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Effect of pressure pulse shape on power density and laser
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OmnpenerneHsl pOpMbI UMITYIbCOB AaB/ICHNUA LA KPYI/IbIX M KBa[paTHBIX ILITEH jasepa Ipu
Pa3IMYHON IVIOTHOCTU MOILHOCTI U3/Ty4eHNUs C IOMOIbI0 (OTOHHOTO JOIIEPOBCKOTO M3-
Meputens ckopocTu. ITonyueHHbIe GOPMBI MMITYIbCOB AaB/ICHNS TO3BOIMIN YTOUHUTD Ma-
TeMaTUYeCKyI0 MOJie/Ib IIpoliecca 1a3epHoll yAapHOI 06pabOTKY B YaCTH IOCTPOEHMSA SIII0-
PBI OCTAaTOYHBIX HampspKeHuil. IIpoBefieHO M3MepeHue MpoduIs CKOPOCTHU TepeMeLeHNs
CBOOOMIHOII HOBEPXHOCTM 0Opasiia IMpM J1a3epHON yAapHOI 00paboTKe C OTHOCUTENbHON
IVIOTHOCTBIO MOIHOCTY m3nyderns 0,10...0,63 Ha IIOCKUX 0Opasiax 13 TUTAHOBOTO CIUIa-
Ba TomumymHo 0,35...1,20 MM. ITonyden XxapakTepHslil IPOGUIb YIPYTOIIACTUYECKOI BO-
HBI B 00paslie U3 TUTAHOBOTO CIUIaBa. Y CTAHOBJIEHO, YTO IIpY KPYI/IOM IIATHe jasepa ¢ Io-
BBIIICHUEM IIOTHOCTY MOLIHOCTY U3NMy4eHNs GpopMa MMIy/Ibca JaBaeHNs TOYTH He U3Me-
HAETC, a IPU KBaJ[paTHOM IIAITHE JJINTETbHOCTb MMITY/IbCa yBeNM4YMBaercs B 1,6-2,3 pasa.

EDN: KQBHDB, https://elibrary/kqbhdb

KmroueBbre cmoBa: masepHas yjapHas 06paboTKa, yIpyromacTiudeckas BomHa, obpasery 13
TUTAHOBOTO CIIaBa, IPOQIIIb UMITY/IbCa FaB/IeHUS

The pressure pulse shapes were determined for round and square laser spots at different ra-
diation power densities using a photon Doppler velocimeter. The obtained pressure pulse
shapes made it possible to refine the mathematical model of the laser impact processing
process in terms of constructing a residual stress diagram. The velocity profile of the free
surface of the sample was measured during laser shock peening with a relative radiation
power density of 0.10..0.63 on flat titanium alloy samples with a thickness of
0.35...1.20 mm. A characteristic profile of the elastic-plastic wave in a titanium alloy sample
was obtained. It was found that for a round laser spot, the pressure pulse shape remains vir-
tually unchanged with an increase in the radiation power density, while for a square spot,
the pulse duration increases by 1.6-2.3 times.

EDN: KQBHDB, https://elibrary/kqbhdb

Keywords: laser shock peening, elastic-plastic wave, titanium alloy sample, pressure pulse
profile
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JlasepHas ymapHas obpaborka (JIYO) ormmuaercs
OT JPYIMX METO[OB YIPOYHEHMUs IIOBEPXHOCTHOTO
cnost [1-3] 6Gonmbiieit IIyOMHOI pacIpOCTpaHEHUs
OCTaTOYHBIX HampspDKenmit okatus (OHC, h>
>0,3MM) ¥ BO3MOXXHOCTBIO 00pabOTKM TOHKO-
CTEHHBIX 3/IEMEHTOB Ta30TYPOMHHOTO JBUIaTeJIs,
TaKMX KaK KPOMKMU Iepa J0MaToK [4, 5].

Ynyquienue QpusMKo-MeXaHNYECKUX, YCTANIOCT-
HBIX U KOPPO3MOHHBIX cBoiicTB mpu JIYO o06y-
cnosneno obpasosanreM OHC u usmenpueHmem
3epHa [6].

ITpu ynpouHenun mMaTepuana c nomouipio JIYO
(puc. 1) cHavama Ha ero MOBEPXHOCTb HAHOCUTCS
3aIlMTHBIN CJI0M, a 3aTeM IpO3payHbIil. B KauecTBe
3aLIUTHOTO C/IO0sA I IIpeJoTBpallieHNs] IIOBpe-
XKJIeH)s TIOBEPXHOCTHOTO C/I0s I€Ta/IN BBICTYTIAIOT
YyepHas Kpacka, MOMMBYHIWIXIOPUAHAS JIEHTa WU
amoMuHueBass ¢onbra. B kavectBe mpospavyHOro
C/1051 Yallle BCETO NMPUMEHSIOT JVUCTIIIMPOBAaHHYIO
BOJya /ISl yBeIWYEHMsI IOPOTOBOTO 3HAYEHMs OII-
TUYeCKOro mpobos [7].

