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JlucepTariiitHa poO6oTa npucBsiYeHa po3poOIll MyIbTUMOJATBLHOT CUCTEMH Ha OCHOBI
METO/I1B IITYYHOTO 1HTEJIEKTY Ta MAITMHHOTO HAaBYaHHS Il aBTOMATHU3AIIl1 JOCTIHKEHb
EeKCTPYJOBAaHUX TEPMOCJICKTPUYHUX MaTepianiB Ha ocHoBl Bi-Te. €nunnii
IHCTPYMEHTAJIbHUNA KOMIUJIEKC TO€JHYE aBTOMATU30BaHUW 301p JaHUX 3 HAyKOBOI
JmiTepaTypu,  aHalli3  MIKPOCTPYKTYpHHUX  300paxeHb  Ta  IPOTHO3YyBaHHS
TEPMOEJIEKTPUYHUX BIACTUBOCTEH ISl ONTUMI3AIIIT XIMIYHOTO CKJIaAy 1 TEXHOJOTTUHHUX
pPEXKUMIB CUHTE3Y Marepiaiy.

Jucepraiisi CKIaAaeTbcsi 31 BCTYINY, YOTHPbOX PpO3/LIIB, BHUCHOBKIB, CIUCKY
BUKOPUCTAHUX JIKEPEIT Ta TPhOX JOJATKIB.

VY Beryni oOTpyHTOBAHO aKTyallbHICTh POOOTH; CHOPMYJIHOBAHO METY, OCHOBHI
3aBAaHHS, 00’€KT Ta MPEAMET JOCHIIKEHHS; BKa3aHO HAyKOBY HOBHU3HY 1 MPAaKTHUYHY
IIIHHICTb OTPUMAaHUX pe3yJIbTaTiB; HaBeJAEHO i1H(OpMAIlI0 MPO OCOOMCTUN BHECOK
3n00yBaua, arpo0ailito poooTH, ii CTPyKTypy Ta 00CsT.

VY mepmomy po3aiii auceprarlii MpoBEIECHO aHalli3 CTaHy JOCIIKEHb Yy ramysi
TEPMOCIIEKTPUYHUX MaTtepiaiiB Ha OCHOBI Bi—Te, cUHTEe30BaHUX METOJOM Taps4oi
exkcTpy3ii. IlpeacraBneHo miTepaTypHUM OIVISIA, IO PO3KPUBAE KITFOYOBI HAMPSIMKU
3aCTOCYBaHHS METOJIIB IITYYHOTO IHTENEKTYy Ta MAIIMHHOTO HAaBYaHHA Y
TEPMOCIIEKTPUYHOMY MaTepialo3HABCTBI, 30KpeMa KepOBaHE Ta HEKEPOBAHE MaITMHHE
HaBYaHHS, HEHPOHHI MepeXi, MPOTHO3YBAHHS BJIACTHBOCTCH TEPMOCICKTPHUHUX

MarepiaiiB, a TaKOX aHall3 MIKPOCTPYKTYPH METOJaMH KOMII IOTEPHOTO 30DpY.



[IpoanainizoBaHO MEPCHEKTUBU PI3HUX METOIB MAIIMHHOTO HaBYaHHS, T€HEPATUBHUX
MOJIeTIeil Ta 3BOPOTHHOTO MPOEKTYBAHHS MaTepialiB.

Ha ocHOBI aHaji3y BCTaHOBIICHO, 11O JJIsI MaTepialiB Ha ocHOBI Bi—Te, orpuManux
METOJIOM Tapsiyoi €KCTpy3ii, 3aJMIIAE€ThCA HEBUPIIICHOK 3a/laya KOMIUIEKCHOTO
BpaxyBaHHS MIKPOCTPYKTYpPHU, XIMIYHOTO CKJIa/ly Ta TEXHOJOTIYHUX MapaMeTpiB y MexKax
€IMHOI MPOTHOCTUYHOI MOJeNi, a (parMeHTApHICTh Ta HECTPYKTYPOBAHICTh HASBHUX
JaHUX € OCHOBHUMH OOMEKEHHSIMU I IIUPOKOTO BIPOBAHKEHHS METO/11B MAITUHHOTO
HABYaHHS Y TEPMOEIIEKTPUIHOMY MaTepialo3HABCTBI.

