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PoOota npucBsyeHa IOCHIKEHHIO CTPYKTYPH, aTOMHOTO CKJIaJy, IIPOLECIB
IUTaBJICHHS Ta IU(]y3ii, a TAKOXK OOUHUCIIEHHIO JESIKUX MMOBEPXHEBUX Ta MIXK(a3HUX
BJIACTUBOCTEH OJHO- Ta JIBOKOMIIOHEHTHHUX CHUCTEM Ha OCHOBI KPEMHIIO, 30JI0Ta ,
M1/l Ta aJIFOMIHIIO.

P03BUTOK CydacHUX TEXHOJIOT1H MOB’SI3aHUM 3 TOCIIPKEHHSIM MaTepiajiiB Ha
HAHOMACIITaOHOMY PiBHI Y BUIIAJIKy HYJb-, OJJHO- Ta JBOBUMIpPHUX 00 €KTiB. Taki
HaHOMAaTepiaal 3aBISKA CBOIM YHIKaJbHUM BIACTHBOCTAM MOXXYTh 3MIHIOBATH
BJIACTUBOCTI 00’ €MHHMX MaTepiaiiB y 5Kl BOHU yBEACHI. Y I[bOMY BUIAAKY HAEThCS
PO KOMMO3UTHI Marepiajiv y TOMY YUCIi ¥ 3 MeTaneBoro Marpuieto. OcobmuBoi
yBarl  3aciIyroBYIOTh  JOCHIJDKEHHS  B3a€EMOAII Ta  PIBHOBAXHOIO  abo
HEPIBHOBAXHOTO CITIBICHYBaHHS HaHOMaTepialiB 3 00’€MHOI0 MaTpHIIE0, IO €
OCHOBOIO CYyYaCHOTO MaTepiajlo3HaBCTBAa KOMIIO3UTHUX MarepiaiiB. Bzaemonis Ta
CHIBICHYBaHHs 1BOX (a3 (P1AKOi Ta KPUCTAIIYHO1) BIIITPAE BAKIIUBY POJIb TAKOXK Y
BUIAJIKy BUPOITYBAHHS MOHOKPHUCTATIB Ta OTPUMAHHS TOHKHX TUIIBOK METOJaMHU
€MITAKCIT Ta IHIIUX TEXHOJIOTTYHUX Mpolecax.

CralinpHICTh  TpaHulll MDK  ¢azaMu y  BUNAAKYy OIHO- Ta
0araTOKOMIOHEHTHHX CHUCTEM 3aJIeKUTh TOJIOBHO BiJl aTOMHOTO CKJIaay Ta
TEPMOJUHAMIYHUX MapaMeTpiB, AKI XapakTepHi Mg marepiany. 3po3yMmisio, II0
OCHOBHUMHU TIapaMeTPaMH B IIbOMY BUIIAJIKy € TEMIIEpATypa Ta TUCK. 3BAXKAIOUN HA
Te, 10 3a 3BHYAWHUX YMOB CHHTE3y Ta BHKOPHCTAaHHS HaHOKOMIIO3HUTIB BCi
TEXHOJIOTIYH1 TPOIECH BiI0OYBaIOTHCS 3a aTMOC(EPHOTO THCKY, TO JOCIIIKYIOUN

Taki MaTepiajJid OCHOBHY yBary 30CEpEIKyIOTh Ha 3aJIe)KHOCTI CTPYKTYpH Ta



BJIACTUBOCTEH BiJ arOMHOTO CKJIagy Ta Temmeparypu matepiany. OCHOBHOIO
poOJeMOI0 BUBUYCHHSI HaHOMAaTepialiB B peajbHOMY 4acl € BIJACYTHICTb MPSMUX
EKCIIEPUMEHTAIbHUX METOJUK JJIsi TaKUX JOCIHIJKEHb Ha aTOMHOMY piBHi. Tomy,
3HAYHO! TOMYJASPHOCTI y LbOMY BHIIQAKy HaOylId METOAM KOMII IOTEPHOTO
MOJIETIIOBAHHSI, SIKI Ial0Th 3MOT'Y BUBUUTHU K aTOMHY CTPYKTYpY, TaK 1 BIaCTHUBOCTI
HaHOMaTepiajiB Oyab-IKOT pO3MIPHOCTI.

