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Abstract. Effects of laser shock peening, water jet cavitation peening, water jet shot peening, and ultrasonic impact
treatment on surface roughness, hardness, and residual stress of AISI 304 stainless steel were studied. Owing to
new surface relief formation, the Ra roughness parameters became lower after ultrasonic and shot peening than
those after laser and cavitation peening. The ultrasonic processing led to the highest surface hardness among the
studied peening treatments. The optimum regimes were determined by accounting for the minimum magnitudes of
surface roughness and maximum magnitudes of the surface hardness and residual stresses. In comparison with the
initial state, these regimes result in the HRC surface hardness increase (LSP2 ~30.7%, WjCP2 ~38.4%, WjSP2
~69.6%, UIT4 ~73.2%) and in the Ra roughness parameter reduction (LSP2 ~5.5%, WjCP2 ~7.8%, WjSP2 ~38.2%,
UIT4 ~91.1%) inducing the compressive residual stress (LSP2 —470 MPa, WjCP2 —377 MPa, WjSP2 —519 MPa,
UIT4 —693 MPa).

Keywords. Strain hardening, roughness, hardness, residual stress, laser shock peening, water jet cavitation peening,
water jet shot peening, ultrasonic impact treatment

Advanced surface modification technologies, such as laser shock peening (LSP), air
cavitation peening (CP) or water jet cavitation peening (WjCP), air shot peening (SP) or water
jet shot peening (WjSP), light plasticity burnishing (LPB), surface mechanical attrition treatment
(SMAT), ultrasonic shot peening (USP), and ultrasonic impact treatment (UIT) or ultrasonic
nanocrystal surface modification (UNSM)), etc., are recently developed methods that were shown
to improve mechanical properties and performance significantly [ 1-3].

In particular, the UIT and UNSM can be regarded as the most effective processes to
improve both the surface roughness and hardness of the surface layer [3, 4]. The influences of
the UNSM and the mono-pin UIT processes on the material properties were recently reviewed in
comparison with the other peening techniques [5, 6]. Conversely, the comparative studies of the
UIT process applying the multi-pin impact head, which is known to be more effective and
applicable in industrial scale, and LSP, WjCP and WjSP processes are virtually absent.

The aim of this paper is to study the effects of the LSP, WjCP, WjSP and multi-pin UIT on
the surface roughness, hardness and residual stress of the austenitic stainless steel AISI 304.

The LSP process (Fig. 1a) was carried out at the pulse width of 6 ns, the spot diameter of
0.8 mm, the overlap of 50%, the pulse number density of 4 (LSP1), 8 (LSP2), 12 (LSP3) and
16 (LSP4) pulses/mm” [2]. The LSP regimes are given in Table 1.

Table 1 Determinative processing parameters of the used mechanical surface treatments.

Mechanical surface treatment methods
Regime WjCP i LSP . WjSP ' UIT '
number Treatment durat}on Pulse number dens1t}{ Treatment duration Treatment durgtlon
(s/mm) Per unit grea (pulses /mmz) Per unit (s/mm) Ten passes per (s/mm) Per unit azlrea
(s/mm”) length unit area (s/mm°) (s/mm°)
1 4 0.8 4 0.12 0.44 0.098 15 0.05
2 8 0.178 | 8 024 [ 088 0.196 | 30 0.1
3 12 0.24 12 0.36 1.32 0.294 45 0.15
4 16 0.36 16 0.48 1.76 0.392 60 0.2
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Cexkuis 4. MNporpecyBHa TexHiKa Ta TeXHOMNOris MalWUHOBYAyBaHHS

The WjCP process (Fig. 1b) was implemented at the injection pressure of the jet of 30 MPa,
the ambient pressure of the jet of 0.1 MPa, the nozzle diameter of 2 mm, the WjCP duration was
in a range of 4-16 s/mm (Table 1) [2].

The WjSP process (Fig. 1¢) was performed the shot diameter of 3.2 mm, the number of a
shot of 500, the pressure of water jet of 12 MPa, the standoff distance between the nozzle and the
surface specimen of 50 mm [2]. The WjSP duration was in a range of 0.44—1.76 s/mm (Table 1).

The UIT process (Fig. 1d) was conducted at the amplitudes of ultrasonic horn of 15 um, the
frequency of ultrasonic horn of ~ 21 kHz, the static force of 50 N, the rotational speed of the
impact head of 76 rpm, and UIT duration of 15 s (UIT1), 30 s (UIT2), 45 s (UIT3) and 60 s
(UIT4) [5]. The UIT regimes of the studied steel are listed in Table 1.
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Fig. 1 — Scheme of the LSP (a), WjCP (b), WjSP (c), and UIT processes (d).

