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3mict auceprauii. JlucepTaiisi NpuUcBsiu€Ha AOCTIKEHHIO BIUIMBY TyTOBUX
METO/IB HAIUIABJIEHHS Ha CKIaJ, CTPYKTYpy, (I3WYHI BIIACTUBOCTI METANIIB
IIOMIHIEBUX CIUIaBiB. METOI0 € BHU3HAUEHHS HAWOUIbII ONTUMAIBHOTO METOY
OTpUMaHHS aBlalllIfHUX JIeTaie 3 aJIIOMIHIEBUX CIUIaBiB Ta IOJAJIBIIOTO
BJIOCKOHAJICHHSI TEXHOJIOT1] 00paHOro METOAy HaIlIaBJICHHS. BIUMB Ha CTPYKTYpy
1 BIIACTMBOCTI HAIUIABJIEHOTO METaJy MPOXOIUB IUISIXOM KOPETYBaHHS OCHOBHHX
napaMeTpiB MPOIECY HAIJIABICHHS, TaKUX SK CKIIAJ 3aXHUCHOTO Ta3y Ta 3HAYeHb
NOTOHHOI €Heprii. 3a pe3yJbTaTaMHi KOMILJIEKCY HAYKOBHX JIOCII)KEHb IPOBEICHO
anpoOalio yJI0CKOHAJIEHOTO METOJY Y BHUPOOHMUYMX yMoBax mianpuemctBa AT
«Motop Ciu», mnOpu  OTpUMaHHI 3arOTOBKU KOPITYCHOI ~ JI€TaJi  CKJIQJHOI
TCOMETPUIHOT (hOpMH.

Brnepiie npoBeneHoO MOPiBHSUIBHUN aHalli3 Ta BCTAHOBJIEHO 3aKOHOMIPHOCTI
BIUIMBY TEXHOJIOTIYHMX MapaMeTpiB MIKPOMETATYPriiHUX METOJIB MOIIAPOBOrO
HAIUIaBJICHHS APOTOM 3 BUKOPUCTAHHSIM METOAY XOJOJHOTO MEPHECEHHsS MeTaly,
MIKpOIJIa3MOBOT'0, €JIEKTPOAYTOBOrO METO/IB HAIUIABJICHHS, HA XIMIYHHMMA CKJIaJ,
CTPYKTYpY 1 MeXxaHiuH1 BiIacTuBOCTI cruiaBiB AlSi5, AIMg5S. HaiiBumii mexaHiuHi
BJIacTUBOCTI crmiaBy AIMgS no3Bojisie OTpUMYyBAaTH MIKPOILJIa3MOBUN  METO[
HariaBieHHs (o, =274+5 Mlla; 60,=154+5 Mlla; 6 =30,4+5%). dns cinaBy AlSiS5
HAWBUI 3HAYEHHS MIMHOCTI 1 IUIMHHOCTI IOCATAIOTHCS METOIOM XOJIOIHOI'O

nepeHeceHHs: metany (o, =190+5 Mlla; ©¢,=1204+5 Mlla; 6=164+5%). Onnak



KOKEH 3 TPbOX METOJIB JO03BOJISIE OTPUMYBATH XIMIYHMM CKJIaJ 1 MEXaHIYH1
BJIACTMBOCTI MaTepiaidy B Mexax 1Y IS JaHuX CIIJIaBiB.

OTrpumanu mNOAANBIIUNA PO3BUTOK YSABJICHHS TMPO MEXaHI3MU BIUIMBY
TEXHOJOTTYHUX (PaKTOPIB Ha BIACTUBOCTI aloMiHieBUX criaBiB AlSiS, AIMgS, sxki
JTIO3BOJIAIOTH IPHY MiHIMAJbHUX 3HAYEHHSIX MOTOHHOI eHeprii (35 kr//lx), MeToaoM
CJIEKTPOJYrOBOTO  HAIUIaBJICHHS,  3a0€3MEeYUTH  MEXaHI4HI  BJIACTHBOCTI
QTFOMIHIEBHX CIUIABIB y MEXaX BUMOT BCTAHOBJICHUX BiJIMTOBITHUMH CTaHIapTaMH,
10 J1a€ MOKJIUBICTh ()OPMYBaTH TOHKI CTIHKH (40 3 MM) CETMEHTIB jJeTajel, 0e3
BUTpAT 3aIacy MiIlHOCTI.

