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Jlana poOoTa CTOCYEThCS aKTyaJlbHOI HAYKOBO-TEXHIYHOI MpOOJIeMH
MIJBUILCHHS 3JIMIIIKOBOI JIOBFOBIYHOCTI €JIEMEHTIB aBIalliiHUX KOHCTPYKIIIH 3
KOHIICHTpAaTOpaMu HamNpy>KeHb. BHCOKI BUMOTH 70 HAIIMHOCTI KOHCTPYKIIIH 1 iX
Oe3rmeyHoi eKcIuTyarallii MarTh OCOOJMBE 3HAYCHHS B YMOBaX IUKIIYHOTO
HAaBaHTaXXEHHS 1 BUCOKMX HaINpyKeHb. BaxIMBOIO € HaykoBa 3ajaya OIIHKU
3aJIMIIKOBOT  JOBTOBIYHOCTI KOHCTPYKTHMBHUX €JIEMEHTIB 3 eKCIUlyaTalliiHuMU
MOIIKO/KCHHSAMU (BTOMHMMH TPIIIMHAMHU) B OKOJI1 (PYHKIIIOHAJIBHUX 1 KPIMHJIBHUX
OTBOPIB 3 MiIBUIIICHUMH BUMOTaMH 10 0€3MeYHO01 eKCIUTyaTallii.

VY BcTymi OGIpYHTOBAHO aKTYaJIbHICTh TOCTIIXKEHHS, HaBEJICHO 3B’ 130K POOOTH
3 HAyKOBO-AOCHIJHOI TEMOIO, IIOCTaBJIEHO METy Ta BH3HAYCHO 3aBJAHHS
JOCIIJDKEHHs, O0’€KT Ta TpeAMEeT JOCTIDKCHHS, HaBEJIEeHO Iepelik METOIiB
JOCIIHKCHHSI, 10 3aCTOCOBYBAJIUCH IS IOCSTHEHHS METH JHUCEpTaIiiiHOT poOOTH.
CdopmynboBaHO HAYKOBY HOBHU3HY, MPAKTUYHE 3HAYCHHS OTPUMAHUX PE3YIbTaTIB Ta
ocoOuCTHA TBOpYM BHECOK 3700yBauda. IlomaHo BimoOMOCTI o0 ampoodarrii Ta
OITyOJTIKYBaHHS PE3YNbTATIB JOCTIKCHHS.

VY mepmomy po3aini 3po0iaeHO OTJISA Mpallb 3a TEMOK JAUCEpTallii Ta MoJIaHO
CTUCJIMH aHaJli3 Cy4acHOro cTaHy Ipobiiemu. IIpoaHari3oBaHO METOIH ITiIBUIIICHHS
JIOBIOBIYHOCTI 1 3aJIMINKOBOI JOBTOBIYHOCTI €JIEMEHTIB aBlalliiHMX KOHCTPYKIIIH 3
KOHIIEHTpaTOpaMH HaNPyKEHb.

VY npyromy po3zaiiai ONMMCaHO METOJAUKH JOCTIKEHHS POCTY BTOMHHMX TPIIIUH 1

3QJIMIIIKOBOT JOBFOBIYHOCTI MJIACTHUH 13 3MIIITHEHUMH OTBOpPaMU 3 HAOyTUMU BTOMHUMH



MOIIKO/DKEHHSAMH 32 CTajoi aMIUIITYId HaBaHTAKCHHS, MOJCIIOBAaHHS METOIOM
ckinyeHux eneMenTiB (MCE) HampyskeHo-1e(hOpMOBaHOTIO CTaHy TUIACTHH 3 OTBOPAMH
i 9ac TEXHOJIOTTYHOI 00poOKu. Po3po0ieHO TEXHOJOTI0 1 METOJUKY JOPHYBaHHS
QTIOMIHIEBUX IUIACTMH 3 HAOyTUMH BTOMHUMHU TIOIIKO/DKCHHSIMH B OKOJI1
(YHKIIOHAIBHUX OTBOPIB, BIIMOBIAHUNA I1HCTPYMEHT JUIsl JOPHYBaHHsS, a TaKOX
HEOOXIHY OCHACTKY, SIKI 3aXMIIEHI NaTeHTaMH Ha IHTENEKTyalbHY BIJIACHICTb.
Metoauka peanizoBaHa Ha 0asi cepBOTiAPABIIYHOI BUMIPOOYBabHOT Mamuuu CTM-
100 3 xepyBannsm Bif [1K 1 aBTOMaTH30BaHOI0 OOPOOKOIO BUMIPIOBAJIBHUX JIaHUX.

