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JlocnmipKeHHsT MPUCBAYEHO PO3pOOLI 3aKJIaJHUX HarpiBaJbHUX EJIEMEHTIB
(BHE) ta mapameTpiB peXHMMIB 3BaplOBaHHS JJis MOKPAIICHHS 3’ €IHAHHS MIXK
3aKJIaIHUMU HArpiBalbHUMU €JI€MEHTaMH Ta MOBEPXHAMHU MOJIMEPHUX MaTepiaiiB
3 KIHIIEBOIO METOIO MABUIIICHHS MEXaHIYHOT MIITHOCTI 3BapHUX 3’ €HaHb. B poboTi
JUTSI BUPIIIEHHS TIOCTABJIEHOT HAYKOBO-TEXHIYHO1 3aj1a4i MPOBEICHO MOIU(IKAIIIIO
MOBEPXHI TUMOBUX 3aKJIaJHUX HATrpiBaJbHUX €JIEMEHTIB 3 KOPO31MHOCTINKOI cTal
Ta TUTaHy METOJOM MIKPOILIa3MOBOT'O HAMMJICHHS] TAKUMH MaTepiajlaMu sIK HIXPOM,
TUTaH, MOJiOAeH 1 craimb 65 Ta po3poOJIEHO HOBITHI 3aKJIaJHI HarpiBaJibHI
€JIEMEHTH Ha OCHOBI  €JEKTPONPOBIAHMX  MOJIMEPHUX  KOMIIO3UTIB, 3
BUKOPUCTAHHSIM SIKUX OTPUMMaHI CTHKOBI Ta HAIyCTKOBI 3BapHI 3’€IHAaHHS 3
MIIIHICTIO Ha P1BHI, BIAMOBIAHO, 95...98% Ta 100% MIITHOCTI OCHOBHOT'O Matepiany.

3BaproBaHHs 3aKJIaIHUM HarpiBaJIbHUM €JIEMEHTOM (33HE)
BUKOPHUCTOBYETHCS, B IIEPIILY UEPTY, IS 3’ €HAHHS JeTalel CKIaaHoi KOHIryparrii
B aBlaKOCMIYHI{, aBTOMOOLIe- Ta CyJHOOYAIBHIN ramy3sx mpomucioBocti. [Ipu
[IbOMY HarpiBaJIbHUI €JIEMEHT 3aJIMLIA€ThCA B 3BApHOMY 3’€JHaHHI. Y 3B’S3KY 3
TUM, 1110 HOr0 CTPYKTYypa 1 BIACTUBOCTI BIAPI3ZHSIOTHCA B1J OCHOBHOTO Marepiaity
JeTanen, aare3isi MK HUMH HHU3bKa, a eKCIUTyarTalis B yMOBaxX UUKITYHUX
TEMIEPaTypHO-CUIIOBUX HAaBAHTAXKEHHSIX MOKE MIPU3BECTH 0 PYyHHYBaHHS 3BapHUX
3’¢qHaHb. ToMy, aKTyaJIbHUM 3aJUIIA€ThCS TUTAHHS I1JIBUIICHHS MIIHOCTI
3BapHUX 3’€JHAHb LUISIXOM MMOKpAIIeHHsS aAresii MK 3aKJaJHUM HarpiBaJlbHUM
€JIEMEHTOM 1 TIOJIIMEPHUM MaTepialioM JieTajeil B 3BapHOMY 3’ €qHaHHI. B ToM xe

4ac, 1HIIUM [UIIXOM BHPIIIEHHS 3a3Ha4eHOi po0ieMu Moke OyTH BUKOPUCTAHHS
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HArpiBaJIbHUX €JIEMEHTIB, SK1 32 CBOIMU BJIACTUBOCTSAMH MaKCUMAILHO OJIU3BKI 10
OCHOBHOTO TOJIIMEPHOTO Martepiany aeTaneid. Y 3B’SI3Ky 3 IIUM aKTyaJlbHUM €
CTBOPEHHS 1 AOCTIPKEHHS €JIEKTPONPOBIAHUX MOJIIMEPHUX KOMIIO3UTIB HA OCHOBI
MOJIIMEPY, 3 IKOTO BUTOTOBJICHO JIETai, IO 3BAPIOIOTHCSA, Ta iX BUKOPUCTAHHS SK
3aKJIaIHAX HarpiBaJbHUX €JIEMEHTIB JIJIs 3BapIOBaHHS.