The surface roughness was determined by a tester MarSurf PS1. The surface hardness was
estimated using a tester Computest SC at a load on indenter of 5 kgf. The residual stress was
measured by a standard X-ray diffraction technique according to the sin’ y-method.

The evolutions of the arithmetic mean parameter Ra of the surface roughness after
application of the studied mechanical surface treatments are shown in Fig. 2a for different
applied regimes. Compared to the initial/unpolished specimens (~3 pm), owing to the severe
plastic deformation the treatment induced Ra magnitudes were always lowered although in
different extents. The surface roughness analysis shows that the higher the duration of the WjCP,
WjSP, UIT processes or the higher the pulse number density at the LSP the lower the surface
roughness becomes. In comparison with the initial state, the Ra magnitudes of the processed
specimens were respectively decreased by approx. 28%, 15%, 56%, and 91% after the LSP,
WCP, WSP, and UIT processes. The most remarkable decrease in Ra roughness parameter (0.27
pm) was observed after the UIT process.

The experiments show that the surface hardness (HRC) increases relative to the untreated
specimen regardless of the treatment type (Fig. 2b). The registered hardening extents grow with
on-going treatments but at different rates. The WjCP and WjSP processes of the used intensities
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demonstrate a saturation of the strain induced hardening of the surface at the levels of ~28-30
HRC and ~37 HRC, respectively. On the contrary, the hardening ability of the LSP and UIT
processed specimens has not been exhausted for the studied regimes, and the surface hardness
seemingly can be further increased. The UIT process led to the highest surface hardness (38.28
HRC) among the studied peening treatments.
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Fig. 2 — Surface roughness (a) and hardness (b) of AISI 304 steel in the initial state (regime 0) and after LSP,
W;jCP, WjSP, and UIT processes applied in regimes 1-4 (see Table 1)

Fig. 3 shows the magnitudes of residual stresses registered by X-ray method in the
near-surface layers of as-treated specimens. The results confirmed that all the surface treatments
generated compressive residual stresses.
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Fig. 3 — Residual stress in the X (a) and Y (b) direction of the specimens of AISI 304 steel in the initial state
(regime 0) and after WjCP, LSP, WjSP, and UIT applied in regimes 1-4 (see Table 1)

Thus, based on the above-mentioned experimental studies and taking the efficiency of each
process into account the mechanical surface treatments induced surface roughness, hardness and
residual stress of AISI 304 stainless steel, the following regimes were further applied: LSP2,
WjSP2, WjCP2, and UIT4. These regimes result in increase in the HRC surface hardness
(LSP2 ~30.7%, WjCP2 ~38.4%, WjSP2 ~69.6%, UIT4 ~73.2%) and reduction in the Ra
roughness parameter (LSP2 ~5.5%, WjCP2 ~7.8%, WjSP2 ~38.2%, UIT4 ~91.1%) in
comparison with the initial state, providing the compressive residual stress in the near-surface
layer (LSP2 —470 MPa, WjCP2 —377 MPa, WjSP2 —519 MPa, UIT4 —693 MPa), which are
known to be beneficial for different operative properties, such as enhanced anti-corrosion
performance, wear resistance and prolonged fatigue life.
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Cexkuis 4. MNporpecyBHa TeXHIKa Ta TEXHOMNOris MaLWMHOBYAyBaHHS

BB MexaHiYHMX MOBepPXHEBUX 00POOOK HA MIOPCTKICTh, TBEPAICTH TA 32IHIIKOBL
HAIIpyKeHHs Hep:kaBiloyoi ctani 08X18H10

Jecux' LA, Cosma’® X., Mopzuorc3 B.M., MapTiHes4 C., )Imemenincl.xuﬁl B.B.,
Naumieiiko' 0.0., Xpinra® H.L, JTamikiz* A.