Tak kak JIYO — OBICTpONpPOTEKAOIINIT TIPO-
necc (IIPORO/DKUTEIBHOCTBIO HECKOTbKO HaHOCe-
KYHI), TIpM IPWIOKEHUN [aBI€HUSA B MeTajUle
BO3HUKAeT yfapHas BonHa. Ecam pmaBneHue 3a
(POHTOM yHAapHON BOJHBI IIPEBBIIAET Ipefesn
yupyroctu T'toronno (Hugoniot Elastic Limit —
HEL), To mosiBnsitoTcsa maactudeckue pedopma-
nuy, npusopsmuye k nossreHuto OHC. Ecmm xe
HaB/ieHue 3a PPOHTOM, paBHOE NMKOBOMY HaBJie-
Huto 11asmbl, MeHbile HEL, To mractuyeckoro
nedOopMMPOBaHUA MeTa/yla He IPOMUCXOAMNT, T. €.
medopManuy HOCAT YIIPYIMil XapaKTep.

CcdokxycrpoBaHHOe Ha MUIIEHU VIMITY/IbCHOE JI1a-
3epHOe M3JTy4eHMe MepeBONUT HeOOIbIIoe Kommyde-
CTBO BeI[eCTBA B IUIa3MOOOpasHOe COCTOsIHVE
(puc. 2) [7]. O6paszoBanue IIa3MBbI C TEMIIEPATYPOIL
1o 20 000 K mpoucxopuT B 04eHb TOHKOM CTIoe (He-
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Puc. 1. Cxema JIYO:
1 — nmasepHblit 1y4; 2 — OTPaHMYMBAOILNI C/IOJ; 3 — II/IasMa;
4 — abnALMOHHOE TIOKPBITIE; 5 — 00pabaTbIBaeMBblil
MaTepuaj; 6 — yJapHas BOJIHa

CKO/IBKO MMKpoMerpoB). IIpu mcnonpsoBanym 3a-
IIMTHOTO CTI0A IIe/IeBOI MaTepyasl OCTaeTCs XO/MIOf-
HBIM B Ipolecce 06pabOTKM, M TOJIBKO pacHpo-
CTpaHSIOMIASACSA MeXaHW4YecKas yapHas BO/IHA BbI-
3bIBaeT M3MeHEeHNs B CBOJICTBax Marepuana [8, 9].

[Tpy nasepHOM yhape BO BpeMs UMIIyJIbca Ha
MOBEpXHOCTY MaTepuana oOpasyeTcs IUIasMa, KO-
TOpast, paclupsAch, ITeHepypyeT yIpYroliacTiye-
cKyio BojHy. ITocmeHsis, pacpoCTpaHssich BITyOb
MaTepuasa, BbI3bIBAaeT IUIACTHYECKVe AedopManym
u, xak cnexcreue, OHC. B npouecce mpopByKeHns
ee popma n3meHnsiercs. CrenaHa MOIBITKA OLEHUTD
¢dopmy (Bpems (GpOHTOB HapacTaHusA/CHafa U aM-
IUINTYZY) VIMITY/IbCA JIaBJICHVS, CTeHepYPOBAaHHOTO
IUIa3MOJ B MOMEHT JIa3ePHOTO yapa.

UccnemoBanus JIYO B OCHOBHOM CBSI3aHBI C €€
BIVISTHMEM Ha MEXaHMYeCKVe ¥ YCTa/lIOCTHbIe CBOJI-
crBa [10], n3meHeHne MukpocTpykrypst [11]. IIpu-
MEHNTENbHO K NapaMeTpaM JIYO usydeHo BnusAHMe
9HEpIMM MMITy/Ibca fasepa [12], dmcna mpoxopos
[13] wim xoadduimeHTa mEPeKpPHITHUS Ta3epHOTO
nAaTHA [14] Ha ypoBens u ryouny OHC.

BappupoBaHue SHepruym MMIIyIbca ja3epa
(200...400 mIIx) mpu 06pabOTKe ANMIOMMIHUEBOTO
cmaBa AA 7075 TOKasano, 4YTO ee yBeM4eHue
npusogut K 6ompiimm OHC B o6pasue (-156...
-317 MIIa), npudeM IyOMHA OCTaeTCs HEM3MEH-
Holt (mo 0,5 mm). IllepoxoBaTocTh OOpasia mpu
YBeMMYEHNM SHEPIUM VIMITYJIbCa BO3pacTaeT OT
0,9 mxm mpm 200 m/Ix go 2,0 Mxm npu 400 mJIx
[12].