Y TpeThoMy po3nuli OnMucaHo pe3yiabratu mojaentoBaHHs MCE mexaniyHOi
NOBEIIHKM MaTepiaiB 3 eheKToM nam’aTi GOpPMH Ta MOJEIIOBAHHS TOJIIB HAMIPY>KEHb
1 3aJIMIITKOBUX HAIPY)KCHb B IJIACTHHAX B OKOJII OTBOPiB. BU3HAYEHO pO3IMOALT TOJIiB
3QJIMIITKOBUX CTUCKYBAJIBHMX HAMPYXCHBb ITICIAS BIIHOCHOTO PO3LIUPECHHS OTBOPY
JOPHYBaHHSM 1 KOMOIHOBaHMM JOpHYBaHHSAM. JlOCHipKEHO BIMB BIJIHOCHOTO
PO3IIMPEHHS OTBOPIB HA PO3MOJLI 3aJIUIKOBUX HAIPYKEHb B OKOJII OTBOPIB PI3HOTO
niametpy. MCE 3Mo0z€/nbOBaHO BIUIMB IMKJIIYHOTO HABAHTAXKEHHS HA MEXaHIYHY
HOBEIIHKY 1 (DYHKI[IOHAIBHI BJIacTUBOCTI niceBaonpyxHoro Ni-Ti criaBy 3 mam’STTio
dopMu 3a OFHOBICHOTO po3TAry. OTpUMaHO ampoOKCUMAIlIWHI 3aJEeKHOCTI MIXK
HaIPpy>XeHHAM 1 JeopMalriero 3a BEpXHbOIO OTMHAIOYOI0 Ta YCEPEIHUM 3HAYCHHSIMU
niarpamu pedopMyBaHHs. BcTaHOBIIEHO, 110 32 OJTHAKOBOTO BITHOCHOT'O PO3IITHPEHHS
OTBOPY HE3aJIC)KHO BiJl TUIY JOPHYBAaHHS 3aJIUIIIKOBI HAIIPYKCHHS HA HOTO MOBEPXHI
1 B CepellHIi MO TOBIIMHI AUISHII 3MEHIITYIOTHCS 13 30LIBIICHHAM JiaMeTpa OTBODY.
JlocnimkeHo, 1o He3aJeXHO BiA JiaMeTpy OTBOPY, METOAY 1 TUINY JOPHYBaHHS
PO3PaxXyHKOBI CTUCKYBAJIbHI 3aJUIIKOBI HAMPY>KCHHS MaKCHMaJIbHI B CEpeaHIN 10
TOBIIMHI JUISHII 3pa3Ka 1 HAaWMEHIII Ha TTOBEPXHi.

VY ueTBepTOMY pO3IUTI OMMCAaHO OCHOBaHI 3aKOHOMIPHOCTI BIUIMBY HATSTY
JOpHYBaHHSI Ha 3QJIMIIKOBY JOBTOBIYHICTH QIIOMIHIEBUX IUIACTHH 3 TIOMEPEAHIMH
BTOMHUMH TOMIKOKEHHSMH B OKOJI1 (DYHKITIOHATBHUX OTBOPiB. JlOCHi»KeHO BILTHB
JIOpPHYBaHHSI 1 KOMOIHOBAHOTO JOPHYBaHHS HA KIHETUKY POCTY BTOMHHUX TPIIIUH 3a
CTajol aMIUNTYyJu HaBaHTaXeHHS. OOIPYHTOBAaHO TNapaMeTpu JOPHYBaHHS 1