Anomauia. /locrioxceno ennug aazepHoi yoapHoi 06pobku, kagimayiinoi 06pobku, opo6ocmpymunnol 06pobru ma
VAbMPa3zeyKo6oi yoapHoi 06pobKu Ha WOPCMKICHb, MEepoicnb Ma 3aNUMKO8] HANPYHCEHHS NOBEPXHI HEPHCABIIOUOT
cmani 08X18HI0. 3 02ns0y na ¢hopmyeanns 1ooeo nogepxneoeo penvedy, napamempu wopcmrocmi Ra cmanu
HUMCYUMU RICTIA YIbMPA38YKO6020 MA OPOOOCMPYMUHHOLO 3MIYHEHHS, HIJC NICIs NA3epHO20 | KAGimMayiiHo2o
3miynenns. Ynompaseykosa obpobka npusseina 00 Hauguwoi nogepxmesoi meepoocmi cepeo OO0CTIONCYBAHUX
00po60K. OnmumanvHi pexcumu BUSHAYATUCA 3 VPAXYBAHHAM MIHIMATbHUX BEIUYUH WOPCMKOCMI NOBEPXHI |
MAKCUMATBHUX 6CTUYUH NOBEPXHEEOT MEePOOCMI | 3ANUUKOBUX HANPYICeHb. V NOPIGHAHHI 3 UXIOHUM CMAHOM, YI
pedcumu. npu3zeo0sims 0o 30iibuients nogepxueeoi meepoocmi HRC (LSP2 ~30,7%, WjCP2 ~38,4%, WjSP2
~69,6%, UIT4 ~73,2%) i smenwenna napamempa wopcmrocmi Ra (LSP2 ~5,5%, WjCP2 ~7,8%, WjSP2 ~38,2%,
UIT4 ~91,1%) 3abe3neuyiouu 3anuuikosi nanpyicenns cmucnenns (LSP2 —470 MPa, WjCP2 —-377 MPa, WjSP2 —
519 MPa, UIT4 —693 MPa).

Kuiouosi_crosa. JJepopmayiiine smiynenns, wopcmkicms, meepoicmy, 3a1UWKOS] HANPYICEHHS, 1A3ePHA yOapHa
06pobka, kasimayiina 06po6xa, Opobocmpymunna obpodka, yibmpasgykosa yoapua 06pooxa

BinsiHMe MeXxaHHYeCKHX MOBEPXHOCTHBIX 00PadoTOK Ha 1IePOX0BATOCTh, TBEPAOCTh H
0CTATOYHbIC HANPSKeHUs Hep:kaBeromeii ctaau 08X18H10

Jecux" LA, Cosma’® X., Mopmonc3 B.H., Maprmlez4 C., I[memennﬂclmiil B.B.,
Ilau-llzmeifmo1 AA., XplzmTa3 H.W., Jlamukns® A,

Annomayusn. Hcciedosannl énusnue 1azepHoll yoaprol oopabomku, KagumayuoHHol o6pabomxu, OpobecmpyiuHou
00pabomku u yibmpazeyKoeoil yoapHoii 00pabomku Ha Wepoxoeamocns, MeepooCnib U OCMAMOUHbIe HANPAHCCHUS.
nogepxnocmu  Hepacageroueti cmanu 08X18HI0. Bcaeocmeue opmuposanusi nogoz2o peivega nogepxnocmu,
napamempul wiepoxoeamocmu Ra cmanu nusice nocie yibmpaszeykoso2o u Opobecmpyiino2o ynpoutenus, 4em nocie
Na3€pHOo20 U KAGUMAYUOHHO20 YRPOUHEHUs. YbmpaseyKkoeas o0pabomKa npuseid K camoll 6biCOKOU meepoocmi
nosepxHOCMU Cpeou U3yueHHbIX 06pabomok ynpounenus. OnmumaibHbie pexcumbl ObLIU ONPeOeleHbl ¢ YUemom
MUHUMATBHBIX 8€IUYUH WEPOXOBAMOCHIU NOBEPXHOCMU U MAKCUMATbHbIX 6€IUYUH NOBEPXHOCMHOU MBepOOCmU U
ocmamounvix nanpsxcenuil. 110 cpagHenuio ¢ UCXOOHbIM COCMOAHUEM, MU PENCUMbL NPUBOOAM K YBETUHEeHUIO
meepdocmu nogepxnocmu HRC (LSP2 ~30,7%, WjCP2 ~38,4%, WjSP2 ~69,6%, UIT4 ~73,2%) u cuuscenuio
napamempa wepoxosamocmu Ra (LSP2 ~5,5%, WjCP2 ~7,8%, WjSP2 ~38,2%, UIT4 ~91,1%) obecneuugas
ocmamounvie nanpaxcenus cocamus (LSP2 —470 MPa, WjCP2 —-377 MPa, WjSP2 -519 MPa, UIT4 —693 MPa).
Kuouesvie crosa. [edpopmayuonnoe ynpounenue, uiepoxoeamochv, meepoocmv, OCMAMOUHOe HAnpsdxceue,
anasepnas yoapuas o6pabomka, Kasumayuonnas obpabomxa, opobecmpyiinas oOpabomxa, yibmMpa3eyKoeas
yoapnas o6pabomka
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