Jlana poOoTa CTOCYe€TbCS BHBYCHHSI CTPYKTYpU Ta JEAKHX BIACTUBOCTEH
MDK(}a3HOT TpaHUIll B OJHOKOMIIOHEHTHUX Ta JBOKOMIIOHEHTHHX CHCTEMax
METOIOM MOJeKylsipHoi nuHamiku (MJI). s MopentoBaHHS 3aCTOCOBYBAJIU
kinacuaauii Metoq MJI 3 BuxopuctanHsm maketry LAMMPS. Bzaemoniro Mix
aroMaMu 3a/IaBaJii 32 JIOMOMOTOI0 TOTEHIAIIB OTPUMAHUX BUKOPHUCTOBYIOUH
METO/I 3aHypeHoro aroma abo0 MoOAU(IKOBAHUI METOJI 3aHYpPEHOIro aroMma.
Pesynbrat MojentoBaHHS aHaNi3yBaJii 3 BUKOPUCTAHHSM BXE HasBHUX Ta
BJIACHUX KOMII IOTEPHUX aJTOPUTMIB Ta IPOTpam.

BuxopucTtoBytoun pe3yiabTaTd MOJECITIOBaHHS Ta IXHBOTO aHaJI3y MPOBEIACHO
JOCHIPKEHHSI CTPYKTYpd TOHKHMX IIapiB B oOmacti Mikda3HOi TpaHUIll
JOCJIIIKEHUX MaTeplajiB 3 BUKOPUCTAHHIM TPUBUMIPHUX Ta JBOBUMIPHUX MapHUX
KOpEeTSIIAHUX (PYHKIIIH, a TaKOXK MapaMeTpiB OTPUMAHUX Ha IXHIM OCHOBI. AHaI3
MDK(}a3HOI TpaHULl 31HCHEHO 3 BUKOPUCTAHHAM TaK 3BaHUX MPOQII0 aTOMHOT
TYCTUHM Ta aTOMHOI KOHIEHTpamii s JBOKOMIIOHEHTHHUX cHCTeM. Jlms
OJTHOKOMITIOHEHTHUX MarepialiiB OOYHCIIEHO TIOBEPXHEBY C€HEPril0, a TaKoX
3alpOTIOHOBAHO METO/ OOYMCIEHHS Koe(illleHTa TeMIepaTyponpoOBIIHOCTI Ta
TeIIoNpoBiAHOCTI. s mocnimxkens Oyno BUOpaHO MaTepiaid sKl Haiyacrile
BUKOPUCTOBYIOTh B CYYaCHHUX TEXHOJOTISX, 30KpeMa Mijib, aliOMiHii, 30J0TO Ta
KPEMHIi, a TAKOK JBOKOMIIOHEHTHY KOMOIHAI[1}0 BKa3aHUX METAJIB Ta KPEMHIIO.

VY BuNagKy OJHOKOMIIOHEHTHHMX MaTepialliB MOKa3aHo, IO MPOLEC IXHbOTO
TUTaBJICHHS! TIOYMHAETHCS HA TOBEPXHI 3a TeMIepaTyp HIDKYUX 32 PIBHOBAXKHY.
3aieXHOCTI MDKAaTOMHUX BIJICTaHEW BIJ BIJACTAaHI J0 TMOBEPXHI CBIAYUTH IMPO
ciabKe BIOPSIKYBAHHS TTIOBEPXHEBHUX aTOMIB IMOPIBHSHO 3 00’€MOM, a TAKOXK IXHIO

