui AOAATKH Ta
JIOMIIIKK, HE MiJrafae OCOOJMBHM 3MiHaM HaBiTh NPH
JONATKOBHX YAAPHUX €KCIUTyaTalliiHUX HABAaHTAXKCHHSX,
a X MexaHIYHI XapakTEpPUCTUKH MAalOTh 3aJI0BiIbHI
3HAa4YeHHs TPUBAIMH yac. TakuM YHHOM, BCTAQHOBIICHO,
IO BUKOPHCTAHHSI MOJM(IKOBAHOIO KOMIIO3UTHOTO
HOJIieTUIICHY JUISl BUTOTOBJICHHS TPYO JUI XOJOIHOTO
BOJIONIOCTaYaHHs CHpUsie JOBrOTpHBANid crabimizamii
MEXaHIYHHX XapaKTepPUCTHK MaTepiay.

Jlomanuyeeuu H.I. - npodecop, TOKTOpP TEXHIYHUX HAYK,
npodecop kadeapu TOBapO3HABCTBA Ta TEXHOJOTIH
HETPOJI0BOJILYUX TOBAPIB;
Hlynsxina O.B. - xaHmuIaT TeXHIYHUX HAYK, aCUCTEHT
Kadenpu TOBapO3HABCTBA Ta TEXHOJIOTi}
HETPOJI0BOJILYUX TOBAPIB;
Auuwun B.II. - npodecop, JOKTOp TEXHIYHUX HAYK,
npodecop kadeapu TOBapO3HABCTBA Ta TEXHOJOTIH
HEIPOJ0BOJILYUX TOBAPIB.
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I nfluence of Operating Conditions on Structure and Physical Properties of
Polymeric M aterials

Lviv University of Trade and Economics, 79008, Ukraine, Lviv, Tugan-Baranjwsky str. 10, e-mail:
nina. domantzevich@gmail.com;, bogdan.yatsyshyn7@gmail.com

The changes of structure and physical properties of polymeric materias that exploited in a long time with
complex mechanical loads used in pipe systems for high-pressure cold water, have been studied. Established a
significant reduction in mechanical properties of polymeric materials. The most typical structural defects that
occur in polymer materials during manufacture and in the exploitations, using eectron microscopic studies
identified.

Keywor ds: polymers, polyethylene, mechanical properties, surface structure.
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Beryn

OCHOBHOIO ~ OCOOJIMBICTIO  TEpMOENIEKTPHYHHUX
TeHepaTopiB 3 MOMDK YCIX IHIIMX aJbTePHATUBHHUX
JDKepell eJICKTPUYHOI eHeprii € iX aBTOHOMHICTh Ta
3HAYHMUI TepMiH ekcrutyaramii [1]. JIJIs BHTOTOBJICHHS
aktuBHuX eneMeHtiB TEI, mo mnpamtoroth B obnacti
TeMIepaTyp 300 - 500°C HaAHOLIBII IIHPOKO
BUKOPHCTOBYIOTBCS MaTepiaid Ha OCHOBI ILTIOMOyM
tenypuny. OHUM 3 OCHOBHHX NUISIXiB HMOKpAIIEHHS X
TEPMOENIEKTPUYHHUX MapaMeTpiB, 3 METOI0 IiIBUILECHHS
Koe(illieHTa KOPHUCHOI [il, € JIEryBaHHS Ta CTBOPEHHS
TBepAuX po3umHiB. Ilpm 1BOMy, HeEOOXimHUM €
ITiIBUIIEHHST TTUTOMOI €JIEKTPOIPOBIAHOCTI MaTepiany i
koedirienta TtepMo-EPC Ta, ofHOYacHO, 3MCHIICHHS
Koe(illieHTa TEeIIONPOBiIHOCTI.

30kpeMa, B OCTaHHI KiJbKa pOKIB aKTHBHO
JIOCHTIKyBanuch cucteMud PbigAgiSiTey [2-3]. YV
Hamux poborax [4-5], yBara Oyna CKOHIIEHTpOBaHa Ha
cuctemi Pb-Ag-Te, y skiii BCTAaHOBJICHI CKJIAIM, LIS
SKHX  KOeQIIi€eHT  TEIUIONPOBIMHOCTI  CTAHOBHTH
~ (0,002 - 0,003) Bt/(cm K). dus nenerosanoro PbTe e
3Ha4YeHHA y 2-3 pasu Oinblie. [IpHIrHO0 TaKMX HU3BKUX
sHaueHb K € gBogasHicTh  3pasKiB, 3yMOBJIEHa
YTBOPEHHSIM MIKpO- Ta HAHOBKIIOYEHb TEIypHIIB
apreHTymy. Y naHiii poOOTi MpPEACTaBICHO PE3yJIbTaTH
JIOCII/DKEHHS,, METOI0 SIKUX € TIJBUIIEHHS ITHTOMOI
eNEKTPOIPOBIHOCTI JA0CTi/pKyBaHuX y [4-5] marepiarnis
OIITHMI3ali€l0 TEXHOJNOTIYHIX YMOB OTPUMAaHHS 3pa3ka
Ta JI0JJATKOBUM BBEJICHHSIM B PO3YMH OJIOBa.
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|. MeTonnka ekcriepuMeHTy

CuHTe3 MartepiajiiB MIPOBOAWIN Y BaKyyMOBAaHUX 10
samumkoBoro THcky 107 Tla  KBaprOBMX —ammynax.
OTpuMaHi 3IMTKH MOAPIOHIOBAJIM Yy araToBii cTymi Ta,
BunainuBIm Qpakuii posmipy (0,05 - 0,5) MM, mpecyBanu
mix Trckom (1 - 2) I'Tla. Otpumani rutiHaApuaHOT GopMu
spaskd 3 d=5MM Ta h~8wMM migmaBanu Biamany Ha
TIOBITPI.

®azoBuii CKiIajd i CTPYKTYpY CHHTE30BaHUX 3JIUTKIB
Ta 3pa3KiB JOCHIKYBaIN X-IU(PPaKIifHUMHA METOJaMHU
Ha aBTomatHuHoMmy audpakromerpi STOE STADI P.
OOpOoOKY eKCIIepUMEHTABHUX AU(PaKIitHUX MacHBIB
MPOBOJMIINA 3a JONOMOror makery mporpam STOE
WinXPOW (sepcis 3.03) ta PowderCell (epcis 2.4).

Koeoimient tepmo-EPC a, MIUTOMY
€JIEKTPOIPOBIIHICTh G Ta KOE(]IiLli€HT TEIUIONPOBiAHOCTI
k Bu3Hauanu 3a omucaHUMHU y poboTax [6, 7] MeTogamu.

[1. Pe3yabTaTu Ta ix 00roBopeHHs

Jis  gocipkeHb MPOBEICHO CHHTE3 TBEPIUX
posunHiB ckmany PbigSnAg,Ten ta PbiaSnAQTen.
dazoBuii CKIax AaHANOTIYHUHA paHille OCIiIKEHUM
Mmatepiagam cucremu Pb-Ag-Te (puc. 1): ocnoBHa (haza
PbTe, crpykrypuuii Tunm NaCl; momatkoBoro (aszoro €
AQuoeTe,. Jlnsg 3pa3kiB 3 MEHIIMM BMICTOM OJIOBa
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Taoauusa 1
TexXHONOTIUHI YMOBH NPUTOTYBAHHS TOCIIAHUX 3pa3KiB TBepAuX po3unHiB Phi,SNAQ T e
Temmneparypa .
3pasox Tuck gpg:}’BaHHﬂ Yac npe)(gBaHHﬂ t, B many* IIact B;nonany Dpasii, Mv
) pa T, C ’ L
1S, 1k 2 15 228 5 0,05-0,5
2S, 2k 2 30 320 2 0,05-0,5
3S, 3k 2 60 320 2 0,05-0,5
16-20 1,0 30 500 0,25 0,05-0,5
16-21 1,0 30 500 0,25 0,05-0,5
* — Bifmaj OpOBOAMBCA HA ITOBITPI.
25
a1sS
20 u2s
= F
; st 4 | *
= l § 101 2 ; ; ®
= x
1 1 A

Zﬂ,gdaeg.

6
Puc.1l.  JludppakrorpamMmu  TBepAMX  PO3UMHIB
PbisSnAQTen (XXIV) Ta PbisSnAgaTey (XXIX)
(a) Ta ¢parment gudppaktorpamu B obiacri
BUSIBIICHUX peduiekciB noaaTkoBux a3 (6).

mapaMerp elieMEHTapHOi KOMipKd cTaHoBUTH 6.4402(2)
A, a3 Ginemmm — 6.4413(3) A.

TexHomoriuHi (hakTOpy NPHUTOTYBAHHS 3pasKiB JUIs
BUMIiPIOBaHHSI TEPMOETIEKTPUIHHX napameTpis
HPEACTABJICHO Y TAOJMI, a Pe3yIbTaTH BUMIiPIOBAHHSI —
Ha puc. 2 1 3. Ha ocHOBI X aHalli3y BCTaHOBJIEHO, IO B
pe3ynbTaTi i30BAJICHTHOIO 3aMIIlIEHHS AaTOMaMU CTAHYMYy
aTOMIB IUIFOMOYMY KOHIIEHTpalis HOCIiB 3pOCTa€ Bif
3HAYEHb ~ (1—3)-1018 oM s cxknanis P15:xAGosy T€2
(x, y = 0..1) 10 3Hauens (3-7)-10" s gocnimxyBaHux y
naHiid poboti 3paskiB. [Ipore, eneKTpONpOBIIHICTh MpPH
LIOMY 3pOCTa€ HE CyTTeBO, a KoedimieHT Tepmo-EPC
smenmyeTbest Bix 3HaueHp 300 MxB/K ms PbigAgaTexy
mo 200 MxB/K ms PbyySngAgeTey. 30ibiieHHs yacy
HpecyBaHHs Ta Temreparypu Biamany go 320 °C ne
HOKpAaIlye  CYTTEBO  OCHOBHI  TEpPMOEJCKTPHYHI
HapameTpu Matepiay.
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Puc. 2. TemneparypHi  3ajJeXHOCTI  NUTOMOI

eNeKTPONpPOBiAHOCTI G (a), Koedirienta Tepmo-EPC
a (6) Ta xoedimienta TemronpoBimzHocTi K (B)
3paskiB  PhiaSNAQ,Tep OTpUMaHuUX MOpPH Pi3HHUX
TEXHOJIOTIYHUX (akTopax (aus. Tabi. 1).

SIkicHOrO HOKpAaIICHHSI TEPMOCIIEKTPHIHHX
XapaKTePUCTHK JOCIIIKYBAaHUX MaTepialliB JOCSITHYTO
NpU 3HWKEHHI THCKy mnpecyBanHs a0 1,0 TTla Ta




TepMoeneKTpUYHI BIACTUBOCTI TBepAnX po3unHiB POSNAgTe

Taoauus 2
3anexHiCTh I'YCTUHH 3pa3KiB BiJl XIMIYHOTO CKJIQJy Ta TEXHOJIOTIYHUX (AaKTOPiB X OTpUMaHHS
Tuck Yac . Yac Penr.
. 3pa3ok Tewmn. Biam., . I'yer.,
Marepian npec. npec., BijImany, 3 r'yCT.,
Ne T,C r/em 3
I'Tla XB rof r/cm
PbTe 1Sh 2 15 230 5 8.19 8,268
1Sa 2 15 230 5 7.90 8,2517
PourAGsT e 1S 2 15 230 5 7.0
Ph16Sn,AQ Tex 1Sa 2 15 230 5 7.88 8,3250
1S 2 15 230 5 7.75 8,3207
Pb14SnAQ Tex 2S 2 30 320 2 7.79
3S 2 60 320 2 7.87
Ph14Sn,AQ Tey 1 1 30 500 0,25 7,05
* Jlis Beix 3paskiB dpakmii — (0,05 - 0,5) mm
300 - 416-20 % R
0N \
2% ¢ % ; ©16-21 ', i}
=200 4 1 2
E t ﬁ’ A
150 - i
£ ¥ \
€ 100 4
b o, .
%01 . £ A & :T
0 T T T T . . e = \f‘
100 150 200 250 300 350 § } é.
TC
a
300
250 . I
. i 'y
Q 200 - 7 4 ! i
z '3 _ h
E 150 - & 0 ]
"0 3 . 41620
50 e * 1621
o4 . . . .
100 150 200 250 300 350
TC
0
0,01 b b
41620 L A S \
0.0075 4 46.21 . b .
oy _ . Puc. 4. Mikpodororpadii moBepxHi 3pazka 16-2C
5 0.005 e o I® | npu 100x kpaTHOMY 30iibliIeHHi. 10 Bigmanty (a) Ta
H] L _ micisa sigmany mpu 500 °C (6).
0.0025 36inbIIeHHi Temneparypu Bignary go 500 °C (puc. 3). V
BHIIAJKY CKJIaAy 3 OUIBIINM BMICTOM OJIOBA ITMTOMA
0100 s 200 2% 300 3% enextponposignicts pu 300 °C cranosuts =~ 180 (Om
Te cm)l,  koedimient Tepmo-EPC  ~ 180 MkB/K, a
B koedirient Temronporianocti — =~ 0,006 Br/(cm K), mo
Puc. 3. TewmmepaTypHi  3aieKHOCTI  HTOMO 3a0e3reuye TEepMOENIEKTPUUHY IOOpOTHICTH MaTepiaiy

enekTponpoBingHocTi ¢ (a), koedilieHTa TepMo-
EPC a (6) Ta xoedimienta Terutonposianocti K (B)

3paskiB

Pb1sSN,AG Tex

(3pazox

16-20)

Ta

Pb1sSn/AQTeyn (3pasox 16-21) BigmaneHux Opu

500 °C.
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ZT =0,55. KoHmeHtpamis IipoK s JaHOrO 3pa3ka
CTaHOBUTDH 3,5-1019 CM'3, 10 3HAXOAUTLCS B Jiala3oHi

ONTHUMAJTBHUX KOHIICHTpAITi it HOCIiB JUTS
TEPMOCTICKTPUYHUAX MaTEpPiaiB.
3p0o3yMizo, MO0 OCHOBHUM  (DaKTOpOM,  SAKUH

BH3HAYa€ HHU3BKY TEIUIONPOBIAHICTE CPiOIOBMICHUX
MaTepialiB € HasBHICTh BKIIIOYCHb JONATKOBHX (has.
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JlomaTkoBuM (akTopoM, 110 BILIMBAE Ha
TEIUTONPOBIIHICTh MPECOBAHOI'0 3pa3ka € HOro rycTUHa
(K ~p). 3 Tabuuni 2, BUAHO, 11O 31 301ILIIEHHIM BMICTY
cpibna Ta, 0COOIMBO, 0JI0BA T'YCTHHA 3pa3KiB, BU3HAUEHA
MeToZoM ApXiMesa, 3MEHIIYEThCA. BapTo 3a3Ha4MTH,
[0 PEHTTEHIBChbKa T'yCTHHA TIPH I[bOMY, HAaBIIaKH,
3poctae. | AKIO y TIepUIOMY BHUIAAKY 3MiHH
CIIOCTEPITaIOThCA Y MEPIIOMY 3HAKy HICIsA KOMH, TO Y
IPYrOMy — B JPYIOMY 3HaKy. 3MCHIICHHS TyCTUHH
IIPECOBAHUX 3pasKiB 3YMOBJICHE pocToM
MIKPOTBEPIOBCTI 3JIMTKIB IpH JOJABaHHI OJiOBAa Ta
cpiba, 10 3MEHIIYE MOXIIHUBICTh 1X YIIIJIBHEHHS MPH
NpUKIIafanHi THCKy. Tak amst HeBinmaneHoro 3paska 16-
20 (PbiSnHAQTer)  MIKpOTBEPIICTE  CTAHOBHTH
103,3 Hv, tomi sk mis 6e3gomimikoBoro PbTe (XV) -
~ 35 Hv (BumiptoBaHHs MPOBOAWIN MPU HABAHTaKEHHI
300 of, wac naBamraxkenns 10c.). Bapro Big3Hauutu
TaKOXX 3MEHIIICHHs MIKPOTBEPIOCTI 3pa3Ka Micys BiAmary
Ha mositpi mpu 500°C, 15xB no0 3HauenHs 93,5 Hv.
AHaJIOTiYHa 3aKOHOMIPHICTh XapaKTepHa 1 JUIS TYCTUHH
(ta6m. 2). Ilpu mpoMy Ha MikpodoTorpadisx MoBepxHi
30UIBIIEHHST ITOPUCTOCTI 3pa3ka He CIIOCTEpIraeThest
(puc. 4).

BucHoBkn

3aMiIJ_IeHHH Y Kpucrajgax CHUCTEMU

Pb-Ag-Te

WIOMOYMYy ~ CTAHYMOM  3YMOBIIOE€  IIiBHIIICHHS
TEPMOCICKTPUYHOI JOOPOTHOCTI Matepiaiy. [l 3paskiB
CKIIay Pb1sSn,AQ.Tex OTPUMAaHHUX METOIOM
mpecyBaHHS 3  HACTYMHUM  BIANAJOM €  THCK
nasantaxends 1 I'Tla, a Temnepatypa Biamany — 500 °C;
3a TaKMX TEXHOJOTIYHMX  (DAKTOPIB  JOCATHYTO
0e3p0o3MipHOT TepMoeIeKTpruHOiI JoopotHocTi ZT = 0,55
npu Temmneparypi 300 °C.

Poboma euxonana 6 pamxax npoexmy MOH
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0117U002407).
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The phase composition and thermoelectric properties of solid solutions PbigSn,AgaTey and PbyySnsAgaTes
are researched. Biphasic structure of the samples is ingtaled, which providing to low values of therma
conductivity. Best samples have values of dimensionless thermoelectric figure of merit ZT ~ 0,55.
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CuHTe3, eJIEKTPUYHI TA MATHITHI BJACTHBOCTI KOMIIO3UTIB HOIU/I
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JlocnipkeHO CTPYKTYPHi, MarHiTHi, eJleKTpoQi3uyHi BIACTUBOCTI KOMIIO3UTIB Ha OCHOBI HaHOPO3MipHOI'O
MarHeTUTy XiMi4HO MOH()iKOBaHOTO HOAMIOM MiJli Ta HONIXJIOpTprdTOpETHIeHa B iHTepBaii Temreparyp 298 -
450 K i xornentpauiit Cul Bix 0 1o 0,58 06’ emHux yacTok. BeraHoBieHO onTHManbHU 00' €MHUI BMICT Hopumy
Mmigi (~0,4) B xommnosurax Cul/Fe;O, mnpu sxoMy MakCUMalbHO NpOSIBISETHCS MikdasHa B3aeMomis Ta
eJIeKTpOo(i3NYHi, MarHiTHI napameTpu HaOyBalOTh MaKCHMAaJbGHHX 3HA4YeHb. 3HAYCHHS KOEPIUTHBHOI CHIIH
HaHokoMmIo3uTiB Cul/Fe;0, 30inmbluyroThest i3 3pocTaHHAM BMicTy ifommmy Mini. ITokasaHo, 1o monimMepHi
KOMIIO3UTH, 10 CKiaay sikux BxoauTh Cul/Fe;O, MaroTh BuI 3HAaYeHHS AifiCHOI Ta YSBHOI CKIIAJOBHX
KOMIUIEKCHOI [Ii€lIeKTPUYHOI MPOHMKHOCTI Ta €JIEKTPOIPOBIAHOCTI B INODIBHAHHI 3 CHUCTEMOIO, fKa MICTHTb

TIABKA HOIU Mif.

KirouoBi ci1oBa: MarHeTur, Hoaua Mijli, HAHOKOMITO3UTH, IUTOMAa HAMarHi4eHiCTh, MiXk(a3Ha B3aeMOis.

Cmamms nocmynuna 0o pedakyii 07.05.2017; npuiinama oo opyky 05.06.2017.

Beryn
HanorexHnomorii 3a0e3MeuyoTh MOXITUBICTh
KOHTPOJILOBAaHUM CrocoooM CTBOPIOBATH,

BJIOCKOHAJIIOBATH Ta MOAM(IKYBaTH HaHOMaTepiayiu, a
TaKOX 3IIMCHIOBATH IX BIIPOBA/DKEHHS B IOBHOILIHHO
¢yHKIiOHYIOUI cucTteMu. HaHouacTku 1 HaHOMaTepiaiu
Ha I1X OCHOBI 3aBISKM HOBUM IEPCIIEKTUBHUM
BJIACTHBOCTSIM, Ha  BIAMIHY  BiJ  BJIACTUBOCTEH
MIKpOOO’ €KTIiB, 32CTOCOBYIOTHCSI B Pi3HUX rajly3siX HAYKH
i Texuiku. 3okpema, HaHodactku (HY) meramiB Ta ix
OKCUJIIB, HAIMBIPOBIIHUKIB TOLUIO MOXYTh OyTH
BUKOPDHCTaHI  JUIi  CTBOPEHHS  MarepialiB  IpH
KOHCTPYIOBaHHI CEHCOPHUX TIPUCTPOIB, KOMIIOHEHTIB
HAHO- Ta MIKpPOEJIEKTPOHIKH, CenapamniiHuX MaTepialiB
[1-4]. Bce  Oimpime  3BepTalOTh  yBary  Ha
(YHKIIIOHATI30BaHI MarHiTHI HAHOYACTUHKU Ta IX
MEePCIIEKTUBY 3aCTOCYBaHHS B GiomenuImHi (KOHTpacTHi
MaTepiaJu Uil JIarHOCTHKH, MAarHiTHi cOpOeHTH
010XIMIYHUX TMPOIYKTIB, SIK HOCIi O10JIOTiYHO aKTUBHHX
cionyk Ta JikiB) [5-9], KOHCTpyKHifiHUX MaTepianax
(expanyroui MaTepiaau Ta PaiONMOrTHHAIOYI TTOKPHUTTS)
tomo [10-12]. OcranHiM YacoM, TMOEIHAHHIO B
HaHOMaTepiajlax  BJIACTUBOCTEH  MarHiTHOro  Ta
€JIEKTPOIPOBITHOTO KOMIIOHEHTIB IIPHCBSYEHO Oarato
pob6it [13-15]. Takuii miaxix m03BONSE BHpIlIyBaTH
HU3KY BQXXJHMBUX 3aBJaHb, 30KpeMa, B KOHCTPYKIISIX
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TIOKPHTTIB, SIKi MIOTJINHAIOTh eJIEKTPOMarHiTHE
BUIIPOMIHIOBaHHS, a caMme, [IOEJHAHHS  SIBUINA
PO3CIIOBaHHSI  €IIEKTPOMArHiTHUX XBWIb, a TaKOX,
MarHiTHUX 1 JieJIeKTPUYHUX BTpaT, MO O3BOJIIE
BapifoBaTH  BJACTHBOCTSAMH TaKuMX MarepiaiiB B
IIMPOKOMY Jiama3oHi 4actor. [ Takux MaTepiaiiB
Haiyacrile BHUKOPUCTOBYIOTh MAarHiTHI HaHOYACTHHKHU
OKCHIy 3aii3a, 30kpema, MarHetut (Fes0,) [16-17]. Sk
€JIEKTPOIPOBITHAN KOMIIOHEHT BHKOPHCTOBYIOTH CUS
[18], ZnO [19-20], MnO [21], BaTiO; [22], a Takox
Mmartepianu, ski Mictate Bynrens [23-25].  Opnak,
(yHKI[IOHATI3allisl TOBEPXHI MarHeTUTy NpPOBITHUMHU
KOMITOHEHTaMH BIUIUBAE SIK Ha HOTO XapaKTEPUCTHKH TaK
1 Ha KOMITIO3UTH B IILJIOMY.

ToMmy axTyanpHUM € JeTalbHE BHBYEHHS Ta
ofepKaHHA  XIMIYHO  MOIU(]IKOBAHOTO  MAarHETUTY
€JIEKTPOIPOBITHUMH ~ CIIOJIyKaMH, 30Kpema, HOAuAOM
MiJl, a TaKoX CTBOPEHHs HOBUX (PYHKIiOHAIBHUX
MaTepiajiB Ha IX OCHOBI i JOCII/XKEHHS BIUIMBY XiMi4HOT
MPUPOIY KOMIIOHEHTIB Ha (i3MKO-XiIMi4HI, MarHiTHI
BJIACTUBOCTI KOMITO3UTIB B IIJIOMY.

Metoro po0OTH € OAepKaHHS Ta JOCIHIHKEHHS

CNCKTPUYHMX, MATHITHUX XapaKTepPUCTHK ToiMep-
HAMOBHEHUX CHCTEM Ha OCHOBI
MOMIXJIOPTPUDTOPETUIIEHY Ta HAHOPO3MIPHOTO

MarHeTUTy 3 OCa/DKEHMM XIMIYHHM CIIOCOOOM Ha Horo
MOBEPXHI HOAMIOM MifIi.
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|. OO’ €KkTH Ta METOIM JTOCTiNKEHHA

s cunTe3y MarHetuty BUkopucrano FeSO,%H,O
Mmapku «XU» (IFOCT 4148-66) i FeCl36H,0 mapku
«XU» (IOCT  4147-74). Ognepxanns  Fe;0,
3MIHCHIOBAIM  3TiIHO  METOIWKH,  3alpONOHOBaHOI
Enemopom [26] a came, xiMiyHOi KOHmeHcamii —
LIBHIKOTO OCAJDKEHHS COJIeH JBO- Ta TPUBAJIEHTHOTO
3aiza, KOHIGHTpoBaHMM 25% BOJHMM PO3YMHOM
amiaky:

Fe®" +2Fe™ +8NH OH ® Fe,0, +4H,0+8NH, (1)

s nposenennst peakiii 5 r FESO,H,0 (monspua
koHueHtpariss ¢ =0,09M) ta 10r FeClz6H,O (c=
0,185M) pozumusiin B 200 MiT  TUCTHIBOBAHOI BOJIH.
[Micnst dinbTpyBaHHs, cTakaH 3 OJEp)KaHUM PO3YHMHOM

pO3MillyBajM Ha MAarHiTHOMY 3MinryBadi. Y pO3YMH
coiled 3amiza 31 MIBUAKICTIO OAHA Kparuisi B CEKYHIY
monaBayn 50 M BomHOro posuuHy NH4OH. Peakmiro
CMiBOCAXKICHHS 3/1iHCHIOBAJIH MIPU TEMIIEPATYPi PO3UHHY
comert 3amiza 293 K. Ocax Bigginmsuu i BigMHBaIH
JIICTHITLOBAHOIO BOJIOIO.

Jns  cuHTe3y HOAMAY Mili BHKOPHCTOBYBAIH
CuSOp6H,0 wmapkun  «UJA» (I'OCT 4165-78),
N&S,03%H,0 mapku «YJA» ([OCT 27068-86) a
takok Kl mapkm  «UIOA» ([TOCT  4232-74).
MonaubikyBaHHS HAHOPO3MIPHOrO MAarHeTUTY HOMHIOM
Mmigi (Bmict mo 0,58 06'emHHX foneil) TPOBEACHO B
mporieci ocamkenns Cul 3 Boguux pozuunis CuSOy, Kl i
Na;S,0;3 B mpuCYTHOCTI TOIEpeHbO CHHTE30BAaHOTO
MarHeTuTy 3riaHo [27]:

2CuSO4 >6H20 + 2Kl + 2Na\28203 x5H 2O ® 2Cul + K2804 + Na2804 + Na28406 + 20H20 (2

Penrtrenorpamu onep>kaHux 3pasKiB peecTpyBaiH Ha
muppakromerpi JIPOH-4-07 (BunpominroBanusm CuK, —
JHIT aHOAY 3 HiKeJIeBHM (QUIBTPOM Y BiIOUTOMY ITyUKY,
reoMetpisi 3HiMaHHsA 3a bBperrom—bpenTano). Poswmip
KPUCTATITIB BU3HAYAJIM 33 IIUPUHOI  BiJIIOBITHOI
HAMOINBII IHTEHCHBHOI JIHII 3TiJHO 3 pIBHSHHAM
leppepa [28].

TepmorpaBiMeTpyyHMil ~ aHai3 MPOBOAWIM  Ha
nepusarorpadi  mapku  Q-1500D  (Paulik-Erdey,
VYropuimHa) B miamasoni temmnepatyp 273 —1273K 3a
mBuakocti HarpiBanus 10 K/xB. Ha moBiTpi.

Ilerni ricrepe3ucy MarHiTHOO MOMEHTY 3pa3KiB
BHMIPIOBAJIX 32 JOIIOMOT'OI0 BiOpaIliifHOr0 MarHiToMeTpa
(hoHEpIBCHKOro THITY NMpH KiMHATHIN TeMrieparypi. Omuc
YCTAaHOBKM 1 METOJHMKa BHMIpIOBaHb INPEICTaBICHI B
[29]. Jns mocmimkeHb BHKOPHUCTOBYBAIH CIEI[iadbHO

MiATOTOBJIEHI, po3MarHiueHi cyxi wmarepiamu. [is
3armo0iraHHsl  JAWNONB-TUIIONBHOI — B3aeEMOXii MK
nanouactuakamu (HY) BuXiZHOrO MarHeTury, WOro
posmomiysii - B MaTpuni  mapadiHy TIpH  MacoBii
KoHLeHTpauii » 3 %. JIns mopiBHIHHSI BUKOPUCTOBYBAIIU
3pa3Kd 3 BiJIOMUM 3HAY€HHSIM IHTOMOI HAMarHi4eHOCTi
HACHUYEHHS: TECTOBaHMH 3pa30K HIKETI0 i HAHOYACTHHKHU
Fes0, (dipma "Nanostructured & Amorphous Materials
Inc.", USA). IToxuOka BUMIpIOBaHHs HE TIEPEBUIIIyBaIa
2,5%.

IMomimepui kommo3utu Ha ocHoBi Cul/FesO, i
nonixjoprpudptoperuncHa ([IXTDE) — mapku ® —3 M,
ONIEp)KYBaJIi METOJIOM TIPECYBaHHS 3a TEMIIEpaTypu
513K Tta tucky 2 Mlla. Jocmimkenns midicaoi (g') ta
yaBHOT (€") CKIamoBOi KOMIUICKCHOI JieNeKTPUYHOL
MIPOHUKHOCTI, KOMITO3HTIB MIPOBEJICHO B

(311)

*(112)

|, BigH. o1.

*(220)

*(311)

2q, Tpaz.

Puc. 1. Jludpaxrorpamu cuaTe3oBanux Hanokommo3utiB Cul/Fe;0,4. O6’ emunii Bmict Cul: 1-0,58; 2—-0,4; 3—0.
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HagBucokouacrotHomy (HBY) miamasoni 8- 12 I'Try 3a
JIOTTIOMOT0k0  iHTepdepoMeTpa Ha OCHOBI BHMIiprOBaua
pizuuni a3 POK2-18 Tta BumiproBaua KoedimieHTa
CTOSUMX XBWIb 1 mocnabnenHs P2-60 OesenextpoaHum
meronoM [30], a eJIeKTPOrpoBiAHICTh (0) HA HHU3BKUX
yactorax 0,1, 11 10 kI'ir [31] ABOXKOHTAKTHHM METOIOM
3a JIONOMOroo BuMiptoBaua imMitancy E7-14. TToxubka
BH3HA4YCHHA €', €" Ta ¢ He mepeBuIyBaia 5 %.
EnexTpoHHO-MiKpOCKOMIUHI JIOCITIJPKEHH T
MIPOBE/ICH] 3a JIONIOMOTOI0 MPOCBIYYIOUNX EJIEKTPOHHHUX
mikpockonis JEM-2100F (Jeol, Japan) ta Jeol-2010.