Brnepie mnokasaHo BIUIMB 3aXHCHOI CyMillll Ha TEXHOJOTIYHUN MpOIEC
€JIEKTPOIyTOBOTO HaIlIaBiIeHHs. BcTaHOBIEHO, 10 MIABUIICHHS KUTBKOCTI TEit0 y
CKJIaJll aproHy JI03BOJISIE, 3HU3UTH MiHIMaJIbHE 3HAYEHHS IIOTOHHOI €Hepril
HEOOX1JTHE JUIsl PO3IUIABIICHHS METaly Ta OTPUMAHHS SIKICHOI CTPYKTYpH MeETaiy.
st oTpuMaHHS SIKICHOI CTPYKTYPH METally, ONTUMaJIbHUM € CKJIaJ 3aXHUCHOI
CyMillll aproH-renii y cniiaHomenH1 70/30%.

OTpumaHi HOB1 YSIBJICHHS MPO PO3BUTOK MIKPOMETAITYPTiMHUX MPOIIECIB
HaIUJIaBJICHHS CUJIYMIHIB 1 aJJlOMOMAarHi€BUX CIUIaBIB MPU BIUIMBI IIOTOHHOI €HEPTIi
Ha CTPYKTYPHY CKJIQJOBY aJIOMiHIE€BHX CIUTaBiB. IlifBUIICHHS 3HAYE€Hb MOTOHHOI
eneprii 1o 80 JK/MM [103BOJIsIE OTpUMYBATH OUIBII 3aKpyriaeHy 1 ApiOHY
CTPYKTYpY 1 3a0e31euye 3MEHIIEHHS B1ICTaHl MiX T'UIKaMU O—IEHAPUTIB KPEMHIIO
10 5—15 mxwm, s cruiaBy AlSiS, B TOpiBHSHHI 3 TUTUMU aHalloramu. JlJis cruiaBy
AlMg5 30uIbllIeHHS TOTOHHOI €HEprii J03BOJISIE OTPUMYBATH PIBHOMIPHO
PO3MOITIEHY CTPYKTYPY 3 MIJABUILNEHOI KUIBKICTIO 3MII[HIOIOYK (a3 MarHiro B
MOPIBHSHHI 3 aHAJIOTOM, OTPUMAHUM METOJOM rapsidoro mTaMITyBaHHS.

JlucepTallisi CKJIaIa€ThCs 31 BCTYMY, M’ SITU PO3JUIIB, 3arajilbHUX BHUCHOBKIB,
CIIUCKY BUKOPHUCTAHO] JIITEpATypH Ta OJTHOTO JO0JATKY.

VY mepmomMy po3aiiai MpenCcTaBIeHO aHA3 Cy4YacHOI JIiTepaTypu 3 MUTaHb
OTPUMaHHS HOBUX BIAMOBIJAJBHUX JI€TAJIEM 3  aJIOMIHIEBUX  CILJIaBIB
TPaJAMIIIHHUMU METOJaMH Ta MeTojaMu HariaBieHHsa. [lokazano, mo mms

MIJBUIICHHS  SKOCTI  JeTajed  JOIIBHO  BUKOPUCTOBYBAaTH  TEXHOJIOTIi



HaIJIaBJICHHS, JJIs BIPOBAPKCHHS JaHUX TEXHOJOTIA JOIUIBHO TIPOBOIUTH
JOCITIJIKEHHS CITPSIMOBAHI Ha ONTUMI3AIliI0 TEXHOJOTIYHUX PEKUMIB 1 T ABUIIEHHS
SIKOCT1 BUPOOiB.

Ha ocHoBI miTeparypHUX NaHUX Ta MPOBEACHOTO aHAJI3Y CY4acHOTO CTaHy
NUTaHHSA chOPMYJIBOBAHO METY JOCITIIHKEHHS Ta 3aj]1adl, ki HEOOX1THO BUPIIIUTH
JUTS 11 TOCATHEHHS.

VY apyromy po3aii o0TpyHTOBAaHO BHOIp TEXHOJIOT1I, MaTepialliB Ta METOIUK
nociipkeHb.  JlocmaipkeHHS — XIMIYHOTO — CKJIaay  BHU3HAyajducs  PEHTICH-
(biIyopecueHTHIUM Ta PEHTTEHOCIEKTPaIbHUM METOAAMH aHaji3y, IOCIHIIKCHHS
CTPYKTYPH MPOBOAMIIOCS 32 AOIMOMOIOI0 ONTHUYHOI Ta €JIEKTPOHHOI MeTanorpadii.
HocnimxeHHs: (pi3UKO-MEXaHIYHUX BJIACTUBOCTEH BCTAHOBIIIOBAIM 3a JIOMIOMOTOIO
pPO3pPUBHUX MaIllMH. Pe3ynpTaT aHamily OTPUMAHUX pe3yJbTaTIB 0OpOOISIINCH
CTAaTUCTUYHUMH METOJaMH OOpPOOKH EKCIIEPUMEHTAJIbHUX JaHUX Ta METOJaMHU
CIYHUX KPUBHX.