CTpUOKONOIOHY 3MIHY MPHU JOCITHEHHI TEMIEepaTypH TUIABICHHS.
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KpiM mapHux xopenmsuidHux (QYHKIIN A7 aHamizy aTOMHOI KOH(Iiryparii
MOBEPXHEBUX IIAPIB OHOKOMIIOHEHTHHX MarepiajiiB OyjJ0 BUKOPUCTAHO PO3MOJILIT
KOOpJMHAIIIMHUX YHUCeNl Ta 3aJIeKHOCTI BIILHOTO 00 €My BiJ TeMIlepaTrypu Ta
BiJICTaHI aTOMHOTO Iapy A0 MOBEPXHI. 30KpeMa, TIOKa3aHO IO 3arajlbHOI0 PHCOI0
3QJIEKHOCTI BIIBHOTO 00’€My MiJil BiJ BIJICTaHI JO MOBEPXHI € JOCUTH BEJIHKI
3HAYCHHS 111€1 BEJIMYMHU B TIOBEPXHEBUX IIapax Ta MOTO 3MEHIIICHHS B HANPsMIi 10
IIEHTPY MOJAEIbHOI KOMipku. Ha BenmkuMx BiJICTaHSX BiJ MOBEPXHI 3HAYCHHS
BUIBHOTO 00’€MYy € CHIBMIPHMMH 3 BIJMOBIAHOI BEIMYHHOIO JJII KPUCTAJIIYHOT
Mmial. [logiOH1 pesynbrati Oysio OTpUMaHO 1 JJiA 1HIIUMX MarepiamiB. Taki BeJUKi
3HAYEHHS! BLILHOTO 00’€My Ha MOBEpPXHI CIpHUsA€ 1HTEHCU(IKAIli MOBEPXHEBOT
nudy3ii, 1o cTae OUIBII BaXJIWBUM Y BHMNAAKy JIBOKOMIIOHEHTHHUX Ta
06araTOKOMIIOHCHTHUX CHCTEM.

BusiBneHo camooprasizaiito aroMiB 30JI0Ta Ha TIOBEpPXHI KpEeMHil0 Ta
dbopMyBaHHS KJIaCTEPiB 30J10Ta SK y BUIAIKY HEBEIMKOTO MOKPHUTTS KPEMHIEBOI
MIJKIAIKA, Tak 1 y BUIAJKy PIBHOMIPHOTO 3allOBHEHHS MOBEPXHI KPEMHIIO
aromMamMu 305i0Ta. BcTaHOBIIEHO, IO I BUMNAAKY HEMOBHICTIO 3allOBHEHOI
aroMaMu 30JI0Ta MOBEPXHI KPEMHIIO MiJBUILIEHHS TEMIIEpaTypu MPU3BOAUTH [0
30UIBIICHHS KUJIBKOCT1 3MIIIEHb aTOMIB 30JI0Ta, SIK1 CIIBMIPHI 3 PO3MIPOM aTroMa
kpemHito. [lokazaHo, 10 TemmeparypHa CTaOUIbHICTh KJIACTEpIB  30JI0Ta
3MEHIIIYEThCS 31 3MEHIICHHSIM KIJIBKOCTI aTOMIB 30J10Ta B Kiactepi. Po3paxyHok
€Heprii akTuBailii, sKa HeoOX1Ha JIJIi OJHOTO CTPUOKa aToMa 30JI0Ta Ha MOBEPXHI
KPEMHII0 J1aB 3MOT'y BCTAHOBHUTH, III0 BOHA 3pOCTA€ 31 3MEHIICHHSM KiJIbKOCTI
aTOMIB B KJIacTepi.

JlocmipkeHHST B3a€EMOJIIT 30710Ta, MIJl Ta AJTIOMIHIIO 3 KPEMHIEM MOKa3ajo
ICTOTHUH BIUIMB €BTEKTMYHMX PEaKIliil B IMX CHUCTEMax Ha mpolec Audy3iiHOro
nepeMinryBaHds. BcTaHOBIEHO, M0 HArpiBaHHS CHUCTEM METAJ-KPEMHIN B IHX
JOCHIIPKEHHSAX BeJe [0 KOHTAKTHOTO TIUIABJIEHHS Ha MEXI po3auly ¢a3 npu
HAOMMKEHHI ~ TEMIlepaTypw O TOYKH TUIABJICHHS CIUIaBy  ©BTCKTHYHOI

KOHIICHTpAIIIi.