B pab6ore [13] Ha obpasiie u3 crann AISI 304
JIVO mpoBefieHa B OffHON Touke. JJmaMeTp IATHA
71asepa CcoCTaBlIAN 3 MM, 9Heprua — 9,3 [k, omn-
TeJIBHOCTD MMITynbca — 10 HC. YcTaHOBIEHO, YTO
U3MEHEHMe YC/Ia IIPOXOJ0B C OHOTO IO TPeX IO-
Boicuno OHC ¢ -250 go -370 MIla B moBepxHOCT-
HOM CJI0e, T/TyOMHa NPy 9TOM BO3pPOC/Ia HEe3HAUM-
tenbHo (mo 0,7 MM).

Puc. 2. Bueurauit Bup 1asepHoro dakena
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Puc. 3. Cxema n3MepeHus CKOpOCTHU IepeMelleH N
CBOOOIHOJI TIOBEPXHOCTIL:
1 — M3MepUTENbHBIIT 30H/I; 2 — YIPYTOIIACTNYECKAs BOTHA;
3— 06pa3eu; 4 — Bofa; 5 — mIasMa; 6 — 1a3epHbII UMITYIIbC

Ilenp paboThl — mOCTPOUTh HOPMY MMITYIbCA
nasnenud npu JIYO, oueHUTD BAMsAHUE IVIOTHOCTYU
MOIIHOCTY ¥ (POPMBI JIa3epHOTO IIATHA Ha POpMy
UMITy/JIbCa fAaBjieHuA. DTO MO3BOMUT B JanbHeN-
IeM JICIIOTb30BaTh (POPMY MMIIY/IbCA IIPU MOJe-
mupoBanuy nponecca JIYO pna yrouHeHus mate-
MaTUYeCcKOll MOJeNnu.

Il usMepeHus CKOPOCTU IepeMelieHUsI CBO-
00 HOII IOBEPXHOCTY 00pasiia BO BpeMs JIa3epHO-
ro y#apa MCIO/Ib30BaH (POTOHHBIN TOIIEPOBCKMIL

P/Pmax
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Puc. 4. BnusaiHMe IIUTENIBHOCTY Ia3€PHOTO MMITyJIbca ¢
Ha PO TABIEHUS P/Pmax B YIPYTOIIIACTUYIECKON
BOJIHE, IIPOILIEfLIelT Yepe3 oOpaser] M3 TUTAHOBOTO
cinasa Tonmyaon 0,35 MM

usmeputens ckopoctu (PIVIC). Cxema usmepe-
HIIA 3TOTO ITapaMeTpa IpUBefeHa Ha puc. 3.

3Hasg CKOPOCTb IepeMelleHus CBOOOJHOI II0-
BEPXHOCTM V, MOXXHO PacCuMTarh flaBjleHNe p B
IpolIeflleil 4Yepe3 MaTepuaja YIpPYTOIUIacTHYe-
CKOJ1 BO/IHe IO popMyrie

p=cpv/2,

e ¢ — CKOPOCTb TPOJONBHON  BOMHBI,
c=6070 M/c; P — IIOTHOCTD, P = 4450 Kr/M™>.
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Puc. 5. DopMbl MMITy/IbCa aB/I€HNA NIPY PA3IMYHBIX 3HAYE€HNAX OTHOCUTENbHOI IVIOTHOCTY
MOIIHOCTY U3Nny4deHus I/ Iy, popMe 1 pasmepe mATHa a3epa:
@ — KpYIJIOe IATHO AMaMeTpoM 2 MM, I/ Imax = 0,20 (—), 0,30 (—), 0,40 (—), 0,60 (—);
6 — KBaapaTHOe MATHO pasMepoM 1 MM, I/ Imax = 0,33 (—) 1 0,66 (—);

6 — KBaJIpaTHOE ILITHO pasMepoM 3 MM, I/Imax = 0,10 (

)u 0,20 (—)
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Puc. 6. Pesynbratsl cpaBHeHus ummynbcoB DT (1) u UT (2):
a — npodu MMIYIbCOB; 6 — pacdeTHbIe (TOYKM) U SKCIIEPUMEHTAIbHbIE (IMHNM) 3aBUCUMOCTI
MaKCUMAJIbHOTI'O JaB/JICHUA pmax OT IVIOTHOCTY MOIITHOCTN MU3JTyI€HUA 1

ITpoBeneHO M3MepeHMe NPOPIIA CKOPOCTH Iie-
peMerieHuss CBOOOJHON IOBEPXHOCTM OOpasiia
IpU J1a3ePHOM YHape C pasHOM OTHOCUTE/IbHON
IUVIOTHOCTBIO MOLIHOCTM  M3NMY4eHUS [/Inax =
=0,10...0,63 Ha mwIOCKMX 0Opaslax TOMLIVHOIN
0,35...1,20 mm. 3gech I u I1nax — IJIOTHOCTH MOIII-
HOCTY U3/Ty4eHVs U1 ee MaKCUMaJIbHOe 3HaYeHNe.