VY TperboMy po3nuii OyJio NPOBEACHO aHaTI3 TPhOX METO/(IB HAIJIABJICHHS:
€JIEKTPOJIYyTOBOr0, IUIA3MOBOIO Ta METOJy XOJIOJHOTO IIEPEHECEHHS MeETaly 3
METOI0 BHU3HAYCHHS HAWOUIBII ONTHMAIBLHOTO METOAYy JUIA 3aCTOCYBaHHS ¥
BUPOOHMYMX YMOBAX MPU OTPUMAaHHI JAeTallel 3 arOMiHIEBUX CIUTaBiB. KoxkHUM 3
JOCITIIKYBAaHUX METOJIB OYJIM HaIlJIaBJIEHI 3pa3Kd 3 aJlOMO-KPEMHIEBOTO CILIABY
AlSi5, ta amomo-marnieBoro cruiaBy AlMgS. ByB mpoBeaeHMil aHami3 METOJIB
HaIJIaBJICHHS 3a TaKUMH TlapaMeTpaMH SIK TMPOAYKTHUBHICTh TEXHOJIOTIT Ta
BJIACTUBOCTSIMU OTPUMAHUX METAIIB aJTIOMIHIEBUX CIUIABIB, TAKUMU SIK: T€OMETPIis
MOBEPXHI, XIMIYHUH CKJIaJ, CTPYKTypa 1 (P13UKO-MeXaHI4H1 BIAaCTHUBOCTI.

B xoal pociaimKeHb BCTAHOBJICHO, IO KOXXKHUH 3 METOHIB JIO3BOJISIE
OTPUMYBATH BJIACTHBOCTI MarepiaiiB y MeXaX BHUMOI BIANOBIJHUX CTAaHIAPTIB.
Opnak Halle(EeKTUBHIMIMM ISl 3aCTOCYBaHHS Yy MPOMHCIIOBUX YMOBAaxX € METOJ
€JIEKTPOIYTOBOTO  HAIUIABJICHHS, OCKUIbKM BiH 3a0e3mneuye  HaWsAKICHIILY
reOMETPIIO 1 Ma€ HaWBUIILY IPOYKTUBHICTb.

Y derBeproMy po3aiiai Oylo TPOBENEHO BIAOCKOHANEHHS TEXHOJOTI]

€JIEKTPOYrOBOT0 0araTomapoBOTO HAIUIABJICHHS LUISXOM KOPErYBaHHS CKIaay



3aXMCHOI CyMilll Ta 3HauY€Hb MOrOoHHOI eHeprii. Jlo aprony nomaBamu remiil y
cniBBigHomeHHsAX Bix 10% mo 50% 13 kpokom 10%. Otpumani rpadiuni
3aKOHOMIPHOCTI BMICTY TeNil0 Ta 3HA4eHb HEOOXIJHOI TIOTOHHOI EHeprii.
BusiieHo, 1110 31 301IBIIEHHSM KUTBKOCTI TeJIi0 301UIBITYETHCS KOHIIEHTPAIIiS JYyTH
Ta 3MEHIIYEThCS CHJIAa CTPyMy HEOOXiJgHA JJig pO3IUIaBJICHHS MeTany. byio
BCTAHOBJICHO HACTYIIHI 3aKOHOMIPHOCTI 1110, 30UIbIIEHHS 3HA4Y€Hb MOTOHHOI
eHeprii 3a0e3neuye sKicHie GopMyBaHHS CTPYKTYpH, JUIsl 000X CILIaBiB — IS
AlSi5 3HWXKye BIACTaHhP MDK TUIKaMU JEHIpUTIB, M1t AlMgS — nosBosse
30UTBITUTH KITBKICTh BKJIIOYEHb, Ta MIABUIUTH PIBHOMIPHICTh iX pPO3MOILTY.
SAxicHime (opMyBaHHS CTPYKTypH 3a0e3ledye BUIIMI PIBEHb BIACTUBOCTEH, a
JIOJaBaHHs TEJi0 JO3BOJISE 3HU3UTH KIJIBKICTh IMTOTOHHOI €Heprii HeoOX1THOT JyIs
OTPUMAaHHS BUIIINX MEXaHIYHUX BJIACTHBOCTEH.