BcraHoBieHo, 10 €BTEKTHUYHA PEAKIlisl MpPU B3a€MOMIT JEKUIBKOX aTOMHUX
MOHOIIIAPiB 30JI0Ta 3 KPEMHIEM BIIIrpa€ BUPIIIAILHY POJIb y MPOIEC] 3MIITyBaHHS
30510Ta Ta KpemHito. [Ipu Temneparypax sik HUXK4Y€ €BTEeKTUYHOI TOUKH, TaK 1 BUIIE
BiJl HEl BUSBJICHO HASBHICTb YHOPSAKOBAaHMX AaTOMHHUX IIapiB Ha Mexi Au-Si.
[lokazaHo, 10 peakiiss KpEeMHI-30JI0TO TOYMHAETHCS BXKE Ha IMOYATKY
dbopMyBaHHS MEXi pO3AUTYy, a A IOYaTKy peakiii He MNoTpiOHa KpUTHUYHA
TOBILIMHA IIapy METaIy.

JI1s BUMaaKy CUCTEMHM 30JI0TO-KPEMHIM BUSIBJIICHO JIBI TeMIIEpaTypHi 00J1acTi
B SKUX CYTT€BO BIIPIZHAIOThCA MexaHI3MU audysii. B miamazoni temmeparyp
425K-625 K mnpomec maudysii BiIOyBaeThCS BIANOBIIHO JIO0 BaKaHCIMHOTO
MexaHi3Mmy. B iHTepBani Ouibil Bucokux Ttemmeparyp (625K — 925K) mudysisa
aToOMIB B1JJOyBa€ThCsl IHTEHCUBHIIIE, TOMY MOXKHA BBaXKaTH, 110 OCHOBHY pOJIb Y
npotieci audy3ii BiAIrpae KOJICKTUBHUN MEXaHI3M, SIKUW MOB’3aHUMN 3 pyXOM Ipym
aroMiB. 3BaKalOuM Ha Te, IO TakKuil MexaHi3M Judy3li XapakTepHUl i
pO3IJIaBiB, MOXEMO BBakaTu IO Bulle Temneparypu 625K BepxHs uacTuHa
CUCTEMH 30JI0TO-KPEMHIH € PO3IIaBICHOIO.

MonentoBanHg nudy3iiiHOI B3aeMoii MiAl Ta KPEMHIIO MOKa3alo, IO Y
BUIAJIKy PO3MIIIEHHS BOX, TPHOX 1 YOTUPHOX aTOMHUX IIIapiB Mijl Ha MOBEPXHI
KpeMHito Bxke yepe3 0,5-1 He hopMyeThesl pIBHOBAKHUN CTAOUTbHUN PO3YMH TICISA
YOro He CIOCTEPIraeTbcs 3MIHM TOBIIMHU AUQPY31HHOrO 1mapy. Y BUMAIKYy CEMH Ta
JecATH arOMHHMX IIapiB  MiAl Ha KpeMmHii BinOyBaeTbcsa (OpMyBaHHS
KBa31piBHOBAXKHOTO po3uuHy. [TokazaHo, 110 MOYATKOBUHM BiAmana CUCTEMHU Mijlb-
KpeMHil Bene 10 hopMyBaHHS aTOMHUX 00J1acTel 3 BMICTOM KOMIIOHEHT OJIM3bKUM
no crnomykn CuzSi, sika € OHOIO 3 KOMIIOHEHT €BTEKTUKU 3 HaNHMKYOIO
TEeMIepaTyporo MiaBineHHs. [lomanpine HarpiBaHHS NPU3BOAWUTH 10 IJIABJICHHS
MDK(}a3HOT 007acTi sSIKe MOYMHAETHCS B 1HTEpBasl Temreparyp 750-850 °C, mio
Y3TOKY€ETHCS 3 MOJOXKEHHAM JIiHIT comitycy Ha (a3oBiit giarpami. YacTka piakoi
¢da3u konmBaeTbes BiA 15 10 75 BiJICOTKIB 3aJI€KHO Bij TEMIEPATypH Ta KUIBKOCTI

mapiB Migl. AHami3 npodiIo TYCTHHH JO3BOJMB BCTAHOBUTH TEMIEPATypy



IUTABJICHHS MEX1 PO3JAUTYy MiJb-KpPEMHIA Ta BU3HAUUTU IIUPUHY PO3ILIABICHOI
o0nacri.