BnusHue BMTeNbHOCTU Ta3epHOTO MMITy/IbCa ¢
Ha IpodWIb NABAEHUA P/Pmax (Pmax — MaKCHMaTb-
HOe [aBJieHue) B YIPYTOIUIACTUYECKON BOJHE,
Hpollesieit yepes obpasel] U3 TUTAHOBOTO CIIIaBa
tonmyHoui 0,35 MM, ITOKa3aHo Ha puc. 4.

ITo usMepeHHBIM HpPOGUIAM CKOPOCTH Iiepe-
MellleHusi CBOOOJHOI IOBEPXHOCTH 0Opasia
OIIpefie/ieHbl BpeMsl HapacTaHusl M 3aTyXaHWUs
MpOLIEIIel YIPYTOIUIACTUYECKON BONHBL. B pe-
3y/IbTaTe YCTaHOBJIEHBI (POPMBI MMITy/IbCA HaBJIe-
HUSI, CTeHEpUPOBAHHbIE JTA3€PHBIM BO3[E/ICTBIEM.
DopMblI UMITy/IbCA JAaB/IEHNS IIPU Pa3/INYHBIX 3HA-
YEeHUSAX OTHOCUTE/NBHOI IUIOTHOCTY MOIHOCTH
uanydeHus I/Ima., popMe u pasmepe IATHA 1asepa
IIpUBeJieHbl Ha pIC. 5, a—86.

VismeHeHune GOPMBI MMITY/IbCA JABJIEHNS, BEpO-
ATHO, CBSI3aHO C pa3MepoM 1 (GOpMOIi IIsATHA /Tase-
pa. [loBepXHOCTHBIE BO/IHBI BHYTPU IIATHA jIa3epa
BeyT ceOs I0-pasHOMY.

B pa6ore [15] ycraHoBneHO, uyTO (popmMa M-
nynbca faBieHus (puc. 6) okasbIBaeT 3HAYUTENb-
Hoe BjMsAHUe Ha pacnupenenenne OHC mo riry6une
(puc. 7). TpeyronpHbiil TpopWIb aBIeHN C IO-
JIO)KUTEJIbHBIM HAaKJIOHOM Y MOHOTOHHO BO3pac-
tatomeit MomHocteio Kk muky (UT) mpuBommr K
0o/IbliIeMy [AB/IEHUIO ¥, COOTBETCTBEHHO, 0Ob-
muM OHC, yem npodmnp paBreHMs ¢ oTpuia-
TenbHbIM HakaoHOM (DT). OTHOocuTenbHasA IUIOT-

HOCTb MOIIHOCTM W3/Ty4eHMA OOOVX MUMIIY/IbCOB
I/ I1nax = 0,30.

Ha ocCHOBaHMM WM3/IOKEHHOTO HeOOXOAMMO
IPOBEPUTH, MOXXHO JIY M3MEHUTb HOPMY MMITY/Ib-
ca JaBJIeHNsA Ha JCIO/Ib3yeMOM OOOPYHZOBAaHUM,
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Puc. 7. Pacupenenennss OHC 6 o rnybune h mns
uMInynbcoB DT (- ) u UT (— ) Ipu OTHOCUTENIBHOI!
IVIOTHOCTY MOITHOCTY U3/TydeHNA I/ I o = 0,30
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Puc. 8. BnusiHue JyIUMTEIbHOCTY 1a3epHOTO VIMITy/IbCa ¢
Ha Ipo(MIb TaBIeHNs p/Pmax 6€3 yuera fanupix GIVIC
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Puc. 9. IxcnepumeHnTanbHble ( — ) u pacuetHble ( — ) pacnpepenenus OHC o no riy6une h
6e3 yuera (a) u ¢ yderom (6) HOBOIT (GOPMBI MMITY/IbCA JABIEHNS

gyto obecreunt pacnpenenenne OHC Ha 6onbIryro
rry6uHy 6e3 nsMeHeHus mapamerpos JIYO.

[/l yTO4HeHUs1 MaTeMaTN4ecKoil MOfie/y TIpo-
necca JIYO ucnonb3oBaHbl TIOTy4eHHbIe B paboTe
[16] mpodunp mmmynbca papneHus (puc. 8) u
smopst OHC (puc. 9, a).

Smropsr OHC ¢ yueToM HOBOI POPMBI UMITY/Ib-
ca JlaBjieHMs, onpeneneHHol ¢ nmomouipio OIVIC,
IPY TeX XKe [apaMeTpax MaTepuasa, 4To u B pabo-
te [16], mpuBemens! Ha puc. 9, 6. ITorpemHocts
pacyeTHON MOJie/l YMEHbIIN/IACh VM He IIPeBBbIIIa-
na 10 %.