I[’atuit po3din mOpHCBAYEHO amnpoodarlii BAOCKOHAJIEHOT TEXHOJIOTI Ha
MPUKIIAl JIeTalll «KpHIIKa peaykropa». IIpoBeaeHO po3paxyHOK HaIpyKEeHO-
ne(opMOBaHOTO CTaHy HAIUIaBJIEHO!1 JIeTalll Ta BCTAaHOBJIEHO, IO KOoe]ilieHTH
3amacy CTaTMYHOI MIIHOCTI KpHWIIKH, BHUTOTOBIeHOI 3 AlSi5, AlMgS,
3aJI0BOJIbHSIIOTh HOpMATHUBHUM BuMoraM. KoedilieHTH 3amacy MIIHOCTI st
criaBiB AlSi5 1 AIMgS nopiBaioroTs 2,6 1 3,4 BianoBiaHo. PeanbHi HaBaHTaXKCHHS,
SK1 BUHUKAIOTh B JieTali He nepeBuiryoth 1200 H. Ile mo3Bossie cTBepKyBaTH,
o BupiO 31 criaBy AIMgS, BUTOTOBJIEHUN METOJOM IMOIIApPOBOTO HAIIABICHHS
MOKE€ 3aCTOCOBYBAaTHMCA Ha 3aMiHy paHillleé BUKOPHUCTOBYBaHUX BHPOOIB 3
aHAJIOTIYHUX aJIIOMIHIEBUX CIUIABIB, SIKI BUTOTOBIISUIACS 3a CTAaHJAAPTHUMHU
TEXHOJIOT1SIMH JINTBA.

3aTpatTd yacy MpH OTPUMaHHI HOBOi JeTail BIOCKOHAJICHUM METOI0M
3aiiMa€e JI0 TPhOX JIHIB 3 MOMEHTY OTPUMAaHHS KOHCTPYKTOPCHKOTO 3aBIaHHS.

KoedimienT BukopucTanHs Marepiany MpH HamiaBleHHI ckiagae 89%, a
IPY JINTOMY BUTOTOBJICHHI BUPOOY 33%.

B pesynbTaTi po6oTH 0ys0 BAOCKOHAJIEHO MIKPOMETANYPriifHYy TEXHOJIOTIIO
METO/Iy €JEeKTPOJAYTOBOTO HAIUIABJICHHS aBlallifHUX JeTalield 3 KOHCTPYKIIMHHUX

amoMiHieBUX cruiaBiB AlSi5 Ta AIMgS i3 3a0e3neueHHsAM eKcIulyaTaliiHuX



BJIACTMBOCTEH, Ha €Tami KOHCTPYKTOPCHKO-TOCIITHUX POOIT Ta IPU OAUHUYHOMY
BUPOOHUIITBI.
Kaw4yoBi cjgoBa: 1momapoBe  HaIIaBJCHHS, aJIOMIHIEBI  CIUIaBH,

MIKpOMETaNypriiiHi METOIU, BAOCKOHAJICHHS TEXHOJIOTII.
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SYNOPSIS

Gnatenko M.O. — IMPROVEMENT OF MICROMETALLURGICAL
METHODS IN MANUFACTURING AIRCRAFT COMPONENTS FROM
ALUMINUM ALLOYS - Qualifying work as a manuscript.

A thesis for PhD’s degree in Metallurgy (136).

The work was completed in Zaporizhzhia Polytechnic National University,
Zaporizhzhia, in 2021.

Scope of Thesis. The thesis is dedicated to studying impact of weld
deposition techniques on composition, structure, physical properties of aluminum
alloys. The work is aimed at determining the most suitable method for aircraft
component manufacturing from aluminum alloys and subsequent improvement of
manufacturing process of the selected weld deposition method. Impact on structure
and properties of the deposited metal was studied by adjusting basic parameters of
weld deposition, such as shielding gas composition and heat input values. Based on
the results of a set of research the improved method was tried and tested during
manufacturing of a complex box-type workpiece at Motor Sich JSC facilities.

Comparative analysis was performed for the first time and patterns of
process parameter influence on chemical composition, structure and mechanical
properties of AISi5, AIMg5 alloys were specified for micrometallurgical methods
of multilayer wire welding using cold metal transfer, microplasma and electric arc
weld deposition. The best mechanical properties of AIMg5 alloy can be obtained
by microplasma weld deposition (o, = 274+5MPa; 6¢,- 154+5 MPa; 6 =30.4+5%).
For AISi5 alloy the highest strength and yield stress values are obtained by cold
metal transfer (o, =190+5 MPa; oy, =120+5 MPa; & =16+5%). However, each of
three methods allows to obtain chemical composition and mechanical properties
within Specs for given alloys.