VY apyromy posaiai gucepraiiii noOygoBaHo (Pi3UYHY Ta KOMIT IOTEPHY MOJEIb
raps4oi eKCTpy3ii TEepMOEJEKTPUYHOTO MaTepiany Ha ocHoBl Bi—Te y cepemoBuiii
COMSOL Multiphysics 6.2. Ha ocHOBI mapaMeTpU4YHOrO PO3PaXyHKY BCTAHOBIICHO
JIOMIHAHTHUHM BIUTUB IMIBUJKOCTI Jedopmaliii Ha CHIy eKCTpy3ii: mpu 3pOoCTaHHI
mBUAKOCTI B 3,1 pa3a cuia ekctpy3ii 30umbiryerbes 3 22,8 1o 78,2 kH, Toal Ak 3HUKEHHS
temriepatypu 3 500 no 340 °C 3ymoBmtoe 3poctanns uiie Ha 40-50 %. OOrpyHTOBaHO
KpuUTepil SKocTl moBepxHi ekcrpyaary: v < 0,48 mm/xB ipu T > 400 °C. 3a pe3ynbraramu
MOJICTIOBaHHSI BU3HAUYEHO CTPYKTYpPY LIJIBOBUX O3HAK AJi1 (POPMYBaAHHS CUCTEMH 300py
JAHUX.

Po3pob6reno crieniaii30BaHy CUCTEMY ABTOMATH30BAHOTO 300py
TEPMOECIIEKTPUYHUX TMapaMeTPiB 13 HAYKOBHUX JKEpesl Ha OCHOBI JOJATKOBO HaBYEHOI
MoBHOi Mojent MatSciBERT 13 gBoma kimacudikalifHUMUA TOJIOBaMHU ISl 3ajad
po3ni3HaBaHHs iMeHoBaHUX cyTHOCTEH (NER) Ta BctanoBieHHs 3B’ 43KiB Mk HUMH (RE).
Onucano Moayib MONEpenHbOI OOpPOOKM JOKYMEHTIB, 10 BKiIo4ae o0poOky PDF-
JOKYMEHTIB Ta ONITUYHE PO3MI3HABaHHS 1H(OpMaIlii 31 CKAHOBAaHUX 300paKEHb.

BcranosneHo, o npeaMeTHa aganTailis € BU3HaYaIbHUM (DaKTOpOM JjIsl TOYHOCTI
excrpakiii: MatSciBERT mnepesepmrye 6azoBy monens BERT-base ma 9 B.a1. 3a
meTpukoro Fl-score (NER). 361b11eHHs 00cATy HaBYaIbHUX JaHuX y S pasis (3 1200 no

6000 dbparmentiB) 3a6e3neumno npupict F1 (NER) na 10 B.1m. (70 0,82) Ta F1 (RE) Ha



8 B.11. (10 0,84), 1110 103BOIMIIO C(hOpMYyBaTH CTPYKTYpOBaHYy 0a3y JaHHUX BIIACTUBOCTEH
EKCTPYyIOBaHUX MaTepiamiB Ha ocHOBI Bi—Te mys momaneioro anamisy Ta ONTHMI3aIIi].

VY TperboMy pPO3/iJIi 3apPONOHOBAHO METOJIMKY Ta pPeasli30BaHO MYJIbTUMOAAIbHY
CUCTEMY KOMIT'IOTEPHOTO 30py JUIsl  KUIBKICHOTO  aHali3y  MIKPOCTPYKTYpH
EKCTPYJOBaHUX TEPMOEIEKTPUUHUX MaTepianiB Ha ocHOBI Bi—Te. Cucrema noeanye asa
MaciiTabu JOCHIKEHHsS: aTOMHO-CHJIOBY  MIKPOCKOMIIO JUIsl  HaHOMAacITaOHOI
tonorpadii Ta onTUYHY MeTajorpadilo TEMHOTO TOJISA IS aHaTi3y CTPYKTYPH 3€pEH.
Onucano METOIMKY MiATOTOBKHU 3pa3KiB, MpoBeaeHHd ACM-BUMIpIOBaHb Ta AJITOPUTMU
00poOku TomorpadiuHuX JaHuX. Po3poOjieHO Mojeiah CeMaHTHYHOI CerMeHTarlii Ha
ocHOBl MojaudikoBaHoi apxiTektypu U-Net, sika jgocsira€ cepeAHbOTO IMOKa3HHKa
mloU = 0,73 (F1 =0,91 nns knacy grain_matrix, F1 = 0,85 ns kinacy grain_boundary),
10 MepeBepinye 6a30By MOJENb Ha 6 B.II. Ta J03BOJISIE aBTOMATU3yBaTH PO3Ii3HABAHHS
IIECTH KJIACIB CTPYKTYPHUX KOMIIOHEHTIB.