BroiBopabl

1. IlpoBefeHO M3MepeHyUe NMPOGUIA CKOPOCTU
nepeMeleHns cBOOOIHOI moBepxHocTy mpu JIYO
C Ppa3sHO} IUIOTHOCTHIO MOILIHOCTM WU3TydeHMS Ha

JInutepatypa

IJIOCKMX 00pasljax 13 TUTAHOBOTO CIUIaBa TOIIIM-
Hou 0,35...1,20 mM. Ilomy4eH XapakTepHBI IpPO-
¢bumb ynpyromnacTideckoll BOTHBI B 0Opasie u3
TUTAaHOBOTIO CIIIaBa.

2. OnpepeneHsl (GOPMBI MMITY/IbCOB JaB/ICHV
JUIA TIATeH jla3epa KPYITION M KBafpaTHON ¢opm
IIPY Pas/IMYHON IJIOTHOCTY MOIIHOCTY U3/Ty4EeHMSL.

3. YcraHOBIIEHO, 9TO P KPYITIOM IIATHE JIa3epa
¢dbopma mmITynIbca aBIeHNA C HOBBIIIEHNEM IUIOT-
HOCTYM MOITHOCTH M3/Ty4eHMA IIOYTU HE M3MEHsET-
Csl, a IpM KBaJpaTHOM IIATHE JINTEIbHOCTH UM-
Imy/ibca yBem4uBaerca B 1,6-2,3 pasa.

4. IToxa3aHo, 4TO POGUIb C MOTOXKUTENbHBIM
HaK/IOHOM ¥ MOHOTOHHO BO3PacCTa0IIell MOIHO-
CTBIO K MKy IIPMBOJUT K OO/bIIEMY JaBI€HUIO 1,
cooTBeTcTBeHHO, 60mbIM OHC 1o riny6une, yem
npoduIb JaBIeHNA C OTPULIATE/IbHBIM HAKTIOHOM.

[1] Bopucenok I'.B., Bacunpes JI.A., Bopowmnus JL.T. n gp. Xumuxo-mepmuneckas obpabomxa
memannos u cnaiasos. Mocksa, Meramnyprus, 1981. 424 c.
[2] TupponpobecTpyitHblit MeTon yupouHeHus geraneit ['TII, ocHOBaHHBII Ha IUIACTUYECKOM

ZeOopMMpOBaHUM  IIOBEPXHOCTHOTO  cnodA.  gidroabraziv.com:  ee6-catim.  URL:
https://www.gidroabraziv.com/technology/gidrodrobestrujnyj-metod-uprochneniya-
detalej-gtd/ (mata obpamenns: 15.09.2025).

[3] IHCcTpyMeHTambHble TEXHOJIOTMM YAYYLIEHMS MeTa/UIMdeckux moBepxHocreil. URL:

https://www.rp-ural.ru/wp-content/uploads/2021/05/Ecoroll_RU.pdf (mata obpamenus:
15.09.2025).

[4] Inpsies A.A., ['a6oB VLI, Munenun A.C. u gp. CpaBHeHMe METOROB YIPOYHEHNsI Ha IIpefes
BBIHOC/IMBOCTY JIONIATOK M3 TUTAHOBOrO ciulaBa. Becmuux ITHUIIY. Mawunocmpoenue,
mamepuanosederue, 2023, 1. 25, Ne 4, c. 109-117.

[5] HoBukos VM.A., Hoxxuunxuit }0.A., Illn6aes C.A. MypoBoil OIBIT B UCCIEROBAHUY U [IPU-
MeHEeHMM TeXHOJIOTMYEeCKOTO Ipoliecca asepHoil yiapHoit 06paboTky MeTamioB (0630p).
Asuayuonmvie Osueamenu, 2022, Ne 2, c. 59-82, doi: https://doi.org/10.54349/
26586061_2022_1_59

[6] Ebrahimi M., Amini S., Seyed M. The investigation of laser shock peening effects on corro-
sion and hardness properties of ANSI 316L stainless steel. Int. J. Adv. Manuf. Technol.,
2017, vol. 88, no. 5-8, pp. 1557-1565, doi: https://doi.org/10.1007/s00170-016-8873-0



#03(792) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 67

[7] JlebeneB B.®. /lasepras gpomonuxa. Cankr-Ilerepbypr, 'TMO, 2019. 150 c.

[8] Morales M., Porro J.A., Blasco M. et al. Numerical simulation of plasma dynamics in laser
shock processing experiments. Appl. Surf. Sci., 2009, vol. 255, no. 10, pp. 5181-5185, doi:
https://doi.org/10.1016/j.apsusc.2008.09.067

[9] Pozdnyakov V., Oberrath J. Two-dimensional simulations of laser shock peening of alumi-
num with water confinement. IEEE Trans. Plasma Sci., 2022, vol. 50, no. 2, pp. 534-539,
doi: https://doi.org/10.1109/TPS.2022.3146269

[10] Lu H., Wu L., Wei H. et al. Microstructural evolution and tensile property enhancement of
remanufactured Ti6Al4V using hybrid manufacturing of laser directed energy deposition
with laser shock peening. Addit. Manuf., 2022, vol. 55, art. 102877, doi: https://doi.org/
10.1016/j.addma.2022.102877