AHaNOTIYHUMU METOJJaMU Ta 3 BHUKOPUCTAHHSAM IMOMIOHUX 3aJIeKHOCTEH
Oy70 JOCIHIKEHO CHUCTEMY Ha OCHOBI KpeMHi0 3 amoMiHiem. [lokaszano, mo
B3a€MOJIiS KUTbKOX (2; 4; 7 Ta 10) MOHOIIIapiB aJIOMIiHIIO 3 KPEMHIEM Y3TO/IKYEThHCS
3 PIBHOBaKHOIO JlarpaMol0 CTaHy Iii€i cuctemu. 3a Temmneparypu Buiie 600K
BiOyBa€eThCs TUTaBNEHHS AUQY31MHOI 30HM, a MEepexiHUN Mmap MDK PIIKOI0 Ta
KPUCTATIYHOIO (pa3aMu € TBEPAUM PO3YMHOM AQIIOMIHIIO B KpeMHIi. Y oMY
BUMAJKY JE€TaJbHO BHBUYEHO €(PEKT KOHTAKTHOTO IUIABIICHHS Ha MEXI1 PO3IiICHHS
anmoMiHii-kpeMHid. [loka3aHo, 110 3a TeMneparypu, OJIM3bKOI 10 €BTEKTUYHOI, Ha
[OYaTKOBOMY €Talll KOHTAaKTHOTO IUIABICHHS YTBOPIOETbCS aTOMHUN PO3YUH
KPEMHIIO B aJIOMIHII, TOAl SIK Ha MEXI PO3AUIYy 3aMiCThb JBOBUMIPHUX OJIOKIB
aToOMIB KPEMHII0 BUSBICHO JBOBUMIPHI HAHOKJIACTEPH ATIOMIHIIO. Y 3B'SI3KY 3 IUM
MOXKHA TOBOPHTH TIPO OCTPIBHUN XapakTep KOHTAKTHOTO TUIABJICHHS Ha
NOYaTKOBOMY €Talll.

B po6orTi 3aiiicHeHO po3paxyHOK KoedillieHTa TeTIONPOBIAHOCTI Mik(a3HOi
o0yiacTi Ta TIOBEPXHEBOi €Heprii Jisi OJHOKOMIOHEHTHHX cucTteM. OOuncieHHs
Koedilli€HTa TEIUIONPOBIIHOCTI BUKOHAHO Ha OCHOBI 3ICTaBIIEHHS PO3B’S3KYy
PIBHSIHHS TEILJIONPOBIAHOCTI 3 OTPUMAHUM 3a JIONIOMOTOI0 METOIY MOJICTIOBAHHS
PO3MOALIOM TeMIIepaTypy B3JI0OBXK HEOAHOPINHO Harpitoro ctprkHs. [lokazaHo,
110 3aIPOTIOHOBAHUM B pOOOTI METOJIOM MOKHA JIOCHThH TOYHO OIIIHUTH KOS(DIIliEHT
TEIJIONPOBITHOCTI MEX1 PO3ALTY (a3 ISl 30JI0Ta Ta KPEMHIIO 32 TEMIIEPaTyp BUILE
700K, a nns amoMmiHiio Ta Mial 3a Ttemmeparyp Hkde 700K. [ns obuumcnenns
MOBEPXHEBOI €HEprii Ha MexXi po3auty ¢a3 0yl0 BUKOPUCTAHO METOH KamiJISpHHUX
bnykryarii. OTpruMani 3Ha4eHHs MI>XK(Pa30BO1 €HEPrii 3a0BUIBHO Y3TOIKYIOTHCA 3
CKCIIEPUMEHTATbHUMU ~ JTAaHUMHU  Ta  3aCBIMUYIOTh  3pOCTaHHA B sl
Al—-Au—Cu—Si.

KuirouoBi cjioBa: KOMIO3UTHI MaTepiajid, HaliBOOMEXKEHI MeTaju, Iiap
MeTaly, pO3IUIaB, MOJEIIOBAaHHS, HAaHOCHUCTEMM, aTOMHA CTPYKTypa, audysis,

XIMIYHA HEOJHOPIIHICTh, TPO(PisIb I'yCTHHH, Pa30oBa CTaOUIbHICTD, (PA30BUI CKIIA].