KOMOIHOBAaHOTO  JIOPHYBaHHS 32  KPUTEPISIMU  MAaKCUMaJlbHOi  3aJIMIIKOBOT



N0BroBiyHOCTI. OOIrpyHTOBaHO Oulbllly €(EeKTHUBHICTh METOAY KOMOIHOBAaHOTO
JIOpPHYBaHHS IJIACTUH 13 alltoMiH1€BOTO ciiaBy /[164T 3 BTOMHUMM MOIIKOIKEHHSIMHU
B OKOJI1 OTBOPY MOPIBHSHO 13 JOPHYBAHHSIM.

JlocikeHHsT TTpOBeeHI HAa OCHOBI pO3pOO0JIEHOT METOAWKH JOPHYBaHHS Ta
KOMOIHOBAaHOTO JOpPHYBaHHS IUJIaCTUH 3 OTBOpPAaMHM 3 aIIOMIHIEBOTO CIUIABY, 3
MOIIKO/KEHHSIMU Y BUIJIANI YBEPTHKPYrOBOi BTOMHOI TPIIUHU 3 BHUXOIOM Ha
MIOBEPXHIO TJIACTHHH.

MeToau 1oCTiIKEHHS BIUTMBY HATATY TOPHYBaHHS Ha KIHETUKY POCTY BTOMHHX
TpillMH 0a3ylOThCS Ha MiIXOJaX MEXaHIKU Je(POPMIBHOIO TBEPJOro Tila, MEXaHIKU
pyWHYBaHHS Ta BTOMHOTO pYHHYBaHHS, METOJI CKIHUEHHUX CJIIEMEHTIB.
JIOCTOBIpHICT, ~ 3A00yTHX  PE3yNbTaTIiB  MIATBEPIKYETbCS ~ BUKOPUCTAHHSIM
cepTuikoBaHOi  MOJEpHI30BaHOiI  enekTporigpasiiunoi  mamuau  CTM-100,
CTEPEOCKOITIYHOTO MIKPOCKOITY JJIsi CIIOCTEPEKEHHS 32 POCTOM TPIIIMHHM, IO Jajio
3MOTy  OTpUMAaTtd  HEOOXiJHY  TOYHICTh 1  JOCTOBIPHICTH  pe3yJbTaTiB
€KCIIEPUMEHTATBHUX JIOCTIIKEeHb. 3aCTOCYBaHHIM 4ucelbHOro monaentoBanHs MCE
HanpyXeHo-neopMoBaHOTO CTaHy 1 3aJOBUIBHUM Y3TOJDKEHHSIM pe3yJbTaTiB
00YHCIIeHb 13 eKCIEPUMEHTAILHIMU 1 YUCEIbHUMHU JIAHUMH 1HIIIUX aBTOPIB.

3a pe3ynbTaTaMy YUCEIbHOTO MOIEIIOBaHHS 3 BUKOpucTaHHIM MCE BusiBiIeHO
OCHOBHI 3aKOHOMIPHOCTI BIUIMBY HATSTY JOPHYBAHHS 1 KOMOIHOBAHOTO JOPHYBaHHSI
Ha PO3MOJILI MOJIIB HAMPYKEHb Ta 3aJIMIIKOBUX HANPYKEHb B MJIACTUHAX 3 OTBOPAMHU
pi3HOrO miamerpy. BcTaHoBieHo, 1m0 KoMOiHOBaHE JOpHYBaHHS 10 35 % migBUIILYE
3aJIMIITKOBI CTUCKYBAJIbHI HAIPY>KEHHsI OiJii OTBOPIB MOPIBHSHO 13 JOPHYBaHHSIM.
[TokaszaHo, 10 MakCUMaIbHI CTUCKYBaJbHI HANPY>KEHHS CIIPUYMHEH1 JOPHYBAHHSM,
HE3aJIeXKHO BiJ niameTpy OoTBOpYy (8 — 12 MM) BUHUKAIOTh Y CEpeIHIN MO TOBIIWHI
IUISTHIY TUTACTAHU.