[11] Lu J., Lu H,, Xu X. et al. High-performance integrated additive manufacturing with laser
shock peening — induced microstructural evolution and improvement in mechanical
properties of Ti6Al4V alloy components. Int. . Mach. Tools Manuf., 2020, vol. 148,
art. 103475, doi: https://doi.org/10.1016/j.jjmachtools.2019.103475

[12] Abeens M., Muruganandhan R., Thirumavalavan K. et al. Surface modification of AA7075
T651 by laser shock peening to improve the wear characteristics. Mater. Res. Express, 2019,
vol. 6, no. 6, art. 066519, doi: https://doi.org/10.1088/2053-1591/ab0b0e

[13] Zhang W., Lu J., Luo K. Residual stress distribution and microstructure at a laser Spot of
AISI 304 stainless steel subjected to different laser shock peening impacts. Metals, 2016,
vol. 6, no. 1, art. 6, doi: https://doi.org/10.3390/met6010006

[14] Zhu R., Zhang Y., Lin C. et al. Residual stress distribution and surface geometry of medical
Ti13Nb13Zr alloy treated by laser shock peening with flat-top laser beam. Surf. Topogr.:
Metrol. Prop., 2020, vol. 8, no. 4, art. 045026, doi: https://doi.org/10.1088/
2051-672X/abcel5

[15] Zhou L., Zhu C., Yuan H. et al. Influence of the laser pulse time profile on residual stress
characteristics in laser shock peening. Opt. Express, 2023, vol. 31, no. 11, pp. 18039-18049,
doi: https://doi.org/10.1364/OE.489426

[16] Illupsie A.A., KapmanoB B.B. Ananmus 3aBUCHMMOCTYM YPOBHS M ITIyOMHBI OCTATOYHBIX
HAIIpsDKEHMIT OT apaMeTPOB JIa3epHOTO M3MydeHMs IPY MOJIe/IMPOBAHNM JIa3ePHOI yaap-
HOI1 06paboOTKM IJIOCKMX OOpasIioB 13 TUTAHOBOTO CIUIaBa. M3secmus 6vicuiux yueOHblx
3aeedenuti. Mawiunocmpoenue, 2025, Ne 4, c. 32-40. EDN: Dhthol

References

[1] Borisenok G.V., Vasilyev L.A., Voroshnin L.G. et al. Khimiko-termicheskaya obrabotka
metallov i splavov [Chemical-thermal treatment of metals and alloys]. Moscow, Metallurgi-
ya Publ, 1981. 424 p. (In Russ.).

[2] Gidrodrobestruynyy metod uprochneniya detaley GTD, osnovannyy na plasticheskom deformi-
rovanii poverkhnostnogo sloya [Hydro-shot blasting method for strengthening gas turbine
engine parts based on plastic deformation of the surface layer]. gidroabraziv.com: website.
URL: https://www.gidroabraziv.com/technology/gidrodrobestrujnyj-metod-uprochneniya-
detalej-gtd/ (In Russ.). (accessed: 15.09.2025).

[3] Instrumental’nyye tekhnologii uluchsheniya metallicheskikh poverkhnostey [Instrumental
technologies for improving metal surfaces]. URL: https://www.rp-ural.ru/wp-content/
uploads/2021/05/Ecoroll_RU.pdf (In Russ.). (accessed: 15.09.2025).

[4] Shiryaev A.A., Gabov I.G., Milenin A.S. et al. Comparison of hardening methods on blades of
titanium alloy. Vestnik PNIPU. Mashinostroenie, materialovedenie [Bulletin PNRPU. Me-
chanical Engineering, Materials Science], 2023, vol. 25, no. 4, pp. 109-117. (In Russ.).

[5] Novikov I.A., Nozhnitskiy Yu.A., Shibaev S.A. International experience in research and ap-
plication of the technological process of laser shockpeening of metals (review). Avi-
atsionnye dvigateli [Aviation Engines], 2022, no. 2, pp. 59-82, doi: https://doi.org/
10.54349/26586061_2022_1_59 (in Russ.).

[6] Ebrahimi M., Amini S., Seyed M. The investigation of laser shock peening effects on corro-
sion and hardness properties of ANSI 316L stainless steel. Int. J. Adv. Manuf. Technol.,
2017, vol. 88, no. 5-8, pp. 1557-1565, doi: https://doi.org/10.1007/s00170-016-8873-0



68 M3BECTV BBICHIMX YYEBHBIX 3ABEJEHUN. MAIIIMHOCTPOEHNE

#03(792) 2026

[7] Lebedev V.F. Lazernaya fotonika [Laser photonics]. Sankt-Peterburg, ITMO Publ., 2019.

150 p. (In Russ.).