[1. Pe3yabTaTu Ta ix 00roBopeHHs

Ha puc.1 mpencrasneHi crextpu audpakiii
PEHTIeHIBCHKOTO BUIIPOMIHIOBaHHS JUIS  KOMIIO3HTIB

Puc. 3pasKiB

2. Mikpodotorpadii
Maruetuty (a) Ta Hanokommo3uTis 0,58 Cul/FesOy (6).

CHHTC30BaHUX
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Cul/Fe304 ta 3 oporky maraeruty. J{ns HU maraetuty
(xpuBa 3) xapakTepHi 4iTKi pediekcH, o BiIIOBIIAIOTH
kpucramiuniii  ¢asi FeO, (JCPDS Ne 19-629) 3
KyOIYHOIO CHHrOHi€l0. B Momu¢ikoBaHHX 3pa3kax
Cul/Fe;04 (kpuBa 1, 2) ocHOBHI pediieKcH BKa3ylOTh Ha
HasBHICTh KyOiYHOI Ta TeKCaroHaJbHOI CTPYKTYpH
Womuay Mimi Ta X aMmInIiTyZa 3pocTae IPOIOPINHO
BMicTy Cul. HeoOxinHo 3ayBakuTH, 1O pedIieKciB, sKi
XapakTepHi Juisl KpPUCTAJIIYHOI T'PaTKH MarHeTHUTy B
kommozutax Cul/FeO, ne Bussieno. Ile cBiAUHTH PO
Te, mo o0 emHoro Bmicty Womumy wmimi (f » 0,4) Bixke
JIOCTaTHbO JUIS YTBOPEHHS CYLJIBHOTO WIapy Ha
TOBEpXHI MarHeTuty. Po3Mip KpHCTaNiTIB HOAMIY Mini,
s komno3utiB Cul/Fe;0, 3 06’ emanM Bmictom Cul 0,4
ta 0,58 cranoButs 9 HM Ta 10,5 HM BiamosigHO. Po3mip
KPHCTAJIITIB MarHETUTY CTaHOBUTH 8,8 HM.

MeTog0oM TPOCBiIUYIOYOI €IEKTPOHHOI MiKpOCKOMIT
BUBYAJIHM PO3MipU Ta (POPMY HAHOYACTHHOK MArHETUTY
Ta MOAM(DIKOBAHOI'O MATrHETUTY HOMUIOM MIifi, sKi
MIPE/ICTaBICHO HA PUCYHKY 2. Iyl BUXiJHOTO MarHeTUTY
FesO4 (puc. 2, a) cepenni 3HaUEHHS JiaMeTpa CTAHOBUTH
~ 9 uM. Ha dororpadisx enekTpoHHHX 300pakeHb (puc.
2, 6) HAHOYACTHHOK MAarHeTUTy, WO BKPUTI HOIHIOM
MiJi TPUCYTHI SIK OKpeMi HAHOYaCTUHKH, Tak 1
arperoBaHi B OLIBLII CTPYKTYpH, NPH LOMY CepeaHii
po3mip HanogactiHOK Cul/Fe;0,4 cranoButh 12 £ 3 HM.

Ha puc. 3 300paxeHo pe3ynbraTu
TEpMOTpaBIMETPUYHOIO aHai3y CHHTE30BAaHHX 3Pa3KiB
marHetuty (kpuBa 1), mucrmepcHoro Hoauay mimi (kpusa
4) rta wuanoxommosuTi: 0,27 Cul/Fe;O, (kpuBa 2) i
0,58 Cul/Fe;0,4 (xpuBa 3). [lyiss MarHeTHTy XapaKTepHa
BTpaTta Macu 7 % B nmianasoni remneparyp Big 373 K no
1273 K. Brpara macu maibke 3 % no 423 K noB’s13ana 3
BujajeHHsAM (QisuyHO copOoBaHoi Boau. Takuii xe
XapakTep 3MiH cIocrepiraetbcs Ha KpuBux 1T s
3pa3KiB MarHeTUTy, Momu(ikoBaHOTro WomuaoMm Mimi. B
inTepBaini Temneparyp Bix 423 K no 1023 K pizkux 3MiH
Ha KpuBili BTpat Macu i Fe;O, He crioctepiranuce. 3
MoAaJbIIMM MiJBUIIEHHSM Temneparypu no 1273 K
BiIOYBAETHCSI TEPETBOPEHHSI KPHUCTAJIIYHOI CTPYKTYpH
OKCHJLy 3aJli3a, BHACHIJOK OKUCIICHHS! MAarHETUTY KHCHEM
noBitpst [29]. Jlns CHHTE30BAHOrO HOAMAY Miai mpu
HarpiBanHi 70 623 K BTpaTta Macu cranoButh 3 % (kpHBa
4) B pesynbraTi BHIAJEHHS BOAM, aacopOOBaHOI Ha
MOBEpXHi 3pa3kiB. [Ipu MOCSATHEHHI TeMIlepaTypH BUILE

100 ~

40 T } T } T } T
273 873
T,.K
Puc. 3. JlepuBaTorpamma CHUHTE30BAHMUX
HaHokoMno3uTiB: 1 — Fe30,, 2 — 0,27Cul/Fes04, 3 —
0,58Cul/Fes04, 4 — Cul.
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723 K moYMHAETHCSA MPOIEC IUIABJICHHA HOMMIY MiJi.
Temmepatypa neperBopenns ¢as y-Cul 8 f-Cul (645 K),
a takox meperBopenns B o- Cul (713 K) icrotHo He
3MIHIOETBCS.  3MIIIEHHS  TEMIEpaTypw  IPOLECY
TUIaBJICHHS B HOAMII Mifi Ui 3pa3kiB 2 Ta 3 OB’ 13aHO 3
YTBOPEHHSIM SIK PI3HUX 338 PO3MIPOM YacTUHOK Tak 1
pizHoto ToBuMHOW mapy Cul Ha MOBEpXHI MarHeTHTY.
I[Ipy 1bOMy BimOYBA€ThCA MIABHMIICHHA TEPMIiUHOI
CTIHKOCTI HaHOYACTHMHOK MAarHeTUTY, BKPUTHUX HOAWIY
Mii.

Ha puc.4 nmpencraBieHo TeTIi — ricrepe3ucy
HAHOYACTHHOK BHXIJHOTO Ta MOAU(IKOBAHOTO HOIUIOM
Mili ~ MarHeTuTy. BcTaHOBJNEHO, MO0  AK  JUIA
HAaHOYACTHHOK MAarHeTUTY TaK 1 JUI HaHOKOMIIO3MTIB
Cul/FeO, mputamanHi  (epuMarHiTHi  BIACTHUBOCTI.
OCKIUIbKM TUTOMI TYCTHHU KOMIIOHEHTIB OJM3bKiI 3a

sHayeHHsM (1 cul = 5,62 r/0M3; r F6304 =524 I‘/CM3),
MUTOMa HamarHiueHicth 3paskiB Cul/Fe;O, 3miHtoeThCs

nporopuiiHo Bmicty HY  wmarnerury. AOconroTHe
3HAYeHHS KOepIWTHBHOI cwin (puc. 5) 36imbryerses i3

3pOCT@HHSM BMICTY HWOIUAYy Mili B  KOMIIO3HTax
Cul/FeO4 Bimomo [32], mo MarhiTHa aHi30TpOITisA
HAHOYACTHHOK CKJIANAEThCS 13 MAarHiTOKPHCTAJIiuHOI
aHizorportii, anizotpomnii  Qopmu, MIOBEPXHEBOL

aHizorporii Ta iH. Po3nozin 3a posmipamu, dpopma HU
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=31
02 0,0 0,2
H.xE
0

Puc. 4. Tletni ricrepesucy (a) 3paskis Cul/Fe;O,4 ta
MMOYaTKOBa JiIsAHKA IeTens ricrepesucy (0) Bifg
00’ emHOro BMicty #ommny mimi: 1 — O; 2 — 0,27,
3-0,4;4-0,58.
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5. Koepuurusna
Cul/Fe304 Bix 06’ emuoro Bmicty (f) foaumay mismi.

Puc. cuia
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Puc. 6. Konnenrpaniiina (a) ta Temneparypua (6)
3aJIeKHOCTI norapupma €JIEKTPOIPOBITHOCTI
nanokomnosutiB  Cul/Fe;04. OO0’ emumii  BMicT

womuny mini: 1-0,27; 2-0,4; 3—0,58.

MarHeTuty OynM HE3MIHHUMH Ta JHIIOJb-JAHUIOIbHA
B3aeMoOAis MK HuUMH BiacytHia. Omxe, WMOBIpHO,
000JIOHKa HOMUy MiJli HAa OBEPXHI MarHETUTY BILIMBAE
Ha BENWYMHY HOro e(exkTHMBHOI MarHiTHOI HMOBEPXHEBOI
aHI30TpoIIl, IO TOSICHIOE HEMOHOTOHHY 3aJIeKHICTh
KOEPIMTHBHOI CHJIM BiJl po3Mipy HaHouacTHHOK [33].
Heo0xiHO 3ayBakuTH, 10 JIsI HAHOYACTUHOK OCOOJIMBY
POJIb Biirpae moBepxXHeBa aHizoTpomis. Ha BigMiHy Bix
IHIIMX THIIB aHI30TpOMii IOBEpPXHEBA aHI30TPOIIis
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MIPOITOpIIiiHA TUTONI MOBEPXHI YaCTUHKH, a He 11 00’ emMy
[33].

Ha puc. 6, a MIPeICTaBICHO 3aJICKHICTh
eNEKTPONpoBiaHOCTI HaHokommno3utiB  Cul/FesO; Bix
00’ emHOro BM™micty Hoamay mini. BumHo, mo ocHoBHHMI
BKJIaJ] B CJICKTPOIPOBIIHICTE KOMITO3UTIB BHOCUTH Cul.
3pocTaHHsS 3HAYCHb G 3pa3KiB BiJl BMICTY HOmUAY Mifi
BiOyBAa€THCSI HEMOHOTOHHO, IO  CBIYUTH  IPO
MOPOrOBHH  XapakTep IpoOBiAHOCTI. A came, YITKO
BUPI3HAETHCS JABI AUSIHKU. pi3Ke 3pOCTaHHS 3Ha4eHb O
npu 30inbmieHHi 00 emuoro Bmicry Cul (f <0,17) mo
MOPOTy TMEPKOJIAIIl Ta OUIBII MOHOTOHHE 3POCTaHHS
MPOBIAHOCTI HA JUIAHIN 30LIBIICHHS KOHIICHTpPAIIT
womumy wmigi (f >0,17) Bume mopory mnepKosiii.
JocimimkenHst TeMIIEpaTypHUX 3aJIeKHOCTEH
enekrponposigHocti kommosutie Cul/Fe;O,4 3a pizHoro
BMicTy Homumy wimi (puc. 6,6) BKa3yoTh, MO i3
36impmennsm BMmicty (f) Cul mposimnicTs 3poctae Ta

f
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Puc. 7. 3anexwuicts €' (a) Ta €' (6) Ha yactori 9 I'T
MOMIMEPHUX HaHOKOMIIO3MTIB BiJl 00’ €MHOTrO BMiCTY
(f) tiomumy mini cucrem: 1 — 0,27Cul/Fe;O4~TIXTDE,;
2 — 04CUl/F&O4IIXTDE; 3 0,58Cul/Fe;04—
[MXT®E; 4 — Cul-IIXT®E.
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JocArae  MakcuManbHUX  3Hauenp 1mpu T = 0,58.
HeoOximHO 3ayBakuTd, WIO EJNEKTPOINPOBIAHICTH 3
iIBUIIEHHSM TEMITEpaTypy cllab0 3MIHIOETHCS, OJHAK
s 3paskiB (kpuBa 1, 2) crmocTepira€Tbcs He3HAuHe
3MEHILIEHHS  EJNEKTPOIPOBIAHOCTI, IO  MOXKJIMBO
OB’ 5I3aHO 31 3MIHOIO EJIEKTPOHHOTO CTaHy MpPOBiTHOT
(a3u Ha TOBEPXHI MAarHETHTY 3a JaHHX TEXHOJOTTYHHX
ymoB cuHTe3y Cul/Fe30,. Lle mposBIsSETHCS HASBHICTIO
METaJiYHOTO THITY TIOBEPXHEBOI €JIEKTPOIPOBITHOCTI,
IO TMOB'S3aHO 3 HASBHICTIO Ne(EeKTiB KpUCTaIiuHOI
CTPYKTYpH Ha TOBepxHI HaHouacTuHOK Cul. 3aBasxu
METaJiYHOMY TUIY MPOBIJIHOCTI B MPUTPaHUYHMX Iapax
ONTHMAaJbHOI KoHIeHTpalieto Cul Ha moepxHi Fe;0,4
MOXKe OyTH 3Ha4yeHHs, JIEN0 BHIIE 3a MOPIr MPOTiKAHHI.
Komu 3pocrae 3HaueHHs! epeKTUBHOT TOBEPXHI B3aeMOIii
aje po3Mip KpPUCTANITIB HOAWIY Midi Ha TOBEpXHi
MAarHeTUTy 3pOCTaE HE CYTTEBO.

EnexrpodiznaaumMu JTOCTIPKCHHIMU
EKCIICPUMEHTAIEHO BCTaHOBJICHO OITTHMAaJIbHI
KOHIIeHTpaIii #omuay wimi B cuctemi  Cul/FesOq

(0,2<f <0,58), mpu sKMX CIHOCTEpiraJd MaKCHMAabHi
3HAYEHHs KOMIUIEKCHOI JIi€JIeKTPUYHOI TPOHUKHOCTI,
€JIEKTPOIPOBITHOCTI. MonundikyBaHHs MTOBEPXHI
MarHeTuTy HOAWAOM MiJl TPUBOAUTH O 30LIbIICHHS
3HaueHb ¢ Ta €' B HBY giama3zoni mnoxiMepHHX
koMro3uTiB (Cul/Fe&O,~IIXT®E) mo BiAHOIIEHHIO 10
CHCTEMH, 110 HE MICTUTh MOAN(IKOBAHMX KOMIIOHEHTIB
(CUlIXT®E) (puc.7). Takuii edext mOB'sI3aHuN 3
0COOJIMBOCTAMH CTPYKTYpyBaHHs yactHHOK Cul/Fes0, B
MOMIMEpHIN MaTpuii, a TaKoXK BIUIMBOM T'PaHUYHHX
miapiB  MoJiMepy Ha eNeKTPodi3WyHi  BIACTUBOCTI
OllepyKaHUX KOMITO3UTIB. Pi3ka 3MiHa 3HaUeHb €' Ta €' Ha
KOHLEHTPALIIHUX 3aJIEKHOCTAX CIIOCTEPIraeThCs MpHU
mermomy Bmicti Cul (>0.4) B TpbOXKOMITOHEHTHHUX
cucremax (puc. 7), OCKiIbKY YacTHHKH F€30;, 1110 BKpHTI
KjacrtepaMu HOAWAY Mili, YTBOPIOIOTH B CBOIO Uepry

po3Taly)KeHi KjacTepd B TOJMIMEpI TMPH  HIDKIHX
KOHLeHTpauisix. lle Jae MOXIMBICTH  3MEHIIUTH
KUIBKICTh  TPOBIJHOI KOMIIOHEHTH B  IOJIMEPHHX
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Puc. 8. 3anexHocti jorapupmy eIeKTpOnpOBiTHOCTI
(o) ma gacroti 100 I'ir Bix 06’ eMHOrO BMicTy HoAUmy
Mmigi B cucremMax Cul/FesOATXTDE npu 06’ eMHOMY
BMicTi Homumy minmi: 1 —0,27; 2—-0,4; 3—0,58; ta 4 —
CUul-IIXT®E.
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P.B. Masypenko, M.B. A6pamog, I M. I'yus1, C.M. MaxHo, I1.I1. 'opbuk

KOMITO3HUTaX OUIBII HiX B J]Ba pa3u MpHU 30epereHH] THX
xKe eNeKTpodi3HIHUX MTOKa3HUKIB, 3aBJAKU
ONTHUMAaJbHUMY  PO3MOMALICHHIO  EJIeKTPONpPOBiTHOT
KOMITOHEHTH B KOMIIO3UTaxX. J[JIs 3a3HaueHuX BUIIE
CHCTEM CITOCTEPIra€ThCsl 3pOCTAHHS €IEKTPONPOBITHOCTI
Ha HU3bkuX vacrorax (puc. 8). Beemennst Cul/Fe;O, B
MOTIXJIOPTPU(TOPETHIICH MPHU3BOAUTE O 30iIbIICHHS
3HA4YeHb EJIEKTPOIPOBITHOCTI, Maike Ha JBa TMOpPsIKa
BenuuruHHA. TakoXk, CIIOCTEpiraeThcsi 3MIIIEHHS MOPOTY
nepKoJsinii B 007acTh HHU3BKMX KOHLEHTpaliii mnpu
00’'emHOMYy BMicTi Homuny mini no 0,4 Ta He3HauyHe
3MEHILIEHHs 3Ha4eHb G INpu 30ibmenHHi BMmicty Cul nHa
nosepxHi FeO, mo 0,58, Takmii  xapakrtep
KOHIICHTPALlIHHUX 3aJIKHOCTEH, MOXKIIUBO, ITOB'I3aHUIA
31 3MIHOIO pO3MIpiB YacTHMHOK Hoauay Mimi abo
CTPYKTYpH iX KJIacTepiB HA MOBEPXHI MarHEeTHTY.

BucHoBkn

CHUHTE30BaHO HaHOKOMITO3UTH Ha OCHOBI
HAHOPO3MIPHOTO MArHETHTY 3 OCa/PKCHMM Ha HOro
MOBEPXHI HOAMIOM Mifli Ta BCTAHOBJICHO OITHUMAJIbHUIMA

Bmict Cul (~04), 3a sxkux &', ¢ Ta G HabyBalOTh
MaKCHMAJIbHUX 3HAYCHb, IO ITOB' A3aHO 3 ONTUMAJBHUM
posmomiiom uactuHok Cul Ha mnoBepxni Fe;O4 i

YTBOPEHHSIM  MaKCUMallbHOI ~ MOBEpXHI  MixdazHOi
B3a€EMOJIi. EnexTpoHHO-MiKpOCKOIIIYHUMHU
JIOCHI/DKEHHSIMA ~ BCT@HOBJIEHO, 10  Moau(ikoBaHi

nanouactuaku Cul/Fe;0O, maroth chepuuny ¢opmy, a
po3mip ~ 12 um. BcTaHOBIIEHO BIUTMB O0OJIOHKH HOAMIY
MiJli Ha TOBEPXHI MarHeTHTy Ha e(EeKTHBHY MAarHIiTHY
TIOBEPXHEBY aHI30TPOIIII0 MarHeTUTY, HIO MPOSBIISETHCS
B 30UIBLICHHI KOSPUUTUBHOI CHJIH 13 3pOCTaHHSIM BMICTY
Homuay miai B kommozutax Cul/FesOy.

IlokazaHo, 1m0 OuLTBII eQEKTHBHA B3aEMOIIS
eJIeKTpOMarHiTHoro BunpomiHoBanHs HBY niamazony
BimOyBaeThest 3 kKommnoHentamu cuctemu 0,4 Cul/Fe;Os
[IXT®E, B nopiBHAHHI 3 CHUCTEMOIO, sIKA HE MICTHTH
MOIU(piKOBaHI KOMIIOHCHTH.

Ma3zypenko P.B. - xaununat GisuKo—MaTeMaTHIHUX
HayK, HAYKOBUH CITIBPOOITHUK;

Aopamose M.B. - xaHgupar (i3sUKO—MaTeMaTHYHHX
HayK, CTApIINi HAYKOBUH CHIBPOOITHHK;

Maxno C.M. - kanaupaT Qi3MKO—MaTeMaTHYHUAX
HayK, 3aBilyBad J1abopaTopii;

Tyna I''M. - npoBiqHAN 1HXEHED;

Topoux I1.I1. - noxTop Pi3NKO—MaTeMaTHYHUX HaYK,
npocecop, 3aBiayBad BiJJIiIIOM.
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R.V. Mazurenko, M.V. Abramov, SM. Makhno, G.M. Gunya, P.P. Gorbik

Synthesis, Electrical and M agnetic Properties of Composites Copper
| odide/M agnetite-Polychlor otrifluor oethylene

Chuiko Ingtitute of Surface Chemistry of the NAS of Ukraine, 17 Generala Naumova Str., 03164 Kyiv,
Ukraine, e-mail: dvdrusik@ukr.net

The sructural, magnetic and eectrophysical properties of composites based on nanosized magnetite
chemically modified of copper iodide and polychlortrifluoroethylene have been studied at temperatures 298 —
450 K and Cul concentrations of from 0 to 0,58 volume. It has been found the optima volume content of copper
iodide (~0,4) in the composites Cul/Fe;O, when the interfacial interaction shows most intensively and
maximum values eectricd parameters take place. The value of the coercive force of nanocomposites Cul/Fe;04
increases with increasing content copper iodide. It was shown that polymer composites containing Cul/Fes0y,
have higher values of real and imaginary components of complex permittivity and conductivity compared with a
system that contains only copper iodide.

K eywor ds: magnetite, copper iodide, nanocomposites, specific magnetization, interfacia interaction.
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CTpYKTYpOYTBOpPEHHS Ta KOPO3iiiHi BJIaCTHUBOCTI
kBasikpucramiyaux cmiasiB Al-Ni—Fe

Jlninponemposcoxuii nayionanenutl ynisepcumem imeni Onecs I'onuapa, np. Iazapina, 72, m. JJuinpo,
Vxpaina, 49010, agpkat@i.ua

JlocntipkeHO HpoLecH CTPYKTYpPOYTBOPEHHsS KBa31KPHCTAJIIUHOI Ta CHIBICHYOUMX KpUCTaTidHUX (a3 i3
3aCTOCYBaHHSIM METOZIB ONTHYHOI Metanorpadii, PEeHTreHOCTPYKTYPHOrO, PEHTTEHO(IIOPECLEHTHOIO i
i epeHniabHOr0 TepMidHOro aHanizi. KoposiliHi BJIACTHBOCTI CIUIaBiB JOCIIDKYBAlIM I'paBiIMETPUYHUM Ta
MOTEHLIOMHAMIYHUM METOJAaMH B PO3YMHAX COJNeil Ta KMUCIOT 3a KIMHATHOI TeMieparypu. BcraHoBieHO
¢dopmyBanHs 1BoX Momubikaniii nexaroHanbHOI kBasikpucramiuxoi ¢asu (AlFe- i AINi-tum) 3anexHO Bif
ckirany. B cmmasi Al7NijgFe s Bona criBicHye 3 MonokiiHoo dasoro AlsFeNi, a y crmasi AlzygNigFes, — 3
kpucraniuaumu dazamu Al3(Ni,Fe)s, Als(Ni,Fe), i Alx(Ni,Fe). TTokasano, 1m0 cTabiibHICTh KBa3iKpUCTAIIYHOL
JiekaroHainbHoi (asM 10 KIMHATHOI TeMIiepaTypu Moxe OyTum moB's3aHa 3 ii HENOBHMM pO3NAZOM IpH
oxosomkerHi 31 mBuakictio 50 K/xB. O6’ eMHuit BMmicT aekaronanbHol ¢asu y cruiasi Al7oNijgFes Ginbin Hixk y
IBa pa3u mnepeBuinye BmicT wiel ¢asu y cmiaBi AlygNigFes,. Bin ckiamy cmmaBy Takox 3aleXHTh
MIKpOTBEpAICTh, IPUYOMY 3aranbHa MikpoTBepaicTh ciuiaBy Alz,NijsFes cyrTeBo Buina. ¥V po3uMHax KHCIOT
HaiiBUIly KOpo3iiiHy crilikicTs Mae crmiaB AlzgNigFess. Y posunHax conel TOCHiDKeHI CIulaBu Maibke He
KOPOJYIOTb. 3aJIeXKHICTh HMMTOMOI 3MIHM Macd 3pa3KiB BiJl 4yacy Koposii Mae mapaGomiunuil xapaxrtep. [Ipu
nepexoni Bix cmiaBy AlzFesNijz no craBy Al eNigFes, cramionapruii enekTpoximiyHuil HOTeHUian y
pozunni 3,0 M NaCl mae MeHII BiJ €MHi 3HaueHHs, a 30HAa EJEKTPOXIMIYHOI NMACHBHOCTI PO3IIMPIOETHCS 3
PaxyHOK rajgbMyBaHHs aHOIHMX HpoueciB. O0HIBa JOCHIIIKEH] CIUIaBU NEPEXOIATh y NMACHUBHUI CTaH y LIbOMY

PO3uHHi.

Korouosi cioBa: nexaroHanbHa (a3a, MIKpOCTPYKTypa, KOpo3iiiHa HOBeiHKA, CTalliOHApPHWI IOTEHIall,

30HA €JIEKTPOXiMIYHOI TACHBHOCTI.

Cmamms nocmynuna 0o pedakyii 13.02.2017; npuiinama oo opyky 05.06.2017.

Beryn

CrumaBu  Al-Fe-Ni  BHKOpHCTOBYIOTH B SIKOCTI
OCHOBHM ISl MArHiTiB AJIHIKO 3aBISKH iX MarHiTHUM
BJIACTUBOCTSIM [1], a TaKOXK B SIKOCTI
BHCOKOTEMIIEPATYPHUX MAaTepiajiB 3aBIsSKUA iX BHUCOKIH
Temmepatypi miaenenss [2, 3]. Kpim Toro, crutaBu Al—
Fe-Ni  MaroTh  NEepPCIeKTHBHI  BJIACTHBOCTI  JUIS
3aCTOCYBaHHS B MPOMHCIOBUX me4yax [4] Ta Ha
HadroximiuHuX 3aBofax [5] y Bumaaky nerysanus Cr (~
8 at. %) ta mikporneryBanus Hf (~ 0,1 at. %). CruiaBu
Al—Fe-Ni, otpuMaHi MexaHIYHUM JIeTYBaHHIM, MOXYTh
OyTH 3aCTOCOBaHI JJIsl BUTOTOBJICHHS KaTaji3aropiB Fe-
Ni IUTIXOM BHIIYTOBYBaHHS ANIOMIHIIO JIY)KHUM BOJTHUM
posunroM [6]. CmnaBu JaHOi CHCTEMH MPHBEPTAIOTH
0COOJIMBY yBary B KOHLEHTpAIiifHil 00nacTi yrBOpeHHs
KBa3ikpucTaTiyHOI JekaroHaidbHoi D-¢asu. Ilo ¢a3sy
BITHOCATH JI0 JIBOBUMIPHHMX KBa3iKpHCTaJiB, TaK SK
Y3II0BXK OCI CHUMETpii JecsiToro mopsaky ii KpHcTalu
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MAIOTh NEPIOMIHUH TTOPSIOK y PO3TALTyBaHHI aTOMIB, a
B IUIOWIMHI, TEpPHEeHAWKYJSIpHIH I  oci
KBa3iNepioJMIHUH MOPSIIOK Y PO3TALTYBaHHI aTOMIB.

[Muranss mono crabinbHocti D-a3u npu KiMHATHIN
TeMIIepaTypi 3aITUIIAETHCS CyIepeuInBUM.
KBasikpucraniyHa nekaronaiabHa (aza Oyia BHUSABJICHA B
KOHIICHTPAIIIHHUX Aiana3oHax, Onu3bkux 10 AlzFesNigs
i AlygNigFes, [7, 8]. B ormsimoiii pobori [9]
CTBEPIDKYBAJIOCS, IO JCKArOHANBbHI KBa3iKpPHCTald B
cucremi Al-Ni—Fe cmig posrisgatd sk MeTacTaOiIbHI.
Byna BucnoBieHa qymka npo Te, o JeKaroHajabHa (aza
3’ SIBJISIETHCS SIK IPOMDKHUM CTaH y mporieci (JopMyBaHHS
¢dasu  Al(FeNi); 3 piguan. 3a  gaHuMH  pAay
JIOCHIJDKEHb BOHa cTalinbHa y BY3BKOMY IHTEpBaui
KoHUEHTpaliit  Al711717Nizsg230F€s3s3 [10-12]. B
inmmx podorax [13-15] moimomiseTses mpo e, 1o D-
daza  TepMoAMHAMIYHO  CTaOiIbHA B IHTEpBai
temrepatyp Mk 930 ta 847 °C, a mpu mojanbmomy
OXOJIOJDKEHHI  MEPETBOPIOETBCS  HA  CYMIII  TPhOX
kpucramiuaux  ¢a3. Kpim Toro, poboti  [§]

B



CTpyKTypOYTBOpPEHHS Ta KOPO3iiiHi BIaCTUBOCTI. ..

TOBIZIOMJISIETBCS  TIPO  yTBOpeHHs1 D-¢daszum y mBuako
OXOJIO[DKEHHX CIUIABaX Y KOHIEHTpaLifHOMY iHTepBaii
Alzs7oNijgoFeg. YV poborax  [16-19]  Takox
MiATBEPKYETHCSl YTBOPEHHS MeTacTabinbHoi D-¢asu.

IlpakTvuHe  3aCTOCYBaHHS  KBa3iKpHCTaJiYHUX
CIUTaBiB YacTo IOB’s3aHE 3 3a0€3IEUCHHSAM iX BHCOKOL
KOpO3iitHOI cTifikocTi. ToMy MeTa 1aHOT poOOTH moIsTae
B JIOCJIDKEHHI CTPYKTYPH Ta KOPO3IMHHX BJIACTUBOCTEH
mutux  cmwiaBiB  Al-Ni-Fe y  KoHIeHTpamiitHux
JiarmazoHax YTBOPEHHS KBa31KpUCTaIIYHOT
nekaroHassHOl D-dasu.

|. MeToauka I0CTi’KeHH

CrumaBu  cxmagy AlppFesNiiz ta Al gNixsFes s
OTPUMYBAJIN CIUIABJICHHSIM XIMIYHO YHCTHX EJIEMEHTIB
(99,99%) y rpadiroBux THUrIAX y mewi Tammana.
[IBuKicTh OXOJOMKEHHS cIuiaBiB cranoBuia 50 K/xB.
BMmict XiMIYHUX €IEMEHTIB BH3HAYaJId METOJOM
PEHTIeHO(IIIOOPECIIEHTHOTO ~ aHalli3y Ha  yCTaHOBII
CE®-01-M «Cnpyr». MiKpOoCTpYyKTypy CIUIaBiB BUBYAIN
Ha ontuyHoMy Mikpockomi «Neophot». KimbkicHy
Merajorpadilo  BHKOHYBAIM  Ha  CTPYKTYpHOMY
aHajizatopi «Epiquant». [nenrudikariiro ¢a3 nposoaunu
METOJIOM PEHTIEeHOCTPYKTYPHOI'O aHajJi3y Ha amapari
JAPOH-YM-1 3 BUKOpHUCTaHHSM XapaKTEPUCTUIHOTO

a

BunpominioBanHs ~ CUK,.  Peaknii 3a  ywactio
JleKaroHaJIbHOI KBa3ikpucTamiyHoi (aszu mociipKyBanu
METOJIOM  JTUQEPEHIIaIbHOTO  TEPMIYHOTO  aHali3y

(ATA). BumiproBaHHS TPOBOAWIN 3 BHKOPHCTAHHAM
BIIKPUTHX THIJIIB 3 OKCHAY aJrOMiHit0. JJIsi KOXXHOTO
3pa3ka 3aluCyBad JBi KPHBI HArpiBy Ta OXOJOKEHHS
3i mBuakictio 5 K/xB. MikpotBepaicts 3a Bikepcom
BUMIPIOBAJIN JIMa3HUM 1HAEHTOPOM IIiJl HABAaHTAKEHHAM
50 r. KoposiiiHi BiacTHBOCTI CIUIaBIB JOCIIIKYBaIl
rpaBIMETPUYHMM METOIOM Ha mnpors3i 1-4 roamn y
po3uMHAaX  XJIOPHAHOI, Cyab(aTHOI, HITpaTHOI M
oprotpocharaoi kucnor (pH=1,0) abo B pozunHax cojeit
HaTpii xmopuay uu Hatpii cyaedary (pH=7,0) Ha
nporsizi  1-4  pgwmiB. TlonmspuzaniiiHi  BUMipIOBaHHS
BHUKOHYBaJIM 3a jAornomMororo noreHniocrara [1I-50-1 ta
Iporpamaropa P8 3 BHUKOPUCTAaHHIM
TPHOXEJIEKTPOAHOI KOMIpKH. J[OMOMIXXKHUM €JIEKTPOLOM
CIyryBaB  IUIATHHOBHH  €NEKTPOX,  EJIeKTPOIOM
TIOPiBHSHHS xyopuncpionmit. Ilpu  peecrpanii
BOJIbTAMIIEPOrpaM IIOTEHIia]l PO3TOpTaBcs BiJ CBOIO
CTalliOHAPHOT O 3HAYEHHS B KATOAHUI YW aHOAHUH OiK 31
mBuakictio 1,0 mB/c. Koposiiiai Ta enekTpoxiMidHi
BUTIIPOOYBaHHS MPOBOAWIH 3a Temneparypu 20+2°C.