[3 30inpLICHHSIM JilaMeTpy OTBOPY 3a OJHAKOBOTO HATATY JOPHYBaHHS
CIIOCTEPIra€eThCs TEHACHITIS 0 30UTHIIICHHS 3AIMIITKOBOTO PO3KPUTTS TPIIIMHY TICIS
JIOPHYBaHHS Ta KOMOIHOBAHOTO JJOPHYBaHHS.

BusiBneHo, mo MmBUAKICTE PO3BUTKY BTOMHOI TPINMHU OUIs OTBOPY MICHs

JIOopHyBaHHsA 3 HaTsroM | = (2,4 — 2,8) % Maiike He 3aJIeKUTh BiJ JiaMeTpy OTBOPY (8



— 12 MM) 3a OJHAaKOBOrO po3Maxy KoO€(QIlI€HTa IHTEHCHUBHOCTI HAaINpYyXEHb.
JlocniapkeHo, 1o AOpPHYBaHHS Ta KOMOIHOBaHE JIOPHYBAaHHS CIOBUIBHIOE PICT
TPIIIMHM MOPIBHAHO 13 3pa3kamMu 0e3 3MILHEHHS, IpUYOMY Lel e(eKT O LIbIIHM micis
KOMOIHOBaHOTO JOpHYBaHHS. [3 30UIbIIEHHSIM AlaMeTpy OTBOPY Bil 8 MM 10 12 MM
3arajoM CIOCTEPIraeTbCsl 3MEHILEHHS MPUPOCTY TPIIMHU 332 OJHAKOBOI KUIBKOCTI
IIUKJTiB HABAaHTA)KCHHSI.

BusiBieHo, 1o TOpHYBaHHS 1 KOMOIHOBaHE JOPHYBaHHS OTBOPIB 3 BTOMHUMH
NOMIKO/DKECHHSAMH 3HAYHO IIJBUINYE 3aJMIIKOBY JOBrOBIYHICTh IUIACTHH 13
amoMidieBoro cmiaaBy J[16uT. 3okpema 3anuiikoBa JOBrOBIYHICTH IIACTUH 13
HOIEPEIHBOIO TPIIIMHOIO JOBKUHOI 1 MM Iiciiss KOMOIHOBaHOTO JopHYBaHHS | = 2 %
HiaBUIIYEThCS Y 9,6 pa3iB, a Mmiciis JOpHYBaHHA 3 HATsIroMm | = 2,7 % — y 9 pasis. Ile
BKa3ye Ha OUIbIY €(EeKTHUBHICTh METONY KOMOIHOBAHOTO JOPHYBaHHS 3 TOUKHU 30Dy
TiIBUILIEHHS PECYpCy €IEMEHTIB KOHCTPYKIIiH 3 KOHIICHTPATOPOM HAIPYKEHb.

HaykoBa HOBHM3HA OJEp)KaHUX pE3yJIbTATIB IMOJSATa€ B HAYKOBOMY
OOTpYHTYBaHHI Ta BHPIMICHHI BaXJIMBOI'O HAyYKOBOTO 3aBJaHHS ITIBUIIECHHS
3QJIMIIKOBOT JIOBFOBIYHOCTI €JEMEHTIB aBialllfHUX KOHCTPYKIIH 3 BTOMHUMH
MOIIKO/DKCHHSAMH OUTSI  KPINWJIBHUX OTBOPIB HUISAXOM XOJIOAHOTO TUIACTHYHOTO
nedopMyBaHHs MaTepiaiy B ix okoJi. [Ipu 1boMy ofiepskaHo Taki HAYKOB1 pe3yJIbTaTH.