[To6ynoBano MYJIbTUMOJIATBHY MOJIEITb IPOTHO3yBaHHS KITFOUOBUX
TEPMOEJIEKTPUUHUX MapaMeTpiB (koedimieHT 3eebeka S, eIeKTPONpPOBIAHICTh O,
TETJIONPOBITHICTE K, ¢akTop moTykHOCTI PF, nobpotnicts ZT), mo iHTerpye
MIKPOCTPYKTYPHI 300pa’K€HHS, CTPYKTYpOBaHI YHWCJIOBI JaHl MPO XIMIYHUN CKIaJ 1
nmapamMeTpu €KCTpy3ii Ta KOHTpaCTUBHE HABYAHHS Yepe3 MEXaHi3M KpOC-MOIATbHOI
yBaru. Mogens nocarae MAPE = 5,3 % nns nokasnuka ZT, 1110 CyTTEBO MEPEBEPIIYE
pe3yJibTati oAHOMOIalbHUX MiaxoiB (9,1 % ta 7,4 %) 1 miaATBEpIKY€E CUHEPTeTUUHUM
e(eKT 00paHoi apXITEeKTYypH.

AHami3 1HTepnperoBaHocTi 3a gonomoror wmeronxy Grad-CAM  3acBimuuB
BIJIMOBIJHICTh MOJIEJBHUX 3aJIEKHOCTEN (DI3MYHMM MEXaHI3MaM: MpU MPOrHO3YBaHHI
TEIUIONPOBITHOCTI MOJENb (DOKYCYeTbCs Ha CTPYKTYpPHHX JeeKTax, TOAl SK IS
koedimienTa 3eebeka BU3HAYAIBHUM € BHECOK CTPYKTYPOBAaHUX JAHUX MPO XIMIYHUN
CKJIaJ] Ta EJIEKTPOHHY CTPYKTYPY.

VY 4YerBepTOMY PO3AJIi PO3MISIHYTO 3aCTOCYBAaHHSI PO3POOJICHOI CUCTEMHU st



onTUMI3aIlli TEPMOEJIEKTPUUYHUX MaTepialiB. Peanai30BaHO aJrOpuT™M 3BOPOTHOTO

MIPOEKTYBAHHS IS €KCTPYJOBAHUX TEPMOEICKTPUYHMX MartepiaiaiB Ha ocHOBI Bi—Te,

AKUW 32 33JaHUMU  [UIbOBUMH 3HAQUYEHHSIMHU TEPMOEJIEKTPUUYHUX BJIIACTHUBOCTEU

IPOTHO3y€ ONTUMAJIBHUNA XIMIYHMKA CKJIAQJ Ta TapamMeTpu CHHTE3y 13 OLIHKOIO

HEBH3HAYEHOCTI MPOTHO3Y uepe3 aHcamOiab MOJENei, M0 M03BOJIAE CKOPOTUTH ITHKI

pPO3pOOKHM HOBHUX MaTepialiB IUIIXOM 3aMiHM CHUCTEMAaTHYHOrO Iepedopy CKJIasIiB

[1JIECTIPSIMOBAHUM TOITYKOM.

Po3pobieno anroputMm OaraTOKpUTEpialbHOI ONTHUMIZAIl Uil TPbOX THIIIB
TEPMOEIIEKTPUYHUX MPUCTPOIB: TeHEpaTOpiB 13 MakcuMizailieto ZT, Moy [lenbThe Ta
ceHcopiB. ONMHUCAHO CUCTEMY IHTEJIEKTYaJIbHOTO YIPABIIHHSA TEXHOJOTTYHUM MPOIECOM
eKCTpY3ii.