Metow poboTH € onTUMIi3alis BIACTHMBOCTEH MeETaJeBUX 1 PO3poOKa
KOMITO3HUITIMHUX 3aKJIAJJHAX HArpiBaJIbHUX €JIEMEHTIB, BUBYECHHS 3aKOHOMIPHOCTEH
BITUBY X THUITY Ta PEKMMIB 3BapPIOBAHHS HA MEXaHIYHY MIITHICTh 3BApHUX 3’ €THAHb
TEPMOIUTIACTUYHUX TTOJIIMEPIB.

O0’ekTOM OCJTIIZKEHHSI € 3aKOHOMIPHOCTI BIUIMBY THUITy Ta CTPYKTYpHU
3aKJIaJIHAX HarpiBajlbHUX €JIEMEHTIB 3 KOPO31MHOCTIMKOi cTaji, TUTaHy Ta
CJIICKTPOIPOBITHUX TIOJIMEPHUX KOMIIO3HMTIB, a TaKOXX BEJIUYHHH ITHTOMOI
MOTY>KHOCTI TPOIIECY 3BaproBaHHS Ha (OPMYBaHHS Ta SAKICTh 3BapHUX 3’ €HAHBb
TEPMOILIACTIB.

IIpeamMeToM JOCTiAKeHHsI € 3aKjaJHl HarpiBajgbHi CIIEMCHTH 3
KOPO3IMHOCTIMKOI CTalli, TUTaHy Ta €IEKTPOMPOBITHUX MOJIMEPHUX KOMIIO3UTIB, a
TaKOX 3BapHI 3’ €JHAHHS TEPMOIUIACTIB, CPOPMOBaHI 3 X BUKOPUCTAHHSIM.

HaykoBa HOBH3HA oOJep:KaHUX Ppe3yabTaTiB. Y poOOTI MNpOBEEHI
KOMIUICKCH1 TOCT1PKSHHS JIJIs 1 IBUIIICHHS MEXaHIYHOT MIITHOCT1 3BapHUX 3’ €JHAHb
TEPMOIUIACTUYHUX TIIOJIMEPIB 3 BHKOPHUCTAHHSM PIi3HUX THIIB 3aKJIQTHUX
HarpiBaJIbHUX C€JICMCHTIB Ta TapaMeTpiB PEXHMY 3BaproBaHHA. /[0 HOBH3HU
JOCJTIIPKEHHS] MOYKHA BIJTHECTU TaKi MOJIOKEHHS

I. Brnepiie po3BUHYTI ySBIEHHS MI0JI0 BIUIMBY MOoJu(iKaIlli MOBEepXHi
3aKJIaJIHAX HArpiBaIbHUX €JIEMEHTIB 3 CITOK 13 KOPO31HHOCTINKOT CTali 1 TUTaHy Ta
BUSIBJICHO 3QJICKHICTh MK MarepiajioM MOKPUTTSA, MOPQOJIOTIEI0 IMOBEPXHI 1
pPSKMMOM 3BapiOBaHHS Ta MIIHICTIO 3BapHUX 3’ €QHAHb TEPMOIUIACTUYHUX
MOJTIMEPIB.

2. Brnepie Bu3HaueHo, 1110 Moudikaliisi HiIXpOMOM MOBEPXHI 3aKJIaHOTO
HarpiBaJIbHOTO €JIEMEHTA 3 CITKH 13 KOPO31HHOCTIMKOT CTajl 38 MUTOMOI MOTYHOCTI

npouecy 3BaproBanHs 60...100 Br/cm? i wacy 3BaproBamns 150...60 cexyHp,
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3a0e3reuye mpupicT MimHOCTI 3BapHux 3’e¢aHaHb Ha 10..13%, BigHOCHO
BIIMOBIIHUX CITOK 3 HEMOJU(PIKOBAHUMHU TOBEPXHSMU, 3aBISIKU 301IBIICHHIO
NUTOMOI TIUIOII KOHTaKTy MDK IMOJIMEpOM 1 HarpiBajJlbHUM €JIE€MEHTOM 1
MOKPAIIEHHIO aare3ii Mi>k HUMH.

