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Abstract

The object of this study is a new cold hole expansion method in terms of evaluating its
effectiveness in improving the fatigue life of 2024-T3 aluminum alloy. The new method is a
modified version of the existing split mandrel cold working. The new method ensures the same
tightness in the conditions of a relatively wider tolerance of the previously drilled hole diameter.
The evaluation of the new method effectiveness was made via fatigue tests with a pulsating
tensile cycle using flat specimens with central holes. Four group of specimens were tested. The
holes of the first group of specimens were drilled and finally reamed. The holes of the remaining
three groups of samples were successively drilled in the conditions of relatively large scattering
of the diameters, cold worked and finally reamed. The obtained S-N curves prove the novel
method effectiveness for significantly increasing the fatigue life (up to four times) compared to
the conventional case of hole processing with cutting only. The application of the proposed
method in the conditions of a relatively large scattering of the diameters of the pre-machined
holes leads to an insignificant change of the number of cycles to failure with the same applied
remote stress.

Pesrome

OOeKT Ha TOBa M3CJIEBAHE € HOB METOJ] 3a CTYJCHO Pa3IIHUpsiBaHE HA OTBOPH, KOWTO IIeNU Ja
orieHH €(eKTUBHOCTTA MY IIPH MOA0OpsIBaHE Ha KUBOTA Ha amyMuHueBa ciiaB 2024-T3 npu
ymopa. HoBust Meron e MmomudunupaHa BepcHs Ha ChIIECTBYBalllaTa TEXHOJOTHUS 3a
mactuaHa nedopmarus split mandrel cold working. OCHOBHOTO peAMMCTBO Ha HOBUSI METO/T
€, 4ye TOW rapaHTHpa €JHAKBa CTENEH Ha MPHUCTATaHe IOpPH MPU OTHOCHUTEIHO MO-IIMPOK
TOJIEPAHC Ha MPEABAPUTEIIHO MPOOUTHS THaMeThp Ha oTBopa. OneHkaTa Ha e()eKTUBHOCTTA Ha
HOBHSI METOJ] € U3BBPILIEHA Ype3 YMOPHU M3MUTBAHUSA C MyJICHpall IIUKBJI HA OI'bH, KaTo ca
M3TOJI3BaHM TJIOCKU 00pa3Iy C IEHTPATHU OTBOPHU. TecTBaHM ca 0010 YeTHPH IPYITH 00pasIly.
OTBOpHTE Ha IMBpBaTa rpymna oopas3iu ca oOpadoTeHn ¢ mpoOuBaHe M (HUHATTHO palibepoBaHe.
OTBOpHUTE Ha OCTAHAJIMTE TPH TPyNmu oOpa3uu ca OWIM MOCIENOBAaTETHO MPOOMBAHU MPU
YCIIOBUSATA Ha OTHOCHTEITHO TOJISIMO pa3ceiiBaHe Ha JMAMETPHUTE, CIE] KOETO ca IUIACTUYHO
nedopMupanu U Hakpas paiioepoBanu. [lomyuenute S-N kpuBH A0ka3Bar €(heKTHUBHOCTTA Ha
HOBUSI METO]I 33 3HAYMTEITHO yBEIMYaBAaHE HA yMOpHATa ABITOTPAHHOCT (0 YETUPU MBTH) B
CpaBHCHHE C KOHBCHI[MOHANHUS cloydail Ha oOpaboTka Ha OTBOPH CamMO upe3 ps3aHe.
[Tpunaranero Ha MPEATIOKEHUST METO/ B YCIOBHSATAa Ha OTHOCHUTEIIHO TOJIIMO pa3ceiiBaHe Ha
IMaMETPUTE Ha MPEABAPUTEIHO 00paOOTEHUTE OTBOPY BOAM A0 HE3HAUNTETHA TIPOMSIHA B Opost
[IUKITK JIO pa3pylllaBaHe IMPH €IHO U CHIIO MPUIOKEHO HAPEKECHHUE.
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Abstract