CTBOpEHO LUIICHE MpOrpaMHe 3a0€3MEUEHHs, SKE€ IMOEJHYE B MEXaxX €JIUHOTO
IHCTPYMEHTAJILHOTO CEpPEAOBHINA ABTOMATH30BaHUM 301p JaHUX 13 JITEpaTypH,
KOMITI'FOTEpHE  MOJCJIIOBaHHS  IPOLECIB  €KCTPY3li, MyJbTUMOAAJIBHUN  aHami3
MIKPOCTPYKTYPH, TIPOTHO3YBAHHS TEPMOCTIEKTPHUUYHUX BIACTUBOCTEH Ta 3BOPOTHE
pO€EKTyBaHHS MatepianiB. Ll po3poOka 3abe3medye aBTOMATU3AINI0 MOBHOTO ITUKITY
JOCIIKEHHSI €KCTPYIOBAHUX TEPMOECIEKTPUYHUX MaTtepiaiiB Ha ocHOBI Bi—Te — Bin
IHTEJIEKTYyaIbHOTO aHaI3y JITePaTypHUX JIKEPEN A0 ONTUMI3alii XIMIYHOTO CKJIaay Ta
TEXHOJIOTTYHUX peXuMiB. [IporpaMHuii KOMIUIEKC HE Ma€ aHAJIOT1B 33 (yHKIIOHATLHUMU
MOKJIMBOCTSAMM SIK Y BITYM3HSIHIN, TAK 1 B 3aKOPJAOHHIN MPAKTHUILIL.

HaykoBa HOBH3HA 0/1epKAHUX Pe3YJIbTATIB:

1. Bmnepme po3po0ieHO cremiagi3oBaHy CHCTEMY aBTOMAaTH30BaHOTO  300py
TEPMOECJIEKTPUYHHUX MapaMeTpiB MaTepiajiB 13 HAYKOBHUX IMyOiKallli, SIAPOM SIKOi €
J01aTKOBO HaBdeHa MoBHa mozenb MatSciBERT i3 nBoma knacudikarmiiHuMmu
ronoBamu 11t 3a1a4 NER Ta RE, mo go3Bonuno copmyBatu cTpykTypoBaHy 6a3zy

JTAaHUX BJIACTUBOCTEN €KCTPYIOBAHUX MaTepianiB Ha ocHOBI Bi—Te A nomansuioro



MaIllMHHOTO HaB4YaHHA. Ha He3anexHii TecToBil BuOipi Mojens gocsrae F1 = 0,82
st NER ta F1 = 0,84 nna RE.

2. Bmepuie 3anponoHOBaHO METOJMKY Ta Peali30BaHO MYJIbTUMOAAIbHY CHCTEMY
KOMIT FOTEPHOTO 30pY [UJIsi KUIBKICHOTO aHali3y MIKPOCTPYKTYPH €KCTPYJIOBAaHUX
TEPMOCIICKTPUYHUX MaTepianiB Ha ocHOBI Bi—Te, mo moemHye aBa Macmtadw
JOCITIKEHHS: aTOMHO-CHJIOBY MIKPOCKOMIIO JUIsi HAaHOMAacIITabHo1 Tonorpadii ta
ONTUYHY MeTajorpadilo TEMHOTO TOJsI IS aHami3y CTPYKTYPH 3€peH, IIIo
JTI03BOJIMJIO aBTOMATHU3YBAaTH CErMEHTAIIIIO IECTH KJIACIB CTPYKTYPHUX KOMIIOHEHTIB
Ta BCTAHOBUTHU KUIBKICHI KOPEJSIT MK MIKPOCTPYKTYPHUMH XapaKTEPUCTHUKAMU
MOBEPXHI Ta TEPMOEICKTPUYHUMH BIACTUBOCTSIMH MaTepiaiy.

3. Bmepue o0y 10BaHO MYJIbTUMOJIATbHY MOJIeIb IPOTHO3YBaHHS
TEPMOCIIEKTPUYHUX MapaMeTpiB (koediiieHT 3eedOeka S, eNeKTPONpPOBIIHICTh G,
TEIJIONPOBITHICTE K, (hakTop motyxkHocTi PF, nobpotHicTs ZT), sika iHTErpye TpU
napajiefibHI BX1JHI TUIKK: MIKPOCTPYKTYpPHI 300pakKeHHsI, CTPYKTYpOBaHI YHCIIOBI
JIaH1 Mpo XIMIYHUM CKIIaJl Ta TapaMeTPU eKCTPY3li Ta KOHTPACTUBHE HABYAHHSA JJIS
y3rO/UKEHHS JIATEHTHUX IMPEACTaBlIeHb, LI0 JO3BOJMIIO PO3B’sA3aTH OOEpHEHY
OararodakTopHy 3a/ladyy ONTUMI3AIll TEPMOEICKTPUUYHOIO MaTepiaily 3a 3aJaHuX
I'PaHUYHUX YMOB.