0

Puc. 1. Mikpoctpykrypa cmaBy AlzoFesNijs: a —x 200; 6 —x 400.
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Puc. 2. ludpakrorpama cmiaBy Alz,FesNiis: a — 10 ITA; 6 — micis JITA.
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1. Pe3yJbTaTH eKCIIEPUMEHTY Ta iX ®da3zoBuil CKJIaJ JOCTIHDKEHUX 3pa3KiB IMiJITBEPIIKYIOTh
0BT OBODEHHSI pe3yNnbTaTH PEHTTEHOCTPYKTYpHOro aHamizy (puc. 2).
P TemnoBi edexkTn Ha TepMorpamax CBiYaTh Mpo Te, L0

Critan AlpFewsNizs mae soasiy crpyKTypy (prc. D-(baia yrBoproetrses mpu 930 °C, a daza AlsFeNi — mpu
. . ; 1070 °C (puc. 3, a).
1). 3pa3ok MicTuTh KpucTanu rnepBuHHOI (aszu AlsFeNi

. . R .. 00’ emuuii Bmict D-da3u B ¢ Typi mocsrae 32,0
Ha ¢oHi KBazikpucTanmiuHOI nekaroHanpHOI D-daswu. ¢ TPYKTYP '

24 — 24 -
22 + 22 4
Q204 & 20+
=R = .
18 18 4
16 16 4
— T T T T T T T T T S e e
850 900 950 1000 1050 1100 1150 850 900 950 1000 1050 1100
T,°C T, °C
a 0
Puc. 3. Tepmorpamu oxonomkeHHs criaBiB: a —AlzoFesNijs; 6 — Al7g gNisFes 4,
6
Puc. 4. Mikpoctpyktypa criaBy Al;ygNixgFes 4: a —x 200; 6 —x 400.
100 100 —
| A D-¢J§3a A D-daza
X AN T x ALNi
80 m AlNi 80 - . - AI3Ni2
] o AlFe, ] ® Al Fe,
60 - 60
X ] X
40
20 4
0 e
30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
20, rpan. 20, rpaz.
a 0

Puc. 5. ludpakrorpama crmiaBy Alz; gNizFes 40 a — mo JITA; 6 —micns ATA.

224



CTpyKTypOYTBOPEHHS Ta KOPO3iiiHi BIACTUBOCTI. ..

Taoauus 1

Pe3yspraTi KinbKicHOro MetajorpadiqHoro aHamizy Ta MiKpOAIOPOMETPUYHUX BUMIPIOBaHb
cmrasiB Al-Ni—Fe

Cras OO0’ eMHUiT BMiCT Mixkpotsepaicts D-¢da3mn, 3arajibHa MiKpOTBEPAICTh
D-dazu, % I'Tla ciay, ['Tla
Al FesNigs 32,0+0,1 10,8+1,33 10,1+0,7
Al 6NisFes 4 13,7+0,1 9,2+0,47 4,9+0,3
-3,0 — -1,0 —
1 | 2
0,8
"= 20 : = 1
- 5 087
g E 044 g
41,0
> _
1 -0,2 —
. . .3 T 3
— — 4
070 I T I T I T I 1 070 r’l’ I T I T I 1
1 2 3 4 1 ) 3 4
T, TOJT T, TOJT
a 0

Puc. 6. 3anexxHOCTI 3MiHM MacH OUHUII TIOBEPXHIi 3pa3kiB cruiaBiB Alz,FesNigs (8) 1 AlyggNixFes 4 (6) Bix acy
00po6ku y pozuntax kuciaor (pH=1,0): 1 —H3PO,; 2 —H,S0O,; 3—HCI; 4 —HNO;,

Taoauus 2

BinnocHa BrpaTta Macu 3paskiB ciuiaBiB Alz,FesNis Ta Alzg gNisFes 4 micns koposifiHux BUnpoOyBaHb
y po3umHax coiuei, %

Yac 06poOku, AHI
Cmnas Pozunn 1 > 3 7
0,4 M Na,SO, 0,1 0,2 0,2 0,2
AlzFesNiss
3,0M NaCl 0,0 0,0 0,0 0,1
0,4 M Na,SO, 0,0 0,1 0,1 0,1
Al716NizsFes s
3,0M NaCl 0,0 0,0 0,0 0,0
006. % Bij 3arajgpHOrO 00’ €My cruiaBy (tabm. 1). D-dasa y Fe),, a mnpu Temneparypax 875-885 °C BoHa

crmaBi Al FesNis  siBisie  coboro  TBepauii po3unH
Hikesro B crionyii AlggFer (tun D-AIFe) [7].

Cruias Al71 gNixFes 4 CKJIAJIa€ThCS 3
KBa3iKpUCTAJIIYHOI JieKaroHanbHoi D-da3u ta HacTyrmHIX
kpuctamiuaux  ¢a3;.  monokiminHa  Alg(Ni, F€)g,
rexcaronansHa Alz(Ni, Fe),, opropombiuna Als(Ni, Fe)
(puc. 4). Tlicnst TpaBieHHs KBasikpucramiuHa D-dasa
CTae TEMHOrO KOJNLOpY Ta 3aiimMae Omm3pko 13,7 % Bin
3aranpHOro 00'eMy crmmaBy (tabm.  1). Onwmcanwuit
¢da3oBuil CKNaA CIUIaBy MiATBEPPKYIOTH PE3YJIbTaTH
peHTreHocTpykTypHOro — aHamisy (puc. 5). Ilpwm
temriepatypax 925930 °C  pekaronanmpHa  (pasza
3HAXOAUTHCS B PiBHOBa3i 3 piauHo0 Ta (aszoro Alz(Ni,
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posmagaerhes Ha Tpu kpuctamidai dasu Alz(Ni, Fe)y,
Al3(Ni, Fe), i Al3(Ni, Fe). Tadopmariist mpo Temmeparypu
peaxiiiii, orpumana 3 manux JITA, HaBeneHa Ha puc. 3, O.
D-dasa B crmasi AlzygNixsFes, sBise coboro TBepamit
po3unH 3amiza B conyit AlgoNiy (tum D-AINI) [7].
TakuM YHHOM, pe3yJAbTaTH IOCTI/KEHb JIUTHUX
cmwiaBiB AlzFesNiiz ta AlgggNixgFes, mokasamu, 1o
Jiesika KUTBKICTh JIeKaroHaJbHOI (pa3u, yTBOpeHOI mija yac
TBEpAIHHSA, MOXE  3aldiiatacs 10  KiMHATHOI
Temmepatypu. Lle Bkasye Ha MOXIIHBICTh PO3LIMPEHHS
TEMIIEPATYPHOro Miala3oHy iCHYBaHHsS JIE€KaroHaJbHOI
¢dasu mpu oxomomkenHi 31 mBuakictio 50  K/xs.
006’ emunit BMict D-dasu y crumasi Alyg gNixsFes 4 6inbi
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Puc. 7. TlonmspuzaniiiHi 3aJeXHOCTi, OTpUMaHi y
posunni 3,0 M NaCl (pH=7,0) anst crmasis: 1 —
Al7oFeisNigz; 2 — Al7g gNizgFes

HiX y 2 pa3u nepesuiiye ii BMicT y cruiasi AlzFesNiss.
3arajgpHa ~ MIKpPOTBEPICTh crmaBy Al FesNigs
MEPEBHIIYE 10  XAPaKTEPUCTHKY IS CIUIABY
Al716NixFes 4. KpiMm TOro, BUMiproBaHHS MOKa3aiH, IO
nekaronansHa D-dasa B crumasi Al7,FeisNis Mae Ginbiry
MikpotBepaicth, Hik D-daza B cmmaBi AlzggNizsFess

(Tabm. 1).
Critag Ta MIKpOCTPYKTYpa IOCIHIDKEHUX CIUIABIB €
KITIOYOBUMHU mapaMeTpaMH, SIK1 3YMOBJIIOIOTh

BIIMIHHOCTI B iX KOpO3iiHIA Ta eNeKTPOXiMiYHil
noBeiHIN. Ha puc. 6 HaBemeHO 3aIeKHOCTI 3MIHH MacH
OIMHUII TOBEPXHI 3pa3KiB BiJl 4Yacy IX BUTPUMKH Y
posunnax kucmot (pH=1,0). Haiibinem  cridikum
BusiBuBcs cruiaB Al;y gNigFes 4, 11s skoro MakcuMansHa
Brpata macu 0,8 mr/cm® Gyma 3adikcoBaHa y po3dmi
cynbhaTHOI KHCIOTH 32 4 TOAWHY BUIIPOOYBaHHS. MeHIn
crifikuMm BusBuBCcs cruiaB  AlFeisNiz, 11a  saxoro
HaiiGinbma BTpata Mack 2,1 mr/cm® crocrtepiramach B
posuuHi oprodochaTHoi kucmoru. OOuABA CIUTaBH
MPaKTHYHO HE pearyBajid 3 XJIOPUIHOK Ta HITPAaTHOIO
KHCJIOTAMH.

3pa3ku IOCIiPKEHUX CIUIaBiB Maiike HE KOPOAYBalld
y posunnax coneit Na,SO, Ta NaCl (ta6a. 2). Ix komip Ta
Maca IpakTHYHO He 3MiHroBajHcs. Lle MokHa mmosicHUTH
MIepexoIoM JIOCHI/PKEHNX CIUIaBiB y NTACHBHUI CTaH 3a
HasIBHOCTI B X CKJIaJi HIKeIto.

JonatkoBy iH(OpMAIIiO IIOI0 NMPUYHUHHU IHEPTHOCTI
JIOCHI/DKEHNX CIUIaBIB y HEWTpalbHUX CEepeJOBHUILAX
MOXITUBO oTpUMartH, BU3HAYUBIIN BEJINYNHA
CTAI[IOHAPHMX  ENEeKTPOXiMiYHMX  MOTEeHIiakiB.  Ix
3HA4YeHHs1 OyJaM BUMIPSHI NUILSIXOM TPHUBANOl peecTparii
E, 1 — 3anexnocreit y 3,0 M pozuuni NaCl (pH=7,0).
3’s1coBaHO, IO IMiJBUIICHHS BMicTy Hikemto 3 13 mo 23
aT. % MPUBOAMTH 10 3MILLIEHHs 3HAYEHHSI CTalliOHAPHOTO

MOTEHIN ATy CIUIABY B MO3UTHUBHY cTopoHy 3 —0,55 B 10 —
0,46 B. Lleit dakt Brkasye Ha Te, 110 cmiaB Aly; gNixsFess

mopiBHAHO 31 cmiaBoM Al FesNiiz € Gimbin
€JIEKTPOXIMIYHO IHEPTHUM.
[Momanpimi  moJsIpu3alliiiHi  JOCTIKCHHS — Oyiau

MPOBENICHI 3 METOK BHM3HAYCHHS 30H EJICKTPOXiMIUHOI
MACHBHOCTI CIUIABIB, 3a MEXKaMU SKHX VY KaTOIHIH
obmacti Oyme BimOyBaTHCS BIJHOBJICHHS BOAM 3
YTBOPEHHSAM BOJIHIO, @ B aHOJHIN 00JIaCTI — OKHCHEHHS
CIUIaBiB Ta YTBOPCHHS KHUCHIO. [IIBHIKICTH PO3TOPTKH
noteHniany ckiaagana 1 MB/c, To6TO mportec peectpariii
i, E — 3amexHocTe#l mpoBomuBCsA i 000X CIUIABiB
MIPAKTUYHO B CTAIlIOHAPHHUX YMOBaX. SIK BHUIHO 3 puC. 7,
3HA4YeHHs KarofgHol ryctuHu crpymy (i) s 06ox
CIUIaBiB ONHAKOBO IIOYMHAIOTH 301JIBIIYBATUCS MPH
moTeHiianax Oinemn Big emuux, Hixk —1,0 B. Anommi
JUISTHKK  BOJIBTAMIIEpOrpaM  BiJPI3HSAIOTHCS OJHA Bij
onHoil, a came s ciiaBy Al7oFesNis 30Ha macuBHOCTI
3akinuyetbes nipu —0,47 B, a mi1s crumaBy Al7g gNigsFes 4 —
pu —0,32 B. TakuM 4rHOM, 30UIBIICHHS BMICTY HIKEITIO
y CIUIaBl TpPUBOIUTH JO TaJbMyBaHHS aHOJHOTO
IIPOIIECY, 1 TAKUI CIUIAB CTAa€ OLIBII IHCPTHUM.

BucHoBkn

1. IIpoBeneni JIOCITiJPKEHHS MiATBEPKYIOTh
YTBOPEHHS KBa3iKpUCTAIIYHOI JekaroHaibpHoi D-¢aszm y
crpykrypi  cmiaBiB  Al-Ni—Fe,  oxomomkenux — 3i
mBuakictio 50 K/xB.  CrocrepiraroTbCss  JiBa  THIH
neKkaroHanpHux kBasikpuctanis (AlFe- Ta  AlINi-tum)
3aJIeKHO BiA ckiaamy cmiaBy. Y ciuiaBi AlzoFesNig D-
(daza yTBOPIOETHCS HA OCHOBI  KBa3iKPUCTATIYHOI
nonBiitHOI XimiuHOl crionyku AlggFey Ta mpu KiMHATHIH
TEMIIEpaTypi CHiBicHYe 3 KpucTaaiuHowo ¢aszoro AlsFeNi,
a B craBi AlyeNixsFes4 — Ha ocHoBi cronmyku AlggNigg
Ta CHIBICHYe 3 TphOMa HACTYIIHUMHU KPHUCTATIUHUMHU
dazamu: Aly3(Ni, Fe)4, Al3(Ni, Fe), Ta Al3(Ni, Fe).

2. CmnaBu Al-Ni—Fe npakTuuHO HEe KOPOAYIOTH Y
HEWTPAIIbHUX COJNBOBHX PO3YMHAX Ta B CHIILHOKHCIHX
pO34YMHAX XJIOPUAHOI 1 HITPAaTHOI KHCIOT. Y pPO3YMHAX
cyiabdatHoi Ta opTodocaTHOI KHCIOT KOpO3iiHa
aKTHBHICTD CIUIaBIB € HE3HAYHOIO 1 3MEHIIYETHCS TpHU
301IbIIICHHI BMICTY HIKEJIIO B CIUIABI 3aBISKH MMACHBAIIii
nosepxHi. Ilpu mepexomi Bix cmiaBy AlsFeisNiz mo
cwaBy Al71gNixgFes 4 crarioHapHuil eIeKTpoXiMidHH
IIOTEHI[laJl Ma€ MEHII BiJx €éMHI 3HA4YeHHSA, a 30HaA
€JIEKTPOXIMIYHOI MACHMBHOCTI PO3IIMPIOETHCS 32 PaXyHOK
raJIbMyBaHHS aHOIHHUX IPOIIECIB.

Cyxoséa O.B. - mpodecop, NOKTOp TEXHIYHHX HAYK,
Kaenpu eKcriepUMeHTaIbHOI (Di3UKK Ta (Pi3UKKA METaIIB;
Ilononcokuii B.A. - xkanmunaT XiMiYHUX HayK, AOLEHT,
JIOLeHT Kadeapu (i3nvHOI Ta HEOPTaHIYHOI XiMiT;
Yceminosa K.B. - imxenep kadenpu eKCriepuMeHTaIBHOT
¢i3uku Ta Qizuku MeTaiB.
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0O.V. Sukhova, V.A. Polonskyy, K.V. Ustinova

Structure Formation and Corrosion Behaviour of Quasicrystalline
Al-Ni—Fe Alloys

The Oles' Honchar Dnipropetrovs k National University, 72 Gagarin Ave, Dnipro, 49010, (056) 776-58-86, aspkat@i.ua

The formation of quasicrystalline decagonal phase and related crystalline phases was investigated by a
combination of optical metallography, powder X-ray diffraction, atomic absorption spectroscopy and differential
thermal analysis. Corrosion behaviour of quasicrystal Al-Ni—Fe dloys was studied by gravimetric and
potentiodynamic polarization experiments in saline and acidic solutions at room temperature. The decagonal
phase exhibits two modifications (AlFe- and AlNi-based) depending on the composition. In Al;,NisFe;s aloy it
coexists with monoclinic AlsFeNi phase. In Al ¢NixsFes, alloy crystalline Algz(Ni,Fe)s, Als(Ni,Fe),, and
Al3(Ni,Fe) phases are seen adjacent to the quasicrystalline decagonal phase. Stability of quasicrystal phase up to
room temperature was shown to be connected with its incomplete decomposition during cooling at a rate of 50
K/min. AlxNisFe;s aloy has more than twice larger volume fraction of this phase compared to that of
Al gNissFes4 aloy. A dependence of microhardness on composition was observed as well, with Al;oNizFers
aloy having substantially higher values. In acidic solutions, Al;;eNixFes, aloy showed the best corrosion
performance. In saline solutions, the investigated dloys remained mainly untouched by corrosion. Mass-change
kinetics exhibited parabolic growth rate. After a potentiodynamic scan in 3.0 M NaCl solution polarization of
AlFesNiz and Al7gNixsFes, aloys revealed that stationary potentia values became more negative, with
anodic process slowed down. The polarization curves showed that both the quasicrystalline aloys turned to
passive state in this solution.

Key words: decagonal phase, microstructure, corrosion behaviour, stationary potentia, e ectrochemical
passivity zone.
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VY poboTi mpeacTaBieH! pe3ydbTaTH JIOCHIPKEHb, SKi OTpUMaHi HPH Po3poOLi TEXHOJIOril eIeKTPOHHO-
IIPOMEHEBOI 0e3THresIbHOI 30HHOI IIABKU MeTalypriiHoro kpemHito. ITokaszano, mo padiHyBaHHS KPEMHIO BiJ
(GOHOBUX 1 JIETYIOUMX JOMIIIOK IIPU EJICKTPOHHO-TIIPOMEHEBIN Oe3THrenpHill 30HHIM IUIaBII BinOyBaeThCs
IIIIXOM 30HHOT'O OYHMILCHHS NPH IUIABLI i B pe3y/bTaTi BUIAPOBYBaHHS JOMIIIOK 3 IOBEpXHi 3pa3ka. CTBOPEHO
MaTeMaTHYHy MOJENb 1 IPOBEICHO OOYMCIIOBAIBHUM EKCIEPUMEHT, 3a JIOIOMOIOI SIKOr0 BH3HAUYECHO
TEMIIepPaTypHUI I'paJlieHT NPH Pi3HUX MIBUIKOCTAX 30HHOTO IUIABJICHHS. BCTaHOBIICHO MeXI TeMIepaTypHHX
IPaJi€HTIB, IIPY SKHUX B MPOLEC IUIABKU (OPMYETHCS CTOBITYACTA CTPYKTYpa KPHCTAIITIB, 110 3a0e3neuye pa3om
3 OUMILCHHAM 3pa3KiB B pe3y/bTaTi 30HHOI IepeKpHcTatizauii MiABUIIEHHSA DPiBHA HMUTOMOIO E€JIEKTPOONOpY

3JIMBKIB.

Korouosi croBa: monmikpucranigHuii KpeMHil, (oroenekTpuuHi neperBoproBadi, €l1eKTPOHHO-IIPOMEHEBA
Oe3rurenpHa 30HHA IUIaBKa, padiHyBaHHSA, CIPAMOBAaHA KpHCTali3allis, CTOBOYaTa CTPYKTypa, HHUTOMHIL

€JICKTPOOMHIp.

Cmamms nocmynuna 0o pedakyii 07.01.2017; npuiinama oo opyky 05.06.2017.

B nanumit wac (oroenekTpuuHi mepeTBOPIOBaUi
(DEII) consunux GaTapeii BUTOTOBISETHCS 3 KPEMHITO, i
€KCIIEPTH BBaXKAIOTh, II0 HAWOIIKYMM YacoM He
3'SIBUThCS KOHKYPEHTOCIIPOMOXKHOT TEXHOJIOT'T, sika Oye
3aCHOBaHa Ha 3aCTOCYBaHHI iHIMX Marepiamis [1].
Cepen 0Oaratbox CcrocoOiB OJIEp)KaHHS COHSYHOTO
KPEMHIIO NEPCIEKTUBHOI0 € TEXHOJIOTis BUPOOHHMIITBA,
sKa IIOJSIra€ B OTPUMAaHHI KPEMHIIO COHSYHOI SIKOCTI
OesrocepennHbO 3 MetanypriiiHoro. Ha cydacHomy erami
B SIKOCTI OJHOTO 3 HAampsSIMKIB pPO3pOOKU TEXHOJOrIT
BUPOOHMLITBA KPEMHIIO JJIsI COHSYHOI EHEPreTHKH,
BU3HAUYEHO TIIpPsIME OTPUMAaHHS KPEMHII0 MeToAaMu
CHpsIMOBAaHOI KpHCTaslizalii 3 padiHOBaHOTO TEXHIYHOTO
KpemHiro [1].

KpurepieM OIIHKM NPUAATHOCTI MeETaIypriiHOTrO
KPEMHIIO ]Il BUKOPHUCTAaHHS HOro TpH BUTOTOBJIIEHHI
@EII € xiMi4HUI CKJIaJ, CTPYKTypa Ta eIeKTpOQi3uyHi

rapameTpH.
Y  pamiii  poboTi A mepekpucTranizamii
MeTaJIypriiHOro KpPEMHII0 BHUKOPHUCTOBYBAJIACs
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Oe3THreNbHa EJIEKTPOHHO-TIPOMEHEBAa 30HHA IUIaBKa
(BETI3II). KpiM eJIeKTpOHHO-IPOMEHEBOrO HArpiBY
JIAaHUH METOJ Mae€ sl IepeBar rnepen iHIIUMHU BUAAMH
IUIaBKH, @ caMe. B IIPOLECi IUIaBKH MOXKJIHMBO JOCHUTh
JIETKO PETYJIIOBATH BUCOTY PO3ILIABIECHOI 30HHU; IPOIIEC
MOXKHa MPOBOAUTH B HIMPOKOMY Jiana3oHi TeMIeparyp
(mo 2200°C). KK mpouecy 6Gimbin ik 80%. Ilpu
nepeKpucTanizanii KpeMHII0 METOJOM  E€JIEeKTPOHHO-
MPOMEHEBOI 30HHOI IUIaBKHM B ()OPMOBAHOMY KpHCTaJi
BiIOYBAIOTHCS MPOLIECH 30HHOI'O OYUINEHHS TPH TLIaBIi,
a TaKkoX B pe3ynbTaTi BHUINAPOBYBAHHS IOMIIIOK 3
TIOBEPXHI PO3ILIABJICHOI 30HU 1 HATPITUX ALISIHOK 3pa3Ka.

B sikocTi OCHOBOITOJIOXNKHHX MpU Po3poOIli (Hi3zuKo-
XIMIYHAX OCHOB TEXHOJIOTii Oep»aHHsS MOJIIKPUCTAIIB
kpemHito st OEIT [2], B niporieci SsKUX BigOyBaTUMETHCS
OYMIIECHHS  KPEMHil0, BH3HA4Y€Hi TPH  OCHOBHI
TIOJIOXKEHHSI:

1. Hu3bki 3Ha4YeHHSA KOCQIIIEHTIB pPO3MOALUTY B
OLJIBIIIOCTI JOMILIIOK B KPEMHIi.

2. Pi3HMI B NPY)XHOCTI IMapiB Pi3HUX EJIEMEHTIB
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IIPU BUCOKHX TeMIlepaTypax.

3. Bucokuii Bakyym.

3acrocoBaHuii B AaHiii poOOTI MeTOA OE3TUreNnbHOI
€JIEKTPOHHO-TIPOMEHEBOI ~ 30HHOI  IepeKpucTati3aii
JIO3BOJISIE 3MIIICHIOBATH OYMIIECHHS KPEMHIIO, BU3HAYCHY
BKa3aHUMU TTOJIO)KEHHSIMHU.

Jpyre i Tpete nonoxxeHHs 0a3yOThCs HAa MPOBEACHHI
MIPOLIECY B BUCOKOMY BaKyyMi Ta BiJ]MiHHOCTI TIPY>KHOCTI
MapiB pi3HUX €JIEMEHTIB, IO Oyae NPUBOIUTU IO
BUJAJICHHS KOMIIOHEHTIB, JJIsI SIKMX MPYXHICTh HapiB
BUIIE TPYXKHOCTI mapiB kpemuito. Ha puc. 1
MIPE/ICTaBIIeHI AaHi 3aJIe)KHOCTI TUCKIB HACHYEHUX MapiB
eneMeHTIiB Big Temmepatypu [1]. 3 anamizy mux maHux
MOXHa 3pOOMTH BHCHOBOK, IO 3 pO3IUIaBy MOXKHA

3HAYEHHSIM PIBHOBAXHUX KOE(DIILlIEHTIB PO3NOALTY 30HHE
OYMIICHHS MaJloeEeKTUBHE, TOMY iX OYHIIEHHs Oyne
WTH, B OCHOBHOMY, 32 paxXyHOK BUIIAPOBYBaHHSI.

VY mifi poboti IS JOCTIHKEHh BUKOPHCTOBYBaBCS
3IUBOK  MOJIKPHCTAJIYHOTO  KpEMHIlO, SKHA  OyB
ofiep )KaHNi METO/IOM 1HIYKIIHHOI IUIaBKHU B XOJIOJHOMY
THUIJI.

IuTomuii
0,9 Om XcM.

XiMiYyHMHA CKJIaJ 3JIMBKa, MPEICTaBIeHUH B Tabmd. 1,
BU3HAYAIM HAa MAac-CIIEKTPOMETPl TIIIOUOro pO3pPSIy
GDMS. Tumn npoBigHOCTI — N-THII.

[Muromuii enexkTpoomip MOJIKPUCTATIYHUX 3JIUBKIB
KPEMHII0 BU3HAYaJIH YOTHPHOX30HJOBUM METO/IOM.

€JIEKTPOONip  BUXIAHOIO Marepiaiy:

OYiKyBaTH BUIapoByBaHHs 3 moBepxHi 3paska K, N, Ca, [Muromuit  enektpoomip - OAMH 3 HaWOLIBII
Ba, As, P. Crin 3a3Ha4nTy, 10 AN TaKUX €JIEMEHTIB, SK BAXKIUBUX IIAPAMETPiB, 10 BH3HAYAIOTH  AKICTh
(pochop, MuUII'AK i KHMCEHb, B 3B'3Ky 3 BHCOKHM HaIIBIPOBiTHUKOBOro  KpeMHiro. lLleli  mapamerp
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Puc. 1. 3anexHicTh TUCKY MapiB Pi3HUX EIIEMEHTIB - IOMIIIOK BiJ TEMIIEPaTypH
Taommusa 1
XiIMIYHHNA CKJIAJT TOCHTIHKYBAHOTO 3JIMBKA
Ne Ene- KomnmenTparris, N i/ Ene- KomnmenTparris, N i/ Ene- KomnmenTparris,
o/ | MeHT ppma MEHT ppma MEHT ppma
1 B 0,434 10 Ti 0,021 19 Cd 0,000
2 Na 0,357 11 V 0,014 20 In 0,000
3 Mg 0,115 12 Cr 0,345 21 Sn 0,093
4 Al 0,247 13 Mn 0,089 22 Ag 0,584
5 P 0,797 14 Fe 2,480 23 Ba 0,057
6 Ga 0,000 15 Co 0,040 24 W 0,036
7 K 0,299 16 Ni 0,180 25 Ag 0,584
8 Ca 4,414 17 Zn 1,714 26 Au 0,000
9 Sc 0,003 18 As 0,100 27 Bi 0,003
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Puc. 2. l{ukiorpamu npormecy exeKTpOHHO-IIPOMEHEBOT 30HHOI TUTABKH MOJIKPUCTAIIIB KPEMHIIO.

Puc. 3. TTonikpucTaniuyHui KPEMHIH MICIIsA 30HHOI ITaBKH.

XapaKkTepu3ye CTYIiHb YUCTOTH HAIliBIPOBITHUKOBHX
Mmarepianis [3].

Bynu po3po0dieHi LUKJIOTPaMH poLecy
€JIEKTPOHHO-TIPOMEHEBOI OE3TUreNIbHOI 30HHOI IUIABKH
MeTaJypriiHoro kpemHiro. [TnaBky 3pa3kiB MpOBOIMIN
Ha mBuakoctax 0,0056 mm/c; 0, 014 mm/c; 0,028 mm/c;
0,039 mm/c; 0,056 mm/c.

Ha pwuc.2 HaBemeHi IMKIOTpaMH  MPOIECY
€JIEKTPOHHO-TIPOMEHEBOI OE3TUreNIbHOI 30HHOI IUIABKH

MOJIKPUCTANIB  KPEMHIIO IS  INBUAKOCTEH IUIABKH
0,0056 - 0,056 mm/c.
Sk BHOHO 3 IMKIOTpaM, AaHONHHUHA  CTPYM,

MPAaKTHYHO, MaJI0 3MIHIOETHCS MIPOTATOM YCHOI'O LUKITY
miaBku. Jleske HOro B3HIKEHHS MO0 KiHISM IUTaBKA
00YMOBJIIOEThCSl 3arajlbHUM TIPOTPIBaHHSIM 3pa3ka B
mpolleci IUIaBKW, a TaKoX HarpiBOM apMatypu B
BaKyyMHIH KaMepi.

3a po3pobieHMMH LWKIOrpaMu Oyia IpoBeieHa
30HHA ITaBKa METAIYPriiHOr0 KPEMHIIO.

Ha puc. 3 nokaszanuii 3pa30K KpEeMHIIO Micis 30HHOT
MepeKpHUCTaTi3aIlii.

Po3paxyHkoBuMH MeTOoaMU OyJnO BCTaHOBIICHO 1
EKCTIIEPUMEHTAIIFHO MIATBEPYKEHO Ha MPUKIAAi KHCHIO 1
¢dochopy, 1o padiHyBaHHA KPEMHIO TMpPHU IUIABII

230

HEOoOXiTHO TIPOBOIUTH pu IIBUIKOCTSIX
nepekpucranmizamnii He Hmwk4ye 0,014 mm/c. Tlepernar 3i
mBHAKiCTIO Hiokue, HiK 0,014 Mm/c ManoeheKTUBHHIA.
Byrno moka3aHo, 10 3HMXKCHHS MAacCOBMICTY KHCHIO 1
(dochopy IpH MBI TOCATAETHCS 32 PaXYHOK HASBHOCTI
J00pe PO3BHHEHOIO BUNBHOI MOBEPXHI PO3ILIABICHOI
30HM 1 BU3HAYAETHCS MpOLECAMU BUIIAPOBYBAHHS Ta
nerasaiiii B BakyyM [4].

XiMIYHUHA CKJIaJ 3/IMBKAa KPEMHIIO TiCis 30HHOI
nepekpucTanizanii BU3HA4YadM 3a JOMIOMOIOK Mac-
cnektpoMerpa GDMS. JlaHi npeacrarieHi B Ta0I. 2.

Sk BUAHO 3 TaOMMIN BiZOYBAa€THCS OUHUINEHHS BiX
JIIOMIIIOK, AK€ BHUKIMKAHE CIIJIBHOK II€0 — 30HHOI
TUIaBKY 1 iera3aiii B BAKYyM.

Bigomo [5, 6], mo engekrpodisuuHi Mmapamerpu
KpEeMHII0 B 3HAuHIH Mipi, 3ajJeXaTh HE TIJIBKH BiX
YUCTOTH KPEMHIIO, a TaKoX BiJ OyJOBH KPHCTAIITIB, iX
po3TalIyBaHHs,  PO3MIpiB, a  TaKOX  KUIBKOCTI
Mik3epenHux rpanuns (M3I). ToMmy KpiM oOYHIIEHHS
KPEMHII0 BiJl JOMIIIOK HEOOXIAHO OCOOJHBY YyBary
TIPUALIISITA CTPYKTYpi BHPOIIYBAaHOTO 3]IUBKA,
dbopMmyroun 1i NpH HANpaBICHOI KpHCTamizamii 3
YTBOPEHHSIM CTOBITYACTOI CTPYKTYPH 3 MIiHIMAJIEHOIO
kinbkicTio M3T. [Ipu BupolyBaHHI 31MMBKa HEOOXiTHO
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Tabauuns 2
XiMIYHUH CKIIa]T 37MBKIB TTOTIKPUCTAIIYHOTO KPEMHIFO ITiCIIsi 30HHOI MepeKpHCTaTi3atiii
Ha msuaxocti 0,028 mm/c.
No | Ene- KomnmenTparris, No | Enme- KomnmenTparris, Ne Ene- KomnmenTparris,
n/m | meHr ppma n/m | MeHT ppma n/m MEHT ppma
1 B 0,492 10 Ti 0,010 19 Cd 0,000
2 Na 0,250 11 V 0,001 20 In 0,000
3 Mg 0,082 12 Cr 0,0265 21 Sn 0,044
4 Al 0,113 13 Mn 0,031 22 Ag 0,328
5 P 0,226 14 Fe 0,874 23 Ba 0,001
6 Ga 0,000 15 Co 0,008 24 W 0,012
7 K 0,085 16 Ni 0,018 25 Pt 0,000
8 Ca 0,508 17 Zr 1,341 26 Au 0,000
9 Sc 0,002 18 As 0,002 27 Bi 0,002
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Puc. 4. 3anexHicTb TpajiieHTa TEMIEPATyp Ha TPaHUIl PiAKoi i TBepIoi (a3 BiJ IIBUIKOCTI KpUCTaATi3alii.