3. Brnepiie BUSIBIEHO 3aKOHOMIPHOCTI BIUIMBY BMICTY Ta XapakTepy
pPO3MOMLTY HAMOBHIOBAYIB B MOJIMEPHUX KOMIIO3UTAaX HJsl iX BUKOPHUCTAHHS SK
3aKJIaJIHUX HArpiBAIbHUX €JEMEHTIB TMpW 3BapiOBaHHI TEPMOIUIACTUYHUX
MOJIMEPHUX MaTepialmiB 1 BCTAHOBJICHO, IO 3aKJaaHI HAarpiBajbHI €JIEMEHTH Ha
OCHOBI MOJIMEPHUX KOMITO3UTIB «IOJIETHIIEH BUCOKOI T'YCTHHHU / BYTJICIIEBA CAXKa»
3 BMicTOM caxi 30 % Biz 00’ eMy 3a0€31euyr0Th HaO1IbII PIBHOMIPHUA pO3ITPiB MO
ol 1 HaMEHIIUH BIUIMB €(PEeKTy MO3UTUBHOIO TEMIIEPaTypHOro KoepillieHTy
OTIOpY B TOPIBHIHHI 3 KOMITO3UTAMH «IIOJIETUIICH BUCOKOI T'yCTHHU / BYTJICIIEBE
BOJIOKHOY 1 «ITOJIIETUJICH BUCOKO1 I'YCTHHU / ByTJICIIEBa caxa / ByTJICIIEBE BOJIOKHOY,
II0 TOB’S3aHO 3  BIOPSAKOBAHMM  PO3MOIIIOM  €JIEKTPONPOBIAHOI  (a3u
HAITOBHIOBaYa - Ca)ki HbOMY.

4. Briepiie BCTaHOBJIEHO, IO PEXUMH 3BapIOBAHHSA 3 MapaMeTpaMu: 4yac
3BaproBaHHs 120 ¢, €KBIBAJICHTHIN €EKTPUUHIN MOTYKHOCTI MPOIIECY 3BapIOBAHHS
MOJIIMEPHUM KOMIIO3UTHUM 3aKJIATHUM HarpiBaIb-HUM €JIEMEHTOM B MeKax
20...30 Br/cm? i mpuTuckHOro 3BaproBambHOro sycumns 1 Mlla 3a0esneuyroTsb
YTBOPEHHS CTUKOBOTO Ta HAITyCTKOBOI'O 3BapHUX 3’ €HAHB 3 MIIHICTIO Ha piBHI 98%
ta 100% BITHOCHO MIITHOCTI OCHOBHOTO MaTtepiaiy.

IIpakTuyHe  3HAYeHHA  OTpPUMAaHMX  pe3yibTartiB. [ligBuiieHa
e(eKTUBHICTh METAJECBOI CITKM SK 3aKJIaJHOTO HArpiBaJbHOTO EJIEMEHTY Ta
BHU3HAYCHA MEPCIEKTUBA BUKOPUCTAHHS MOJIIMEPHUX KOMIIO3UTIB SIK HarpiBaIbHUX
CJIEMEHTIB JJIsl 3BApPIOBAHHS IUIACTMACOBHX JeTrajieil. Po3pobieHo TexHomoridHi
PEKOMEH/Iallii 100 3BapIOBAaHHS 1HXKEHEPHUX Ta BUCOKOTEXHOJIOTIYHHUX TIaCTMAac
3 BUKOPHUCTAHHIM 3aKJIaJIHOIO HArpiBajJbHOTO €JIEMEHTY SIK Ha OCHOBI METaJIeBOl
CITKH 3 MOJIM(IKOBAaHOIO MOBEPXHEI0, TaK 1 HA OCHOBI MOJIIMEPHOTO KOMIIO3UTY,
JIOCTOBIPHICTD SIKMX MEPEBIPEHO MPH 3BAPIOBAHHI Py KOHCTPYKIIIN 3 IHKEHEPHHUX

Ta BUCOKOTEXHOJIOTTUHHUX IJIacTMac 1 ycmimHo anpodosano Ha 1 «Kb « AHTOHOB»
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ta JII «Kb «liBmerne» im. M.K.Surems». TexHonoriuHi pekoMeHAaIi
BUKOPUCTAHO sIK 0a3y MJis yKJIaJlaHHs JOTOBOPY MPO CHIJIbHI HAYKOBO-AOCIIIHI
pob6oTtu 3 MixkHapo1HO Kopropalliero «AlIAXISy (benbris).