Fastener holes are among the most common natural stress concentrators in metal structures. The
life cycles of various structural elements, such as those in aircraft structures, automobiles, and
rail-end bolt joints, are limited by fatigue damage around the holes. An effective approach to
delay the formation and growth of fatigue macrocracks is to introduce residual hoop
compressive stresses around the holes. Two methods have become established in the
prestressing of fastener holes in aircraft components, split sleeve and split mandrel, which
implement one-sided processes. The common disadvantage of both methods is the complex
procedure due to the need for high accuracy of the initial holes. This article presents a new
modified split mandrel method providing the same tightness (interference fit) with a wide
tolerance of the pre-drilled hole diameters, reducing the number of technological cycle steps
and production costs. To implement the new method, a functionally connected tool and a device
with a hydraulic drive were developed. An extensive experimental study of 2024-T3 AA
specimens was carried out to evaluate the effectiveness of the method under a high scattering
of the pre-drilled holes. The new method provided a deep zone of residual hoop compressive
stresses on both faces of the specimens after cold working and after hole final reaming. The
removal of a plastically deformed layer around the hole of suitable thickness during the final
reaming decreased the axial gradient of residual hoop stress distribution. Fatigue tests on a
tensile pulsating cycle verified the effectiveness of the modified split mandrel method to
significantly increase the fatigue life by 6.6 times based on 10° cycle fatigue strength compared
to the conventional case of machining the holes. The obtained S-N curves for three groups of
samples with initial hole diameters of 8.0, 8.1, and 8.2 mm, which were cold worked with the
same tightness of 0.32 mm and final reamed, aligned well, indicating that the new method can
provide constant fatigue strength for a given stress amplitude.

Pe3rome

CkpenuTeaHUTE OTBOPH Ca Cpel Hal-4ecTO CpEIIAHUTE €CTECTBEHH KOHIEHTPAToOpu Ha
Halpe)keHWe B METAJHUTE KOHCTPYKUMH. )KUBOTHT Ha Oposd NMKIM Ha pa3IHMyHH
KOHCTPYKIIMOHHH €JIEMEHTH, KaTo T€3H B CAMOJICTHH KOHCTPYKLUH, aBTOMOOWJIM U OOJTOBH
ChEIMHEHUS Ha PEJICOBH Kpaullla, € OrpaHNYEH OT YMOPHO pa3pyleHue okono oropure. Eaun
e(eKTHBEH MOIX0]] 3a 3a0aBsHE HAa 00pa3yBaHETO U pacTeka Ha MaKPOIYKHATHHU OT yMOpa €
BBBEKJAHETO Ha OKPHKHU OCTaThUHU HAIPEKEHUS HAa HATUCK OKOJIO OTBOpHTE. J[Ba MeTo/1a ca
ce YTBBPAMIM B IMpPAaKTHUKaTa 3a MPEIBAPUTEHO HATOBapBaHE HA OTBOPH 3a CKPEHHUTEIHU
OTBOPH B CAMOJIETHUTE KOMITIOHEHTH: split sleeve u split mandrel, kouto mpunarar exHOCTpaHHU
MPOIIECH 3a TIOCTUTaHe Ha KelaHus eQekT. OCHOBHUAT OOIl HEOCTAThK U Ha JIBaTa METOAA €
CIIO)KHATa TMpOIEAypa, MABDKANla Ce€ Ha HEOOXOOMMOCTTAa OT BHCOKAa TOYHOCT Ha
I'bpPBOHAYAIHUTE OTBOpH. CTaTHsATa MpeACTaBs HOB MOAMGHUIHMPAH METOJ C paspsi3aH JIOPH,
KOHTO OCUTYpSIBa CBHIOTO ITPHUCTATAHE IPH MINPOK TOJICPAHC HA INAMETPUTE HA ITPEABAPUTEITHO
NpoOUTHTE OTBOPH, HaMalsBaliku Opos Ha CTBIKATE B TEXHOJOTWYHHUS LUKBI H
MPOU3BOJICTBEHUTE Pa3Xony. 3a MPUIIaraHeTO Ha TO3H METOJ ca pa3paboTeHN (PyHKIMOHAIHO
CBBP3aH MHCTPYMEHT M YCTPOHCTBO C XHAPABIMYHO 3a/BHKBaHe. M3BBpIIeHO € 00mHMpHO