ABSTRACT
Plechystyy V. S. Study of phase formation processes at the liquid-crystal

interface in metal matrix nanocomposites. -Manuscript copyright.

Thesis for the Doctor of Philosophy, specialty 104 “ Physics and astronomy”
(10 — Natural Sciences) — Ivan Franko National University of Lviv, Lviv, 2023.

The work is devoted to the study of the structure, atomic composition,
melting and diffusion processes, as well as the calculation of some surface and
interphase properties of one- and two-component systems based on silicon, gold,
copper and aluminum.

Development of modern technologies is related to the study of materials at
the nanoscale level in the case of zero-, one- and two-dimensional objects. Due to
their unique properties, such nanomaterials can change the properties of bulk
materials into which they are introduced. In this case, we are talking about
composite materials, including those with a metal matrix. Research on the
interaction and equilibrium or non-equilibrium coexistence of nanomaterials with a
bulk matrix deserves special attention, which is the basis of modern materials
science of composite materials. The interaction and coexistence of two phases
(liquid and crystalline) plays an important role also in the case of growing single
crystals and obtaining thin films by epitaxy methods and other technological
processes.

The stability of the boundary between phases in the case of single- and
multi-component systems depends mainly on the atomic composition and
thermodynamic parameters that are characteristic of the material. It is clear that the
main parameters in this case are temperature and pressure. Taking into account the
fact that under normal conditions of synthesis and use of nanocomposites, all
technological processes take place at atmospheric pressure, when studying such
materials, the main attention is focused on the dependence of structure and
properties on the atomic composition and temperature of the material. The main

problem of studying nanomaterials in real time is the lack of direct experimental
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methods for such studies at the atomic level. Therefore, in this case, computer
modeling methods have gained considerable popularity, which make it possible to
study both the atomic structure and the properties of nanomaterials of any size.

This work concerns the study of the structure and some properties of the
interphase boundary in one-component and two-component systems by the
molecular dynamics (MD) method. The classic MD method using the LAMMPS
package was used for simulation. The interaction between atoms was specified
using potentials obtained using the embedded atom method or the modified
embedded atom method. The simulation results were analyzed using existing and
our own computer algorithms and programs.

Using the results of modeling and their analysis, a study of the structure of
thin layers in the area of the interphase boundary of the studied materials was
carried out using three-dimensional and two-dimensional pair correlation
functions, as well as parameters obtained on their basis. The analysis of the
interphase boundary was carried out using the so-called atomic density and atomic
concentration profiles for two-component systems. For single-component
materials, the surface energy is calculated, and a method for calculating the
coefficient of thermal conductivity is also proposed. Materials most often used in
modern technologies were selected for research, including copper, aluminum, gold,
and silicon, as well as a two-component combination of these metals with silicon.

In the case of single-component materials, it is shown that the process of
their melting begins on the surface at temperatures lower than equilibrium. The
dependence of interatomic distances on the distance to the surface indicates a weak
arrangement of surface atoms compared to the volume, as well as their abrupt
change when the melting temperature is reached.

In addition to pair correlation functions, the distribution of coordination
numbers and the dependence of the free volume on temperature and the distance of
the atomic layer to the surface were used to analyze the atomic configuration of the
surface layers of single-component materials. In particular, it is shown that the

general feature of the dependence of the free volume of copper on the distance to
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the surface is rather large values of this value in the surface layers and its decrease
in the direction towards the center of the model cell. At large distances from the
surface, the values of the free volume are commensurate with the corresponding
value for crystalline copper. Similar results were obtained for other materials. Such
large values of the free volume on the surface contribute to the intensification of
surface diffusion, which becomes more important in the case of two-component
and multi-component systems.