3a0e3MeUnTH TaKi TapaMeTpu KpUCTaji3alii, o0
OTpUMATHU 3JIMBOK BiJIIOBITHO JIO IEpepaxoBaHUX BUILE
BuMmor. CroBmuacra CTPYKTypa 37MBKa (opMmyeThcs Ha
MEeBHUX MIBHAKOCTSX. lle TmoB's3aHO 3  pi3HUMHU
3HAYEHHSIMHU TEMIIEPAaTypHOTO TPaJi€HTa, SIKUH BUHHUKAE
Ha TpaHulli piakoi i TBepaoi das [7]. Sk Oymo 3a3HaueHO
Bumie [8], Ha 3HAYEHHS TEMIEPATYpPHUX TPAJi€HTIB
piako-TBepnoi (ha3u BILIMBAIOTH TaKi YNHHUKH:
Teru1o(i3u4HI BIACTUBOCTI MaTepiaiy;
IIBUJIKICTh KPUCTAJTI3aIlil;

MPUXOBaHa TEMJIOTa KPUCTAJI3allii;

TEIJIOBA KOHBEKIS, sKa PO3BUBAETHCS
MIPOIIEC] TUTABKH.

Jlns BHU3HAYEHHS TEMIIEpaTYpHOrO TpajieHTa Ha
rpaHumi piakoi i TBepAoi (a3 mpu pi3HUX MIBUIKOCTSIX
Kpucramizamii (B HamioMy BHMNAJKy IIBHUIKICTH
KpHCTai3allii JOpiBHIOE IIBHUIKOCTI pyXy HarpiBaua) i
BU3HAUEHHS BIUIUBY HOro Ha CTPYKTYpy 1 HHUTOMHUH
eIIEKTpooITip Oyina po3podicHa MaTeMaTHYHA MOJCIb,
sIka BPaxOBYE TepeNiueHi BUILE YNHHUKH, Ta MPOBEACHO
00YHUCITIOBAIEHUN €KCIIEPHMEHT.

B
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[Ipu po3poor1i MaTeMaTUIHOI Mojei
nependavaiocs, IO B  3pa3Ky JIOBXKHHOIO L
MiATPUMYETBCS TIOCTifHA BHCOTa PO3ILUIABICHOI 30HH,
HIBHIKICT  TNEpeMillleHHs  (QPOHTY  KpucTamizaii
JIOPIBHIOE IIIBUJIKOCTI IUIABKU 3pa3Ka, KOHBEKTHBHE
MepeMITTyBaHHS B PiKiH 30HI TOCUTh IHTCHCUBHE.

BupinryBanacs 2-x mipHa 3a/1a4a TEIUIONPOBIAHOCTI
B HWTIHJAPUYHINA CHCTEMI KOOPIUHAT

Teeiro Tgmo_ I ©
'ﬂrg rg fze z@ it
3 TpaHMYHAMH YMOBaMU Ha BEpXHIH 1 HIDKHIN
TIOBEPXHSX
1T
| —=-a+(T-T.,), (2
1z T cm
1 Ha O1yHIH MOBEpXHi
T
| — =Q+gqh, (3

qr

ne Q — npoMeHucTHil TeroooMin, Br/m%: Q = g (T +
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Puc. 5. Po3nofin rpagienTa TemMmepartyp 1o mepepiszy 3paska Ha Cepe/IvHi 3IUBKa I Pi3HUX IIBUIKOCTESH 30HHOT
maBku: a —0,0056 mm/c; 6 — 0, 014 mm/c; B — 0,028 mm/c; r — 0,056 mm/c.

273)*- (T, +273)"; o — nocriitna Credana-bonbimana,
ska gopiBHioe — 5,67-10% Br/(M*K%); ¢ — crymims
4yopHOTH, sika gopiBHioe 0,5, T — Temmepatypa 3paska,
°C; T.,, — TeMIiepaTypa CTiHOK BakyyMHOiI KamepH, °C; 1
— xoeoirient Teronposianocti, Br/(M-°C); h — pynkis
e(eKTUBHOCTI JpKepeda, sKa B 30HI CIEKTPOHHO-
npomeneBoro HarpiBauya (EITH) mpuiimae 3Hadenns h =
1, Tomi sk mo3a 3oHor0 EITH h = O; ar — xoedirient
noBepxHeBoi TerwioBigmaui, Br/(M*°C); ¢y — of'emua
temnoemuicts, Jx/(M>°C); Q — [OTYKHICTB, SKa
Beoauthes EITH, Br/m2.

[Ipu po3paxyHKax BUKOPHUCTOBYBAIUCS IIMKJIOIPaMHU
MpOLIECY  €JIEKTPOHHO-TIPOMEHEBOI  30HHOI  IUIABKH,
HaBeJIeH] Ha puc. 2.

Jns  pi3HMX IIBUAKOCTEH IUTaBKHM — BH3HAYaJH
TpajiieHT TeMIEepaTypH 1Mo GppoHTY KpHcTasizaryi.

Ha puc.4 nmokasaHa 3ajJeXHICTb Tpaji€HTa
TeMIlepaTyp Ha TpaHuli piakoi 1 TBepmoi a3 Big
IIBHAKOCTI IUIaBKH. SIK  BHOHO 3 pHUCYHKa, 31
30UIBIIEHHSM  IIBWJAKOCTI IUIABKH  TEMIEpaTypHUIH
rpajiieHT Ha KOPJOHI piiKoi i TBepaoi (a3 3HIWKYETHCS.

Po3paxyHnku 1mokaszany, IO TPU  IIBHIKOCTSX
kpuctamizamii - 0,014 i 0,028mm/c  orpumaHO
pIBHOMIpHHMI pPO3MOALT Tpaji€eHTa TEMIIEpaTyp IO
nepepizy 3nuBka. [Ipu mBuakocti menmre, Hix 0,014
mm/c (puc. 5, a) rpamieHT mO Tepepizy HepiBHOMIipHHIA.
Sk mokazanM CTPYKTYpHI JOCIHI/DKCHHsS, HaBelIeHi
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Puc. 6. MakpocTpykTypa  IOJIKPUCTaJIIYHOTO
KPEMHIIO 10 30HHOI nepekpucTamizamii X5.
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Puc. 7. MakpocTpyKTypH 3pa3kiB KpEMHIIO MiciIst 30HHOI IIePEKPHUCTAi3allii, OTpUMaHI IIPH MIBUAKOCTSX TJIABKH:
a —0,0056 mMm/c; 6 — 0, 014 mMm/c; B — 0,028 mm/c; r — 0,039 mm/c; 1 — 0,056 mm/c.

a

Puc. 8. MikpocTpyKTypa 3pa3KiB HOJIIKPUCTATIYHOTO KPEMHIIO JI0 1 Micist 30HHOI MepeKpucTaizarii.

HIK4Ye, [ CHpHWi€  MOpYWICHHIO  (OpMyBaHHS
CTOBIYACTOI  CTPYKTYpHU HOSIBU  KPUCTAJITIB,
3pOCTAIOYMX B IHIIMX HampsiMKax. IIpH IIBHAKOCTSIX
ume 0,028 mm/c (5r) TemmepaTypHUil Tpai€HT MO
NepeTUHy PpO3IOIIICHHH BiTHOCHO pPIBHOMIpPHO, aiie
3HAuYeHHS rpajieHTa Hmwkdve, Hix mpu 0,028 mm/c, mo B
CBOI0 4Yepry TeX CIpPHUSE IOPYLICHHIO CTOBITYACTOl
CTPYKTYpPH.

Sk Oyno 3a3HadeHO BHINe 3a manumu [4, 8],
eneKTpo(i3MYHI  BIACTHBOCTI Yy  BCbOMY  00cCs3i
MONIKPUCTANIIYHOTO ~ KPEMHIIO,  TNPHU3HAYEHOro IS
COHSYHMX Oatapell, € CTPYKTypOUYTIUBUMH, TOOTO
3aJe)arth Bijl pO3TalllyBaHHS KPHCTAJIITIB, iX po3MipiB Ta
XapaKTEePUCTHK MIXK3EPEHHUX TPaHHULb.

Bynn mpoBenmeni MetanorpadiyHi - JOCIIIKEHHS
3JIUBKIB KPEMHIIO B MOYATKOBOMY CTaHi i Micis 30HHOI
nepeKprcTaizarii.

Jnst  BUSABNEHHS  MAakpOCTPYKTYPH — TPABJICHHS
npoBoawiu B 10 % kurmsraomy po3unHi KOH mpotsirom
4...6 XBUIMH.

JocnimkeHHs MaKpOCTPYKTYpH BUXIiTHOrO
MOJIIKPUCTAIIIYHOTO MaTepiady mnokasamu (puc. 6), 1o
KPHUCTAJIU B 3JIMBKY PO3TAIIOBAHI XaOTHYHO.

V 3nuBKax, otpuManux npu muakocti 0,0056 mm/c,
CriocTepiraeThcs, SK 1 B OCHOBHOMY Martepialii,
Xa0THUYHICTh y po3TanryBaHHi 3epeH. KpiMm Toro, BHIHO
BIIXWJICHHSI BiJl CIPSMOBAaHOI'O POCTY KpHUCTAIIB IO
BEPTUKAJIBHIN OCi 3pa3ka.
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IMpu mwrasmi Ha mBuakocti 0, 014 mm/c popmyeThes
B OCHOBHOMY CTOBITYacTa CTPYKTYpa.

CrpykTypa 3pa3KiB Micis 30HHOI NepeKpucTaizamii
npu mBuakocti 0,028 mm/c (puc. 7, T) XxapakTepu3yeThes
PIBHHMH KOJIOHAMH KPHUCTAJIITIB BEJIMKUX PO3MIpIB 3 He
CKPHBIICHUMH IPAHUIIMH. ix po3TalIyBaHHs
BEPTHUKAJIbHE Y3JIOBXK JiHii ()POHTY KpHCTAITi3aLlil.

Ha 3pa3kax, ski opepkaHi Ha IIBHUIKOCTSX
0,039 mm/c; i 0,056 mm/c (puc. 7, T, 1), COCTEPIratOThCs
CYLIBHI KpUCTalu 3 Oe3nepepBHUMHU TPAHHISIMH, SIKi
pO3TaIlOBaHi B PI3HUX HANpsMKax.

JlocmimKeHHsT TIOKa3and, IO PO3MipH KPHCTAJITIB
sMiHOTLEC Big 0,3 mo 0,8 cM st BCIX JOCIIIHKEHUX
LIBHIKOCTEH MepeKpucTatizarii.

TakuM YWHOM, B pe3yabTaTi AOCTIKEHb OYI0
BCTaHOBJICHO, II[0 ONTHMAaJIbHA CTPYKTYypa 3JIMBKa, sKa
BiJIMIOBIIa€ BUMOTaM COHSIYHOTO KPEMHIIO, (OPMYETHCS
npu  WBHAKOCTAX nepekpucramizanii Big 0,014 no
0,028 mm/c.

MakpocTpykTypa  3pa3KiB  IMONIKPHUCTaJIi4HOTO
KPEMHII0, OTPHMaHUX Ha PI3HHX LIBUIKOCTSIX IUIABKU
npuBesicHa Ha puc. 7 (a, 0, B, T, I).

Ha enexrponHomy pactpoBoMy Mikpockori JOEL
Oynu TIpOBEEHI JOCHTIDKEHHS MIKpPOCTPYKTYPH 3pa3KiB
KpPEMHII0 B II0YaTKOBOMY CTaHi 1 ITiCJISl €IEeKTPOHHO-
IIPOMEHEBOI 30HHOI IIIIaBKU.

Jns BUSIBJICHHS
BUKOPHCTOBYBAJIOCS  XIMiYHE

MIKpPOCTPYKTYpH
TpaBieHHsI.  Po3uun
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Puc. 9. 3anexHiCTh MUTOMOTO EJIEKTPOOIIOPY Bijl NIBUAKOCTI IIABKHU 3pa3KiB METAIYpriiHOI0 KPEMHIIO.

CKJIAJIa€ThCS 3 a30THOI, OLTOBOI 1 IUIABUKOBOI KUCJIOT B
cmiBBigHomrenHi; 54. HNOj + 34, CH3;COOH + 3 u. HF.

PesysnpraTn HOCHiIKEHb MIKPOCTPYKTYpH HaBe/EHi
Ha puc. 8 (a, 0).

SAx BumHO 3 puC. §, a, CTPYKTYpi  3pa3ka
MOJTIKPUCTATIYHOTO KpPEMHII0 hie} MeperiaBKu
MDXK3EpEeHHI TpaHWI € 3aMKHYTI piBHI MpsAMi JIiHii.
BunHO Takoxk MISHKM 3epeH 3 sSMKaMH TPaBJICHHS,
pO3TaIIOBaHUMHU B OCHOBHOMY HEBEIUKUMU
JIQHITFO)KKAMH, IO MEPEeTUHAIOTh MDXK3EPECHHI TpaHHMIl, a
B JIESIKUX MICLSIX PO3TALIOBaHI XaOTHYHO.

Ha puc.8,0 npeacraBieHa  MIKpOCTPYKTypa
KPEMHIIO MiCIIsi 30HHOI MepekpucTaiizaiii. BugHo pisHi,
npsiMi MDK3EpEHHI T'paHMII TMapayiesibHi OJWH OJHOMY.
SIMKM TpaBiieHHS TICJsl TepelulaBKu BHOYIOBYIOTHCS
PIBHUMH JIAHIFO)KKAMH B3JI0BX HAMPSAMKY I'PaHUIb, IO
MO3UTHBHO  TO3HAYAa€ThC  HAa  €IEKTPOQi3UIHUX
XapaKTEepPUCTUKAX KPEMHIIO.

Ha puc.9 mnpeacraBieHo po3momii  MHUTOMOTO
€JIEKTPOOITOPY IO JOBXKUHI 3IMBKa KPEMHIIO IPU Pi3HUX
LIBHIKOCTSIX 30HHOI TUIABKH.

SIk BUIHO, HAWOLIBII BHMCOKI 3HAYEHHS ITMTOMOIO
enextpooropy - 1,3 ... 1,4 OM%M crocTepiraroTbesi Ipu
mBuakocTax miasky Bix 0, 014 no 0,028 mMm/c.

Sk 3a3HaveHo BUIE, MeTajorpadiuHi JOCHTIHKEHHS
MOKa3ajad, WI0 CHpSIMOBaHA CTOBIYACTa CTPYKTypa
CIIOCTEPITaeThCsl B Jiamma3oHi MIBUAKOCTEH KpUCTaTi3allii
Bix 0,014 no 0,028 mm/c, mio BiamoBimae rpami€eHTy
TeMIlepaTyp Ha rpaHuii pigkoi i TBepmoi ¢a3z — 50 -
52 rpag/mm. leit daxr, sk BuaHO 3 puc. 9, BH3HAUaE
Mopsii 3 30HHOK  OYMCTKOKW IpW  IUIaBIi 1
BUIIAPOBYBAHHSM JIOMIIIOK 3 TIOBEPXHI 3pa3ka, HaOIbII
BHCOKHI PiBEHb IMTOMOT'O EJIEKTPOOIIOPY.

B

BucHoBkn

1. Tloka3zaHO, IO TIpU EJNEKTPOHHO-IPOMEHEBIH
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Oe3TUrenbHI 30HHIHM IUIaBLI METANypriiHOTO KpPEeMHiIo
BIIOYBA€THCA OYMIICHHS ILIAXOM BIIrOHY JOMIIIOK 1
BUIIAPOBYBAHHS JOMIIIIOK 3 TIOBEPXHI 3pa3ka y BaKyyMi.

2. Po3pobieHO MaTeMaTUYHY MOETH 1 MPOBEACHO
OOYUCITIOBAILHUH ~ €KCIIEPUMEHT 10  BU3HAYECHHIO
TEMIIEPaTypHOrO TIpaji€HTa Ha TPAHMII PiIKOi-TBEPIOI
(ha3u npu pi3HUX MBHUIKOCTSIX 30HHOI MIABKH.

3. BcraHOoBIIEHO, IO CHIPsIMOBaHA KpHUCTATi3allis 3

CTOBITYACTOI0  CTPYKTypow 1 TIPSIMOJTIHI THUMH
MDK3EPEHHHMH TPAaHHIIMH TIpH  [EpeKpUcTati3alii
METaJTypriiHOr0 KpPEMHII0 3aJIEKUTH BiJ

CHiBBIJIHOIIEHHSI I[IBUIKOCTEH 30HHOTO IUIABJICHHS 1
TEMIIEpaTYpHOTO IPaji€HTa Ha I'paHuUIll PiAKoi i TBEpIOi
¢a3 1 popmyeThcst pu TemrepaTypHoMy rpaaieHti — 50 -

52 rpag/mm.

4. HaiiOinpll  BHCOKI  TOKa3HWKH  ITUTOMOI'O
€JICKTPOOIIOPY Ta PIBHOMIPHICTh HOTro pO3MOIUTY B 00 eMi
3JIMBKA, CIIOCTEPITaroThCs pu TPOBE/ICHHI
MepeKpucTamizalii  MOMKPUCTAIIYHOIO ~ KPEMHIlI0  Ha
msunkoctax Bix 0, 014 o 0,028 mm/c.

T'oxman O.P. — T1podecop, pokrop (izuko-
MaTeMaTUYHHUX HayK;
Acnic FO.A. — 1OKTOp TEXHIYHMX HAyK, CTapIINH

HAyKOBHH CIIBPOOITHUK, 3aBiTyI0Unil BiLIIIIOM;

Ilickyn H.B. — xaHmunaT TEXHIYHUX HAyK, CTapIIUH
HAyKOBUH CIIBPOOITHUK;

Cmamkeeuy I.1. — HayKOBUi CIIBPOOITHUK;
BeaukoiBanenko  O.A. KaHauaaT  (i3uKo-
MaTeMaTUYHUX HAyK, CTApIIMi HAYKOBHH CIIBPOOITHUK,
MIPOBITHAH HAYKOBHH CITiBPOOITHHK;

Posunka I'.®D. — HayKOBHH CIIBPOOITHHUK;

Minenin O.C. — XKaHAWAAT TEXHIYHUX HAYK, CTAapIIUH
HAyKOBUH CHIBPOOITHUK;

babuu B.M. — nokrop ¢i3uKo-MaTeMaTUYHHX HayK,
npodecop [HcTUTYTY (isnkm HamiBnpoBigHukiB HAHY.
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The paper presents the results of studies obtained with the development of the technology of electron-beam
crucible impregnation of metallurgical silicon. It is shown that refining of silicon from background and dopant
impurities in electron-beam crucible-free zone melting occurs by zone purification during melting and as a result
of evaporation of impurities from the sample surface. The mathematical model and computational experiment
were been performed to determine the temperature gradient at different rates of zone melting. It was found the
diapason of temperature gradients, which provides the columnar structure of crystallites and the purification of
the samplesdue the melting with the zone recrystallization procedure. The level of the resigtivity of the ingots
increases at the end.
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BruiuB riipocTaTH4HOr0 TUCKY Ha peJIakcauilo
KBa3i0JHOBUMIPHOIO0 cerHeroenekTpuka GPI
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3anpornoHoBaHa JUHAaMiYHA MOEINb J1e(h)OPMOBAHUX KBAa310JHOBHMIPHHUX CErHETOCTEKTPUKIB 3 BOJHEBUMHU
3'mkamu tury GPl. Ha ocHoBi wmi€i mozeni B HaONMKEHHI JIBOYACTMHKOBOIO KilacTepa 3 BpaXyBaHHSAM

KOPOTKOCSDKHUX 1 JaIeKOCSDKHHUX B3aeMOJiil Ta medopmaniit & 1 &5 B pamkax Merony [naydepa po3paxoBaHo
JIMHAMI4HI J[ieJIeKTPUYHI MPOHUKHOCTI MEXaHIuHO 3aTHCHYTOro Kpucraiy. J{oCIi/UKeHO BIUIMB TiipOCTaTHYHOTO
TUCKY Ha TEMIIEPATYpHi 1 YaCTOTHI 3aJEKHOCTI KOMIIOHEHT TE€H30pa IMHaMiYHOI AieJICKTPUYHOI IPOHUKHOCTI

cerneroenexkrpuxa GPI.

KirouoBi cjioBa: cerHeTOSNEKTPHKY, KIacTepHE HAOIIKEHHS, AWHAMIYHA JeJIeKTPUYHAa HPOHHUKHICTE,

ipOCTaTUYHUN THCK.

Cmamms nocmynuna 0o pedakyii 17.05.2017; npuiinama oo opyky 05.06.2017.

Beryn

Jlo CcerHeTOeNeKTpUKiB 3 BOTHEBHMHU 3B’ I3KaMH
Hanexuth Qocdit rminuny (GPl). B mapaenextpudHiit
(a3i KprCTaa Mae MOHOKIIHHY CTPYKTYpy (IpocTopoBa
rpyna P2,/ a). 3MiHU JeIKHUX BigCTaHeH Mi iOHAMH B

tetpaenpax HPOj3 Ta BiANOBiAHI CKJIAI0BI IUIONBHUX

MOMEHTIB BOJIHEBHX 3B’ 5I3KIB JIAHIIOKKaX MOPOIKYIOTh
CyMapHH{ NIUIONBHUNA MOMEHT B3IOBXK oci Y. Ilpu
temrepatypi 225 K kpucranm  mepexoaMTh Y
CErHeTOeNeKTPHUHHI cTan (IpocTopoBa rpyma P2,) 3i

CHOHTAHHOI ITOJSIPH3AIIEI0, TEPIEHAUKYIAPHOIO 10
JIQHITFO’KKIB BOJI-HEBHX 3B’ S3KiB.

B po6Goti [1] Ha OCHOBiI 3ampOIOHOBAHOI MOJIENI
Je(hOpMOBAHOTO KpucTaia B HaOJMOKEHHI
JIBOYACTUHKOBOI'O KJIacTepa MPOBEACHO PO3PaxyHOK

TEPMOAMHAMIYHHX, II'€30€NEKTPUYHHUX, NPYKHHX 1
TEIUIOBUX XapaKTepUCTHK cerHeroenektpuka GPl i
OTPUMAaHO  XOpPOWIMHA  KUIBKICHMH ~ OmHC  IHX

XapaKTEePUCTHUK, SIKI OAEPKAHO EKCIIEPUMEHTANBHO. A
BIUIUB EIIEKTPUYHHUX TIOJNIB HA I XapaKTepUCTUKHU
kpucrana GPl mocmimkeHo B podori [2].

Meroto naHOi poOOTH € JOCIHIJKEHHS BIUIUBY
TiIPOCTATUYHOrO THCKY Ha  TEMIIEpPaTypHi 1 4acTOTHI
3aJIeKHOCTI KOMIOHEHT JWHAMIYHOI JIieNIeKTPHUYHOT
npoHuKHOCTI Kpuctaia GPI.
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. Penakcaunisa MexaHi4HO 3aTHCHYTOI'0
kpucrtaiay tuny GPI

JluHaMmiyHI BJIACTHBOCTI MEXaHIYHO 3aTHCHYTOI'O
kpuctana GPl npu npukiagaHHi eNEeKTPUYHHUX IOJIB

E (=123 i TiZIPOCTATHYHOTO THCKY
P=-S1=-S2=-S3
OCHOBI JIMHAMIYHOI MOJENi, SKa I'PYHTYEThCS Ha iesx
croxactuuHoi Moxeni ['maybepa [3]. Ha ocHosi
METONIMKH, PO3BHHEHOI B poborax [4, 5], orpumyemo
HACTYIIHY CHCTEMY PpiBHSHb Ul 3aJCKHUX Bil Yacy
(YHKIIH pO3NOMITY TPOTOHIB:

d . o‘i‘,"’ 4 1 , \P
-a_@qf n:a_l’_@qf A 'Sqf'tth_beqfﬂ(t)a’yl (21)
dt % 1 2 b

OymeMo IOCTiKyBaTH Ha

e efﬂ(t) — JIOKaJIbHE ToJTe, 1o i€ Ha f' -uii mpoToH y

g-if xomipmi. IIlo® oTpumatu 3aMKHYTY CHCTEMY
PIBHSIHB, BUKOPHUCTAEMO HAOJIKEHHS ABOYACTUHKOBOTO

Kkiacrepa. B 11boMy HaOIMOKEHHI JIOKATBHI OIS ef]f (1) €
KoedillieHTaMH TIpU S o Y JABOYACTHHKOBHX H éz) i

" .
HS KOTpi
ojiepkaHi B pobotax [1,2]:

OJJHOYAaCTUHKOBUX FaMiJ'IBTOHiaHaX,



BIUIMB riipOoCTaTUYHOrO TUCKY HA PENTaKcallito KBa3ioMHOBUMIPHOTO...

R =-2 BaSe SaSeu?
¢2 2 2 2 °
e %)
_YiSa_ Y2Sq2 Y3Sa3 YaSa4
b 2 b 2 b 2 b 2°
H(m:_zsé? w2 = ySa
a2 b 2 % b 2
~ )_/fsqf
H(1)=__ ’
of b 2

(2.3)

Jie BAKOPHUCTaHI TaKi MO3HAYCHHS:
Y1 =b(Diz +2ng5hy + Np0hy + 2005+ 2040, +
+mM3E; + ME, + mBE), hy =<s ¢ >,
Y2 =b(Dgg + 2950 + N ohy + 20 hg + 20, +
- My E; - m,E, +mp,Ey),
Y3 =b(Diz+ 2010y + N0 +2Npshg + 2050, +
- M3E; + ME, - mEy),
Y4 =b (Do + 20101 + M phy + phg+ 20500, +
+m3E; - M3E, - M3E3),
Y, =-bD, +y,, b=1/k,T 24
Tyt Dygpq — e(QEeKTUBHI TOJIsi, CTBOPEHI CYCiTHIMU

3B'I3KaMH 11032 TPAHUIIIMH KJ1acTepa.

Ha ocnoBi (2.1) oTpuMyeMo Taki pIBHSHHS B
JIBOYACTHHKOBOMY HAOIMKEHHI [UIS 3aJISKHUX B 9acy
YHapHUX QYHKIIH pO3MOILTY:

aihl:'hl' Plh2+Ll,a£h2:P2hl'h2+L2,
dt dt (2.4)
aih =-hs- Phy+L aih =Phsz-hy+L
a3 3 47 L3 g4 mas T Na T ha

Jie BAKOPHUCTaHI TaKi MO3HAYCHHS:
1€ abw Y10 & bw Y¢ U

Py = —éthg—+ —z- thg- — +—=
2@ g 2 24 g 2 24
L :lgth@+ﬁg+thai M+ﬁ%
fF7 0% G 2 2 ¢ 2
e e [} e a0 (2.6)

3
W= WO + édZiei + dses.
i=1
AHaNoOriYHO MOKHa OTPUMATH BiAIIOBIJHE PIBHSIHHS
1 B O/IHOYaCTHHKOBOMY HaOJIMKEHHI !

A =oh, e

dt 2 (2.5)
ObMexuMocss TpU po3B'sa3Ky piBHAHB (2.4) i (2.5)
BUIIaJIKOM MaJMX BiJIXWJIEHb Bif craHy piBHOBaru. s

a

LILOT'O IPEACTaBUMO h 1 epeKTUBHI OJIA V BU-TIISAL
f

CyMH JBOX JOIAaHKIB — pIBHOBAXHHMX 3HAueHb 1 IX
BiJIXWJICHD BiJl CTaHYy piBHOBAru:

hig =Rz +hyg, hps=hpy+hyy, Ei = EiteIWt

Di3 =Dy3+Dizg Doy =Dog + Doy 2.6)

Vi3 =Yz + Yozt Y24 = Yoa + Your-

2.2)
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Poskmnazemo koedinientn Py i Ly B psa mo Yit|
2
00OMEXYIOUHCH JIIHIHHUMU JOTAaHKAMU:
AN ALY O NS PRALIT)
2 2 (2.7)
Jie BAKOPHUCTaHI TaKi MO3HAYCHHS:
2 ~ .2 .
A9 == g 2Ty 2
Z13 Z13 T Zy 7 Zy
2 S 2 ~
Pl%) _ 4a (1- a®)shyy;s L(ll% _ 4a [2a +(1+a“)chys]
—_— ,
Zi3 z5
Ly e (1-@%)shyy 4a [2a +(1+a?)chyy,]
pWd - LD =
2,4 2 1-2,4 2 ’
Zo Zon

213 =1+ a.2 +2achy13, 224 =1+ a.2 +2aChV24,
- 1, 1+h; — —

=ZIn=—23 + bn;h;3 + bnih,,,
Y13 21 1N13 2N2q

- ~ 1+h.
Yos = bn§h13+%ln1 2+

.

p—y b n 3 h 24

~Nog

[apamerpu Bropsnkysanns h,, h,, 1 nepopmanii

3HAXOJJMMO i3 HACTYITHOI CUCTEMH PiBHSHb:

_1
D

€j

ﬁ-13 [Sh(yla + 924) + aZSh(yla - 924) + ZaShyla] !

~ 1 ~ ~ S N v
hog =B[Sh(y13 +Y24) - 2N (T3 - Yoq) +285094] -
2d;,  2d

_ _EO EO EO EO i
-P=Cie +Cze,+Cze3+Cizes- — +— Mg -
u uD
1 +H~2 =~ +=~2
- I(V 113+ 215, +Y 3h2a),
_ EO EO EO EO 2ds | 2dg
0=Ci5€5 + o5 €5 + Ca5°€5 + Crg €55 - _+_uD Me -

1 ~ — ~
- EW 1+5h123 +2 fid,, +y §5h224),

2, 2
0=cle, +cle, - —2+—2M, -
44 4 46 66 uD e
1 +1=2 I R +1-2
- I(y 14h13 +A/ 24h13hz4 Ty 34h24)v
2d; 2
0=cl, +cEl; - =6+ =5 M, -
46 “4 66 “~6 u uD e

- i@l 1675+ 5 diog +Y 3di ),
i (] BI/IKOpI/ICTaHi TIO3HAYCHHAA .
D = ch(Viz + Y2q) +a°ch(Ta3 - Yoa) +
+ 2achy, 5 + 2achy,, +a° +1,

6 N 6 .
n’=n®+ 3y e a=exp- b(mﬂ+adjej)g.
i | j=1
j=1
M e — 2a2Ch(9‘13 - y24) + 2a2 + 2aCh)713 + 2aChyz4.
[MincraBnsroun poskiaau (2.6) i (2.7) B piasuus (2.4) i
(2.5) Ta BuUKITIOYAIOYM TAPAMETPH Dig»Dogyr OTPU-

MYyEMO JU(EpeHIialbHI PIBHSIHHS Ui 3aJIEKHUX Bij
yacy yHapHUX OQYHKIiH posmoainy nedtponis GPI.
Po3B'si3yroun 1i pIiBHSHHS, OTPUMYEMO KOMITOHEHTH
JUHAMIYHOI JTieIeKTPHYHOI CHPUIHSATINBOCTI:
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C1133(W)—01133+I|m [ XZM_
dE; 3
d(hy - hy) 2 c X2
e 17 Cite A
13t iz 1+iwt ™
chWw)=c5 +I|m—[nh3M
dE 5
y Ao *Na)y _ e +§L
4 dE ,, A lvim Y

Tyt BUKOpHCTaHi Taki MO3HAYEHHS!

X, X,Z
xz_ bty

12 _2ut _tlxz{*’[(”fg) my +(myy?) 2 my]m
mt 7 [(Mg5%) 2 mymp, + (mg7) 2 mpmy -
- 5P Bg* (Mmyg +momy, )]},

y
ty1t {=[(m5) % my +(mgy)°my]m
>
flz[(nlg) mlm22+(n'b4) mymy; -
- My, (Myma; +mpmys)]3,

B 1 B B T
t 1) ! =E[(ml1+mzz)i\/(mu' Mp2)® +4mymy, |

t7,) 1= %[(mn +Myy) i\/(ml+1 - m3p) % +4Amp5ms; ]
My :ai(l' bni'rsKys), ms, :gl(l' bn3ro4Kz4),
M5 :ai[(l+ Kig)RS +bn3rsKysl,
mpy = ai[(1+ K2a)PSY +bn 514K 4],

1 1
=—Kjalhsz, My =—Koslog,
m g asf13 M2 =—-Roala

. - PO, + LY n POH, +LY
23 - (P13)h13 + L%)) 2r3- (Pihos +LY))
_ ~ \2 _
3 =1- (13)°, o =1- (1p)°.