€KCIIEPUMEHTAJTHO TIPOyYBaHe Ha oOpasuu oT amymuHueBa criaB 2024-T3 ¢ men orneHka Ha
e(eKTUBHOCTTAa HAa METOAAa IMpH TOJSIMO pa3celiBaHe Ha MPEABAPUTEIHO MPOOUTHTE
otBOpH. HOBHAT MeTon ocurypsiBa IbJIOOKa 30Ha HAa OKPBHKHU OCTAThYHHM HAPEKECHUS Ha
HATHUCK BBPXY JIBETE CTPaHU Ha oOpasuurTe cien miacThuyHa aedopmaims U cier (GUHAIHO
paiibepoBane Ha oTBOpa. lIpemaxBaHeTO Ha IUIACTUYHO Ae()OPMUPAHUS CIIOH OKOJIO OTBOPA C
noaxoxasia nedenuHa Mo BpeMe Ha (MHAIHO paiidepoBaHe HamalsiBa OCOBOSI TPAJUEHT Ha
pasnpeneNeHeT0 Ha OKPBXKHHM OCTaThYHM HampexeHus. V3muTBaHMATa 3a ymMopa INpHU
MyJICHpall] LUKBI Ha OMbH MOTBBP)KIABaT €(PEKTUBHOCTTa HA MOAM(ULMpAHUS METOH 32
3HAUMTEIHO yBEJIMYaBaHE HA KUBOTA Ha ymopa ¢ 6.6 mbTu Gasupano Ha 10° mukbma B
CpaBHEHHE C KOHBEHI[MOHAJHHUS CilIy4ail Ha oO0paboTKa caMO 4Ype3 MEXaHHYHO psi3aHe.
[Tony4yenute S-N KpUBH 3a TpUTE IPyNH 00pasIy ¢ MbPBOHAYAIHU TUaMeTpu Ha oTBopuTe 8.0,
8.1 u 8.2 MM, KOUTO ca OMJIM TUTACTUYHO Ae(POPMUPAHU C eHAKBA CTEIEH Ha MPUCTATaHE OT
0.32 MM 1 ¢uHaTHO palibepOBaHM, CHBMAAAT JOOPE KOETO TTOKa3Ba, Y€ HOBUAT METOJT MOXKE Ja
OCHUTYPH ITOCTOSIHHA SIKOCT Ha yMOpa 3a J1aJieHa aMIUIUTY/1a Ha HallpeKeHHUE.
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Abstract

The article reviews the main approaches and the methods that implement them to improve the
fatigue behavior of metal structural elements with fastener holes. A generalized classification
scheme is proposed, in which established methods in engineering practice and new methods are
systematized. The generalized scheme was developed based on the differential-morphological
method. In accordance with the differentiation of the methods in the generalized scheme, the
principle schemes of the different groups are visualized and an analysis of their advantages and
disadvantages was made from the point of view of their functional capabilities and in a
technological aspect.