4. Bmepiie peani3oBaHO aNTOPUTM 3BOPOTHOTO MPOEKTYBAHHA JJI €KCTPYIOBAHUX
TEPMOEJIEKTPUUHUX MaTepiayliB Ha OcHOBI Bi—Te, sikuil 3a 3aJjaHUMH I[IJTLOBUMHU
3HAYCHHSMH TEPMOCIICKTPHUYHUX BIACTHBOCTEH MPOTHO3YE ONTUMAIBHUNA XiMIYHUH
CKJaJ Ta MapaMeTpu CUHTE3y, IO JO03BOJIIE CKOPOTUTU IMKJI PO3POOKH HOBHX
TEPMOETEKTPUYHHUX MaTepiaiiB 13 3aJaHUMU (GyHKI10HATBHUMU
XapaKTEPUCTUKAMHU.

IIpakTUYHe 3HAYEHHS OJleP:KAHUX Pe3yJIbTATiB.
Po3po0sieH0  1HTENEeKTyalbHy KOMII'IOTEPHY Mporpamy il KOMIUJIEKCHOTO

po3B’si3aHHsT 00epHEeHOo1 OararodakTopHOI 3a7adi 13 ONTHUMI3AIIl TEPMOEIECKTPUIHHIX



MatepialiiB Ha ocHOBI Bi—Te npu 3ajaHnX TpaHMYHUX YMOBAX, 1110 HE Ma€ aHAJIOT1B K Ha
BITYM3HSHOMY, TaK 1 Ha MbKHapogHoMYy piBHI. [Iporpama 3a0e3neuye aBTOMaTH30BaHUIA
30ip JaHMX 13 HAYKOBOI JiTEepaTypHd, aBTOMATHYHY CETMEHTAIlll0 MIKPOCTPYKTYPH,
OPOTHO3YBaHHS  TEPMOEJIEKTPUYHUX  BJIACTUBOCTEH, 3BOPOTHE  IMPOEKTYBAHHS
ONTUMAJBHOTO XIMIYHOTO CKJIaAy Ta MapaMeTpiB CHUHTE3y 3a 3aJaHUMHU IIJIbOBUMHU
BJIACTUBOCTSIMH 3  OLIIHKOIO HEBHU3HAYEHOCTI MPOTrHo3y. Pe3ympTaté  poOoTH
3aCTOCOBYIOTbCS TMPU  BHUKOHAHHI ~ HAYKOBO-AOCHiIHOI pobotu B  IHCTHTYTI
tepmoeniekTpukn HAH Vxpainu ta MOH Vkpainn 3a BiIOMYMM 3aMOBJICHHSIM
Bigninenns martepianoznaBctBa HAH VYkpainu «BuxopuctanHs METOMIB IMITYYHOTO
IHTEJIEKTY Ta MAIIMHHOTO HABYaHHS JJIs MIABUIICHHS €()EKTUBHOCTI TEPMOEIIEKTPUYHUX
MaTepiaiiB Ha OCHOBI TeTypuly BicMyTy» (Homep aepskaBHoi peectpartii 0125U000210).

KiouoBi cioBa: TepMoeneKTpuyHI MaTepiaiu, TePMOEIEKTPUYHI BIIACTHUBOCTI,
MEPETBOPIOBAYl €HEPrii, 30Ha MPOBIAHOCTI, (POHOH, MIKPOCTPYKTYPHI XapaKTEPUCTHKH,
TBEpAl PO3YMHHU, MOJENTl, KOMII'IOTEPHE MOJENIOBAaHHS, KOMII IOTEPHI METO/H,
IHTENIeKTyalbHa CHCTE€Ma, INTYYHUH 1HTENEKT, MallMHHE HaBUYaHHS, aJTrOPUTMH,
MIKpOCTPYKTYpPHHUH aHai3.