JluHaMiuyHy NPOHUKIMBICTE 3aTUCHYTOTO KpHCTala
GPl Bu3HayaeMo TakuM YUHOM:

2 _A4pc?
ef (w) =ef° +al+(Wt )2 (@ =xY,2)
i=1
_ 4th
of ) = |11+(Wt )

1. IlopiBHSIHHSI YMCJIOBUX PO3PAXYHKIB
3 eKCIepPUMEHTATbLHUMH JaHUMHI

JIy1s KUTBKICHOT OIIIHKM TEMIIEPaTypHUX 1 YaCTOTHUX
3aJIeKHOCTEH BIMOBIMHUX (DI3MYHUX XapaKTEPUCTHK
kpuctana GPl, oTpuMaHHX y paMKax 3alpONOHOBaHOI
Teopii, HeOOX1AHO 3aJaTH 3HAYEHHS TAKHUX [TapaMeTpiB:
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- TapaMeTpiB ABOYACTUHKOBOro Kinactepa w;

- TIapaMeTpiB TATEKOCHKHOI B3AEMOAIT Ny ,n5 N3 ;
- e)eKTHBHHX JIMTIONBHUX MOMEHTIB Nf; 5,
- o ..
- neopMalifiHuX TOTeHIiatiB d;, y i
- "3aTpaBHHMX" [i€JEKTPUYHHX CIPHUAHITIMBOCTEH
€0.
Cii »
- "3aTpaBHUX" KOC]IIIEHTIB IT€30CICKTPUIHOI HaIl-
0
pyru &, €s;
- "3aTpaBHMX" MPYKHHX CTaTHX Ciy, cz’, cﬁo,
EO .
Cos s
- mapamerpa a , UI0 BH3HAYa€ YacoBY INIKaIy
penaxcariifHux IporeciB.
3HavyeHHs1 HaBEJIEHHUX IapaMeTpiB Teopil MU BU3HAYMIA
NpU BUBYEHHI cTaTMYHMX BiactuBocred GPl [1]. s
Kpucrany poboru [6], B skoMy Temmeparypa ($Ha3oBOro

MEPEX Oy T,.=225K wl/ k; =820K;
At =gt =ndt = 2,643K,
AY =AY =AY =02K, A% =n % /k; ;

d, = 500K, d, = 600K, d; = 500K ,d, = 150K,
ds =100K,dg = 150K ,d, =d, /kj ;

Y1 =879K;y 5 =237,0K;y ;3 =1038K;y 1 = 149K;

Y5 =213K;y s =1438K;y | =y J/ Kp-

EdexTiBHI  OUNONBHI MOMEHTH B  mapadasi

nopiBHIOOTh M5 = (0,54,02:4,3) 40 B00.CICE %,
My = (2530,2,2) 40 200.CICExcn . B cerneto-
enexTpuHii pasi Ny =382X0° 18.50.CI'CE »em.
Hns xpuctana podoru [7] T, = 223K mapametpu

W0 n n n3, 5“ Y i ]I’ I'Tf324CJ'III[ NEPEMHOXUTHU Ha

koedimient 0.994.
ITapamerp a BH3HAYa€MO 3 YMOBH, LIJ0O TEOPETUIHO
po3paxoBaHi KpHMBI 4YacTOTHUX 3alleXHOCTEH e,,(W)

Y3TO/DKYBaJHMCh 3 KPUBUMH, SKi OTPUMAaHO EKCIIe-
puMeHTanbHO. [Ipu boMy nependayanoch, Mo napamerp
a HEe3HayHO 3MIHIOETHCS 3 TEMIIEPATYPOIO:

=[1,6- 0,0011(DT)]®0 *ct, DT =T-T,.
O0'em npumituBHOi KoMipku GPl B3sito piBHHM
u, =0,60140 Zem

"3arpaBHi"
€9, = 6% = 6% = €% = 000.CTCE/ cn?,
ci’ =01 cSS =0403 ¢ =05

c°F = 26,910 OuH/ cm?, cE? =14,5x10%° OuH/ cm?

C13 E0 = 11,64 0% ()uH/CMZ ,CI2530 = 20,3840"° ()uH/CMZ
cE? = 624,41x0%° ()uH/ en® ,C1E50 =391x10% ()uH/ en®
cE0 = 564210 dun/em? , cEO = - 2,84>10% ounfcn?
20 =85440% oun/cn? , ¢k =15310" ounfcn?
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Puc. 1. 3anexuocrti Bix DT niicHol e, 1 yIBHOL e4f JacTuH nienekTpuyHol nponukHocTi GPl mpu pi3Hux
gacrorax v (ITy): 0.015-1, [7]; 0.23 -2, A [7]; 0.61 -3, ¥V [7]; 20 —4, m [7] | npH pi3HHX 3HAYCHHSX
rigpocratiynoro tneky p (10° ()uH/ em?): 0-a 1.7 - b 3-.C; 4acTOTHI 3a1€XKHOCT eg, i e4, npu pisanx DT

(K): 1.0-1;2.0--2,; 5.0—3; m [17] i npu pisHuX 3HAUEHHsX TiAPOCTATHIHOrO THCKY P (10° OuH/CM2 ):0-g

1.7 - b; 3 —c; Gapuuni sanexuocti €4, i ef, npu pisuux DT (K): 1.0—1;2.0--2,; 5.0— 3 npu pisuux

3HaueHHAX 3HaueHHsAX yactotu n (/7y): 0,015-4& 0,23—-b; 20—c.

CEGO =-1140% ()uH/CMZ ) CEGO =11,8840™ ()uH/CMZ .
5P = (65- 0,04DT) X0 oun/ cu?

Ha puc. 1 nHaBeneHi 3anexsocti Bim DT miticHOl

e$,(n,T) i yssuoi eff(n,T) wactnu

JUENEKTPUYHOI TMPOHMKHOCTI IPH PI3HUX 4aCTOTaX KPH-

crana GPl i npu pi3HUX 3HAYEHHSX TiIPOCTATHYHOTO
THCKY, a TaKOX JaHi eKCIepuMeHTiB pobotu  [7],

YaCTOTHI 3anexHOCTI ef,i eff npu pistux DT i mpu

IMHAMIYHOT

PI3HUX 3HAYEHHSX TiAPOCTATUYHOI'O TUCKY Ta OapH4Hi
sanexHocti €4, i ef, npu pismux DT i mpu pisanx

3HAYEHHSX YaCTOTH.
[Tpu 30inbIIeHH] BETUYUHU TiIPOCTATUYHOTO TUCKY

MaKUMaJbHi 3HaUeHHs JiticHoi €4, i ysBHOi e, yacTun

nienektpuaHoi npoHukHOocTi GPl 3Menmryrorbes i
3MIIIYIOTECS B OiK HIKYMX Temnepartyp. I[Ipu gacrorax

MEHIIHMX YacToTH penakcamii ( N p? 80’ I'm) 36imb-
IICHHS T1APOCTATHYHOTO THUCKY, MIPHUKIIAJICHOTO 0 KPHUC-
Taja, MPUBOIUTH 10 3POCTAHHS iHCHOI eg‘z i ysaBHOL
e4, dactuH fienekTpuyHoi mponukHocti GPl mpu pis-
Hux DT i tum cunbHime, uuM MeHme 3HadeHHs DT .
[Ipu vacToTax OGiNBIIMX 3a N p TpH 3pOCTaHHI TiIpocTa-
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THYHOTO THCKY Makcumymn €41 eg, 3MeHIIyroThCs

npu 36itbmenni DT i smimyrorscs B 6ik Ginpmmx DT,
a motiM 3HadeHH €5,(p)i €% (p) crarors GinbumMu
3 e5,(0)i e%(0).

Ha puc. 2 HaBeneHi 3anexHocti Bim DT miticHOl
ef(n,T) i yssHoi eff(n,T) wyacTMH AMHAMIYHOI

JieneKTpudHoi NpoHUKHOCTI Kpucrasna GPl mpu pizHux
YacToTax 1 MpH Pi3HUX 3HAYEHHSX TiJPOCTa-TUYHOTO

THCKY, YaCTOTHI 3aJISKHOCTI eﬁi el mpu pisaux DT
1 TpU pi3HUX 3HAYEHHSX TiJPOCTATUYHOrO THCKY Ta
Gapuuni sanexHocti efy i eff npu pisunx DT i npu
pPI3HHX 3HAYEHHSX 3HAYCHHAX 4YaCTOTH. AHAJIOTIYHI
3aJIEKHOCTI MIHCHOI €4, i YABHOI ef; YaCTUH Ji€NeKT-
puuHoi nporukHocTi GPl 300paxeHi Ha puc. 3.
Xapakrep 3aleKHOCTI JUACHOT ef; 1 ySABHOI e

yacThH JienekTpudHoi nponukHocti GPl Bim  rimpo-
CTaTUYHOTO TUCKY € aHAJOTIYHUM JI0 3aKOHOMIpHOCTEH
BIUIMBY IOTO THCKYy Ha ef; 1 yaBHOi ef(, TiJbKH

YHCIIOBI 3HAYEHHS e;3(n,T) B » 10 pasis Ginbi, Hixk

e;l(n ,T). Hoeninka nificHoi ef; i yABHOI eff 4acTUH
nienektpuaHoi mnpoHukHocTi GPl mpu mnpukiananHi
TIAPOCTATUYHOTO THUCKY 3aQJICKHTh BIAXWICHHA BiJ
TemnepaTypu ¢asoporo nepexony DT igactotu N
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Puc. 2. 3anexuocri Bix DT niicHol efy 1 yIBHOL ef{ Jactun nienekTpuyHoi mponukHocTi GPl mpu pizHux

qacrorax v (ITy): 10.0 — 1; 20.0 — 2; 40.0 — 3 i npu pi3HHUX 3HAYEHHAX TigpocTaTHIHOro THEKY P (10° OuH/ em?):
0-a 1.7 - b; 3 -.Cc; yacTOTHI 3a1EXHOCTI ef; 1 efy npu pizHEX DT (K):1.0-1;5.0-- 2,; 10.0 -3 i npu pizHux
3HAYEHHSX iPOCTATHYHOrO THCKY P, (10° ()uy/ em?): 0-a 1.7 - b; 3—c; Gapuuni 3a1exHOCTI ef; 1 efy npu
pisanx DT (K): 1.0-1;5.0-- 2,; 10.0— 3 npu pi3HuX 3HaueHHsIX 3Ha4YeHHsX yacrotu N ([Ty): 1.0-& 3.0—
b; 6.0—c, 10—-d; 20-f; 40—-e
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Puc. 3. 3anexuocti Bix DT niicHol els 1 yIBHOL e4s JacTuH nienekTpuyHol npoHukHocTi GPl mpu pizHux

qacrorax v (ITy): 10.0— 1; 20.0 — 2; 40.0 — 3 i npu pi3HUX 3HAYCHHSX TiAPOCTATHYHOrO THCKY P (10° ()uH/ em?):
0-a 1.7 - b; 3 -.c; yacTOTHI 3aJ1EXKHOCTI els i e npu pizanx DT (K):1.0-1;5.0-- 2, ; 10.0 - 3 i npu pizHuX
3HAUEHHAX TiJPOCTATHIHOro THCKY P, (10° ()uy/ en?): 0-a 1.7 - b; 3—c; 6apuuni 3anexHOCTI e4; 1 el mpu

pisanx DT (K): 1.0-1;5.0-- 2,; 10.0— 3 i npu pi3Hux 3HaueHHsIX 3Ha4YeHHsX yacrotu N ([Ty): 1.0-& 3.0-
b; 6.0—c, 10—-d; 20-f; 40—-e
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Brus Fi)lpOCTaTI/I‘IHOFO TUCKY Ha
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Puc.4. Kpusi Koyn - Koyna npu pisaux DT (K):-1.0-1,0[7]; 20--2, o[7]; 5.0-3, o [7] i npu pizaux
3HaueHHsAX riapocraTmanoro tieky P, (10 °dyn/em?):0-a 1.7-b; 3-c.

10

x 10 (IE;}_1IC_1

o
160 170180 190 200 210 220 230 T K

14

X,Z—1_
_x10™ et

0.95 : - - : -
180 190 200 210 220 230 T, K

Puc. 5. TemnepatypHi 3anexHocTi obepHennx uacis penmakcanii ( 1y ) 1 it 1X £)” 1r1p1/1 PI3HUX 3HAYECHHSIX
rizpocra-tiaHoro THcky P, (10 “dyn/em?): 0-1;1.7-2; 3.0- 3.

30BHIIIHBOIO EIEKTPUYHOro0 Tmojisd. I[Ipu Manux 3Ha-
yennsx DT 1 mopenakmiHuX dYacToTaX 30UIBIICHHS
TUCKY MPHUBOAUTH 10 3HAYHOTO HEIHIHOTO 3pOCTaHHS

TPOHUKHOCTEH ef, i eff, npudomy 36inmpmenns DT
MIPUBOAMTH JI0O 3MEHIIEHHs NMpPOHWMKHOCTEH. B obmacti
penakcamiiiHuX 4YacToT TpH  301NbIIEHH] TUCKY

MIPOHUKHOCTI CHOYaTKy 3pOCTal0Th, a TIIOTIM 3MeEH-
LIYIOTHCS, @ MAKCyMyM HPOHUKHOCTEH TpH 30JbIIEHH]
YacTOT 3CYBAa€ThCd B 00NAacCTh MEHIIUX THCKIB. [lpm
4acToTax  OiIbIIMX 3a  pelakcamiiHi  YacTOTH
30UIBIIEHHST THCKY 3YMOBIIIOE 3MEHIIECHHS IPOHUK-
HOCTEH  ef; i efy i 30umemienHss DT mpuBOIUTH 10
301IbIIEHHS] TPOHUKHOCTEH.

Ha puc.4 naBeneni xpusi Koyn - Koyna npu pizHux
DT i npu pisHux 3HaYeHHAX TiAPOCTATHYHOTO THCKY.
Jnst Bcix BumankiB pamiycn miBkin Koym - Koyma
3MEHINYIOThCA TpH 30inbmenni Tucky i DT .

TemnepatypHi 3aJeKHOCTI OOCPHEHHX YaciB

penakcauii (t { )-l i) 'Z)-alI/I PI3HUX 3HAYECHHAX
TiIPOCTATUYHOTO THUCKY 300pakeHi Ha puc.5. MiHima-
JIbHI 3HaYEeHHS IUX BEJIMYUH 3 POCTOM TiIpOCTATUYHOTO
TUCKY 3MIIIYIOThCS B OIK HUIHMX TeMIlEpaTyp, YHCIIOBI
yy-1 X,zy- 1
3HaveHHs (t { )"~ 3 THCKOM 3MeHIIyIoThCs, a (t 1 )

HE 3MIHIOIOTHCH.

[1]
[2]
[3]
[4]
[5]
6]
[7]

J. Glauber, J. Math. Phys.4(2), 294 (1963).

1191 (1997).
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BucHoBkn
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j B HaOJIMKEH-

Hi JBOYACTMHKOBOI'O KJIACT€pPa BHBYEHO BIUIUB TiJpO-
CTaTUYHOTO THCKY Ha TEMIIEpaTYpHi 1 YaCTOTHI 3aJex-
HOCTI KOMITOHEHT AWHAMIYHOI [ieNIeKTPUYHOI ITPOHUK-
HocTi  cerHeroenektpuka GPl.  BcranoBieno, 1o

TiIPOCTATUYHUA THUCK 30UIBIIYE Yac pesaKcamii tly,

TPHYHOTO 3B'A3KY 3 Aedopmanismu €;, €

BHACJIIOK YOI0 YaCTOTHA 3aJICKHICTh JiENeKTPHUYHOT
TIPOHUKHOCTI 3CYBAETHCS JO HIKYMX YACTOT.
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Boosuu A.C. - xaugunatr (i3MKO-MaTeMaTUYHHX HayK,
HAyKOBUH CHIBPOOITHUK.
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|.R. Zachek®, R.R. Levitskii%, A.S. Vdovych?

Hydr ostatic Pressur e Effect on Relaxation of Quasi-One-Dimensional
GPI Ferroelectric

L viv Polytechnic National University 12 Bandery Street, 79013, Lviv, Ukraine
?Institute for Condensed Matter Physics of the National Academy of Sciences of Ukraine
1 Svientsitskii Street, 79011, Lviv, Ukraine

Dynamic model of deformed quasi-one-dimensional ferroelectrics with hydrogen bonds is proposed. On the
basis of this model within the two-particle cluster approximation with taking into account short-range and long-
range interactions and strains ¢ and ¢s in the frames of Glauber method a dynamic dielectric permittivity of
mechanically clamped crystal is caculated. Hydrostatic pressure effect on temperature and frequency
dependences of the components of dynamic dielectric permittivity tensor of GPI ferroelectric isinvestigated.

Key words:. ferroelectrics, cluster approximation, dynamic dielectric permittivity, hydrostatic pressure.

242



OI3UKA I XIMIA TBEPAOI'O TUIA
T. 18, Ne 2 (2017) C. 243-248
DOI: 10.15330/pcss.18.2.243-248

VJIK 539.3

PHY SICS AND CHEMISTRY OF SOLIDSTATE
V. 18, Ne 2 (2017) P. 243-248

ISSN 1729-4428

A.B. IlaBarok

JAnHaMiKa TPUIIAPOBOI HMJIIHAPUYHOI 000JIOHKH €JIINNTUYHOTO
nepepisy 3 MO310BKHbO-TONEPEYHUM PEOPUCTUM JUCKPETHUM
HANlOBHIOBa4YeM

Incmumym mexanixu Hayionanvhoi akademii nayx Yepainu im. C.I1. Tumowenka, eyn. Hecmeposa 3, 03057,
Kuis, Yrpaina, aniutapavliiuk@gmail.com

B po6oti po3risnaroThes piBHAHHA HEOCECMMETPUYHUX KOJIMBaHb JUCKPETHO MiAKPIIUICHUX TPHUILAPOBUX
LTI HAPUYHUX 000JIOHOK eIINTHYHOro nepepisdy. [Ipu aHani3i eneMeHTiB IPyXKHOI CTPYKTYPH BUKOPHCTOBYEThCS
YTOYHIOIOYA MOJIEIh TeOopii 000JIOHOK 1 cTeprkHIB ThIy Trmorenka. JlocnimKeHo 3a1ady TUHaMIYHOT IIOBEiHKU
TPHUILIAPOBOI IO3/I0BKHBO-TIONEPEYHO] MiJKPIIUICHO! IIIHAPUYHOI OOOJOHKH EJINTHYHOIO Iepepisy MpH

PO3IOAIIEHOMY HECTalliOHAPHOMY HAaBAHTaKCHHI.

KirouoBi cioBa: TpummapoBa muTiHApHYHA OOOJIOHKA, SJINTHYHWIA Tepepi3, Teopis TUIy THMOIIEHKa,

BI/IMyl_HeHi KOJIMBaHHA, YUCeIbHUI pO3B’ SA30K.

Cmamms nocmynuna 0o pedakyii’ 07.05.2017; npuiinama oo opyky 05.06.2017.

Beryn

Orinka HaIpyXeHo-1e(OopMOBaHOTO CTaHny
TPUIIAPOBUX IWIIHAPUYHUX OOOJOHOK 3 IMCKPETHUM
peOpucTUM  HAINIOBHIOBaYEeM € JIOCHTh  CKJIQJIHOIO
3aJauero, po3B’sI3aHHs SIKOI BUMAarae pPO3BUTKY INEBHHUX
TEOPETHYHHUX MOJIENEH NIapyBaThX IUIACTHH i 0OOJIIOHOK.

Peamizamist 1ux Mojenedl BUKIHKAE HEOOXIiTHICTH
BIIOCKOHAJICHHS 1 PO3POOKH E(PEKTHBHUX YHCEIbHUX
METOIiB PO3paxyHKy 3a3HAYCHUX CJICMCHTIB
KOHCTpyKIid. CKIamHICTh TMOOYIOBH  MEXaHIYHHX

Mojieiell  OaraTomapoBuX OOOJOHOK 1 3aCTOCYBaHHS
MIPHUHIUIIOBO Pi3HUX KIHEMATUYHUX 1 CTATHYHHUX TIlTOTE3
MIPU3BOIUTH o 3HAYHOIL PI3HOMaHITHOCTI
pO3paxyHKOBHX cXeM i piBHsHb [1 — 22]. Bigomo, 110
npu 1oOynoBiI BapiaHTIB OaratomrapoBUX 0OOJIIOHOK
iCHY€ JIBa OCHOBHHX MIJXOIH MOOYIOBH MaTEeMaTUYHUX
MoJeNieli, sKi 3acHOBaHI Ha BHMKOPHUCTAHHI €IMHUX
rimore3 1m0 Bchoro makery [3, 5, 7 — 11, 14 — 22] i
rimore3, sKi BPaxOBYIOTh KIHEMAaTW4Hi 1 CTaTW4HI
ocobmuBocTi KoxkHoro mapy [1, 6]. BiamosigHo m0
TepMiHOJOTii, 3amporionoBaHoi B [3, 6], moxerni i Teopii
IPYroro MmigXOmy OTPUMAlIM HA3BY  <IMCKPETHO-
CTPYKTYPHUX>» TPH PO3TJIAAI TPUIIAPOBUX OOOJOHOK 3
peOpHCTUM  HAIOBHIOBaYeM  TaKOXK  CIIPaBEIJIMBI
3a3HAuYeHI  MiAXOau KOHCTPYKTHBHO-OPTOTPOITHA
MOJIEJTb TPHUIIAPOBUX OOOJIIOHOK 1 MOJIEINb 3 YpaXyBaHHIM
JIUCKPETHOT'O PO3TallyBaHHS €JICMCHTIB 3alOoBHIOBaYa. B
paMKaxX JIpyroro miIXOAy PO3MNISSHYTI OCECHMETPUYHI i
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HEOCECHMETPUYHI KOJWBAHHS TPHIIAPOBUX OOOIOHOK 3
peOpPHCTHM  HATOBHIOBAYEeM MPH  HECTAlliOHAPHUX
HaBaHTaxeHHsX [11, 12].

|. TIlocTanoBka mpodJemMu

PosrismaeThes TpuiapoBa IMIIHAPHYHA OOOJOHKA
EMNTHYHOrO Tepepidy 3 JUCKPETHHUM I03T0BKHBO-

MONEpEeYHUM  PEOPUCTUM  3alOBHIOBaYeM IpH [l
BHYTPIIIHBOTO PO3IIOIIEHOTO HECTaI[iOHaAPHOT O
HaBaHTaXeHHs. HeomHopimHa TpumapoBa TpYKHA

CTPYKTYpa SBIISIE COOOI0 JIBI IMMUIIHAPHUYHI OOOJOHKH
emnTHYHOro  mepepidy  (BHYTpIlIHA 1  3OBHIIIHS
OOIIMBKH), SKi )KOPCTKO 3’ €JIHAHI MiX COOO0 CHCTEMOIO
MO3JIOBXKHIX Ta TOMEPEYHUX JOUCKPETHUX pedep.
CxeMaTH4yHe  YABJCHHS  BUXIJHOI ~ KOHCTPYKIII
npe/icTaBieHo Ha puc. 1.

Koeginientn mnepmioi  kBaxpatuyHoi ¢dopmu i
KPUBHU3HU KOOPJMHATHOI TMOBEPXHI BHXITHHX OOOJIIOHOK
NpUMaeMO HACTYITHUM YHHOM

A =1, k, =0,
A, =(a’cos’a, +b’sin®a,)"?,
k, =ab, (a’cos’a, +b?sin’a,) ¥? k=12

D)

ae a, u bk — MiBOCI elinca, SKUi XapakTepHusye
MONIEPEYHUIA  TIepepi3  BIAMOBIAHOI  IMJIIHAPHYIHOL
000JIOHKH.


mailto:aniutapavliuk@gmail.com

A.B. IlaBmrox

Puc. 1. CxemaTnyHe npeICTaBICHHS TPUIIAPOBOI IFTIHAPHUYHOI 000JIOHKHU SIIMTHYHOrO Tepepizy 3
JIUCKPETHUM I03I0BKHBO-TIOTIEPEYHUM PEOPUCTUM HATIOBHIOBAYCM.

[pwuitesiTo, MO NeOpPMOBaHM CTaH BHYTPIIIHBOI 1
30BHIIIHBOI 00HMBOK (BiamoBigHo iHmekcu 1 i 2) moxe
Oyru BH3HAYEHO y3araJlbHEeHUMHU BEKTOpaMH
nepeMillieHb  BiJMOBITHUX CEPEJUHHUX IOBEPXOHBb

— (L gl gl 1 INT .

= (U, uz,ug,j 1 o) 1
1T — 2 2 25 25 2\T :
U, = (ul Uz, Uss) 1) 2) : CJICMCHTIB
JIUCKPETHOrO  HANOBHIOBaYa  IOKJIAJA€ThCSA, IO
nedopmoBaHuii ctaH pebpa, IO HaNpaBieHe B3IOBXK OCI
@, BHU3HAYAETLCSA BEKTOPOM IEPEMillleHHs JIiHil HEeHTpY
nepepisy

a nehopMOBaHUIMA

Ilpu posrmsai

Baru i-ro
Ui = (Uy,Uy,Ug,f 10) 2)

TIOIIEPEYHOro j-ro pedpa, 110 HalpaBjeHe B3I0BXK oci a,

MTOIIEPEYHOTO pedpa

CTaH

MoXX€ OyTM BH3HAUYEHO Yy3arajlbHEHUM BEKTOPOM
nepeMinieHn U, = (ulj,uzj,u3j J ¥ J 2J.)T [2,11].

Jlns BUBEINCHHS pIiBHSHb KOJUBAaHb TPHIIAPOBOI
MPY)XHOIO CTPYKTYpPH 3 IHCKPETHHM HallOBHIOBa4eM
BHUKOPHCTOBYETHCS BapianiiHui TPUHITATT
crarionapHocti [amimbroHa — Octporpancskoro [2].
[licns  cranpapTHUX TEPETBOpPEHb B  BapialliiiHOMY
PIBHSIHHI, 3 BpaXyBaHHAM BHpa3iB Uil MOTEHIAIBHOI 1
KIHETHYHOI eHeprii 1 obmmBok i pebep 3rimuHo [2,11],
OTPUMYEMO JBi TPYNH piBHSIHb. PiBHSHHS KOJHMBaHb
TPUIIAPOBOI  IWJIIHAPUYHOI OOOJIOHKH  ENITUYHOTO
nepepizy 3 BpaxyBaHHSM AHMCKPETHOCTI MO3/0BXHBO-
TIOIIEPEYHOr0 3aIIOBHIOBAYA 3aIMCYIOTHCS Y BUTIIS:

- Ul BHYTPILITHBOT 1 30BHINTHHOT OOIITHBOK:

s, s, ©* f*’
T[ TI—I-ZZ +ka =r h T[
Ts. Ts,

‘H

kT +R(E,s.t)=rh

%+WZ3 @

™ TH Lo RTIE
ﬂ% ﬂSZ 13 k12 ﬂt
H M _ KT
% T ° 1211

- JUTsI {-TO TO3/IOBXKHBOTO pedpa.:
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[S] _|_1-|-|-11|_r F ﬂull-
fs it?

2
]+ = ﬂ‘ﬂ% 3
L T°u, .
[T23]i +- = riF ﬂT;’
™, i,
[H]i + = - T13i — i IJJ' ﬂ{[zh ’
% e
L +ﬂ:1/|812| =1l ﬂﬂjt;i V=11
Y CHiBBIIHOIICHHSIX (3) BEUYNHH TUITY
[S]i ’[Tzz]i ,[T23]i , [H]i ,|:|\/|22:|i BiJITIOBiIAIOTH

CyMapHHM 3HAuCHHSM 3yCHJIb-MOMEHTIB 30BHIIIHBOI 1
BHYTPIIIHLOi OOIIMBOK, SKi IIFOTh Ha i-H TUCKPETHHIMA
€JIEMEHT 3aITOBHIOBAYA.

U j-TO TIOTIepeyHoro pebpa

ﬂz“"'[ ] _erja{[li ﬂjzlf (4)
1s, gﬂt Lt
ﬂTzzj a°u ﬂj 0
+k, T, +[S], =r F, Z+h, 2,
3 2] 23] [ ]J ] Jg ﬂtz CJ ﬂtz O
ﬂTsz - Kk, T22] +[T13] ﬂ L '
Is, gt
ﬂMle + ﬂ 21] ﬂ ai'z Icrj 91-[2J 19
e h h~+—:—'
s, s, =" ° o é RLTIE
M ... T... 0
™M+ T +h, %J, kij23jg+[H]j _
fs, fs, p
=r F ﬂ U2 2J 91-[2] 29
- éhq = ﬂt2 -
8 J @ 7]

B piBHAHHSX KOJNWBaHb JUCKPETHO MiAKPIILIFOIOYHX
peGep (4) mosmauenns tumy | j Bi/NOBINAIOTH

CyMapHiif il BEJIHMYUH 3YCHJIb — MOMEHTIB TJIaJIKOL
AT HIPUYHOI OOOJOHKH EIINTUYHOTO MEPepi3y Ha j-Te
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I KPITITIOI0Ye Pedpo.

Y piBusHESAX  (2) 4 Ul,UZ,Us,j 1,j 5 -

KOMITOHEHTH  y3arajbHEHOr0 BEKTOpa IEpEMilleHb
cepellMHHOi  TOBepxHi  obomomkm; I, I, I i -
IIUIBHOCTI  MaTepiady oOOOJOHKH i-TO, j-ro pebep
BIJIIOBiAHO; h — TOBII[MHA 00OJIOHKH;
hCi =0,5(h+ h ); h — BucoTa nomepeuHoro Mepepisy
i-ro  pedpa; hy; =05(h+h;); h; - Bsucora
MOIIEPEYHOro  Imepepizy  j-ro  pebpa.  Benwuunu
[f]i =f"- f- , Ie f* — sHavenns GbyHKIiA

npaBopyd i jiBopyd Ha |-if mimii pospuBy (miHis
MPOEKTYBAHHS IIEHTPY Bard i-ro pedpa Ha CEpeauHHY

MOBEPXHIO  IIIIHAPUYHOI  00O0JOHKH).  BimmosigHo
BU3HAYaAIOThCs Bemumam | f ] | = fr-f

BennyuaM 3yCHIIb-MOMEHTIB B PiBHSHHSIX KOJHUBaHb
wis  obomoukud (2) moB'sA3aHi 3 BiANOBIAHUMHU
BEJTMYHUHAMU nedopmarii HACTYITHUMU
CIIIBBiTHOIIICHHSIMHU

T, = Bu(eu +nzezz)1 T,= Bzz(ezz +n1e11)7 (5)
T3 =B Ty =By, S=Bpey,,

M, =D, (k11 +nzk22) ,

M,, =D, (kzz +n1k11)1 H =Dk,

flu

eﬂ—ﬁ, ezzzﬂ—sj+k2u3,
_ T, ‘ﬂu fu,
e, =—=> =f, +=
12 ﬂSZ ﬂsl 13 1 ﬂsl
u
e23:f2+% k2u2’

k :ﬂj2 :m+L
ﬂ% 2z 9, 29, s

V criBBijHOImIEHHSX (5) BBENEHO TaKi TIO3HAUCHHSL:

__Eh _ Eh
B, = 1—’ 2 T 1
-nn, 1- nn,
., =G,h, B, =Gih, By, =G;zh,
h? h? h?
P a— E1 22_E2—1DQZQ2_1
12(1-np,)’ 12(1-np,) 12

e E,E, G, Gs Gyu,npun, dizuko-
MEXaHIYHI  IapaMeTpd  OPTOTPOIHOTO  MaTepiairy
00OJIOHKH.

BenuyuHu 3yCHIIb-MOMEHTIB B PIBHSIHHSX KOJHBaHb
mit  l-ro pebpa (3) moB'sI3aHi 3 BiANOBITHUMH
BENUYMHAMU JeopMalliid 3riJHO CIiBBiIHOIIEHb

Tu =ERey, T, =GFRey, T =GFRey (6
M, =Elky, My, =Gl k

i'cri

_hihci

Ts,

11 v 12i1

%o
Ts

11

S .
e,y =—xh,—, e,
11i ﬂsl i ﬂsl 22
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Tluy Y .y
! 1%i 1-[ Sl ! 1%i 1-[ Sl

Y cnisignomennsx (6) E, G — disuko-mexaniuni

napamerpu  Matepiamy  pebpa; ., 1, I, -
reOMETPHYHI TapaMeTpH IOMEpPedHoro mepepizy | -ro
peodpa.