[8] Morales M., Porro J.A., Blasco M. et al. Numerical simulation of plasma dynamics in laser
shock processing experiments. Appl. Surf. Sci., 2009, vol. 255, no. 10, pp. 5181-5185, doi:
https://doi.org/10.1016/j.apsusc.2008.09.067

[9] Pozdnyakov V., Oberrath J. Two-dimensional simulations of laser shock peening of alumi-
num with water confinement. IEEE Trans. Plasma Sci., 2022, vol. 50, no. 2, pp. 534-539,
doi: https://doi.org/10.1109/TPS.2022.3146269

[10] Lu H., Wu L., Wei H. et al. Microstructural evolution and tensile property enhancement of
remanufactured Ti6Al4V using hybrid manufacturing of laser directed energy deposition
with laser shock peening. Addit. Manuf., 2022, vol. 55, art. 102877, doi: https://doi.org/

10.1016/j.addma.2022.102877

[11] Lu J., Lu H., Xu X. et al. High-performance integrated additive manufacturing with laser
shock peening — induced microstructural evolution and improvement in mechanical
properties of Ti6Al4V alloy components. Int. . Mach. Tools Manuf., 2020, vol. 148,
art. 103475, doi: https://doi.org/10.1016/j.jjmachtools.2019.103475

[12] Abeens M., Muruganandhan R., Thirumavalavan K. et al. Surface modification of AA7075
T651 by laser shock peening to improve the wear characteristics. Mater. Res. Express, 2019,
vol. 6, no. 6, art. 066519, doi: https://doi.org/10.1088/2053-1591/ab0b0e

[13] Zhang W., Lu J., Luo K. Residual stress distribution and microstructure at a laser Spot of
AISI 304 stainless steel subjected to different laser shock peening impacts. Metals, 2016,
vol. 6, no. 1, art. 6, doi: https://doi.org/10.3390/met6010006

[14] Zhu R., Zhang Y., Lin C. et al. Residual stress distribution and surface geometry of medical
Ti13Nb13Zr alloy treated by laser shock peening with flat-top laser beam. Surf. Topogr.:

Metrol. Prop., 2020, vol.
2051-672X/abcel5

no. 4, art. 045026, doi: https://doi.org/10.1088/

[15] Zhou L., Zhu C., Yuan H. et al. Influence of the laser pulse time profile on residual stress
characteristics in laser shock peening. Opt. Express, 2023, vol. 31, no. 11, pp. 18039-18049,
doi: https://doi.org/10.1364/OE.489426

[16] Shiryaev A.A., Karmanov V.V. Analysis of the residual stress level and depth dependences
originating from the laser radiation parameters in simulating the laser impact machining of
flat samples made of the titanium alloy. Izvestiya vysshikh uchebnykh zavedeniy. Mashi-
nostroenie [BMSTU Journal of Mechanical Engineering], 2025, no. 4, pp. 32-40. EDN:

DHTHOL (in Russ.).

Nudopmanus 06 aBTopax

IMUPAEB Anexceit AnekcangpoBud — umkxeHep KO-2993.
AO «OJIK-AsuapBuratenp» (614990, Ilepmpb, Poccuiickas
Komcomornbcknit e-mail:

Depepanus, op-1, A 93,

shiryaev-aal@avid.ru).

MWIEHMH Aptem CepreeBuu — HadanbHUK oTfena KO-
2993. AO «OJIK-ABuagsuratens» (614990, Ilepmsb, Poccuii-
ckasg @epepanus, Komcomonbckuit mp-1, #. 93, e-mail:

milenin-as@avid.ru).

IUIEXOB Oner AHaronbeBud — HOKTOp (pr3mko-maTema-
TUYECKUX HayK, wieH-KoppecnionzieHT PAH, nupexrop. Ilepm-
ckuit deepalbHBIl MCCTeNOBATENbCKUI LEHTP YPanbCKOTO
orpenennsa PAH (614990, ITepmb, Poccuiickas Pepeparms,

yn. JlennHa, fi. 13a, e-mail: psc@permsc.ru).

CraTba noctynuia B pegakunio 11.10.2025

Information about the authors

SHIRYAEV Aleksey Aleksandrovich — Engineer, Depart-
ment KO-2993. UEC-Aviadvigatel JSC (614990, Perm, Russian
Bldg. 93, e-mail:

Federation, Komsomolskiy Ave.,

shiryaev-aal@avid.ru).

MILENIN Artem Sergeevich — Head of the Department KO-
2993. UEC-Aviadvigatel JSC (614990, Perm, Russian Federa-
tion, Komsomolskiy Ave., Bldg. 93, e-mail: milenin-as@avid.ru).

PLEKHOV Oleg Anatolievich — Doctor of Science (Phys.-
Math.), Corresponding Member of the Russian Academy of
Sciences, Director. Perm Federal Research Center of the Ural
Branch of the Russian Academy of Sciences (614990, Perm,
Lenina St, Bldg. 13a, e-mail:

Russian  Federation,

psc@permsc.ru).