The self-organization of gold atoms on the silicon surface and the formation
of gold clusters were revealed both in the case of a small coating of the silicon
substrate and in the case of uniform filling of the silicon surface with gold atoms. It
was established that for the case of a silicon surface incompletely filled with gold
atoms, an increase in temperature leads to an increase in the number of
displacements of gold atoms, which are proportional to the size of the silicon atom.
It is shown that the temperature stability of gold clusters decreases as the number
of gold atoms in the cluster decreases. Calculation of the activation energy required
for one jump of a gold atom on the silicon surface made it possible to establish that
it increases as the number of atoms in the cluster decreases.

The study of the interaction of gold, copper and aluminum with silicon
showed a significant influence of eutectic reactions in these systems on the process
of diffusion mixing. It was established that the heating of metal-silicon systems in
these studies leads to contact melting at the phase interface when the temperature
approaches the melting point of the eutectic concentration alloy.

It was established that the eutectic reaction during the interaction of several
atomic monolayers of gold with silicon plays a decisive role in the process of
mixing gold and silicon. At temperatures both below the eutectic point and above
it, the presence of ordered atomic layers at the Au-Si interface was revealed. It is
shown that the silicon-gold reaction begins already at the beginning of the
formation of the interface, and the critical thickness of the metal layer is not

required for the reaction to begin.
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For the case of the gold-silicon system, two temperature regions were
identified in which the diffusion mechanisms are significantly different. In the
temperature range of 425K-625 K, the diffusion process occurs according to the
vacancy mechanism. In the range of higher temperatures (625K - 925K), diffusion
of atoms occurs more intensively, so it can be assumed that the main role in the
diffusion process is played by a collective mechanism associated with the
movement of groups of atoms. Taking into account the fact that such a diffusion
mechanism is characteristic of melts, we can assume that above the temperature of
625K the upper part of the gold-silicon system is molten.

Modeling of the diffusion interaction of copper and silicon showed that in
the case of placing two, three, and four atomic layers of copper on the silicon
surface, an equilibrium stable solution is formed after 0.5-1 ns, after which no
change in the thickness of the diffusion layer is observed. In the case of seven and
ten atomic layers of copper on silicon, a quasi-equilibrium solution is formed. It is
shown that the initial annealing of the copper-silicon system leads to the formation
of atomic regions with a content of components close to the Cu3Si compound,
which is one of the eutectic components with the lowest melting temperature.
Further heating leads to melting of the interphase region, which begins in the
temperature range of 750-850 °C, which is consistent with the position of the
solidus line on the phase diagram. The proportion of the liquid phase varies from
15 to 75 percent, depending on the temperature and the number of copper layers.
Analysis of the density profile made it possible to establish the melting
temperature of the copper-silicon interface and determine the width of the molten
region.

A system based on silicon with aluminum was studied by similar methods
and using similar dependencies. It is shown that the interaction of several (2; 4; 7
and 10) monolayers of aluminum with silicon is consistent with the equilibrium
phase diagram of this system. At temperatures above 600K, the diffusion zone
melts, and the transition layer between the liquid and crystalline phases is a solid

solution of aluminum in silicon. In this case, the effect of contact melting at the
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aluminum-silicon interface was studied in detail. It is shown that at a temperature
close to the eutectic, at the initial stage of contact melting, an atomic solution of
silicon in aluminum is formed, while two-dimensional nanoclusters of aluminum
are found at the interface instead of two-dimensional blocks of silicon atoms. In
this regard, we can talk about the island nature of contact melting at the initial
stage.

In the work, the coefficient of thermal conductivity of the interphase region
and the surface energy for single-component systems are calculated. The thermal
conductivity coefficient was calculated based on the comparison of the solution of
the thermal conductivity equation with the temperature distribution along the
nonuniformly heated rod obtained by modeling the method. It is shown that the
thermal conductivity coefficient of the phase interface can be fairly accurately
estimated by the method proposed in the work for gold and silicon at temperatures
above 700K, and for aluminum and copper at temperatures below 700K. The
method of capillary fluctuations was used to calculate the surface energy at the
phase interface. The calculated values of the interfacial energy agree satisfactorily

with the experimental data and show growth in the series Al—-Au—Cu—Si.

Keywords: composite materials, semi-infinite metals, metal layer, melt,
modeling, nanosystems, atomic structure, diffusion, chemical heterogeneity,

density profile, phase stability, phase composition.
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