ABSTRACT

Korop M. Application of artificial intelligence and machine learning methods for
research automation on extruded Bi-Te-based thermoelectric materials. — qualifying
scientific work as a manuscript.

Thesis on search for the Doctor of Philosophy degree in specialty 105 — Applied
Physics and Nanomaterials. — Yuriy Fedkovych Chernivtsi National University, Ministry
of Education and Science of Ukraine, Chernivtsi, 2026.

The thesis is devoted to the development of a multimodal system based on artificial
intelligence and machine learning methods for the automation of research on extruded
Bi—Te-based thermoelectric materials. The unified instrumental platform integrates

automated data extraction from scientific literature, microstructural image analysis, and



thermoelectric property prediction for the optimization of chemical composition and
technological synthesis parameters.

The thesis consists of an introduction, four chapters, conclusions, a list of references,
and three appendices.

The introduction substantiates the relevance of the research; formulates the aim,
principal objectives, object, and subject of the study; specifies the scientific novelty and
practical value of the obtained results; and provides information on the personal
contribution of the author, approbation, structure, and scope of the work.

The first chapter presents an analysis of the current state of research in the field of
Bi—Te-based thermoelectric materials synthesized by hot extrusion. A literature review is
provided that covers the key directions of artificial intelligence and machine learning
application in thermoelectric materials science, including supervised and unsupervised
machine learning, neural networks, prediction of thermoelectric material properties, and
microstructure analysis by computer vision methods. The prospects of various machine
learning approaches, generative models, and inverse material design are analyzed.

Based on the analysis, it has been established that for Bi—Te-based materials obtained
by hot extrusion, the problem of comprehensive integration of microstructure, chemical
composition, and technological parameters within a single predictive model remains
unresolved, while the fragmentary and unstructured nature of the available data
constitutes the principal limitation for the widespread adoption of machine learning
methods in thermoelectric materials science.

In the second chapter, a physical and computational model of the hot extrusion of
Bi—Te-based thermoelectric material has been developed in the COMSOL Multiphysics
6.2 environment. Parametric calculations have established the dominant influence of
deformation rate on the extrusion force: a 3.1-fold increase in velocity results in the
extrusion force rising from 22.8 to 78.2 kN, whereas a temperature decrease from 500 to

340 °C causes an increase of only 40—50%. A surface quality criterion for the extrudate



has been substantiated: v < 0.48 mm/min at T > 400 °C. Based on the simulation results,
the structure of target features for the data acquisition system has been determined.

A specialized system for automated extraction of thermoelectric parameters from
scientific sources has been developed, based on a fine-tuned MatSciBERT language
model equipped with two classification heads for named entity recognition (NER) and
relation extraction (RE) tasks. A document preprocessing module has been described,
which includes PDF document processing and optical character recognition from scanned
images.

It has been established that domain-specific adaptation is the determining factor for
extraction accuracy: MatSciBERT surpasses the baseline BERT-base model by 9
percentage points in Fl1-score (NER). A five-fold increase in training data volume (from
1,200 to 6,000 fragments) yielded an improvement in F1 (NER) of 10 p.p. (to 0.82) and
in F1 (RE) of 8 p.p. (to 0.84), which enabled the formation of a structured database of
properties of extruded Bi—Te-based materials for subsequent analysis and optimization.

In the third chapter, a methodology has been proposed and a multimodal computer
vision system has been implemented for quantitative analysis of the microstructure of
extruded Bi—Te-based thermoelectric materials. The system integrates two scales of
investigation: atomic force microscopy for nanoscale topography and dark-field optical
metallography for grain structure analysis. The sample preparation methodology, AFM
measurement procedures, and topographic data processing algorithms are described. A
semantic segmentation model based on a modified U-Net architecture has been
developed, achieving a mean mloU = 0.73 (F1 = 0.91 for the grain_matrix class, F1 =
0.85 for the grain boundary class), which surpasses the baseline model by 6 p.p. and
enables automated recognition of six classes of structural components.