#03(792) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 69

BIIMBKOB Anexceit HuxkomaeBuy — mmapmmil Hay4HbI
COTPYAHMK Tab0paTOpUM TEPMOMEXAHVKM TBEPABIX Tesl. VIH-
CTUTYT MEXaHUKIU CIIOLIHBIX cpef Ilepmckoro denepanbHOro
UICCTIEMIOBATe/IbCKOTO IIeHTpa Ypanbckoro otpenenusa PAH
(614013, Tlepmb, Poccuiickas Pepepaiys, yr. AxameMuka
Koporesa, f. 1, e-mail: vshivkov.a@icmm.ru).

TAYETOBA EneHa AnekceeBHa — MHXXeHep TabopaTtopuu
TEPMOMEXaHUKY TBEPABIX Te/l. VIHCTUTYT MeXaHMKM CIIIOLI-
HbIX cpel IlepMckoro depepasbHOTO MCCIEHOBATENTbCKOTO
neHTpa Ypambckoro oraenenusa PAH (614013, Ilepmb, Poc-
cuiickas Depepanys, yn. Akagemuka Koponesa, g. 1, e-mail:
vshivkov.a@icmm.ru).

VSHIVKOV Aleksey Nikolaevich — Junior Researcher, La-
boratory of Solid Thermomechanics, Institute of Continuous
Media Mechanics. Perm Federal Research Center of the Ural
Branch of the Russian Academy of Science (614013, Perm,
Russian Federation, Akademika Koroleva St., Bldg. 1, e-mail:
vshivkov.a@icmm.ru).

GACHEGOVA Elena Alekseevna — Engineer, Laboratory of
Solid Thermomechanics, Institute of Continuous Media Me-
chanics. Perm Federal Research Center of the Ural Branch of
the Russian Academy of Science (614013, Perm, Russian Fe-
Akademika Bldg. 1,
vshivkov.a@icmm.ru).

deration, Koroleva  St., e-mail:

ITpock6a cchUIAThCA Ha 3TY CTATBHIO CIEAYIOIUM 06pasoM:
MInpsies A.A., Muneans A.C,, IInexos O.A., Bummskos A.H., l'auerosa E.A. BrusaHMe II0OTHOCTY MOIHOCTH U Pas3-
Mepa IIATHA jladepa Ha (OpMYy MMITy/IbCa JAaBIEHUs IIPK JIA3€PHON yHapHOI 06paboTke 06pasI[OB U3 TUTAHOBOTO
crutaBa. M3secmust svicuiux yuebHoix sasedenuii. Mawunocmpoenue, 2026, Ne 3, c. 62-69.

Please cite this article in English as:

Shiryaev A.A., Milenin A.S., Plehov O.A., Vshivkov A.N., Gachegova E.A. Effect of pressure pulse shape on power
density and laser spot size in laser shock peening of titanium alloy samples. BMSTU Journal of Mechanical Engi-

neering, 2026, no. 3, pp. 62-69.

e MsparensctBo MI'TY um. H.O. baymana

OCHOBDI
MPOSKTMPOBaHMS
PaXYILMX
MHCTPYM@HTOB

npejIaraeT YnuTarensaMm yueobnoe mocoobue JI.[]. ManbkoBoit

«OCHOBBI MPOEKTUPOBAHU S
PeXXyIuX MHCTPYMEHTOB.

Mopynb 1»

HanpasneHo Ha cofelicTBUe B 3aKpeIUIEHUM ¥ PaCIIMPEeHUN 3HAHUIA,
MIOJTy4eHHBIX IIPY U3y4eHNN JTeKIMOHHOTO Kypca « OCHOBBI IIPOEKTUPOBa-
HUsL PEXKYLIIMX MHCTPYMEHTOB». BKiTiouaeT B cebst 60/IbIIOI 00'bEM MIITIO-
CTPAaTMBHOTIO M CIIPABOYHOIO MaTepuana, CChbI/IOK Ha HOPMAaTUBHbIE TOKY-
MEHTBI, II0SICHEHUI ¥ IPUMEPOB, CIOCOOCTBYIOLINX Ty4IlieMy TOHUMAaHNIO
VI YCBOEHMIO IPOTpaMMBbI AviciyIummHbL. OcCBelraeT IepByo YacTh Kypca, B
KOTOPYI0 BOIIUIM YeThIpe 0a30BBIX pasjea: MOHATUIHBIN alapar, UH-

CTpYMEHTA/IbHbIE MaTe€puaibl, 6aSI/Ip0BaHI/Ie u 6a3oBble IIOBEPXHOCTU U

PesIbL

byzer mose3Ho mpy BBITIOTHEHNY KYPCOBBIX IIPOEKTOB IO IIPOEKTUPO-
BAaHMIO PEXYIUX MHCTPYMEHTOB, pelleHny mpodeccroHalbHbIX 3a7ad B
pamkax HVIP u gunnoMHOro IpoeKTpOBaHMA.
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