— pO3pO0JICHO  OpWUTiHAJNBHI ~ METOAWKW  IIJBHINCHHS  3aJIUIIKOBOT
JIOBIOBIYHOCTI ~ KOHCTPYKIIIH 3  KOHIIGHTpATOpaMu  HAIpyXEHHS  MIJIIXOM
KOMOIHOBAaHOTO TPYXHO-TIACTUYHOTO J1e(POpPMyBaHHS OTBOPIB Ta 3 BUKOPUCTAHHSIM
poOOYMX IHCTPYMEHTIB 3 MaM’ATTIO0 (PopMHu;

— 3 BukopuctanHsiM MCE BcTaHOBIIEHO OCHOBHI 3aKOHOMIPHOCTI BIUTMBY
HATATY JOPHYBaHHS Ta KOMOIHOBAHOTO TOPHYBAHHS HA PO3MOILI IMOJIB HAIPYKEHB Ta
3aJIMIITKOBUX HAMPYKEHBb B OKOJII OTBOPIB PI3HOTO AlaMeETPy;

— BUSIBIICHO OCHOBHI 3aKOHOMIPHOCTI BIUIMBY HATITy JOpPHYBaHHS 1
KOMOIHOBAaHOTO JJOPHYBaHHS OTBOPIB B IJIACTHHAX 13 anmtoMiHieBoro cruraBy /[164T i3
nonepeaHiM BTOMHUM TMOIIKO/)KEHHSIM Ha KIHETHKY POCTY BTOMHHMX TPIIIMH 1

3QJIMILIKOBY JIOBTOBIUHICTH;



— OOIPYHTOBaHO MapaMeTpH JOPHYBaHHA Ta KOMOIHOBAHOI'O JOpPHYBaHHS
OTBOpIB B IUIACTMHAX 13 ajtoMiHieBoro cmiaBy J[16uT 3 momepenHiM BTOMHUM
MOMIKO/PKEHHSIM 32 KPUTEPIEM 3aJUIIKOBOI JIOBTOBIYHOCTI Ta JIOBEJICHO OLIBINY
€(eKTUBHICTh METO1y KOMOTHOBAHOTO JOPHYBAHHS MOPIBHSHO 13 TIOPHYBAHHSIM.

[lpakTruHe 3HAYEHHS OJIEPKAHUX PE3YIbTaTiB AOCTIIKEHb, TEOPETUUHHUX
y3arajlbHeHb Ta PO3pOOOK, MOJIATa€e y BUPIINIEHI NPOOJIEMH, K€ MalOTh BaXKIUBE
NpUKIagHEe 3HAauYeHHS. Pe3ynbTaTH MOCHITKCHHS B YAaCTHHI BUSBICHUX OCHOBHHUX
3aKOHOMIPHOCTEH BIUIMBY HATATY JOPHYBaHHS Ha 3aJIMIIKOBY JIOBIOBIUHICTH
€JIEMEHTIB  aBlalllIMHMX KOHCTPYKIIKA 13 amoMidieBoro cmiaBy J164T 3
eKCIUTyaTalllfHUMHU TOITKO/KEHHSIMHU O11s1 KPIMWJIBHUX OTBOPIB, a TAKOXK METOJIUKHU
HiABHUIEHHS €()EKTUBHOCTI XOJIOAHOTO PO3IIUPEHHS OTBOPIB B IUIACTHHAX, SKa
OCHOBaHa Ha KOMOIHOBAaHOMY JOpPHYBaHHI, MOXYTb OyTH BHKOPHUCTaHI TpHU
NPOJOBXKEHHI pPEeCcypcy eKCIUTyaTOBaHHMX aBialliiHUX KOHCTPYKIiHA. Pesynprartn
JOCJTJPKEHB Oy/1e BKJTIOUEHO JI0 PEKOMEHAAIliif 3 PEMOHTY 1 BIIHOBJICHHS! KOHCTPYKITIi
mitakiB AH Ta mpoekTyBaHHS BHCOKOHABAaHTaXEHUX 3’ €IHaHb CUJIOBUX JeTaliei
KOHCTPYKIIIH.