Pesrome

Crarusita mpaBu mpervie]] HA OCHOBHHUTE MOJXOIM W METOIUTE 3a MOA0OpsIBaHE HA YMOPHOTO
MOBEJICHUE Ha METAJIHU KOHCTPYKIIMOHHU €JIEMEHTH ChC CKpenuTesHu oTBopH. [Ipeanara ce
00o01eHa KiIacu(UKaMoHHa CXeMa, B KOSITO Ca CHCTEMAaTU3UPAHU KaKTO YTBbPICHUTE METOIN
B MH)KEHEpHATa MpPaKTUKa, Taka U HOoBUTE MeToau. O6o0ImeHara kiacu(UKalMoHHa CXeMa €
pa3paboreHa Ha 0Oa3ara Ha JudepeHIHaTHO-MOpOIOTHYHUS MeTon. B choTBeTcTBHE C
nudepeHnranusaTa Ha METOAUTE B 00001IeHaTa CXeMa, Ca BU3yalTu3UPAHU IPUHIIUITHUTE CXEMH
Ha pa3IMYHUTE TPYNH U € HAIIPaBEeH aHAJIM3 HA TEXHUTE NPEAUMCTBA M HEAOCTATHIM KaKTO OT
IJIeJIHA TOYKA Ha TeXHUTE (PYHKIIMOHAIHU Bb3MOKHOCTH, TaKa U B TEXHOJIOTHYEH ACIIEKT.
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Abstract

The article presents outcomes from an experimental study of residual stresses around fastener
holes in aluminum alloy 2024-T3. The hole pre-stressing was performed via new method based
on split mandrel cold working method using special device. This cold working method provides
constant tightness (interference fit) between the mandrel major diameter and previously drilled
hole. This allows to eliminate some of the control operations in the technological cycle and thus
to reduce production costs. The circumferential residual stresses were measured using X-ray
diffraction technique and sin’y) method with a least-squares fitting procedure. It was
successively investigated: the influence of the initial diameter size scattering of the hole on the
residual stress distribution immediately after hole cold working, the evolution of the introduced
residual stresses depending on the thickness of the sheared metal layer by countersinking the
cold worked hole, and the influence of the initial hole diameter size scattering on the final
residual stress distribution. It was found that regardless of the relatively large scattering of the
initial diameter size of the hole, the used method of hole cold working provides a practically
constant zone of useful circumferential residual stresses around the pre-stressed hole. It was
proven that the removal of a layer of metal with a suitable thickness by means of final
countersinking can homogenize the area with residual compressive stresses around the hole in
the axial direction.