XapakTepucTHKa Ppo0OTH. Y BCTyNi BHCBITIICHO CTaH MPHUKIAJTHUX
npo0IieM, sIKl BAHUKAIOTh MPU 3BaPIOBAHHI 3aKJIaJTHUM HarpiBaJIbHUM €JIEMEHTOM 1
OOTPYHTOBAHO aKTyaJIbHICTh TEMHU, CHOPMYJIHLOBAHO METY Ta 3ajadi JOCIIHKCHHS,
BUCBITJICHO HAYKOBY HOBH3HY Ta MpaKTUYHE 3HAYCHHS OJIEP’KaHUX PEe3yJIbTaTiB.
[IpencraBneno iHdopmallito mpo 3B'SI30K pOOOTH 3 HAYKOBUMH TEMaMU Ta
ampoOarlito pe3ynbTaTiB JUCEpTallii, HaBEJACHO IMyOJiKallii aBTOpa, B SKHUX
BUKJIAJICHO OCHOBHUM 3MICT JUCEPTALIIIMHOI pOOOTH.

VY poznuti 1 mpoaHanizoBaHO ICHYIOUI JpKepesia, 10 BUCBITIIOOTh CyYaCHUM
CTaH JOCIIHPKCHb 3BapPIOBAHHS 3aKJIaJHUM HarpiBajJbHUM elieMEeHTOM. Bu3HaueHo,
0 BHACIIJIOK HHM3bKOI ajare3ii MK 3akJaJHUM HarpiBaJlbHUM €JIEMEHTOM 1
MOJIIMEPOM Bi0YBa€THCS MOTIPIICHHS MIITHOCTI 3BapHUX 3’ €IHAHH TEPMOILIACTIB.
Po3risiHyTo MepCHeKTWBY BUKOPHCTAaHHS MOAM(DIKOBAHMX METAJEBUX  Ta
CJICKTPOMPOBITHAX TMOJMIMEPHUX KOMIIO3WTIB SIK 3aKJIQJHUX HarpiBaIbHUX
CJICMEHTIB JIJISl 3BAPIOBAHHS B PI3HUX Taly3sSX MPOMHUCIOBOCTI.

VY po3nun 2 HaBelIeH1 B1IOMOCTI PO MaTepiaid Ta METOAU JAOCIIIKEHb, SKi
BUKOPHCTOBYBAJIHCS B MPOIIECI BUKOHAHHS AUCEPTAIlIHOT POOOTH.

VY po3aini 3 po3risaaeTbes MUTAHHS TMOKPAIECHHs aare3ii MiXk MOJIMEpOM 1
3HE y Burisaal MeraneBUX CITOK 3 KOPO3IMHOCTIMKOI CTalll 1 TUTaHy LUISIXOM
3uerieHHs. [IpoaHanizoBaHO BIUTMB TOKPUTTSA HA TEIUIONEpEnadyy B 3BAPHOMY
3’e¢aHaHHI. BH3HAYeHO BIUIMB MapaMeTpiB peKUMY 3BapIOBAHHS 1 TUITY TTIOKPUTTSI HA
MEXaHI4HI BIIACTUBOCTI 3BapHUX 3’ €THAHb.

VY po3mim 4 mpencraBiaeHO pe3yJbTaTH MO (OPMYBAHHIO 1 JOCITIIKEHHIO
CTPYKTYpU 1 TEIIo(i3MYHUX BIACTHBOCTEH IMOJIIMEPHUX KOMIIO3UTIB 3 PI3HUM
TUIIOM BYTJICIIEBOTO HAIIOBHIOBAYa, a TAKOK BU3HAYECHHIO CKJIaly KOMIIO3UTY, SIKUI
3a0e3neuye HaileeKTUBHIIIEC TMEPETBOPCHHS EICKTPHYHOI €HEeprii B TEIUIOBY Ta

3a0e3neuye pIBHOMIPHICTD iX HarpiBy. [IpoBeneHO eneKTpudHi BUMIPIOBAHHS IS
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BU3HAYCHHS HArpiBaJIbHUX BJIACTUBOCTEH HA MOCTIHHOMY 1 3MIHHOMY CTPYMI.
Bu3zHaueHo BIUIMB KOHIIEHTpAIIil HAMIOBHIOBaYa HA TEPMOCTA01IbHICTh KOMITO3UTIB
1 Temneparypy ($a30BHX NEPEXO/IB.