Knrwouoegi cnosa: miiactuHa 3 OTBOPOM, ATIOMIHIEBUH CIUIAB, CILIAB 13 TTaM’ SITTIO
dbopmu, ¢aszoBi MepeTBOPEHHsI, ayCTEHIT, MAPTEHCUT, PO3IIUPEHHS OTBOPY, BTOMHA
JIOBIOBIYHICTb, JOPHYBaHHS, KOMOIHOBaHE MOpHYBaHHsS, ¢opma (GPOHTY TPIIIUHH,

IIBUIKICTH POCTY BTOMHOI TPIIIUHH, KOS(IIIEHT IHTEHCUBHOCTI HAIIPY>KCHHS.



SUMMARY

Dyvdyk O. V. «Increasing the residual lifetime elements of aircraft structures by
plastic deformation of the material in the vicinity of the holes». — Qualification
scientific work with the manuscript copyright.

PhD thesis in Engineering Sciences with major in 131 «Applied mechanics» (13
— Mechanical engineering). — Ternopil lvan Puluj National Technical University,
Ternopil, 2020.

This work concerns the topical scientific and technical problem of increasing the
residual lifetime of elements of aircraft structures with stress concentrators. High
requirements for the reliability of structures and their safe operation are of particular
importance in conditions of cyclic loading and high stresses. An important scientific
task is to assess the residual lifetime of structural elements with operational damage
(fatigue cracks) in the vicinity of functional and mounting holes with high requirements
for safe operation.

The introduction substantiates the relevance of the research, gives a link to the
research topic, sets the purpose and defines the research objectives, object and subject
of the study, lists the research methods used to achieve the goal of the dissertation. The
scientific novelty, practical value of the obtained results and personal creative
contribution of the applicant are formulated. Information on the validation and
publication of the study results is provided.

The first section reviews the works on the topic of the dissertation and provides
a brief analysis of the current state of the problem. Methods of increasing the lifetime
and residual lifetime of elements of aircraft structures with stress concentrators are
analyzed.

The second section describes methods for studying the growth of fatigue cracks
and residual lifetime of plates with reinforced holes with preexisting damage at a
constant load amplitude, simulation of the FEM stress-strain state of plates with holes
during processing. The technology and technique of mandrel removal of aluminum

plates with acquired fatigue damage in the vicinity of functional holes, the appropriate



tool for mandrels, as well as the necessary equipment, which are protected by
intellectual property patents, have been developed. The technique is implemented on
the basis of servo-hydraulic testing machine STM-100 with PC control and automated
processing of measuring data.

The third section describes the results of the FEM modeling of the mechanical
behavior of materials with the shape memory effect and the modeling of stress and
residual stress fields in the plates vicinity the holes. The distribution of the fields of
residual compressive stresses after the cold expansion of the mandrel hole and the
combined mandrel is determined. The influence of the relative cold expansion of the
holes on the distribution of residual stresses in the vicinity of the hole of different
diameters is investigated. FEM modeling the effect of cyclic loading on the mechanical
behavior and functional properties of pseudoelasticity of Ni-Ti alloy with shape
memory under uniaxial tension. Approximation dependences between stress and strain
on the upper envelope and average values of the strain diagram are obtained. It is
established that with the same relative expansion of the hole, regardless of the type of
mandrel, the residual stresses on its surface and in the medium-thick section decrease
with increasing hole diameter. It is investigated that regardless of the hole diameter,
method and type of mandrel, the calculated compressive residual stresses are maximum
in the middle of the thickness of the sample and the smallest on the surface.

The fourth section describes the basic patterns of the effect of mandrel tension
on the residual lifetime of aluminum plates with pre-fatigue damage in the vicinity of
the functional holes. The influence of mandrel and combined mandrel on the growth
Kinetics of fatigue cracks at a constant load amplitude was studied. The parameters of
mandrel and combined mandrel by the criteria of maximum residual lifetime are
substantiated. The greater efficiency of the method of combined mandreling of plates
made of aluminum alloy D16chT with fatigue damage in the vicinity of the hole
compared to mandreling is substantiated.