Pe3rome

CratusiTa npeacTaBs pe3yJITaTH 0T €KCIIEPUMEHTAIIHO IPOyYBaHe Ha OCTAThYHUTE HAMIPEIKEHUS
OKOJIO CKPEIMUTEIIHU OTBOPH B amymuHueBa ciuiaB 2024-T3. [TpeaBapuTeaHOTO HATOBapBaHE Ha
OTBOPHUTE € U3BBPIICHO Ype3 HOB MeTo, Oa3upad Ha MeTona Ha Split Mandrel Cold Working,
M3IOJI3BAIl CIIELUATTHO YCTPOHCTBO. METOABT 3a CTYyACHO pa3lIMpEeHNEe OCUTYpsIBa IOCTOSTHHA
CTETHATOCT (HAaTHCK) MEXIy OCHOBHHS AMAMEThp Ha JOpHA U MPEABAPUTEIHO MPOOUTHS
otBop. ToBa Mo3BOJIsIBA J1a C€ €IMMUHUPAT HAKOU OT OMEPALMUTE 38 KOHTPOJI B TEXHOJIOTUYHUS
LIUKBJI U TI0 TO3M HAuMH J1a C€ HaMaJsAT MPOU3BOJACTBEHUTE pa3xoau. OKpBKHUTE OCTaThbUuHU
HaNpEeKEHMs Ca M3MEPeHH ¢ MoMolnTa AuppakTOMETbp U MeTofa Sin“y ¢ mpoleaypa 3a
arnpokcuMalys MO0 MeToAa Ha Hail-mankute kBagpaT. [locrenoBarenHo € H3CIeIBaHO:
BIMSHUETO Ha pa3CceliBaHETO Ha MbPBOHAYATHUS pa3Mep Ha AMaMeThpa Ha OTBOpPa BBPXY
pasnpeneNieHueT0 Ha OCTAaThbYHHUTE HANPEKEHHUS HEMOCPEACTBEHO CleA  IUIaCTHYHA
nedopManus Ha OTBOpa, €BOJIOIMATA Ha BHBEJCHUTE OCTAaThYHU HAINIPEKEHUS B 3aBUCHMOCT
oT aebenuHaTa Ha CJIOs cpsi3aH METal 4ype3 3eHKepOBaHE Ha CTYIACHO 0OpaboTeHus OTBOp, U
BIMSHUETO Ha pa3CeliBaHETO Ha MbPBOHAYATHUS pa3Mep Ha AMaMeThpa Ha OTBOpPa BBPXY
OKOHYATEJIHOTO pa3NpeieieHue Ha OCTaThYHUTE HAPEKEHUS. YCTAaHOBEHO €, Y€ HEe3aBHCUMO
OT OTHOCHTEJIHO TOJSIMOTO paszceliBaHe B pa3Mepa Ha IMbPBOHAUYAIHHUSA JHAMETHp Ha OTBOPA,
U3MOJI3BAaHUAT METOJ 3a IUlacTUYHa JAedopmanys Ha OTBOPH OCUTYpsiBA MPAKTUYECKU
MOCTOSTHHA 30Ha Ha TOJE3HU OKPBHXKHU OCTAThbUHU HANPEKEHHS OKOJIO MpPEIBapUTEITHO
HamperHarus otBop. JlokazaHo e, 4e OTCTpaHsIBaHETO HA METaJIeH CJIOW C MOAXO/1Ia 1e0enrHa
MOCPEICTBOM (PHHAIIHO 3€HKEPOBAHE MOXKE J1a XOMOTE€HU3HPa 30HaTa C OCTaThYHU HANIPEKEHUS
Ha HaTHUCK OKOJIO OTBOpPA B aKCHAJIHA MOCOKA.
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Abstract

The article reviews the main approaches and the methods that implement them to improve the
fatigue behavior of metal structural elements with fastener holes. A generalized classification
scheme is proposed, in which established methods in engineering practice and new methods are
systematized. The generalized scheme was developed based on the differential-morphological
method. In accordance with the differentiation of the methods in the generalized scheme, the
principle schemes of the different groups are visualized and an analysis of their advantages and
disadvantages was made from the point of view of their functional capabilities and in a
technological aspect.

Pesrome

Cratusita npaBu IMperiicq Ha OCHOBHUTC MNOAXOAW H MCTOAUTC, KOWUTO CC Ipujaarar, 3a
nofo0psiBaHe Ha TOBEACHUETO IPU yMOpa HAa METAHU KOHCTPYKIMOHHH EJIEMEHTH ChC
ckpenutenHu oTBopu. IIpemmara ce o00o00meHa kiacupUKAIMOHHA CXeMa, B KOSATO ca
CHCTEMAaTHU3UPAHN KaKTO YTBBPICHHUTE METOJM B HH)KCHEpHATA INPAKTHKA, TaKa M HOBHTE
Metonu. O06obmenara B crhoTBeTCcTBHE C AMdepeHIausiTa Ha METOIUTE B Ta3u 00o0IIeHa
cXema, ca BU3yaJIn3upaHy MPUHIUITHATE CXEMH Ha pa3IMYHUTE TPYITH U € HAIPaBeH aHAJIN3 Ha
TEXHUTE TPEJAUMCTBA M HEIOCTATHIM KAKTO OT TVIEJHA TOYKAa HA TEXHHUTE (PyHKIMOHAIHU
Bb3MO)KHOCTH, Taka W B TEXHOJIOTMYEH acleKT. cxeMa € pa3paboTeHa Ha Oas3ara Ha
nudepeHInanTHO-MOP(OTOTHIHHS METO/.