Description was further developed for mechanisms of process factor

influence on AISi5, AIMg5 alloys which allow to ensure mechanical properties of



aluminum alloys within requirements specified by relevant standards, under
minimum values of heat input (35 kg/J), using arc weld deposition method, which
in its turn, makes it possible to form thin walls (up to 3 mm) of the part segments
without consumption of strength margin.

Shielding mixture effect on arc weld deposition process was described for
the first time. It was established that helium content increase in argon allows to
reduce a minimum value of heat input required for metal melting and obtaining
high quality metal structure. To obtain high quality metal structure the most
suitable argon to helium ratio of shielding mixture is 70:30 %.

New ideas were gained on development of micrometallurgical processes in
silumin and aluminum-magnesium alloy weld deposition with heat input affecting
structural component of aluminum alloys. Heat input value increase up to 80 J/mm
allows to obtain more curved and fine structure and ensures decrease in distance
between silicon a—dendrite branches up to 5 to 15 um for AISi5 alloy compared to
cast equivalents. For AIMg5 alloy, heat input increase allows to obtain a uniformly
distributed structure with the increased quantity of magnesium strengthening
phases compared to equivalent obtained by drop stamping.

The thesis is composed of five chapters, a reference list and an appendix.

The first chapter contains analysis of modern publications on issues related
to manufacturing new critical parts from aluminum alloys using conventional
methods and weld deposition techniques. It is shown that to improve quality of
parts it is reasonable to use weld deposition techniques; in order to implement
these manufacturing processes, it is practicable to do studies aimed at optimization
of process conditions and improvement of product quality.

Based on information contained in publications and analysis of the state-of-
the-art, a research objective and tasks to be completed to achieve the objective,
were shaped.

A choice of manufacturing process, materials and research techniques was
substantiated in the second chapter. Chemical composition studies were

determined by X-ray fluorescent and X-ray spectral analysis methods; structure



was studied by means of optical and electronic metallography. Physical and
mechanical properties were studied using pull test machines. The obtained results
were processed by statistical methods used for experimental data and by secant
methods.

The third chapter describes analysis of three weld deposition methods
electric arc, plasma and cold metal transfer to determine the most suitable method
to be applied in production environment when manufacturing parts from
aluminum-silicon alloys. Each of the studied weld deposition methods was used to
manufacture specimens from AISi5 aluminum-silicon and AIMg5 aluminum-
magnesium alloys. Weld deposition methods were analyzed according to such
parameters as process efficiency and the obtained aluminum alloy properties:
surface geometry, chemical composition, structure and physical and chemical
properties. In the course of studies it was established that each of the method
allows to obtain material properties within relevant specifications. However, the
most efficient for application in production environment is arc weld deposition, as
it ensures the highest quality of geometry and has the best production performance.

The fourth chapter describes improvement of manufacturing process for arc
multilayer weld deposition by means of adjusting shielding mixture composition
and heat input values. Helium was added to argon at the ratios from 10 to 50% in
10% increment. Helium content and required heat input dependency graphs were
obtained. It was found that with the increase in helium content the arc becomes
more concentrated, and current strength, needed for metal melting, is reduced. The
following dependencies were established: increase in heat input values ensures
better structure forming for both alloys; for AlSiS it reduces distance between
dendrite branches, for AIMg5 it allows to increase number of inclusions and
improve uniformity of their distribution. Better structure forming ensures better
properties, and helium adding allows to reduce heat input required to obtain better
mechanical properties.

The fifth chapter is dedicated to trying and testing the improved

manufacturing process using the example of gearbox cover. Stress-strain state of



the weld deposited part was calculated and it was established that static strength
margin coefficients for the cover made from AISi5, AIMg5 comply with standard
requirements. Strength margin coefficients for AlSi5 and AIMg5 alloys are equal
to 2,6 and 3,4 respectively. Actual loads which occur in a part do not exceed 1200
N. This allows to state that the products made of AIMg5 alloy by multilayer weld
deposit can be used instead of those made from identical aluminum alloys by
conventional casting technologies.

Production time for a new part, manufactured by the improved method,
makes up to three days from the date of receiving designer’s assignment.

Material ratio makes 89% for weld deposition method and 33% for casting
product manufacturing method.

The performed work resulted in improvement of micrometallurgical method
of arc weld deposition on aircraft parts made of AISi5 and AIMg5 structural
aluminum alloys with the retained performance properties both at research and
design stage and during piece production.

Key words: multilayer weld deposition, aluminum alloys,

micrometallurgical methods, manufacturing process improvement.
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