BenuuuHM 3yCHIIb-MOMEHTIB B PIBHSAHHAX KOJIMBaHb
st | -ro pebpa (4) moB'sI3aHi 3 BiIIOBITHUMH

BEITMYMHAMU z[e(bopMauiﬁ 3Ti/IHO CITIBBiHOIIECHb

111 E Fellj 112 C-:'j Fjelzj ! T13j = C-:'j I:je13j (7)
Mllj = Ejlljkllj’ 12 _Gjltorjkle’
_fu 1 'ﬂl
1j ﬂ_Sll t hcj ﬂ_;’ hCJ ot
Tus _Tia _ ﬂJ 2
= +— === L=<
e3=j1 s 11 s, 11 s
V  cnisignomennsx (7) E i G j ¢izuko-

MeXaHiuHi apaMeTpu Matepiany pedpa; F i (P

TeOMETPUYHI MapaMeTpy IONEePEeYHOro Inepepizy | -ro

1jr “torj
peodpa.

Piusuas  konuBaub  (2)-(7)  JIOMOBHIOKOTHCS
BIJIMIOBITHUMH TPAHWUYHUMH 1 TIOYATKOBUMHU YMOBaMH.

1. Pe3yabTaTH 10CTi1KEHDb
2.1. YucenbHHIi aITOPUTM.
UuncenpHUI  adroput™M  pO3B'SI3KY ~ IOYATKOBO-
KkpaiioBoi 3amaui (2)-(7) 3acHOBaHHWII Ha 3aCTOCYBaHHI
IHTErpo-1HTEpHONALIHHOMY MeToxi noOy0BH
PI3HHULIEBHX CHiBBI/IHOIIEHD o IIPOCTOPOBUM
koopauHaTam  §, S, i SBHOI ampoKcHMAIli IO
THMYacoBii koopaunari t [2, 11].

3rigHO BHXIAHOI TOCTAHOBKHM 3aJa4i PO3B’ 30K
NIYKAEThCA B TJajkii obmacti (piBasHusa (2), (5)) i
CKIICIOETHCSI Ha JiHisIX po3puBiB (piBHsHHA (3), (4)).

3ynuHUMOCS Ha TOOYOBI PIlllCHHSA B TJIAAKOK 00JacTi
D={s,£S£S,;Sy£ES E£S,}. Bubepemo mix
obactb D; I D,

Di ={Su12 £S £ Spuns Sy £S, E Sy}t

NPOIHTETPYEMO  DPIiBHAHHSA KOmuBaHb (2) Mo miid
migobnacti. B pesynbTari OTpMaemo Taki pi3HHUIEBI

CTiBBiZHOIIEHHs 3HAaXOMWKeHHs pimenb Ha (N +1)-my

+$,|+1/2' S:,I-l/z
Cs,
3?+1/2,| - 3?-1/2,| +ngk,|+1/2 - T22k,|-1/2
Ds, Ds,
k
+_§|(ngk,l+1/2 Tnkl v2) =T h(uzkl)tt '

4acoBOMY WIapi.

n n
Tl]k+1/ 21" T11k-1/2,|

D5

=rhuy )., ©

+
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n _ n n _ n
13k+1/ 2,1 Bk-1/2)  123K,141/2 23k,1-1/2
k2I n n n _ n
- _2 (Tzzk,|+1/2 - 22k,|-1/2) + 3k, — r h(usk,l )ft J
n _ n n _ n
11k+1/2,1 Lk-1/21 | Tk, 14172 kl-1/2

Ds, Ds,

1., N I 1
- E( 13k+1/2,1 +Tl3k-l/2,|) =r E(I 1k, )ft’

n
k+1/2,1 ~ 22k, 1+1/2 ~

Ds, Ds,

1 n n —_ h3 s n
- E(T23k,l+1/2 +T23k,|-1/2) =r E(] 2Kk,| )ﬁ-

TakuM 4YHHOM B PI3HHIEBUX CITiBBIIHONICHHIX

n
k-1/2,1

n n

22k,1-1/2

BEJIMYUHU Y3araJIbHCHUX TepeMillleHb Ul,UZ,Us,j 1,j 2
CHIBBiIHECEHI JIO IUTMX BY3JIB IPOCTOPOBOI Pi3HUIEBOT
CITKM, a BEJIMYHHH 3yCHJIb-MOMEHTIB (BiAIMOBIAHO
nedopmariiif) CriBBiHECEHI 0 HAMIBIINX BY3JTiB —
(kx1/21), (k,| £1/2). [na OTpUMaHHA Y3rOLKEHHX
PI3HULIEBMX  CHIBBIAHOIIEHb [UISI  3yCHJIb-MOMEHTIB
piBHsiHHS (5) IHTErpYIOTHCS 32 00IACTAMHE

D¢ ={Sy 1 £ES £Sy: Sy £S £}
D¢ ={Sx £S £S)1: .1, ES £S5}

i T. 1. Y criBBigHOmeHHAX (8) MO3HAYEHHS Pi3HUIIEBHX
MOXiTHUX BBeAEHO 3rimHo [11]. AHAIOriYHMM YHHOM
OYNYIOTbCS PI3HMIICBI CITIBBIHOIICHHS JUIA PiBHSHB

KoqMBaHb |-ro 1 ] -ro migkpimmorodoro pebep.
3a3HayeHWd MiOXig MOOYAOBM  PI3HHIEBHX  CXEM
JI03BOJISIE  BUKOHYBAaTH 3aKOH 30€peXeHHs IOBHOI

MeXaHiuyHOI eHeprii BUXigHOI TPYXKHOI CHCTEMU Ha
PI3HUIIEBOI PiBHI.

2.2. Yucaosi pe3yabTaTu.

Sk yacTKOBWI BHUIAIOK TPHIIAPOBOI IMJIIHIPUYHOI
00OJIOHKH EJIINTHYHOIO Hepepi3y, po3IsAacThes 3aqa4a
PO BUMYIIEHI KOJMBAaHHS TPUIIAPOBUX IMIIHAPUIHHX
OOOJIOHOK ~ IIONIEPEYHOr0  KPYroBOro  Iepepizy 3
MO3/JOBXXHBO-TIONIEPEYHAM  JTUCKPETHUM  peOpucTum
HAIIOBHIOBAYe€M TIPM  BHYTPILIHEO  PO3IOJIICHOMY
IMITYJIb,CHOMY HaBaHTa)KEHHI.

PosrmsimaeTsest  3amaua  BUMYIIGHHX — KOJHMBaHb
TPUIIAPOBOI HWIIIHAPUYHOI OOOJOHKH 3 JIMCKPETHUM
MIO3/JOBXKHBO-TIONIEPEYHNM  peOpPUCTUM  3aTIOBHIOBAYEM
IpU  BHYTPIIIHBOMY  PO3MNOAUIEHOMY IMIYJIECHOMY
HaBaHTaxXeHHi. [loknmamaerbcs, mo Kpai OOONOHKU i
€JIEMEHTIB  TO3JIOB)KHBOI'O  3allOBHIOBAYa  YKOPCTKO
3akpiieHi. ['paHUYHI YMOBH JJIsl I[bOTO BWIIANKY TPHU
X =0, X=L wmaroTs HacTynHuii BUrIAN

K — ok — ik —: k —: k — -1 .
U =u, =U; =] ; =, =0, k=12;
Uy =Uy =Uy =] =] 5, =0, 1=11.
Touamxosi ymosu 0isi 6kasanoi cucmemu pigHAHbL —
HYNIbOGI.

3agaya po3risaanacs npu HACTYITHUX
TEOMETPUYHHX 1 (PI3UKO-MEXaHIYHUX IapaMeTpax:

I1aBirok
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L/h =80, h=h,

R/h =20, h=2h,i=11; ' ")

El =E’=E =E, =7X0"m;;
ny=n/=03 r,=r,=r,=r, =27X0x/
3
M!

ne R,h — padiyc cepeauHHOI MOBEPXHI 1 TOBIIUHA

BHYTPINIHBOI OOOJOHKH; | — JOBXHHA KOHCTPYKIIii.

PosrmsimaBess  BUIAmoOK  MO3J0BXXKHBO—IIONIEPEYHOTO
JIMCKpETHOro 3amoBHIoOBaya mpu | =4 ta J =3, xomu
JIUCKPETHI €JIEMEHTH pIBHOMIPHO pO3TalllOBaHI MO
MPOCTOPOBUM  KOOPAMHATAM MK BHYTPIIIHBOIO 1
30BHIIIHBOI OOUmMBKaMu. LIEHTpH Baru moIepeyHOro
nepepizy ~ NUCKPETHHUX  €JEMEHTIB  3alloBHIOBaYa
MPOEKTYIOTHCS HA BIJMOBINHI CEpPEeIMHHI TOBEPXHI

obmmsok o mimism Y, = (i - YpR/2, i =14 1
X, = jL/4, ] =1,3. HopmaibHe

HAaBAaHTA>XCHHA 3a4aBaJIoCs y BI/II‘J'IHI[i
Pr=Ash(t)-ht-T)], ze ht)- dymcuis

Xepicaiima, A— aMIUTITyJa HaBaHTaKCHHS, T-
TPUBAJIICTh HABAHTAXKCHHS. B po3paxyHKax MOKIagaiocs

A=10%Ma; T =500 °c.

PesynpTatu PO3paxyHKiB BKa3aHOI 3amayi
npuBeneHo Ha pucyHKy 2. KpuBa 3 iHzmekcom 1
BIJIMIOBIJIa€ BEJIMYMHI BHYTPINTHBHOI OOIIMBKH, a KpUBa 3
1HIAEKCOM 2 BiANOBINA€ BEIMYMHI 30BHINIHBEOI OOLIMBKHU.

IMITyJIbCHE

30KkpeMa 300paXkeHa 3aI€XKHICTh BenumuuHH U, Mix
TIO3/JOBXHIMHU pedpaMu 0 Oci cuMeTpii Bii MpocTOpoBOl
koopauHaTH x B MoMmeHT yacy { = 7,5T . Buxonduu 3

MIPEJCTABICHOT0 MaTEPially YiTKO CIIOCTEPIraeThCs MICIIE
pO3TalTyBaHHS MTOMEePEYHHUX JIACKPETHUX

nigkpimmorounx pebep (X = jL/4, j=13) - ne
TOYKH 3’ €IHAHHS KPUBHX 3 iHAckcamu 1 Ta 2. Ha puc. 3.
HPENCTaBIEHO 3aNEKHICTh BenuduHu Ug B3JOBXK JiHil

IIEHTpa Bard IMOMEPEYHOro Iepepi3y IOB3IOBKHBOTO
JMUCKpETHOro pedpa BiJ MPOCTOPOBOI KOOPIWHATH X B

Moment vacy t =7,5T . B npomy Bumagky mae micue

OHa KpHBa, 300pakeHa Ha pHUCYHKY. [lopiBHSHHS

BemuuuH U, 110 minii cumerpii Mix pebpamu (puc. 2) Ta

Mo  JIHII  3HAaXOMKEHHsS  IOB3JIOBXKHBOTO  pebpa
JIO3BOJISIFOT ~ XapaKTEpU3yBaTH BIUIMB  IO3JIOBXKHBO-
MIONIEPEYHOr0 JUCKPETHOI'O 3allOBHIOBA4Ya Ha PO3MOALT
KiHEMaTHYHHX rapamerpiB BUXITHOI  TIPYXKHOI
CTpyKTypH. Po3paxyHku HampyxeHo-IepOopMOBaHOTO
CTaHy NUHAMIYHOI MOBEIIHKH TPHIIAPOBUX OOOJIOHOK 3
BpaxyBaHHSIM pPeOpPHUCTOr0 HAIOBHIOBAaYa IPOBOIMIINCS
na uacosomy imtepsami {=40T , 60T . B nanmiii
pobori Tpe/iCTaBIIeHI XapaxTepHi 3aJIeKHOCTI
HaIpyXeHO-1e(pOopMOBaHOTO CTaHy TPHIIAPOBOI
000JI0HKH. 30KpeMa, PO3TJIsIINCS MOMEHTH Yacy, KOJu
BIJIOBIAHI KIHEMATUYHI Ta CTATUYHI BEJIUYUHUA JOCIAT AN
MaKCUMAaJIbHUX 3HaueHb. ByJo MoMideHo, 10 MaKCUMyM

BenmmuuH U, 1o minii cumerpii Misk pebpamu Ta B3J0BK
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U2-105 m

t=7,5T, v= pR/4
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Puc. 2. 3anexHicTh BETUYNHA Us MDK pedpaMu 1o oci CUMETpii BiJl IIPOCTOPOBOI KOOPAWHATH X B MOMEHT Yacy

t=75T
us-10°, m; t=7,5T; y=0
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B Y/ vV
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Puc. 3. 3anexnicts BenmuuuHu U, B3J0BK JIiHIT IEHTpa Baru NOIEPEYHOrO NEPEPi3y MOB30BKHLOIO IUCKPETHOTO

pebpa Bij IpOCTOpOBOT KOOPAMHATH X B MOMEHT 4yacy t = 7,5T

pebpa mocsaraersess B MomeHT vacy t =7,5T , ne T -

TpI/IBaJ'IiCTI) HeCTaHiOHapHOFO HaBaHTa>XCHH.

IopiBHsibHuIA aHaNi3 BenuuuHl U, B310BK pedep (puc.
3) ta Benumuunu Ug; mo JiHil cumerpii Mix peGpamu

mokasye (puc. 2), M0 PI3HUISA [0 MaKCHMAaJIbHUM

BennuuHaM U, carae nopsaxy 1,8 pasu.

BucHoBkn

B nmamiii poOotTi, BHXOIIYHM 3 BapialiiHOTrO
npuHipny [ amineroHa-OcCTporpajchbkoro, OTpUMaHi
PIBHAHHS  KOJMBAaHb  TPHUINIAPOBHX  IIWIIHAPUYHUX
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00OJIOHOK ~ ENNTUYHOrO Tepepidy 3  AUCKPETHUM
peOpuctuM HanoBHIOBadeM. [Ipu po3risimi eneMeHTIB
NPY)XHOI ~ CTPYKTYPH  BHKOPUCTOBYIOTHCS — MOJIENI

00OJIOHOK 1 CTEpIKHIB 3rigHO rirmore3 Tumomenko. s
pO3B’sI3aHHA ~ OTPUMaHMX  pIBHAHb  PO3BUHEHHI
e(peKTHBHUN YHUCEIBHUA METOI, SKHUH 3aCHOBaHMN Ha
3aCTOCYBaHHI IHTErpO-iHTEPHOJALIHHUX CITIBBiHOLIEHB
M0 MPOCTOPOBUM KOOpAMHATAM 1 SBHOI KiHIIEBO-
PI3HHUIIEBOI CXEMOIO 10 YacoBiil koopauHaTi. OTpuMaHO
PO3B’ 30K 3a7a4i PO TUHAMIYHY MTOBEJIHKY TPHIIAPOBOI

MWTIHAPUYHOT OOOJOHKH  ENINTUYHOrO Mepepizy 3
JMUCKPETHMM pEOpUCTHM  HAINOBHIOBAYEeM MpH il
IMITyJIbCHOTO ~ HaBaHTaXeHHs.  HaBemeHo — aHaiis

OTPUMaHHX PE3YIbTATIB.
Ilagniok A.B. —acmipaHr.
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A.V. Pavliuk

Dynamics of Three-layer Cylindrical Shells Elliptical Cross-Section With a
L ongitudinal-Transver se Discrete Ribbed Filler

SP. Timoshenko I nstitute of Mechanics of the National Academy of Sciences of Ukraine, Nesterova gtr., 3,
Kyiv, Ukraine, aniutapaviiuk@gmail.com

In this paper, we consider the eguations of non-axisymmetric oscillations of discretely reinforced multilayer
cylindrica shellsof elliptical section. When analyzing the € ements of the elastic structure, arefinement model of
the theory of shells and rods of the Timoshenko type is used. The numerical method of solving the dynamic
equations is based on the integro- interpol ation method of constructing the finite-difference schemes for equations
with discontinuous coefficients. The problem of dynamic behavior of a three-layer longitudinal-transversal
reinforced cylindrical shell of an dliptical section under a distributed nonstationary load is investigated. A
solution of the problem on dynamic behaviour of the three-layered cylindrical shell with some discrete
longitudinal-transverse ribbed filler is considered for distributed non-stationary |oading.

Keywords: three-layer cylindrical shell, dliptic cross-section, Timoshenko-type theory, forced vibrations,
numerical solution.
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The methods of thermochemical and mechanical activation of graphite particles and carbon fibers for
creating effective fillers of polymer composite materials with high wear resi stancehave been described.
K ey wor ds: polymer composite, graphite, filler, ash, carbon fibers.
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I ntr oduction

During the development of technology and structure
of composite polymer materials, design and processing
them into products, recommendations for certain
conditions of exploitation need to know the dependences
of physical and mechanical, physical and chemical,
thermophysical, tribological etc. properties of composites
from nature, type, shape and size distribution of particles
of disperse and fiber fillers [1-4] and polymer —
matrix.The research results of influence the nature and
disgtribution of particles on physical and mechanica [1-
5], tribological [6, 7, 25], thermophysical [5, 6, 8-13, 25]
efc. properties once again confirm the need to solve these
research problems and technology. Especially important
to solve these problems during creating of antifriction
polymer materials based on thermostable, thermo-
resistant and temperature resistant polymers [14-16] and
carbon fillers — dispersive graphites and carbon fibers
[17-21, 25].

The relationof antifriction and thermophysical
properties of polymer composites in dependence on the
composition of fillers is given in [6, 22, 28], and
antifriction properties of polymer composites based on
heat resistant polymers, graphite and carbon fibers during
friction without or with limited lubrication in [23, 24].
Theoretical basis of the size distribution of particles of
carbon fibers and graphites are given in [26-28].

|. ThePhenomenon of | mproving of
Turbostrate Structure of Carbon
Fibers during Dynamic Contact of
Surfaces of Solid States

The phenomenon of improving of turbostrate (two-
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dimensional ordered) structure — decreasing interlayer
distance and increasing the thickness and length of the
packets layers of carbon hexagon of carbon fibers. The
fibers were obtained by thermal treatment at temperature
of 723-2673K of fina thermal influence on hydrate
cellulose, polyacrylonitrile or copolymer organic fibers
in an inert atmosphere, such as nitrogen, inert gases,
methane or natural gas. The fibers were chemically
processed before or after therma treatment by com-
pounds of phosphorus and boron, for example, sodium
tetraborate and diammonium phosphate. After thermal
treatmentthe fibers were subjected to mechanical
activation in knife crusher for 2000 - 12000 rev./min. or
in  dismembrator or disintegrator for 2000 -
25000 rev./min. Additionally the fibers were subjected to
thermal, complex deformation and tense influence during
dynamic contact surfaces of solid states in the bound
dispersion with polymer matrix in the node of friction or
in the free dispersion, for example, in ball mill for 50-
3050 hours.

The effect of improving the structure of fibers differs
from three-dimensional ordered (crystalline) structure of
artificial or natural graphite in the same conditions, for
which interlayer distance increases and the length and
thickness of the carbon hexagon packets decreases.

By results of researches found such regul arities:

1. The three-dimensiona ordered crystal structures
of graphite during chemo-mechanical action, especially
during friction and wear, the part becomes amorphous
and the most part transforms in the two-dimensional
ordered (turbostrate) structure.

2.1t has opened the phenomenon of improving of
turbostrate (two-dimensional ordered) structure (decreas-
ing interlayer distance and increasing the thickness and
length of the packets layers hexagon) of carbon fibers,
obtained by chemo-thermo-mechanical activation in the
presence of boron-containing and phosphorus-containing
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compounds during intensive mechanical action. This
effect the most appears for carbonated fibers at
temperature of 1123 - 2073 K.

3. It has proposed the hypothesis: it is likely that
only at certain perfection of turbostrate structure of
carbon fibers and graphites (interlayer distance, thickness
and length of the packets layers hexagon) and simu-
Itaneously during the leaking of tribochemical, chemo-
physico-mechanical and other triboprocesses can achieve
the effect of low friction and small magnitude wear.

1. The Effect of Particle Size

Distribution of Graphite on the
Properties of Polymer Composites

There are the results of studies of the effect of
parameters of particle size ditribution of fillers (natural
graphite different bands) on physical and mechanical
properties of polymer composites based on aromatic
polyamide (APA) fenilon C-2. Thefillers differed by ash
content, moisture and grinding fineness (dispersion). The
particle size of the filler and polymer for the theoretica
gamma-distribution parameters (perimeter, thickness and
diameter) have different values. The particles of graphite
have similar values with aromatic polyamide particleson
the perimeter.The particles of graphite and aromatic
polyamide have the same average value that determines
composition on these materialson the effective diameter
of roughly.

The physical and mechanical properties of polymer
composites based on aromatic polyamides are highly
dependent on disperson, of ash content and the graphite
particles concentration of dispersed phase. Graphite is
named the high-ash with 5 - 15 % ash content. And gra-
phiteis named the low-ash with 0.05 -2.5 % ash content.

The influence of ash content and graphite dispersed
phase on friction strength APA was investigated. Both

factors affect about the same. The regularities for
strength during stretching and compression, the specific
impact strength, elongation at break were determined.
There are discovered to the tribological properties too,
which was found in the limit loads mode. The relative
durability of samples of colloidal systems based on
graphite is growing with a decrease in ash content and
dispersity for low-ash graphite and with aincrease in ash
content and dispersity of high-ash graphite (i/ i = i—‘;
where lg, Ip — the intensity of wear of polymer
composites and polymer matrix, respectively). A
minimum of frictional strength observed by 1.5 -5 % ash
content. The durability of polymer composite have a
reliable relationship with a set of bulk mechanicd
properties according to the research by selected samples.

The linear correlationwas determined between the
relative durability (y = I¢/lc) on the first (S;) and second
(Sp) friction stages and the gamma distribution 6 and A
parameters on the basis of the results to predict areas of
application and performance properties of polymer
composites. Perimeter particles of graphite was the most
informative parameterin polymeric composites. The non-
linear correlation was discovered between the wear rate
and the distribution parameters of graphite particles.
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[11.Properties of Films based on Copper
Complex Adduct of Monoglycidyl
Ethers Oxydiarylmethanes

This research is devoted to redization of the
phenomenon of random transport of copper in dynamic
contact of solid bodies, and aso achievement of quas
anti-wear effect through creation of films on the surfaces
of friction pair. Friction properties of films were studied
using friction apparatus according to the friction scheme
“plane surface — plane surface” of epoxy-filled
composite, reinforced non-metallized and copper plated
carbon fiber materia (Cu®-CFM).

Parameters of tribological testing: diding speed
0.54 m/s, normal load to one sample 100 N, specific load
3 MPa; run-in path 0 - 20 km, stationary friction path 40-
100 km, parameters of effectiveness assessment of
[ubrication material — gpecific volume wear rate
| x10°mm3/(N-M). The scheme of contact of
unidirectional composite NNNN and NLNN in contact
with the surface of sed 45 counterbody (LD
45+ 0.2Hpa; R,=0.30+0.05micron); sted surface
temperature 383 £ 10 K.

For investigation of friction pair anti-frictional
properties, we have sdected the following lubricants
with and without copper compounds:

a) glycerin [Gl]; [Gl.] with admixture of 5%
disperse graphite [Gl. + Gr.]; [Gl.] with admixture of 5%
copper graphite [Gl. + Cu’—Gr.]; [Gl.] with admixture of
5% organic copper compound MKF-18 [GI. + MKF-18];
[Gl.] with admixture of 5% (CH;COO),Cu [Gl.+CA];

b) plastic lubricant SMT-5 with disperse copper
powder content [SMT-5];

¢) mineral (compressor) oil KS-19 [KS-19]; [KS-19]
with admixture of SMT-5 [KS + SMT-5]; [KS-19] with
admixture of MKF-18 [KS-19+MKF-18];

d) copper complex of epoxidated benzyl phenol
(EBP)  adduct, polyethilenepolyamine  (PEPA),
(CH3COO),Cu (CA) [EBP+ PEPA+CA].

The received results enabled making up minorant
series according to wear intensity:

a) for composite with non-metalized CFM: [KS +
MKF-18] > [KS + SMT-5] > [Gl.] > [KS-19] > [EBP+
PEPA-CA] > [GI. + Gr.] > [SMT-5] > [GI.+CA] > [GI. +
MKF-18] > [GI. + Cu’—Gr];

b) for composite with copper plated CFM: [KS-18] >
[KS+ MKF-18] > [KS + SMT-5] > [GI. + CA] > [SMT-
5] > [Gl. + MKF-18] > [Gl.] > [GI. + Gr.] > [Gl. + Cu’—
Gr.] > [EBP+ PEPA+CA].

These results have proved high efficiency of filmson
the surfaces of dynamic contact composite steel consis-
ting of copper complex adducts of oxydiarylmethane,
polyethilenepolyamine and copper acetate monoglycidyl
ethers.

Conclusions

1. During mechanical activation of filler particles
(carbon fibers) of polymer composite is observed pheno-
menon of improving of two-dimensional ordered struc-
ture of carbon fibers, which leads to the effect of low
friction and high wear resistance of polymer composite.
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2. Correlation analysis revealed that between the
relative wear resistance of polymer composites and para-
meters of the gamma digtribution by size of filler par-
ticles (graphite) thereisreliable nonlinear relationship.

3. Metallization by copper of filler (carbon tissue) of
polymer composite leads to its high wear resistance
during friction in liquid lubricant, herewith this effect
increases if the liquid lubricant contains copper
compounds.
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J{McHUIIATUBHI CTPYKTYPH, 110 CYNIPOBOMKYIOTh PYHHYBAHHS |
Heo0opoTHe 1eopMyBaHHS I'PYHTY | MACHBY TipCbKHUX MOPiJ

Inemumym izuxu 2ipruyux npoyecie HAH Vipainu, Cimghepononscora eyi., 24, [ninpo, email: mila2017ma@gmail.com

MeTtor0 poOOTH € AOCHIIPKEHHS AUCHUIIATUBHUX CTPYKTYP, SIKI BUHHKAIOTh Yy TBEPAOMY Tl Ha NpUKIazi
MAacHBY TipCbKUX MOPif MiJ] yac Horo pyiHyBaHHs it HeoGopoTHOro nedopMyBaHHs. [Ipu BUKOHAHHI JOCHIIKEHb
BUKOPHCTaHI IHCTPYMEHTallbHI METOIM MOHITOPUHIY 3pYIIEHb I'PYHTY W MacuBY TipChKHMX IOpiA y HpoLeci
PO3BHUTKY 3CYBIB CXWJIIB Ta 3pyLIeHb MAacHBY TipChKHMX IIOpiJi HAaBKOJIO IIiJ3¢MHHMX BHpPOOOK. BusBieHi
JICUIIATHBHI CTPYKTYPH, IO PO3CIIOIOTH €HEPTilo ripChKOro TUCKY, i MATTEPHU SKUX NEePiOANYHO 3MIHIOIOTHCS Y
Tporieci He3BOPOTHOTO JiepopMyBaHHs. Brepiie BCTaHOBIEHO, IO MiHIMi3allisi BUPOOHMIITBA EHTPOINT MU
CTPYKTYpaMH JOCSIA€ThCS 3aBASKH OJNU3bKiN B3a€MOZIi MOPOJHUX Ta IPYHTOBHX (hparMeHTIB, a TAKOXK JalbHii
kooreparii iX kiacrepiB. 3HalieHI TaKoX IapaMeTpu €BOJIOLIl BKa3aHMX CTPYKTYp Y daci 1 mHpocropi.
IMpakTHyHa LIHHICT PE3YNbTATIB HOCHI/UKEHb IONATAa€ B OOIPYHTYBAaHHI HOBMX HPHHLUIIB I1iJABUILCHHS
CTIHKOCTI MPUPOJHUX 00’ EKTIB Ta CIIOPY/ Ha OCHOBI OOMEXECHHS SIK OCTYIAJIbHUX, TaK i 00epTaJIbHUX CTYIEHIB

cB0OO/IM Y TPUBUMIPHOMY IIPOCTOPI.
KiouoBi cioBa: TBepme TUIO, MIIHICTS,
CaMOOpraHi3allis, JaJbHs B3aEMOJis, KIIACTEPH.

HEeoOOpOoTHI

nedopmanii, JUCHIATHUBHI CTPYKTYpH,

Cmamms nocmynuna 0o pedakyii 07.02.2017; npuiinama oo opyky 05.06.2017.

Beryn

JlucunaTiBHI CTPYKTYpU BHHHKAIOTH y BIJAKPUTHX
TEPMOJMHAMIYHMX CHCTEMaxX Yy TMpOLECi pPO3BUTKY
neoboporaux mpomecie  (Kondepudi et al., 2015).
OcraHHIM 4YacoM IIPOLIECH CaMOOpraHi3alil TaKux
CTPYKTYp aKTHBHO BHBYAIOTBCS Yy PI3HHX Taly3six
byHIaMEHTAJIBHUX HayK, Ccepel SKHX, HaNpuKIas,
penstuBicTchka Teopis Matepii (Ma et a., 2015), da3osi
nepexoau (Mar'yan et al., 2016), reneruxa (Nitzan et al.,
2014), onrtuka (Wu et a., 2011), ta iumn. Ha#Ginbury
yBary OTpUMajd Tepml 3a Bce IPOLecH, WI0
BinOyBalOThCss y MikpocBiti. [Ipore aucunaTuBHI
CTPYKTYPH TPOSIBISAIOTHCS W HA MaKpOpiBHi, HAPUKIIAI
y Tporeci B3aeMomii BiJJaJeHUX HEHUPOHIB y MO3KY
(Vuksanovi¢ et al., 2014), y piguHax, M0 XiMi4HO
B3a€EMOJIIIOTH MK CO0OI0, SIK HANpHKIal y BiIoMii
peaknii bimoycosa-)Ka6oruncekoro (Marchettini et al.,
2010). BuBYeHHS MUCHMATUBHHUX CTPYKTYp 3 MO3HILiif
(dyHIaMeHTaIBHOT TEPMOTHMHAMIKH HE3BOPOTHHUX
MIPOIIECIB JTAJIO ILTiHI PEe3yNIbTaTH, SKi BiIOOPa3HINCh B
YCHINIHUX TPHUKIAIHUX PIlIEHHAX, [0 3aCTOCOBaHi Y
TIPAKTHII.

[Ipore psin BaxJIMBUX 00JIACTEH 3aJIMIIAIOTHCS MAJIO
BHUBUCHHMH 3 TOYKH 30pPY MOKJIMBOCTI BHHUKHCHHS
JMCUMATHBHUX CTPYKTYp Ta iX eBomrouii. Takowo €
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MeXaHika TBEpAOIO TiJ'Ia, sgKa PpeTCIbHO BHBYCHA i

MOCTI/DKCHa  TPAJUIIHHUMU  METOJaMH  CYI[LIBHOTO
CepeIOBUINA, Cepell SKUX MEpIl 3a BCE BapTO 3rajaTH
TEOpII0 TPYKHOCTI ¥  IuiacTHYHOCTI.  HaTomicTh

3aCTOCYBaHHSI HOBOI'O MiJXOAY, B SKOMY, HalpUKIa,
B3a€EMOJis JTUCIOKANid y MeTalaX pO3IIIAAaeThes SIK
(opMyBaHHS ~ JUCHIIATUBHUX  CTPYKTYp,  JIO3BOJISIE
OTpUMAaTH HOBI CYTTEBI 3HaHHS, HIO MPOJEMOHCTPYBaB
Vattré (2017). 3H0BY * Takd 3ayBaKUMO, IO AUCITIOKAIT
BUHHMKAIOTh Ha DPIBHI KPHIITAIEBOI PEUIITKA TBEPIOTO
Tia, TOOTO Ha MakpopiBHi. HameBHO aucUnNaTHBHI
CTPYKTYpH MOXXYTh BHHHKATH W Y MaKpPOCKOIIYHOMY
MacmTadi y mpoteci pyiiHyBaHHs TBepaoro Tina. [Ipore
Hapasi TepMOAMHAMIYHHUIA aHaji3 Hpolecy pyHHYyBaHHS
TBEpJOro Tijda 0a3yeTbCsi HAa TPHHIMIN MaKCUMyMY
€HTpOIii CHCTEMHU, OCKUIBKM BBaXKAETHCS, IO IICIA
Nepexoy TBEPIOro Tija Yepe3 MEeXy MIIHOCTI MOxe
BUHMKATH TLIBKH Xaoc, K BBakaroTh Zhang et al. (2016),
SIKi BUBYAJIM PyHHYBaHHS KPUXKOI TPCHKOI IIOPOIH.