The research was carried out on the basis of the developed method of mandrel
and combined mandrel of plates with holes made of aluminum alloy, with damage in

the form of a quarter-circle fatigue crack with access to the surface of the plate.



Methods for studying the effect of mandrel tension and growth kinetics of
fatigue cracks are based on the approaches of the mechanics of a deformable solid, the
mechanics of fracture and fatigue fracture, and the finite element method. The
reliability of the obtained results is confirmed by the use of a certified modernized
electrohydraulic machine STM-100, stereoscopic microscope to observe the growth of
cracks, which allowed to obtain the necessary accuracy and reliability of experimental
results. Application of finite modeling on of the FEM stress-strain and satisfactory
agreement of the results of calculations with experimental data and numerical data of
other authors.

According to the results of finite modeling using FEM, the main regularities of
the influence of mandrel tension and combined mandrel on the distribution of stress
fields and residual stresses in the plates of holes of different diameters are revealed. It
is established that the combined mandrel up to 35 % increases the residual stresses at
the holes compared to mandrel. It is shown that the maximum compressive stresses
caused by mandrel, regardless of the diameter of the hole (8 — 12 mm) occur in the
average thickness of the plate.

As the diameter of the hole increases with the same mandrel tension, there is a
tendency to increase the residual crack opening after static and combined mandrels.

It was found that the rate of development of a fatigue crack near the hole after
mandrel with cold expansion i = 2.4 — 2.8 % almost does not depend on the diameter
of the hole (8 — 12 mm) with the same scope of the stress intensity factor. It was
investigated that mandrel and combined mandrel slows crack growth compared to
samples without reinforcement, and this effect is greater after combined mandrel. With
an increase in the hole diameter from 8 mm to 12 mm, there is generally a decrease in
the crack growth with the same number of load cycles.

It was found that mandrels and combined mandrels of holes with fatigue damage
significantly increases the residual lifetime of plates made of aluminum alloy D16¢hT.
In particular, the residual lifetime after the combined mandrel with cold expansion

degree i = 2 % increases — 9.6 times, and after mandrel with cold expansion degree i =



2.7 % — 9 times. This indicates a greater efficiency of the method of combined mandrel
in terms of increasing the life of structural elements with a stress concentrator.

The scientific novelty of the obtained results in the scientific substantiation and
solution of an important scientific problem of increasing the residual durability of
elements of aircraft structures with fatigue damage near the mounting holes by cold
plastic deformation of the material around the holes. The following scientific results
were obtained:

— original methods of increasing the residual lifetime of structures with
stress concentrators by combined elastic-plastic deformation of holes and with the use
of working tools with shape memory alloys;

— using the FEM, the basic regularities of the influence of the mandrel
tension and the combined mandrel on the distribution of stress fields and residual
stresses in the vicinity of holes of different diameters are established;

— main regularities of the influence of mandrel tension and combined
mandrel tension in plates of aluminum alloy plates D16chT with pre-fatigue damage
on the growth kinetics of fatigue cracks and residual lifetime are revealed,;

— parameters of mandrels and combined mandrels of holes in plates of
aluminum alloy D16¢chT with pre-fatigue damage by the criterion of residual lifetime
are substantiated and the greater efficiency of the method of combined mandrels
compared to mandrels is proved.

The practical significance of the obtained results of research, theoretical
generalizations and developments, solved problems that have important applied value.
The results of the study in terms of the identified patterns of influence of mandrel
tension on the residual lifetime of elements of aircraft structures made of aluminum
alloy D16¢chT with pre-damage near mounting holes, as well as methods to improve
the efficiency of cold expansion of holes in plates, which is based on combined
mandrel, can be used operated aircraft structures. The results of the research will be
included in the recommendations for the repair and restoration of structures of aircraft

of the AN and the design of high-load joints of power detail of structures.



Key words: plate with hole, aluminum alloy, shape memory alloys, phase
transformations, austenite, martensite, cold expansion hole, residual lifetime, cold
expansion degree, crack, crack front, fatigue crack growth, stress intensity factor,

preexisting crack.
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