VY po3aini 5 HaBesieH1 pe3yJbTaTH MPAKTUYHOTO BUKOPUCTaHHS PO3POOICHHUX
MOJIIMEPHUX KOMITO3UTIB SIK 3aKJIaTHUX HArpiBaJIbHUX €JIEMEHTIB JIsl 3BapIOBAHHS
CTUKOBUX 1 HAIyCTKOBHX 3BapHHUX 3’€JHAHb 3 TMOJieTHIIeHy. Bu3HaueHi Taki
napamMeTpy peKUMY 3BapIOBAHHS SIK MOTYXKHICTH 1 9ac MPOIIECY 3BaprOBaHHS, MPU
SKUX BIJIOYBA€ThCS PO3IUIABJIICHHS JeTajlied B 30HI KOHTAKTY 1 (opMyBaHHS
3BapHOTrO 3’ €HaHHs. [[poaHami30BaHO BIUIMB ITUX MapaMeTPiB HA MIITHICTh 3BAPHUX
3’€JTHaHb 1 pO3POOJICHO TEXHOJIOTTYHI PEKOMEH IAIll1 111010 3BapIOBaHHS CTUKOBUX 1
HAITyCTKOBUX 3BApPHUX 3’ €HAHb.

Ki0uoBi__cj0Ba: 1moiiMepHI KOMIIO3UTH, BYIJICLIEBI HANOBHIOBaYl,

Hal"piBaJIBHi BJ'IaCTI/IBOCTi, 3BAPIOBAHHA 3adKJIaJIHUM HaI‘piBaJ'IBHI/IM CIICMCHTOM,

MIIIHICTh 3BapHUX 3’ €JIHaHb, HATPIBAIIbHI €JIEMEHTH 3 MOJIU(PIKOBAHOIO TIOBEPXHEIO.
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Kolisnyk R. Metal and composite embedded heating elements for welding of
thermoplastic polymers. - Qualifying scientific work on the rights of the manuscript.
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The research is devoted to the development of embedded heating elements
(EHE) and welding parameters to improve the bonding between the heating element
and the surfaces of polymeric materials with the ultimate goal of increasing the
mechanical strength of the welded joints. In the work to solve the scientific and
technological task was carried out modification of the surface of typical embedded
heating elements of stainless steel and titantum by microplasma spraying such
materials as nichrome, titanium, molybdenum, and steel 65G and developed
innovative embedded heating elements based on electrically conductive polymer
composites that provide formation of butt and overlap joints with a strength level of,
respectively, 95 ... 98% and 100% strength of the base material.

Welding with an embedded welding element (WEHE) is primarily used for
joining parts of complex configurations in the aerospace, automotive, and
shipbuilding industries. In this case, the embedded heating element remains in the
welded joint. Due to the fact that its structure and properties differ from the basic
material of parts, the adhesion between them is low, and the operation under
conditions of cyclic temperature-force conditions may lead to failure of the welded
joints. Therefore, the relevance of increasing the strength of welded joints by
improving the adhesion between embedded heating element and polymeric material
of parts in the welded joint is still relevant. At the same time, another way of solving
the mentioned problem could be the use of embedded heating element, which is as
close as possible to the basic polymeric material of the parts by their properties. In

this regard, it is relevant to create and investigate electrically conductive polymeric
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composites based on the polymer from which the parts to be welded are made and
to use them as embedded heating elements for welding.

The aim of the work s the optimization of the properties of metal and the
development of composite embedded heating elements and to study of patterns of
influence of their type and welding modes on the mechanical strength of welded
joints of thermoplastic polymers.

The object of the study is the laws of influence of the type and structure of
embedded heating elements made of stainless steel, titanium, and electrically
conductive polymer composites, as well as the value of the specific power of the
welding process on the formation and quality of welded thermoplastics.

The subject of the study is embedded heating elements made of stainless
steel, titanium, and electrically conductive polymer composites, as well as welded
joints of thermoplastics formed with their use.