A multimodal model for the prediction of key thermoelectric parameters (Seebeck
coefficient S, electrical conductivity o, thermal conductivity k, power factor PF, figure of

merit ZT) has been constructed, integrating microstructural images, structured numerical



data on chemical composition and extrusion parameters, and contrastive learning through
a cross-modal attention mechanism. The model achieves a MAPE of 5.3% for the ZT
figure of merit, which significantly outperforms unimodal approaches (9.1% and 7.4%)
and confirms the synergistic effect of the chosen architecture.

Interpretability analysis using the Grad-CAM method has demonstrated the
correspondence between the model dependencies and physical mechanisms: when
predicting thermal conductivity, the model focuses on structural defects, whereas for the
Seebeck coefficient, the contribution of structured data on chemical composition and
electronic structure is determinative.

In the fourth chapter, the application of the developed system for the optimization
of thermoelectric materials is considered. An inverse design algorithm for extruded Bi—
Te-based thermoelectric materials has been implemented, which predicts the optimal
chemical composition and synthesis parameters for given target values of thermoelectric
properties with prediction uncertainty estimation via a model ensemble, thereby enabling
the reduction of the new material development cycle by replacing systematic
compositional screening with targeted search.

A multi-objective optimization algorithm for three types of thermoelectric devices
has been developed: generators with ZT maximization, Peltier modules, and sensors. An
intelligent control system for the extrusion technological process has been described.

An integrated software package has been created that combines, within a unified
instrumental environment, automated data extraction from literature, computational
modeling of extrusion processes, multimodal microstructure analysis, thermoelectric
property prediction, and inverse material design. This development provides automation
of the complete research cycle for extruded Bi—Te-based thermoelectric materials — from
intelligent analysis of literature sources to optimization of chemical composition and
technological regimes. The software package has no analogues in terms of functional

capabilities in either domestic or international practice.
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Scientific novelty of the results obtained.

For the first time, a specialized system for automated extraction of thermoelectric
parameters from scientific publications has been developed, the core of which is a
fine-tuned MatSciBERT language model with two classification heads for NER and
RE tasks, which enabled the formation of a structured database of properties of
extruded Bi—Te-based materials for subsequent prediction and optimization of their
thermoelectric characteristics by machine learning methods. On an independent test
set, the model achieves F1 = 0.82 for NER and F1 = 0.84 for RE.

For the first time, a methodology has been proposed and a multimodal computer
vision system has been implemented for quantitative microstructure analysis of
extruded Bi—Te-based thermoelectric materials, integrating two investigation scales:
atomic force microscopy for nanoscale topography and dark-field optical
metallography for grain structure analysis, which enabled automated segmentation
of six classes of structural components and the establishment of quantitative
correlations between surface microstructural characteristics and thermoelectric
properties of the material.

For the first time, a multimodal model for the prediction of thermoelectric parameters
(Seebeck coefficient S, electrical conductivity o, thermal conductivity k, power
factor PF, figure of merit ZT) has been constructed, integrating three parallel input
branches: microstructural images, structured numerical data on chemical
composition and extrusion parameters, and contrastive learning for latent
representation alignment, which enabled the solution of the inverse multifactorial
optimization problem for thermoelectric materials under given boundary conditions.
For the first time, an inverse design algorithm for extruded Bi—Te-based
thermoelectric materials has been implemented, which predicts the optimal chemical
composition and synthesis parameters for given target values of thermoelectric

properties, thereby enabling the reduction of the development cycle for new
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thermoelectric materials with specified functional characteristics.

Practical significance of the results obtained.

An intelligent computer program has been developed for the comprehensive solution
of the inverse multifactorial optimization problem for Bi—Te-based thermoelectric
materials under given boundary conditions, which has no analogues at either the national
or the international level. The program provides automated data extraction from scientific
literature, automatic microstructure segmentation, thermoelectric property prediction, and
inverse design of optimal chemical composition and synthesis parameters for given target
properties with prediction uncertainty estimation. The results of the work are applied in
the execution of research at the Institute of Thermoelectricity of the National Academy of
Sciences of Ukraine and the Ministry of Education and Science of Ukraine under a
departmental order of the Division of Materials Science of the NAS of Ukraine
“Application of Artificial Intelligence and Machine Learning Methods for Enhancing the
Efficiency of Bismuth Telluride-Based Thermoelectric Materials” (state registration
number 0125U000210).

Keywords: thermoelectric materials, thermoelectric properties, energy convertors,
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