VY Takux ramyssx, sSK HalpHKJIaJ MallHHOOYAyBaHHS
abo apxiTeKTypa pyHHYBaHHSI MaTepialy pO3IJIsIA€ThCS
sk karactpoda. HaroMicTh mepexia rpyHTy 4H TipChKOTO
MacHBY Yy MO3aMEXHHI CTaH HE 03HaYa€ aBTOMATHUYHOTO
pyHHYBaHHS  TPUPOJHOTO OO0 €KTy YHM  IITYYHOI
KoHCTpyKuii. Tak 3cyB cxmiy abo JIbOJOBHUKA MOXKE
pPO3BHMBAaTHCh MicsAlll W HaBiTh pPOKH, IPUYOMY HE
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000B’ I3KOBO 3aBEPIIYETHCS KaTacTpodiyHUM
pe3yapTaToM. PyiiHyBaHHS TEBHOI 00JacTi TipCHKOTO
MacMBy HaBKOJO TiJ3eMHOI BHpPOOKM 4YacTo Mae
MO3UTUBHUH eEeKT, KU CYyMPOBOIKYETHCS JIOKATEHUM
PO3BaHTAXKCHHAM BiJi MEXaHIYHUX HANPYKEHb W
cTaOimi3alliero  CTIMKOCTI  BKa3aHOi BUPOOKH, IO
aKTyaJlbHO OCOOJIMBO HAa BENMKUX TIIIMOMHAX PO3POOKH
POMOBHII] KOPHCHHUX KOIAJIHH.

Heo6opoTHi 3pyIeHHs TBEPIAOro MaTepiaay MOXYTh
B3araji poO3rSIIaTHCA SK  TPUPOIHI  JHUCUIIATHBHI
MpOIECH, SKi BHUKOHYIOTh TMEBHY KpEaTUBHY pOIb,
Hanpukiaan ¢dopmytoun GeperoBy miniro (Miles et al.,
2015). Tomy mnpuiimMaroyu 10 YyBard akTYaJbHICTh
npoOsieMn O€3MeYHOro BHAOOYTKY KOPHUCHUX KOMAJINH
SIK 3aMOPYKH EHEPreTUYHOI i CHPOBUHHOI HE3aJIEKHOCTI

Hamioi  Jep)KaBM, BaKIUBO  JIOCHIAUTH  IPOIECH
pyHHYBaHHSA W HE0OOpPOTHOro nehOpMyBAaHHS MACHUBY
TipChKUX opia 3 o3l TEPMOIUHAMIKU

JMCUTIATUBHUX CTPYKTYD.

|. Tepmoaunamika He0GOPOTHOI 0

ne¢opMyBaHHA MaCUBY IipCbKHX
nopin

3rinno  Glensdorf e al.,

TEpPMOIUHAMIYHIN crucTeMi MOXYTh BUHHKATH
JMUCHUITATUBHI CTPYKTYPH 32 YMOBH:

dS/dt = Y51, 8(dX,/dt) <0 (1)

e S e BHPOOHHUIITBO eHTpomii, t € wyac, Iy Ta X

MIPEJCTABIAIOTH COOO0 TEPMOAMHAMIYHI CHJIM Ta TOTOKH

(1971) y Bigkpwuriit

BIJIIIOBIAHO.

BupoOHMIITBO ~ eHTpomii €  JOpyruM  WICHOM
pO3KJIaaHHA eHTpoIi y psa, abo KOMIIOHEHTa
PO3KJIaaHHA JPYroro TOPSAKY, sKa BimoOpakae

XapaxkTep 3MiHM EHTPOIIi y BHIAJIKy HEpiBHOBa)KHOTO
MpoLlecy TiJl BIUIMBOM 30YypeHHS J TEepPMOIMHAMiYHUX
CHJI ¥ BIONOBIAHMX IM TOTOKiB. 3HaK KOMITOHEHTH
JIPYroro MOpsAKY BU3HAYA€ThCSl 3HAKOM JAPYTOi IMOXiIHOT
eHTpomii Mo dYacy 1 3aJexurh Bix (UyKTyanii
TEPMOAMHAMIYHHUX CHJI 1 ITOTOKIB.

Y Bumamky, KONM BIJKpPHTa TEepMOAWHAMIYHA
chcTeMa TIpeNCTaBisie COOOK0 MAacUB TIPCHKHX IOPif,
pOIi TEPMOAMHAMIYHUX CHJI BUKOHYIOTH CHJIM TPaBiTallii,
TEKTOHIYHI CHJIM, TPAIEHTH ra30BOr0 THCKY (HAIPHKIIA
MeTaHy, YW BYIJICKUCIOrO rasdy), TpaIi€eHTH HAaIopiB
piauH (Hanpukiaanx HaQTH YU MMI3EMHUAX BOJM), a TAKOK
IpaJieHT TeMmIrepatypd. Y SKOCTI TEPMOIUHAMIYHUX
MOTOKIB BUCTYNAIOTh HE3BOPOTHI 3pYILIEHHS! MacHBY, SIKi
MOPOIKYIOTh TUIACTUYHI Ta HENpYXHi Aedopmartii nopiz,
MOTOKM Tra3iB  Ta piadH, a Takok Temwma. Y
HAMIIPOCTIIIOMY BHITQJIKY MaeMO TIpCHbKHH THCK SIK
TEpPMOAMHAMIUHY CUIIy i HE3BOPOTHI 3pYIIEHHS MacUBY
TIPCHKHX MOPIJI SIK TEPMOANHAMIYHI ITOTOKH.

JlocmimKeHHsI TUCUTTIATUBHUX CTPYKTYP BHKOHYIOThH
LIJISIXOM BHBYEHHS TOBEIIHKH JAWHAMIYHUX CHUCTEM, SIKi
BUpa)XeHI cuCTeMOI0 audepeHuidiHnX piBHAHBb. Jis
KOXKHOI CHUCTEMH W KOHKPETHHX TPAaHHYHUX YMOB Ta
TIOYaTKOBOTO CTaHy CKJIaIat0ThCS KOHKpETHI
mudepeHiiHi  piBHAHHA. Pe3ynbratH  JOCIIIKEHB
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CYTTEBO 3aJIeXKaTh BiJl 0OIPYHTOBAHOCTI BUOOPY PiBHSHB,
Ta JOCTOBIPHOCTI BXiJHUX MApaMEeTPiB, BEIMUUHU SKUX 3
OIJISZIOM Ha BEJIWKY HEBU3HAYEHICTh TEPMOJIMHAMIYHUX
MapaMeTpiB T'eOJIOTIYHOT TOBIII MOXKHA 3aIaTH TLTBKH 3i
3HAYHOI0 TOXMOKOr0. Y jaHiii poOoTi mOCIimKeHHsS
JUCUTIATUBHUAX CTPYKTYp Ta IX IapaMerpiB BHUKOHAaHO
OibIl  HANIMHUM  EKCHEPUMEHTAJIBHUM  CIOCOOOM
LIJISIXOM MOHITOPHHT'Y HEOOOPOTHHX 3pYLIEHb IPYHTY
MacMBy TIpCBKUX TMOpiJ, SKi, SK CKa3aHO BHIIE,
0e3mocepenHbO BiI0OpaKatoTh TEPMOIMHAMIUHI TTOTOKH.
BpaxoByroun, 110 morenep MUCHINATUBHI CTPYKTYPH Y
TAaKOMYy CepeloOBHIII He Oynu BHUSBIIEHI, a Teopis
TEpPMOAMHAMIKK HE3BOPOTHHX TMPOLECIB MPOTHO3YE
MOXIIUBICTh BUHHKHEHHSI TAaKUX CTPYKTYP Y BiIKPUTHX
cucTeMax, OyJl0 NMpPOaHaNli30BAaHO METOIH JOCIHi/KEHB,
SIKi BUKOPHCTOBYBAJIY TIOTIEPE/IHI aBTOPH.

3'scyBasioch, 11O  MOHITOPHHT  HEOOOpPOTHHX
3pyIIEHb IPYHTIB il MACHBY TipCHKHX IOPil BUKOHYBaBCS
4yepe3 3HAYHI NMPOMIKKK 4Yacy, 3 OIJISIIOM Ha BEJIHKY
BapTICTh TOYHMX BUMIpIOBaHb 3pyuieHb. llpore
HeoOopoTHe naehOpMyBaHHS TipCHKHX MOpPII CYTTEBO
3aJIeKUTh BiJ| IUIIXY HaBaHTaXEHHs abo HOro icropii.
JocmimkeHHs1, BHKOHAHI aBTOPKOK JAHOI  CTaTTi
3aCBIJUWIM, W0 HEOOOPOTHI 3pYIIEHHS pPEaTbHOTro
MacHMBYy TIpCbKHX TIOpiZl MEPiONUYHO 3MIHIOIOTH CBil
MOTOYHUHM HANpsSMOK W BEIMYHMHY, IO HPHU3BOAMTH 0
BTpaTH BaXIMBOi iH(opMalil BHACIIJIOK iHTErpyBaHHS
3pyilieHb y Yaci. He3HayHi KOMWBaHHS HAIpPSMKIB
3pylleHb ¥ BiAXHWJIEHb TPAEKTOPIH BiJ| «TEOPETHYHHX>
rpadikiB ImIaBHOI (OPMHU CHPUAMANIN BHKJIIOYHO SIK
BUNIAAKOBI TOXWMOKHM, Ta mepemkoan. Omxe BTpara
iH(opMariii BizOyBagach 3 MPUYUH B3aEMHOTO 3HHUIICHHS
MOTOYHUX a00 eJIEeMEHTApPHUX 3pYIIEHb Ta JAeopMariiii.
[HIIMMU  croBaMHM  TIPHPICT 3pYIIEHHS B IEBHOMY
HaNpsIMKY KOMIIEHCYBaBCS y HACTYTHMH MOMEHT
3pYIIEHHSM y TPOTHIEXKHUH OiK, a CTHCHEHHS
3MIHIOBAJIOCH ~ PO3TSATHEHHSM Taki  gedopmarii
MIOKPHUBAJIX OJIHA OJIHY.

Y pesynapraTi Oyno 3HAWACHO TAaKWA MPHPICT
3pyleHb, abo Takuil iHTEpBal 4acy MiX IOIepeTHbOI0
Ta HACTYITHOIO ceciero IHCTPYMEHTAJIbHUX
CIIOCTEpEeKEHb, SKUHA  3a0e3neyyBaB  MaKCHMAJbHY
JIOCTOBIPHICT  BUSIBIICHHSI JWCHIIATHBHUX CTPYKTYD.
Byrno BCTaHOBIIEHO, IO €KCICPUMEHTAIbHA TiCTOrpaMa
JIOCTOBIPHOCTI  BUSIBIICHHSI ~JIUCHIITATHBHUX CTPYKTYP
Y3TOIDKYETHCS 3 JIOTHOPMAJILHUM 3aKOHOM PO3IOILTY, a
ONITHUMAJbHUIA I1HTEpBAJI MOHITOPUHTY 3HAXOAUTHCA Y
MeXaxX 4Yacy, IpPOTArOM SIKOrO MPUPICT HEOOOPOTHHX
3pylIeHb cTaHOBUTH Bix 2 10 10 cepenHbOKBaAPATUIHIX
MOXUOOK BUMIpIOBaHb. Y TaKOMY iHTepBaJli HMOBIpHICTh
TOrO, IO IUCHIIATHBHA CTPYKTypa Oyje BUSBIEHA € HE
MeHIIor0 32 75 %. MakcumalnbsHa JJOCTOBIpHICTh Ha PiBHI
95 % 3HaXOmUTHCS y MeXaX 3-5 MOXMOOK BUMIpPIOBaHb.
3a yMOB 3MEHIIEHHS IHTEPBAJy PE3YyJIbTaTH BUMIipPIOBaHb
3iCTaBHi 3 MOXHOKOIO, a 3 MEPEBUIICHHSM OITHMaIbHOTO
Jliarna3oHy CYTTEBO 3pOCTa€ WMOBIPHICTH Mpomaxy, abo
BTPAaTH IIEBHOI CTPYKTYpH. 3 BPaxyBaHHSIM YTOYHEHOTO
IHTEpBally 1HCTPYMEHTAJILHUX CIIOCTEPEKEHb OYyIu
BUKOHAHI EKCIIEPUMEHTH, SIKi BUKJIAJEHI Yy HACTYITHHX
MTyHKTaX.
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1. docaimkeHHs1 0,JU3BKOI B3aeMo/Iii
NMOPOAHMX (PparMeHTiB

Haken (1981) noka3as, 10 AUCUTIATHBHI CTPYKTYPH
BUHHKAIOTh Y PE3YJbTATi CHHEPTETHYHUX TIPOLECIB, SKi

000B’ I3KOBO CYMPOBOKYIOThCS KOOTIEPAIi€x0
KOMITOHEHT, 3 SKUX CKJIaJIa€ThCs MEBHA TEPMOANHAMIYHA
cUCTEMA. MacmtaOHuit JIOCBI T JTOCTIIKCHD

JUCUTIATUBHUAX CTPYKTYp BKa3ye Ha Te, IO BaXKIUBY
pOib y 1X BUHUKHEHHI BiJIrparoTh ONM3bKI, Ta AajbHi
B3a€MOJIli KOMITOHEHT BIJAKPHUTHUX TEPMOIMHAMIYHUX
cucteM. Ha 1me Bkasyiorh Hampukiang Cuestas et al.,
(2017), a takox Ma et a. (2015), siki BCTaHOBHIH
BaXXTUBY POJIb ONM3BKUX 1 JAJBHIX B3a€MOJINH MOJEKYJ
BHacHigok ix npursaraenss, Nitzan et a., (2014), mo
BUSBIJIM BAXJIMBHUH e(QeKT B3aeMOJil TeHiB, SKi
po3TallloBaHi Ha BiguaneHux Jokycax, Vuksanovic et al.,
(2014), noBiBHIM B3a€EMHY AKTHBHICTH PO3HECEHUX ¥
mpocTtopi JisiHOK Mo3ky, Wu et a., (2011), sxi
BKa3ylOTb HAa BXKJIMBICTh BpaxyBaHHS  JAJbHBOI
B3a€MOJIi aTOMIB.

OTmxe Oyio NPUHHATO PILIEHHS TOCHITUTH OJIU3BKY
B3a€EMOJIII0  MOPOAHUX (parMeHTIB Ha  TOBEpPXHi
mig3eMHOl  BUpOOKHM. BeHTwmsuiiinuii 1mTpexk OyB
MPOWACHUI IO TUIacTy cjo maxTu I[liBaeHHomoHOackKka
Ha mmouHi 560 M. BupoOka Oyma 3akpiruieHa pamMHO-
aHKepHUM KpimieHHsM. JlaBa BimmpanpboByBajia IUIACT
MOTYXKHICTIO 1,9M 3BOpOTHMM XOIOM 31 INBUIKICTIO
3 1M Ha n00y. CepemnHbO3Ba)KC€Ha MIIHICTh TOPIX
nokpiBii cranoBwia 30 MIla y mepepaxyHKy Ha MacuB.
[Tnoma mepepisy mTpeky cranoBwia 13,7 M% VY 30H
OIIOPHOTO THCKY HAaBKOJO WITPEKY aKTUBI3YBaJIHCh
NpOLIECH  pYHHYBaHHA  YMIIIYIOYOrO MAacHBY, SKi
CYNpPOBO/KYBAJIUCh ~ IHTEHCUBHHMH  HE3BOPOTHHMH
3pymeHHsMH 1 aedopmanismu mopia. [lokpiis Oyna
MIOCHJICHA PsIaMU 3 5 IBOMETPOBHX aHKepiB uepe3 1 M.

BBaxanocs, 1110 TOpU30HTaIbHA BUTATHYTA ITi[3eMHa
BHpOOKa TiepeOyBae y CTaHI IUIACKOro naedopMyBaHHS,
T00TO  yci  medopmaiii  OTOYYIOUOTO  MAacHUBY
BiOyBAIOTbCS BUKIIOYHO Yy IUIOIIUHI BEPTUKAILHOTO
niepepizy BUpOOKH i MOBHICTIO BiJICYTHI Y HOPMaJIEHOMY
0 Hel HampsMKy, TOOTO Y3/IOBX BiCi BHUPOOKH.
Pesynbratn IHCTPYMEHTAILHUX CIOCTEPEXEHb,
BHUKOHAHUX aBTOPKOIO JIAHOI CTAaTTi CHPOCTYBAIU TakKe
npunyiieHas. He3BopoTHI 3pyLIeHHs! IMOPOJHOI TOBIII
CIIOCTEpIrajii Ha JIeB’ ITH TOPsIl BCTAHOBJICHUX aHKEpax,
SKUMHU Oylla 3aKpilUieHa IOKPIBIIS €KCIHEePHUMEHTAIbHOI
BupoOku (puc. 1, 6). CranmapTHa moxuOKa BUMipIOBaHb
cranosmia = 1,9mm.

Byno BcTaHOBJIEHO, IO BEJIMYHHA 3PYIICHHS MACUBY
Y3MI0BXK BiCi BUPOOKHM Ha MOPSJOK MEPEBUIIYE MOXHOKY
BHMIpPIOBaHb, BHACIIII0K 40ro MIOYaTKOBUH
BEPTUKAJIbHUI TMepepi3 BHPOOKU jaedopMyeTbes U
nepecrae OyTH IDIACKUM. Binbin Toro, mpakTHYHO Ha BCiX
mapax CycimHiX perepiB 3agikCOBaHO IPOTU(A3HUIA
XapakTep Bapiamii BigcTaHed: y TOH dHac, SIK perepu
OJHI€T Mapy BIAJAJSUIMCH OJUH BiJI OHOIO Y PE3YJIbTATI
BiTHOCHOTO DPO3TSTHEHHS TOBILI Y3JIOBX BiCi BHPOOKH,
cycimHs Tapa 30KyBajdach 1 HaBIAKW. [HITUMH
cioBaMu Jedopmalii MacuBY Y3IOBXK BiCi BHPOOKH
MEpIOIUIHO 3MIHIOBAIU CBi¥ 3Hak. lle BuaHO Ha 28, 37,
43, 63, Ta 66 100y IHCTPYMCHTAJIBHUX CIIOCTCPEHKECHD.
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Puc. 1. Bapiamis BiacraHi MDK — CYMDKHUMH
aHKEepaMH.
30kpemMa, Tapu  pernepiB,  OpIEHTOBaHI  y3IIOBXK
MO3JIOBXKHBOI ~ Bici  BHPOOKM  TOKa3ajiW  PI3HHIO

«PO3MIMPEHHS — 30JMKEHHS» y Mekax 56 MM mpotu
75 MM, mo O HiXK y 30 pas3iB MepeBHILYE MOXHOKY
BUMIpIOBaHb 1 OMHO3HAYHO CBIAUUTH MPO TE, IO Yy
BUTSTHYTIH ~ TiI3eMHIH  BUpoOLi BiIOyBaIOTHCS
3HAKO3MIHHI 3MIIlEHHS TOpiA Y3MOBXK 1i Bici, MmO
BHUKJTIOYa€ MOXKJIMBICTh MOJCIIOBaHHSA i1 HampyKEeHO-

nehopMOBaHOTO  CTaHy y  IOCTaHOBLI  IIACKOI
nedopmartii.

OTKe, OYeBHIHO, IO CYMIXHI ()parMEHTH MacUBY
TipChbKUX  TOpiJA  HABKOJO  MiJ3€MHOI  BUPOOKH
3MIIIYIOTBCSI 33  MEXEI  MIOHOCTI Yy  peXuMi

HEOO0OpPOTHOrO nIehOpPMYBaHHSI IO dYep3i: KONIHA OIUH
(parMeHT MPUCKOPIOETHCS, CYMDKHHUH YITOBUTBHIOETHCS,
o0 MPONMYyCTUTH  CYCImHIH OJIOK 1  HaBIaKH.
JlocToBipHiCTh LOT'O BHCHOBKY JIOJJATKOBO
MiATBEPKYETHCSL PE3YNIbTaTAMH  HIiBEIIiPOBKH T'OJIOBOK
aHKepiB, OCKUIBKU DI3HHI OCiIaHb CYCIIHIX aHKepiB
csrana 100 -240mMm Ha ¢oHI 3arajpHOrO OCiJTaHHS
MOKpiBJIi BUpOOKH y 385 MM.

Bkazanuif ekcliepUMEeHT MPOJIEMOHCTPYBaB, IO
CyMiKHI Oyoku W (¢parMeHTH YMINIYIOYUX TOPiJ
3pYIIYIOTHCS IO 4ep3i y mpocropi 1 yaci. Le 3abe3neuye
MOXIIUBICT ~ AeOpMYBaHHS Tepepidy MiAroTOBYOI
BHPOOKH, HABKOJO KOl CTYIEHI cBoOOAM  Jyis
nepeMilieHb TipChKOTO MacHuBY CYTTEBO OOMEXeHi Y
MOPIBHSHHI 3 Macol IPYHTY, IO TepedyBae y cTaHi
aKTHBHOI'O 3CyBY Ha 3eMHiil moBepxHi. Came y IbOMY
MoJisArae  MexaHi3M OJHM3bKOI  B3a€MOMIl  CYMIKHHX
(parMeHTiB MacUBY TipCHKHX ITOPiJI.

AHami3 eKkCHepUMEeHTAIFHUX JaHUX I10Ka3aB, II0
cepeqHs TPHUBAJICTh 4YacoBOro iHrepBaimy At wmix
MOCHIZIOBHOIO ~ 3MIHOIO  NPUCKOPEHb  HE3BOPOTHHX
3pylleHb CYMDKHHX ()parMeHTiB Ha YIOBUIBHEHHS 1
HABMAKK 3aJIOKHUTh BiJ mokaxdnka x = yHIR, ne yH €
BEpTHKaJlbHa KOMIIOHEHTa TipCBKOTO THCKY, SKa €
MPOIOPIIMHOI — HIIBHOCTI  TOpig y W rimOuHI
posmiieHHs BupoOku H, R - Mexa MIIHOCTI oponu Ha

OMHOOCHOBUH CTHUCK. 3 mocToBipHicTIo 87 % 14
3aJICKHICT  ONMUCYETHCS  HACTYIIHOIO  CTEICHEBOIO
¢byHKIIi€TO,

At=4,61x7, @)

00acTh dii sIKOi 0OMEKYETHCS BETUIHMHOO TTOKAYKIHUKA X
He Menm Hix 0,33. Lleil MiHiManbHUI MOpIir BHU3HaYae
MEXY CTIHKOCTI TOpiJl, HWKUYE SIKOi BOHU 3HAXOIATHCS B
MPY)KHOMY CTaHi, 1[0 BUKJTFOUAE HE3BOPOTHI 3PYIICHHS i
nmedopmariii, a W ODKE MOXKIUBICTH BHHUKHCHHS
JMUCHIIATUBHUX CTPYKTYP.
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[11.BcTaHOBJIEHHSA JAJLHLOI B3a€MOil
MOPOJHHUX KJIacTepPiB

Sk cBiguaTh pe3yibTaTH MOMEPEIHIX JOCIHiKEHb,
JabHs B3aEMOIiS KOMIIOHCHTIB BIIKPUTHX
TEPMOTMHAMIYHUX CHCTEM € TOJOBHUM YHMHHHKOM, SKHIH
CIpHSIE CAMOOPTaHi30BaHOMY YTBOPEHHIO TUCHIIATUBHUX
crpykryp (Cruz et a., 2017; Cuestas et al., 2014).
HarypHuii excriepuMeHT 3IiHCHIOBaBCS B YKJIOHI OJOKa
10 m/y «ITOKpOBChKE», SKHM MPOXOMUBCS KOMOAHHOM
KCI143 3 miomero nepepizy 20,3 m? Ha ran6uni 845 m
mo miacty d4. BupoOka Oyna 3akpirieHa MeTaleBUMHU
mignammeumu pamamu KIIITYM yepe3 0,8 M, a Takox
cTase-ToJIIMEpHUMH i KaHATHUMH aHKEPaMH JOBKUHOIO
BianoBinHO 2,9 M i 5 M. 3a30pu Mixk pamaMu i HOpOTHUM
OTOJICHHSM  3allOBHIOBAJKMCh  OymwiduiekcamMmu — abo
THYYKHUMH €MHOCTSIMH, B SIKi HaKadyBajach IIiIIAHO-
IIEMCHTHA CYMIII 31 CHCHmiaJbHUMU J00aBKaMHU JUIS
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3MimeHHs penepy, MM

LIBHIKOTO TBEpAiHHs. EkcriepuMeHTanbHa insiHKa Oyna
obnasHaHa uepe3 100y MicHs MPOXOAKH OLIs pam
Ne 1430 1 Ne 1429, ™ix SKUMH TpOOYpWIH TpH
CBEp/JIOBHHHU. OJHY Yy IIOKpIBIIO BHPOOKHM 1 IBi y ii
OOKOBi CTIHKH. Y CBEpIUIOBHHAX BCTAHOBHJIM TJIIMOWHHI
periepy, TATH BiJl SIKUX BUBEIH y MOPOKHUHY BUPOOKH.
I'mubuHHI periepu y BepTHKaJIbHIH CBEpIIOBHHI Oynu
posmimeni Ha mmouHi 0,5M 1,8M, 2,3M, 3,2M, 4,0 M,
52wm 1 6,5M. V miBiit cTiHni periepu OyJd BCTaHOBJIEHI
Ha Tubuni 1,9M, 29 M 1 3,8 M, a y npaBiif BiANOBIIHO
malOm,25mi139Mm.

UYepes 19 ni6 3MimeHHs MOPiJ MOKPIiBIi HA KOHTYpi
BupoOku gocsrmo 300 M, ¥ 3aTyxalio B TIIMOWHY
MacuBy (puc. 2,a). MakcuManbHe —PO3YIIUIbHEHHS
MOPOMHUX IIAapiB Yy MOKPIiBII BUPOOKH BigOyJI0Ch Ha
inTepBani 1,8 - 3,2 M BiJl KOHTYpY BUPOOKH i CTAHOBHIIO
0,116 - 0,125 na HwkHIH wactuHi iHTepBay ¥ 0,058 -
0,074 ua BepxHiit (bparment 6). Yum mami Bix BupoOkH,
TUM MEHIIE OYJI0 PO3ITYILIEHHS ITOpPi.
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Puc. 2. Ocinanns mokpisii (8) i postrapysanss ii intepsasis (D).

Puc. 3. Po3BUTOK 30HM J€3IHTETPOBAHUX MTOPiT HABKOJIO
BUPOOKH.
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CTPYKTYP.

NaTTCpHU AUCUIIATUBHUX
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Ha ocHoBi pe3ynbTaTiB BUIPOOYBaHb ITOPi TOKPiBII
y 7a0opaTopHUX YMOBax OYJIO BCTAaHOBIIEHO, L0 iX
rpaHn4Ha Jaedopmariis po3TsryBaHHsi craHoBmiaa 0,015.
Takum uymHOM moOpiBHIOIOYM (akTHyHi Jedopmarii
pO3TATyBaHHS MacHUBY 3 ii JOMYCTUMUM piBHEM, BJaloCh
BCTaHOBUTH MOJIOKEHHS 30H PYHHYBaHHSI ITOP1I HABKOJIO
BUPOOKM TIO BCIM TpbOM CBep/UlOBUHAaM. JluHamika
pO3LIMPEHHs 30H pyHHaMii ripcbKOro MacHBY HaBKOJIO
eKCIIEpUMEHTAJIbHOI BUPOOKH BilOOpakeHa Ha puc. 3.
Mo 2-it 106i micns mepiioro crocrepexenss (abo yepes
3 mobu micns mpoBeneHHs BUPOOKH) Oynu 3pyHHOBaHI
MOPOAM y CKIJIEMOBIM 4YacTWHI BUPOOKM Ha BHUCOTY
npubiau3Ho 2 M # y miBomy Ooui Ha riauouny 0,4 M.
[NonoxxeHHs1 rpaHuLi 3pYHHOBAHOT'O MAacHBY OKpECIEHO
KpHuBOW0, moMideHo um¢pporo 2. UYepez 12 ni6 30Ha
py#HALIT opia po3mMpuUiIachk y HoKpisio Ha 3,6 M, a 1o
HactynHiit (13-it) 1061 — Ha 3 M y miBuit 6ik. Yeprose
PO3LIMPEHHS 30HU 3pYHHOBAaHHUX MOPiJ BiIOYIOCH yepe3
19 ni6 y nokpisnto Ha 4,8 M i npaBuii Oik BUpOOKU Ha
2wm.

OTKe, pO3MOBCIOKEHE YABJICHHS PO Te, IO 30HA
3pYHHOBAHUX TOPIJ PO3LIMPIOETHCS HABKOJIO MMiI3eMHOT
BUPOOKHM y BUTIISIAI KoHIeHTpuuHuX emincie (Khomenko
et a., 2016), namu Oyno yrouneHo. HaBkoso migzeMHOL
BUPOOKH TIPCHKUIA MacuB pyWHYETHCS Y3TOJDKEHO, a 30Ha
HWoro nedparmeHramii = pPO3MIMPIOETHCS  OKPEMHMH
HECUMETPUYHUMH BiJTHOCHO KOHTYPY BUPOOKH ITOPILISIMHU
1o 4ep3i y MpoCTOopi ¥ yaci, Mo CBIAYUTH MPO JAIBHIO
B3a€EMOJIII0 KJacTepiB mopix, ski Oymu 3pyiHOBaHI
panimie ¥ mepeunn y mo3aMmexHuil ctaH. OmgHouacHe
CHHXPOHHE PpO3IIMPEHHS 3pYHHOBaHOI 30HU TOPIJ
HaBKOJIO ITiZI3€MHOI BUPOOKHM HE BUTIJHE 3 TOYKU 30pY
BUTpaT eHeprii, abo ii po3citoBaHHS i He BiAIOBiJae
MIHIMyMy  HaJJIMIIKOBOI'O  BUPOOHMLTBA  EHTPOMIl
(bopmyna 1). Came ToMy pealizyBaBCs BapiaHT
MOYEProBOr0  PO3BUTKY 30HH I103aMEXKHOIO CTaHy
HaBKOJIO BUpOOKH. Bkazanuit edexr OyB BHsBICHHI
3aBISIKM  JTOTPUMAaHHIO HAJIEKHOTO IHTEpBaIy MiX
TIOCITIIOBHUMH 1HCTPYMEHTAJILHUMH CIIOCTEPEKEHHIMHU.

Te, 110 AUCHNIATUBHI CTPYKTYPH HABKOJIO MMiI3eMHOT
BUPOOKM BHWHHUKAIOTH 3aBIJKHA JalbHIH  B3aeMomii
KJIacTepiB MacuBY, SIKH MEPEHIIIOB y M03aMEXHHUH CTaH,
MiATBEPIKYETBCSL  pe3ylIbTaTaMu KOMIT FOTEpPHOTO
MoJeroBaHHs. Jlnsg  MaTeMaTHYHOrO  MOJIETIOBAHHS
HEOOOPOTHHX 3PYIICHB 1 AedopMaltiii OyB 3aCTOCOBAHMIA
naketr FLAC3D. Mogens BinoOpakana y TPUBUMIPHOMY
IPOCTOpi aHAJIOT1YHY TipHUYO-T'EOJIOTUHY i
TipHUYOTEXHIYHY CHUTYyalilo, B SKii mIpoxogwiack U
MiATPUMYBaJIaCh €KCIEpPUMEHTallbHa BHPOOKa, a TaKoXK
TpaHW4HI YMOBHM W TO4aTKOBUI craH cuctemu. [lis
BiJJOOpa)KeHHsI MIPOLIECy MEePEeXoay IMopia y M03aMeKHHUI
CTaH 3aiydanach Mozenb MinHocti Kymona-Mopa, a
nojabIIe HE3BOPOTHE 3pyLIEHHS MacHBY
BifoOpakalloch ~ IpyruM  3akoHOM  HploToHa Yy
mudepeniiHiii Gopmi. Takum ynHOM 3a0e€31euyBaNOCh
JIOCTOBIpHE MOJENIOBaHHSA HEOOOPOTHHUX  MPOLECIB,
OCKIJIKM Yac BpaxOBYBaBCS SBHUM Oe€3IOCEpEaHIM
CIIOCOOOM.