The scientific novelty of the obtained results. The work includes complex
studies to increase the mechanical strength of welded joints of thermoplastic
polymers using different types of embedded heating elements and parameters of the
welding mode. The novelty of the study includes the following provisions:

l. Ideas about the influence of surface modification of embedded heating
elements made of stainless steel and titanium was developed and the dependence
between coating material, surface morphology, and welding mode, and strength of
welded bonds of thermoplastic polymers was revealed.

2. It was found that nichrome modification of the surface of the stainless
steel mesh heating element with the welding process power of 60 ... 100 W/cm? and
the welding time of 150 ... 60 seconds ensures the increase of weld joint strength by
10 ... 13%, relative to the corresponding meshes with unmodified surfaces, due to an
increase of the area of contact between the polymer and the heating element and the
improvement of adhesion between them.

3. For the first time the regularities of influence of content and character
of distribution of fillers in polymeric composites for their use as embedded heating

elements at welding of thermoplastic polymeric materials are revealed and it is
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established that embedded heating elements on the basis of polymeric composites
"high-density polyethylene/carbon black" with carbon black content 30% from the
volume provide the most uniform heating in the area and the least impact of the
effect of a positive temperature coefficient of resistance in comparison with
composites  "high-density  polyethylene/carbon  fiber" and "high-density
polyethylene/carbon black/carbon fiber", which 1s associated with orderly
distribution of electrically conductive phase of the filler — carbon black in it.

4. For the first time, it is established that welding modes with parameters:
welding time of 120 s, equivalent electric power of welding process by polymer
composite embedded heating element within 20... 30 W/cm?, and clamping welding
force of 1 MPa provide formation of butt and overlap welds with strength at the level
of 98% and 100% relative to the strength of the base material.

The practical significance of the results. The efficiency of metal mesh as a
embedded heating element is increased and the prospect of using polymer
composites as heating elements for welding plastic parts 1s determined.
Technological recommendations for welding of engineering and high-tech plastics
with the use of embedded heating element both on the basis of a metal mesh with a
modified surface and on the basis of a polymer composite have been developed, the
reliability of which was tested during welding of a number of engineering and high-
tech plastics at SE "Antonov" and Yuzhnoye State Design Office. The prospects of
their large-scale use are shown. The technological recommendations were used as a
basis for concluding an agreement on joint research with the international
corporation "AlAXIS" (Belgium).

Characteristics of work. The introduction highlights the state of applied
problems that arise during welding of the embedded heating element and
substantiates the relevance of the topic, formulates the purpose and objectives of the
study, highlights the scientific novelty and practical significance of the results. The
information on connection of work with scientific themes and approbation of results
of the dissertation is presented, publications of the author in which the basic

maintenance of the dissertation work is stated are presented.



10

Section 1 analyzes the existing sources that highlight the current state of
research on welding with embedded heating element. It is determined that due to the
low adhesion between the embedded heating element and the polymer, the strength
of the welded joints of thermoplastics disimproves. The prospect of using modified
metal and electrically conductive polymer composites as embedded heating
elements for welding in various industries is considered.

Section 2 provides information about the materials and research methods used
in the process of dissertation work.

Section 3 discusses the issue of improving the adhesion between the polymer
and embedded heating element in the form of metal mesh made of stainless steel and
titanium by modifying their surface with different coatings to increase the contact
area of adhesion. The influence of the coating on the heat transfer in the welded joint
is analyzed. The influence of welding mode parameters and coating type on the
mechanical properties of welded joints is determined.

Section 4 presents the results on the formation and study of the structure and
thermophysical properties of polymer composites with different types of carbon
filler, as well as determining the composition of the composite, which provides the
most efficient conversion of electrical energy into heat and ensures uniform heating.
Electrical measurements were performed to determine the heating properties at DC
and AC. The influence of filler concentration on the thermal stability of composites
and temperature of phase transitions is determined.

Section 5 presents the results of the research on the use of polymer composites
as embedded heating element for welding butt and lap welds made of polyethylene.
The parameters of the welding mode are defined as the power and time of the
welding process, at which the parts in the contact zone melt and the weld is formed.
The influence of these parameters on the strength of welded joints is analyzed and
technological recommendations for welding butt and lap welds are developed.

Keywords: polymer composites, carbon fillers, heating properties, welding
with embedded heating element, strength of welded joints, heating elements with

modified surface.
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