Ha puc. 4 HaBeneHO OAMH 3 NOTOYHUX MATTEPHIB
Noyiss IHKPEMEHTAIFHUX 3pYIIeHb MAacuBY HAaBKOJIO
npaBoi  TOJIOBUHHM  ITArOTOBYOI BHPOOKH. AHAaII3
pe3yNnbTaTiB  MOJICNIIOBAHHS  II0Ka3aB, IO IIPOIIEC
PO3BUTKY 3pYWHOBAaHOI 30HHM HABKOJIO BHUPOOKH
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CYTIPOBOJIKYEThCS MepiogUYHIMHU Oidyprauismu
JICUTIATUBHUAX CHCTEM, MATTEPHU SIKMX CKIJIAJAIOTHCS 3
KJactepiB abo Tpyn NopoaHUX (GparMeHTiB.

Tak Ha meBHMI MOMEHT MOJICIIIOBaHHS MATTEPH abo
Mo3aika  JIUCHIIATHBHOI  CTPYKTypH MAacHBY, UIO
copMyBaach HaBKOJIO BHPOOKH, CKJIAIaBCs 3 TPHOX
OCHOBHMX KiacrepiB. Kimactep 1 Mae Burimsaa poropa,
SIKMH 3apOKYEThCS y TIOpOJax IIiJOIIBU BUPOOKH W
pO3BUBAEThCA y i OOKOBIM  CTiHIN, 3araHsrOYd
3pyHHOBaHI TOPOAW Yy IIOPOXKHMHY BHUPOOKH uYepe3
HIDKHIO JTUISTHKY TIPaBoi CTIHKH. Y IIeH ke Jac kiacrep 2
y BWUIJISIAI TOTOKY 30HMpae 3pyiiHOBaHI (parmMeHTH
MacHBY 3 TOKPiBJIi i OOKOBHX MOpiJl, Ta HANPABISE iX Yy
TIOPOXKHUHY BUPOOKM uepe3 BEpXHIO MAUISHKY OOKOBOI
crinku. Kmacrep 3 ¢opMyerbess y mopopax IOKpiBii,
MIPUYOMY HOr0 OCHOBHA JIisl peaTi3yeThbCsl y I KUBIICHH]
€Heprielo Knacrepa 2.

BaxnuBo, 1m0 NAaTTepH OUCHUIATHBHOI CTPYKTYpH
GaraTokpatHo (KilbKa AECATKIB pa3iB) MEpiogUUHO if
CTPUOKOIOIOHO 3MIHIOBABCS IMiJi 4ac PO3BUTKY 30HHU

pyHHYBaHHS  MacMBy  HaBKOJO  BHPOOKH, IO
Bijy3epkaioe Oiypkamii JUCHIIATHBHUX CTPYKTYp, SIKi
BiIOYBAIOTbCS Yy  BIIKPUTHX  TEPMOIMHAMIYHUX

cucremax. JlambHs B3a€MOJis KJIACTEpiB MPOSIBIISIIACS Y
TOMY, IO aKTUBHICTh AUCHIIATHBHOI CTPYKTYPH HABKOJIO
BUPOOKH 3MIHIOBaJIaCh Y IpocTopi i 4aci. [IpakTudno He
OyJI0 Takoro mepiomy, KOJd O IHTCHCHBHI 3pYIICHHS
3pyHHOBaHMX TMOPiA BiNOYBaJMCh Y BCIX HaNpsSMKax
OHOYACHO, TOOTO 3 TOKPiBJi, OOKIB Ta IiJOIIBH
BUpOOKHM. 3a3BW4ail, Ii TpPU OCHOBHI HAaIPSIMKH
aKTHBHOCTI YepryBajiick Mixk coboto. Ha puc. 4 sk pa3
MOKa3aHU  MOMEHT, KOJM  HaWOUIbIl ~ aKTUBHO
pO3CitOBaHHSI €Heprii TipChbKOTO THUCKY BiIOyBaJoCch y
OoKOBiH cTiHli BUpoOkH. [Topoau mokpisii 3aiHCHIOBAIN
JIONIOMIKHY 200 BTOPWUHHY pOJb, & Y IMOPOAAX ITiJIOIIBU
TIPOLIEC JIMCHUIIAII] B3SIB May3y.

Y HacTymHMH MOMEHT MAaTTEePH JIUCHUIIATUBHOI
CTPYKTYpH PpaJMKaIbHO 3MIHIOBAaBCS, W aKTUBHICTh
HEOOOpPOTHHX 3pYIIEHb IEepeMillyBajachk y TMOKpIiBIO
abo migomBy i Tak gani. Came Lel y3romKeHui mopsmaox
y 4aci i MpocTopi HA0YHO BKA3Ye Ha JAIBHIO B3a€EMOJIIIO
KJIacTepiB, ¥  chopuse  MiHiMI3allii — HaaMipHOTO
BUpOOHMLTBA eHTpomii. Sk 1OKa3aB eKCHepHMEHT,
ONMIDKHS B3a€MOJIisl TOPOJHUX (parMeHTIB BifOyBa€THCS
y MacmTadi JeCATKIB CaHTHMETPIB, TOMI SK JajIbHS
B3a€EMOJIisS MOPONHHUX KJIACTepiB  peamizyeTbcs Ha
BiJICTaHi KIJILKOX METpiB, TOOTO Ha MOpPsAOK Oiiblie.
Omxke Onu3bka W JanbHS B3aEMOJII XapaKTEPH3YIOTHCS
pisHMME yuyacHHKamu abo KoMIOHeHTamH (IOpOHi

(¢parMeHTH — KJI4acTepH), a TaKOK Macirabom
BiJICTaHEH, SKUI BiPI3HAETHCS HA TIOPSIOK.
BcranoBienns 3aKOHOMIpHOCTEH €BOJTIOIIIT

JUCUTIATUBHOI CTPYKTYpH Y MacHBi TipCbKUX TIOpi,
SKUH TiepeOyBae y TIpoleci aKTUBHHX HEOOOPOTHUX
3pylieHbs ¥ jgedopMaliiii  J03BONMWIO  OOIPYHTYBATH
HOBUI TPUHIUI YIPaBIiHHSA CTIMKICTIO ITiA3EMHHUX
CHOpyJ, Ha3eMHUX  NPUPOAHUX 00 €KTiB  abo
KOHCTpyKLii. Hapasi mnpakrtuyHo yci cnocodbu #
TEXHOJIOTIT  3aKpIIUICHHS MiI3eMHUX coopyd abo
YKPIIUIEHHS! TPYHTOBUX CXMWJIIB 0a3ylOThCS Ha MPOTHIIT
HEOOOPOTHMM 3pYLICHHSM MacuBIB Ta TIPYHTIB Y
HANpsSIMKY, SIKHA XapaKTepH3YEThCS MaKCHMAJIbHOIO
aMIUTITY[IO0 CYMapHHX 3pyIIeHb. 3CyBU TIPYHTOBHX



JlycunaThBHI CTPYKTYPH, IO CYIIPOBOKYIOTh PYHHYBaHHSL. ..

CXHJTIB YKPITUTIOIOTH Tax, 100 MIPOTHIIATH
MEepeMillIeHHI0  IPYHTY  Y3[OBX  MaKCHMaJbHOTO
rpagieHta cwiM  TDKiHHA.  [ligzemHi  criopyau
3aKpIIUTIOIOTE CTOSKaMu abo aHKepamH, OCi SIKHX
OpIEHTYIOTh Y3/I0BXX aKTHBHOI CHJIM TipCBKOTO THCKY,
ab0 B pagiaNbHUX HAmpsMKaxX, BIPOAOBXK  SIKMX
BiIOYBAIOTECST OCHOBHI aKTWUBHI 3pYLICHHS MacHBY
OTOYYIOUHX MOPII.

IIpore  Oipypkamii  IUCHUIIATHBHUX  CTPYKTYpP
HalpaBlieHi Ha CTBOPEHHS YMOB ISl HAKOIHMYECHHS
CTYNEHIB CBOOOJIM OKPEMHM IOPOAHUM Ta I'PYHTOBHM
(parmMeHTam, sIKi HAMararoThCsl 3MIIyBaTHCh Y TOH OiK,
ne € 3amac Takoi cBobomm. Sk 3'scyBanmm Hamn
JIOCITIJPKEHHS], OKpeMi MOPOIHI ()parMeHTH 1 iX KiacTepu
BUMYIIIEHI THMYacoBO 3MIHIOBATH HalpsIMOK pYXY,
BHUKOPHCTOBYIOUH SIK MOCTYMaNbHi (U1 MOTOKIB), Tak i
obepTanbHi (A1 pOTOpIB) CTymeHi CBOOOMW, L0 HE
CHIBIIAJAI0Th 3 HANPSIMKOM T'€HEPaILHOTO HEOOOPOTHOTO
pyxy. OTxe DOIUTBHO 0OMEXYBaTH HE TUIBKU TY CTYITIHb
cB0o0OIM, fAKAa CHIBIALAa€ 3 OCHOBHUM a00O TIOJIOBHUM
HANpsIMKOM  HEOOOpPOTHUX  3pyIIeHb IPYHTY abo
TipChKOT0 MAacHUBY, ajie i pelTy cBoOO, sIKi Ha MepHni
TIOTJISI € BTOPUHHUMH.

BucHoBkn

[pyHT, HAHOCH, Ta MACHUB TiPCHKUX MOPiJ ABIAIOTH
c00O0I0 BIZKPUTI TEPMOIAMHAMIYHI CHCTEMH, IO MOXYTh
CTBODIOBaTH JINCUNATHBHI  CTPYKTYpU IJ  JIi€IO0
TEPMONUHAMIYHMX CHJI 1 TIOTOKIB, B SKOCTI SKHX
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HEOoOOpOTHI  3pymieHHS Ta jaedopmarii. Bkasani
JMUCUIIATUBHI ~ CTPYKTYPH CTBOPIOIOTHCS Y  MacuBi

TipChKHX TIOpij, MO AeOopMYyEThCS 32 MEXKEI0 MIllHOCTI
W BHMHHMKAIOTH y pe3yiabTaTi OJNM3bKOI B3aEMOmii
MOPOJHMX (PPArMEHTIB 1 MaJBbHKOI KOOIepallii K1acTepiB
1 BWSBJISIOTBCS MOHITOPUHTOM HOr'O €IeMEeHTapHHX
3pYIICHb, BEJIUUMHA SKHUX 3HAXOAUTHCA y Mexax 2-10

cepeHbOKBAAPATUIHIX MTOXHOOK BUMIipIOBaHHS
3pyIIEHb.
bnuzpka B3a€EMOIist CYMIKHHX MIOPOJHUX

(parMeHTiB 3/IHCHIOETBCSI Y BUIJISIAI MOYEProBOro ix
3pYyIIEHHS Yy NpPOTU(QA3HOMY pEXKUMI, KOJIH OJAWH
(parMeHT TPHUCKOPIOETBCS Yy TOM 4Yac SK CYMiXHUH
YITOBUTBHIOETHCS 1 HABIAKH, TIPH YOMY CEpe/iHs JacToTra
TaKuX KOJMBaHb mporopiiiina mokasuuky YH/R, ne yH e
BEpTHKaJIbHa KOMITOHEHTa TipCbKOrO0 THUCKY, R - mexka
MIITHOCTI IOPOAY Ha OJJHOOCHOBHI CTHCK.

Janbus B3a€EMOIist TIOPOJTHUX KJiacTepiB
BiJIOOpa)Ka€ThCS TOYEPrOBMM PO3BUTKOM Y dYaci i
MIPOCTOPI 30HH ITO3aMEXHOT0 CTaHy TiPChKOr0 MacuBy, a
TaKOXX Bapiallielo KJIacTepHOI MoO3aiku ab0 IMaTTEePHIB
JUCUTIATUBHUX CTPYKTYp Y CEpeuHi Ii€l 30HU.

e nmo3Bonmmiio OOTPYHTYBAaTH HOBHH MPUHINI
3a0e3MeueHHs] CTIHKOCTI MAacHBIiB TIPCHKHX  IOPiJ
NIISXOM aKTHBHOT'O 0OMEXEHHS KiIbKOCTi (aX 10 TPhOX)
MOCTYNaJbHUX U 00EpTaNbHUX CTYNEHIB CBOOOIU
MAacHBY, 110 1e(OPMYETHCS y TIO3aMEKHOMY CTaHi.
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JL.M. 3axapoBa
L.M. Zakharova

Dissipative Structures Following Damaging and Irrever sible Defor ming
of the Ground and Rock M ass

Ingtitute for Physics of Mining Processes NAS Ukraine, 2A, Smferopol K., Dnipro, e.mail: mila2017ma@gmail.com

The purpose of the paper is investigation of the dissipative structures that occur in solids on the instance of
rock mass during its damaging and irreversble deforming. Ground movement monitoring of surrounding
underground roadway rock mass and landslides has been employed as the method of investigation. The author of
this paper registered the dissipative structures that dispersed the ground pressure energy, periodicaly changing
their patterns during irreversible deformation. It was found for the first time that short interaction of the rock
fragments and far cooperation of the clusters minimize the entropy production, and are the form in which the
dissipative structures appear. Space and time parameters of these structures evolution have been investigated. In
order to achieve the practical relevance of the experimenta findings a new principle of constructions stability
enhancement were developed. Both the trandationa and rotational degree of freedom should be restricted for
moving ground in three dimensional state.

Key words: solids, strength, irreversible deformation, dissipative structure, self-organization, far interaction,
cluster.
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BEJISIEBY
Onexkcanapy €BreHoBu4y

npogecopy, 00kmopy QizuKo-mamemamuiHux Hayx,
uneny-kopecnonoenmy HAH Yxpainu, naypeamy [lepowcasnoi npemii
Ykpainu, naypeamy npemii Akademiu Hayk Yxpainu, binopyci i Monoosu i
npemiu HAH Ykpainu imeni B.€. Jlawkapbosa ma imeHi
H.JI.Mopeynica, oupexmopy Incmumymy ¢hizuku HanienposioHuxie
im. B.€. Jlawkapvosa HAH Yxpainu

10

Y uecmv Bawozo 10-Aimms npuiimime Halwupiui 6iManHs 3
nobaKaHHAMU MIUHO020 300p08 5, CiMelinoe0 brazonoryuus, OyuesHol
2apmonti. Hexail Kumms npuHocumsb He3abymui 6paxenhs ma sicKpasi
1001, 3a6:K0U CNpasoKytomucs 3anosimui Mpii, 00As: 0apye noeHi wacms
poxu! A us npekpacna nopa poxy npunece Bam menao oyui, bazamcmeo
0YMOK, 30TiiCHenHs MBOPUUX 3A0YMIB T HAAHIB.

3 pocu i 600u Bam, Orexcandpe Cezernosuny!

Pepakuiiina xoJjieris
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25 uyepBHs BuUNoBHWIOCS /0 pPOKIB NOKTOPY (I3MKO-MaTeMaTUYHHX Hayk,
npodecopy, wieHy-kopecnonnenty HAH VYkpainu, naypeaty JlepkaBHoi mpemii
VYkpainu, naypeaty npemii Akangemiidi Hayk Ykpainu, bitopyci 1 MonnoBu 1 nmpemii
HAH Vxkpainun imeni B.€. JlamkaproBa Ta imeni H.J[.Moprynica, aupexropy
Inctutyty Qi3ukum  HamiBnpoBinHukiB iM. B.€. JlamkaproBa HAH Vkpainu
Ounexkcanapy €Brenosuuy bensieBy.

benses O.€. napoguscsa B M. Kuis. B 1972 poni 3akinuuB ¢izuunuit paxynbrer
KuiBcbkoro nepkaBHOro yHiBepcurery (3apa3 KuiBchbkuil  HalliOHAIbHHIA
yHiBepcuteT) iMeHi Tapaca IlleBueHka 3a CHeliaabHICTIO PEeHTIeHOMETaN0(i31Ka.
Ceiii HaykoBuM musix posnouaB 'y 1973 p. imwxkenepom IHCTHTYTY
HamiBrpoBinaukiB AH YPCP (tenep InctutyT (hisuku HamiBnpoBinHukiB iM. B.€.
JlamkapboBa HAH VYkpainu). ¥ 1980 p. BiH 3aXvcTUB KaHIUAATChKY, a B 1991 p.
nokropchbky nuceprairii. B 2006 p. fioro obpano uineHoMm-kopecnongenTom HAH
VYkpainu. 3 2003 p. O.€. bensieB — 3actynHuk gupekropa, a 3 2015 p. - aupekTop
[ncTuTyTy Q13uKM HaniBnpoBigHUKIB M. B.€. JlamkaproBa HAH VYkpainu.

O.€. bensgeB — BimoMui BUeHHMM B rany3l (i3UKd HamiBOpoBiAHUKIB. Hum
MPOBEIEHO  CUCTEMAaTU4Hl  JOCHIKEHHS  MPOIECIiB  €IeKTPONepeHocy 1
pexoMOiHaIli HEpIBHOBAXKHUX HOCIIB 3apsifly Y BY3bKONIUIMHHMX HEMArHiTHUX 1
HaIllIBMArHITHUX TBEPAUX pPO3UYMHAX 3a HASABHOCTI (IyKTyalli OCHOBHHUX
napaMeTpiB HaIIBIPOBITHUKIB, CIIOCTEPEIKEHO I1HAYKOBAHUM MArHITHUM IOJEM
nepexi MeTal-HeMeTall aHJEPCOHIBCHKOTO THUNY Y BY3bKOLIUIMHHUX TBEPIUX
posunHax Ha ocHoBi cronyk Tunmy A"BY' Ta mepexix y craH 3 MiHIMANBHOIO
METaJIIYHOI MpoBigHicTI0O B Oe3miymmaaomy CdyHQ«Te. s HamiBMarfiTHHX
HAIlIBINIPOBIJHUKIB p-TUNy BCTAHOBJEHO, WO TepMOAUMHAMIYHI (IyKTyarii
JIOKaNbHOI HAMarHi4yeHoOCTI NPU3BOAATH J10 CTPUOKOBOTO IEPEHOCY 3apsay 3
y4acTio 30yJKEHUX 3a CIIIHOM PIBHIB aKUENTOpa, a HEPIBHOBAXHUN PO3MOJLI
HOCIIB y (UIYKTYyalliiHO YIIMpEHid JOMIIIKOBIA 30HI, II0 BUHUKAE MPH yJIapHIN
I0HI3alli JOMINIOK Yy BKa3aHUX MaTepiaiax, MpPU3BOJUTH JO CTPYMOBOI
01cTaOUTbHOCTI S-TUTTY.

Oxpemuii nukn podir O.€. bensieBa 0yn0 NPUCBSIYEHO BUBYECHHIO MPUPOAM 1
BJIACTUBOCTEHN JOMIIIKOBUX LEHTPIB, U0 (POPMYIOTH METacTaOUIbHI 1 PE30HAHCHI
CTaHW y HAIMIBIOPOBIIHMKAX, Y PE3yNbTaTl YOro MiATBEPAMIACH MOJEIb CHUIBHOT
IpaTkoBOi penakcanii aiust DX-nentpiB y TBepaux pozunnax Al,Ga;4AS, BUSBICHO
TaKOX Yy 3alMIIKOBIM (OTOMPOBIIHOCTI MPOSB BOJHEBOMOAIOHMX CTaHiB,
MOB'I3aHUX 31 BTOPUHHUMH MIHIMyMaMH 30HH MPOBiAHOCTI. Haillouibl BaxIMBUM
PE3yJIbTATOM LBOTI0 LIUKIY € BU3HAUYECHHS aOCOIIOTHOTO MOJIOKEHHS €KCTPEMYMIB
30H [’ Ta I'g 3a51€3KHO Bif CKIIaMy.

Meronu  €MHICHOI 1  MAarHiTO-TYHEJbHOI  CIEKTPOCKOIMIi,  PO3BHUHYTI
bensesum O.€. Ta #oro y4yHSIMH, CYTTEBO PO3LMIKUPWIN EKCIIEPUMEHTATbHI
MOJJIMBOCTI B JIOCTIIKCHHI HU3bKOBUMIPHHUX CUCTEM (KBAHTOBHX SIM, KBAHTOBUX
ApOTiB, KBaHTOBUX TO4Y0K). Ha choroaui benses O.€. Ta ovonoBaHUN HUM BIIJIiI
JOCIIKY€ BIUIMB CIIOHTAHHOT 1 1T’ €30-TI0JISIpU3allii B TeTEPOCTPYKTYpax Ha OCHOBI
HITpUAIB MeTatiB miArpynu Al Ha ¢popMyBaHHS ABOMIPHOTO €JICKTPOHHOT'O Ta3y Ha
mexi momity AlyGa;xN/GaN Ta Ha mpolecu CTpyMONEpPEeHOCY B TaKUX

CTPYKTYypax.
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3a uvac cBoei HaykoBoi aisnibHOCTI O.€. benseB onyOnikyBaB monaa 300
HAyKOBUX TIpailb, B TOMYy u4ucial 9 MoHorpadiii, HEOZHOPAa30BO 1 YCIIIIHO
JIOTIOB1JIaB CBOi poOOTH Ha KOHGEPEHIIIX BUCOKOTO MIKHAPOIHOTO PIBHS, MiJ
HOro KepiBHUUTBOM 3axullieHo 13 KaHIWJATChKUX Ta OJHA JOKTOpPCHKa
aUcepTallii, psAa HOro YYHIB YCHIINIHO MPaliolTh Yy MPOBIAHUX HAYKOBUX
nabopatopisix pi3HUX KpaiH OJU3BKOTrO 1 Jajiekoro 3apyoixoks. BiH € modyecHUM
noktopoM CXITHOEBPONEHCHKOrO0 HAIIOHAJIBHOIO YyHIBepcutTeTy imeHi Jlect
YKpaiHku.

3 2003 p. BiH 0YOJIIO€ BIALT €IEKTPUYHUX 1 FAJIbBAHOMArHITHUX BJIACTUBOCTEN
HamiBnpoBigHUKiB. B 2004-2014 pp. OyB 3acTYNHHUKOM akKajaeMmiKa-ceKperaps
Binninennss ¢izuku 1 actponomii HAH Vkpainu. XapakrepHoro 03HaKoOIO
byHnameHTanbHUX gociixeHb bensgea O.€. € iX npakTUYHA HANMPABIEHICTb, PO
110 cBimunTh aktuBHA ciBnpans 3 HAI “Opion” (M. KuiB) Ta iHIIMM#u BUPpOOHHYO-
MPOMUCIOBUMU MIANTPUEMCTBAMHU.

bensie O.€. € To10BOIO Cleniali30BaHO1 BUEHOI pajy 13 3aXUCTYy JOKTOPCHKHUX
mucepraniik B IOH M. B.€.JlamkappoBa HAH Vkpainm Tta uneHoMm
CHeniani3oBaHoi BUCHOI paju Nnpu BolMHCHKOMY Jep>KaBHOMY YHIBEPCUTETI IMEH1
Jleci Ykpainku. Bin wien YkpaiHcbkoro (i3ugyHOro TOBapucTBa, AMEPUKaHCHKOTO
¢13M4HOrO TOBAapUCTBA, MDKHApPOJHOTO TOBApHCTBA ONTHYHUX IHXKEHEPIB, a
TaKOX WICH pelakiiiHoi koerii sxypHatis “ Semiconductor Physics, Quantum and
Optoelectronics’ Tta “TexHojorus © KOHCTPYMPOBAaHHUE B  JJICKTPOHHOMN
anmnaparype” .

Tox Oaxaemo Bam, BenbmumanoBHuil 1 goporuii Oinekcanape €BreHoBUYYy,
HOBUX BaroMMx 3/100yTKiB Ha HayKOBiil HUBI B 1M sl YKpaiHu 1 Ha OJlaro HaIIoro
HapoJy, 3MYMMO KO3aI[bKOTO 3J0pPOB’'Sl B MOAAJIBLUIOMY KHUTTI, 30epexeHHs
0a1bOPOCTi, HATXHEHHS 1 €HEPrii 1€ Ha JAO0BI1 POKH.

Xali 19 mpekpacHa JiTHS nopa npuHece Bam temno aymii, 6ararctBo AyMOK,
3BEpIICHHS BCiX Bammx 3aaymiB, MiiaHiB, Haaii 1 criofiBaHb. Mu, npukapmarii,
uinyemo Bamy apyxOy 1 miarpumky! Hexaii nHa Bamomy >XuTTeBoMy Mol
MIPOPOCTAIOTH JIMIIE UIOAN A00pa, mactd 1 7oOpoOyTy, xail Bam 1 Hagani ycminHo
MPALIOETHCS, Xall TaTaHUTHCS.

3 pocu 13 Boau Bawm, noporuii Onekcanape €BreHoBuuy!

Hpy3i, koneru
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3. Ha3Ba crarri Mae OyTW JaKOHIUHOK 1 BiOOpa)kaTH CyTh CTaTTi, BII3HAYAETHCS HAIIBXHPHUM
mpudTom (16 kernp),y Ha3Bi CTATTI HE JOMYCKAETHCS 3AMUC CKOPOUCHD, HABITh 3aralbHONPUIHATHX.
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5. Anoranist: 06’em — 1o 200 cniB (Hamucana MoBoro cratTi). KitiouoBi ciioBa: iX KiTbKiCTh HE IIOBHHHA
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[Hdopmanis amst aBTOpiB

6. Tekcr crarri. [TociigoBHICTh MOAaYi MaTepiady y CTaTTi - BCTYII, TOJIOBHA 4YacTHHA (3 MOXKJIMBUAM
PO3OHMTTAM Ha PO3IITH 1 mMiapo3aian), BUCHOBOK. Habupatu mpudprom Times New Roman 10 kermem 3
OJIMHUYHUM MDKPSIKOBHM iHTepBaioM (BCi MoOJsi: 3BEpXy, 3HHU3Y, 37iBa i CpaBa — MO 2 CM). a TaKOX
3aronoBk migapo3ainiB (11 kernb). Tekct HaOMpaTH B OJHY KOJOHKY. BCi OMMHMIN BUMIpIOBaHHS MOBHHHI
Oytu y MikHapoaniit cucremi oguuuib (CI).

3aranpHuUil 00CAT CTATTi, BKIIOYAIOYM PHUCYHKH, TaONHIli, HE TIOBUHEH INEPEBUIIYBaTH 8 CTOPIHOK,
YKJIaJICHUX 3TiIHO BUMOTI XKypHay; 00CAT OrNIAIoBHX craTei — 10 25 ctop. TekeT craTTi mpuiMaeThes y
dopmati MS Word (*.rtf; *.doc; *.docx).

Pisnanns HeobXxigHO mpyKyBatH y pemaktopi ¢opmyn MS Equation Editor. HeoOxigno maBaTth
BHU3HAYEHHS BEIMYHH, 110 3 SIBJISTIOTHCS B TEKCTI BIIEpIIIE.

Tabauyi MOBUHHI OyTH BHKOHAHI HA OKPEMHUX CTOpIHKax y TaOJIMYHHX pelakTopax. BHKopucTaHHs
CHMBOJIIB TIceBIorpadiku it opopMIIEHHS TaOIUIlb HE JO3BOJISIETHCS.

Pucynxu npuiimaroteest y popmarax: TIFF, GIF, BMP, JEPG. Po3wmip ¢aiiny koXHOro pucyHka He
moBuHeH mepepunryBatd 1 Mb. Bcei rpagiuni 300pakeHHs TOXalOTHCS OKpeMHM (aifioM i3 3a3HaYeHHAM
MIJNKCY 10 PUCYHKA, IMIUPUHOIO 70 8 cM abo 10 16 cM kokeH. Daityiu 3 MaatoHKaMU HyMEPYIOTh 3TiIHO 3 iX
MOSIBOIO B TEKCT1 CTaTTi, Hanpukiaa, puc. 1. i T.n. ToBmmHa oci Ha rpadikax mopuHHa ckiazata 0,5 pt,
toBmpHa KpuBoi — 1,0 pt. PucyHku moBuHHI OyTH sIKiCHI, po3MipH MiANUCIB 10 ocei Ta mkamu — 10 pt npu
BKa3aHUX BHUIIIE pO3Mipax pUCYHKA.

Liiocmpayii npuiiMaroThest 10 APYKY TUIbKM BHCOKOsiKicHI. [liamucw i1 cHMBONM TOBUHHI OyTH
BJPYKOBaHi.

7. Binomocti mpo aBTOpiB: Tpi3BHIIE, M s, T0-0aTHKOBI, HAYKOBUIl CTYIiHb, BUYCHE 3BaHHS, IMOCaa Ta
CNIEKTPOHHA aJipeca KOXKHOro 3 cmiBaBTopiB. CIifi BKazaTu ajpecy JUis JIMCTYBaHHS 3 BiANOBITAIbHUM
aBTOPOM IOJIaHOI cTaTTi (0a)kaHO BKazaTH MOOUTbHHI TeledoH).

8. [locunanus Ha JiTepaTypy: MOBHHHI HYMEPYBaTHCh MOCTIJOBHO Y MOPSAKY iX MOSBU B TEKCTi CTATTI.
JlirepaTypa MoBHHHA MMOJIaBATHCh HA MOBI OPHUTIHATY Ta TPAHCIITEPOBAHO JATHHUIICIO OKpEeMHUM (haiiioM.

J7ist mocuaHbh BUKOPUCTOBYIOTHCS HACTYITHI (POPMATH:

Kuuru: Astrop(u) (inirianu, notim npissuimia), Hassa kauru (BuaaBHUIITBO, MICTO, PiK BUJAHHS).

Ilpuknao:

[1]. B.K. Ridley, Quantum Processes in Semiconductors (Clarendon Press, Oxford, 1999).

Kypuamu: Aprop(u) (imimianu, mortiM mpi3Buina), Ha3zea xypHany (BUKOPHUCTOBYIOTHCS aOpeBiaTypH
TUTBKY U1l BIIOMHX JKypHAJIiB), HOMEp TOMY (HOMEp BHITYCKY B JIyXKKax), HOMEp MOYaTKOBOI CTOPIHKH (pik
BUJIaHHS B y)KKaX).

Ilpuknao:

[2]. N. Blutzer, A.S. Jensen, Opt. Eng. 26(3), 241 (1987).

Marepianu koHdepenuiii: Aprop(u) (imimianu, mortim mpi3uma), Ha3a koH(epeHIii (BUIaBHHUIITBO,
MICTO, PiK), HOMEp CTOPIHKH.

Ilpuknao:

[3]. L. Stanko, XIV International Conference on Physics and Technology of Thin Films and Nanostructures
(Vyshha shkola, Lviv, 2013), p. 120.

9. AHoTauisi aHTiiicbKOW MOBOIO. B KiHIIl cTaTTi BKasaTH iHiriaau Ta npissuine (a) aBropa (iB), Ha3By
CTaTTi, YCTaHOBA, JI¢ BUKOHAHO POOOTY, a TAKOX aHOTAI[I0 3 KIIOYOBUMH CIIOBAMHU aHTIIIHCHKOIO MOBOIO
(mmst cTaTTi, 10 MOJAETHCS aHTIIICHKOI0 MOBOIO — HABE/IEHI JaHi BKa3aTH YKPaiHCHKOIO MOBOIO).

OcHOBHI KpHTepii KOCTI aHOTAIlii aHTTIHCHKOI0 MOBOIO JI0 YKPaiHOMOBHHUX CTaTeii:

1. TupopmatuBHEMH (HE MICTUTH 3aTrajlbHHUX CIIB).
2. OpurinanbHuME (He OyTH KaJIbKOIO yKpaiHOMOBHOI aHOTAIIIT).
3. 3micToBHMMHU (BiZoOpaXkaTh OCHOBHUM 3MICT CTATTI 1 pe3yJIbTaTH JOCITIKCHB).
4. CtpykTypoBaHi (CIiyBaTH JIOTII[ OIUCY PE3yJbTATIB Y CTATTI).
5. «AHTJIOMOBHUMU» (HAMHKCaHi SKICHO aHTIIHCHKOI MOBOIO).
6. Komnaktaumu (yxmagatucs B 00'eM Big 100 qo 250 ciiB).
10. 1o craTTi 10AaI0THCS:
1. Yrona mpo nepeaayy aBTOPChHKUX TIPaB.
2. Tlepenik MOXKIMBHX 2-X PELIEH3EHTIB, BKa3aBIIH IX EIEKTPOHHY aJpecy Ta 3aKiaj.

11. CraTTi MOAAIOTHCS JIMIIEC B ENEKTPOHHOMY BUTIISII €IEKTPOHHOIO IOINTOI0 HA aJpecy penakiii

xypuaiy " @izuka i ximis meepoozo mina’ journal.pcss@gmail.com ; fess@pu.if.ua.
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