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BO3JIEUCTBUE Y® JA3ZEPHBIX HAHOCEKYH/HbBIX UMITYJIbCOB
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HccnenoBaHo Bo3zeiicTBHE HAHOCEKYHAHBIX UMITYIbcoB Nd:Y AG-nazepa ¢ AJTMHOW BOJNHBI 355 HM Ha IOBEpX-
HOCTh XpOMOBOI1 OpoH3bI. OOHapyXeHO 00pa3oBaHHE CYOMHMKPOHHBIX IIapOoOOpasHBIX CTPYKTYyp B [IHAla3oHE
IIOTHOCTeH sHepruu B ummyisce ot 0.15 no 1.85 JIx/cm?. IIpeacTapieHa 3aBUCUMOCTh KOHLEHTPALMU XpOMa B
MIPATIOBEPXHOCTHOM CJIO€ XpPOMOBOM OPOH3BI TOCIIE J1a3epHON 00paOOTKH OT TIOTHOCTH SHEPTHH M3Iy4EHHS B UM-
mynbee. OOHapyXKeHa HEKOTOpas KOPPEIsIIus MEXIy NPOCTPAHCTBEHHOM IUIOTHOCTHIO HMONYYCHHBIX CTPYKTYp U
KOHIICHTpAIMEH XpoMa y TIOBEPXHOCTH cIulaBa. [Ioka3aHO, 9TO MakCHUMallbHAsl KOHLIEHTPALMS XpOMa B PUIIOBEPX-
HOCTHOM CJI0€ ¥ HauOoJblIee KOIMYECTBO CYOMUKPOHHBIX CTPYKTYp pocTurarorcs mpu 0.85 Jlx/cm?. TMonyueHHas
KOpPEJSLUs MPOCTPAHCTBEHHOW INIOTHOCTH CyOMHKPOHHBIX CTPYKTYpP M KOHLIEHTPAILMHM XpOMa B TPHIIOBEPXHOCT-
HOM CJIO€ ITO3BOJISIET CAETIAaTh BBIBOABI O BO3MOXKHOM MEXaHH3Me BOZHUKHOBEHUS IIapOOOPa3HBIX CTPYKTYP.

Knrouesvie cnosa: nazepHas oOpabOTKa; HAHOCEKYHIHbIC MMITYJIbCh; Y@ auamna3oH; OpoH3a; CyOMHKPOHHBIC
CTPYKTYPBI; KOHIICHTPAIIHS XPOMa.
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The effect of nanosecond pulses generated by a Nd:YAG laser at the third harmonic with a wavelength of 355
nm on the surface of chromium bronze has been studied. The original samples had traces of mechanical processing
in the form of a small-scale structure with a characteristic size of several micrometers and a large-scale structure
with a size of about 50 um. Scanning electron microscopy revealed the formation of submicron spherical structures
in the range of pulse energy densities from 0.15 to 1.85 J/cm?. Moreover, the diameter of the spherical top was about
600 nm, and the length of the leg-stand was about 1 um. Studies of the elemental composition of the irradiated sur-
face using energy-dispersive X-ray spectroscopy made it possible to obtain the dependence of the chromium con-
centration in the near-surface layer of chromium bronze on the energy density of laser radiation per pulse. A certain
correlation was found between the spatial density of the obtained structures and the chromium concentration near
the alloy surface. It is shown that the maximum concentration of chromium in the near-surface layer and the largest
number of submicron structures per unit area are achieved at 0.85 J/cm?. It is assumed that the increase in the con-
centration of chromium at a certain energy density is associated with different melting and boiling points of copper
and chromium, when the first material is already removed from the surface, and the second one still remains. The
obtained correlation of the spatial density of submicron structures and the concentration of chromium in the near-
surface layer allows us to draw conclusions about the possible mechanism of the formation of spherical structures.
This occurs due to the concentration of particles of more refractory chromium at the tops of spherical structures and
the removal of low-melting copper around such structures by means of numerous nanosecond laser pulses.

Keywords: laser treatment; nanosecond pulses; UV range; bronze; submicron structures; chrome concentration.

BBenenue THH, SJIEKTPOHUKE U AJIEKTPOTEXHHUKE, aBHa-
XpomoBasi OpoH3a SBISICTCSI HU3KOJIETH- KOCMHUYECKOM MallnHocTpoeHuu. [nst oOpa-
POBaHHBIM MEJHBIM CIUTABOM C BBICOKOM OO0TKH TaKOro pojia MaTepualioB XOPOLIO 3a-
JEKTPO- U TETUIONPOBOJHOCTHIO, OONIagaeT pPEKOMEHIOBAIH ce0sl HAHOCEKYHJIHbIE Ja3e-
JKapONpPOYHOCTHIO U KOPPO3UOHHOU CTOMKO- pBI C JOCTAaTOYHO KOPOTKOW IJIMHOW BOJIHBI
CTBIO. Bnaro;[apﬂ CBOMM 3KCILTyaTalluOHHBIM H3Ty4YCHUA YO JAuara3oHa MIpHu UCIOJIb30Ba-
U MEXaHWYECKUM CBOWCTBAM IIMPOKO MpPH- HUU TPOCTOrO0 METO/a MPSIMOro JIa3epHOIo
MEHSETCA B aTOMHOM 3HEPTrEeTUKE, METAILTYP- MUKpPO- ¥ HAHOCTPYKTypupoBanus [1-3].
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MeToanka KkcriepuMeHTa

B pabore wuccienyercs Bo3neiicTBue
HAHOCEKYH/THBIX JIa3epHBIX MMITYJIBCOB YIIb-
TpaduoaeToBoro auamna3ona (355 HM) Ha mo-
BEPXHOCTb XpPOMOBOH Opon3bl. [is oOpa-
60Tk Marepuana ucnonbdyercs Nd:YAG-
Ja3ep Ha TPEThe TeHEePHPYEeMOi TapMOHUKE
C JUTUTEIBHOCTBIO UMIynbcoB 10 HC npu ya-
crore caepoBanus 100 I'm. Cxema skcnepu-
MEHTQJIbHOM YCTaHOBKM aHAJOTWYHA WC-
NoJIb3yeMoii B paborax [2, 4]. Bo uzbexanue
CHJIBHOTO OKHCIICHHS 00pa3lbl MOMEIIAINCh
B TE€PMETHYHYIO KaMepy C BO3MOXKHOCTBIO
OTKa4KH BO3JyXa.

Jlist uccnenoBaHus moBepxHOCTH 00pabo-
TaHHBIX OOPA3IOB HMCIOJB30BAJICS CKAaHUPY-
IOIIUNA 3JEKTPOHHBIN Mukpockon (COM) ¢
MPUCTABKOW  JIJII  SHEProJAUCIEPCUOHHON
PEHTTEHOBCKOM CIIEKTPOCKOMHMU C BO3MOX-
HOCTBIO aHAJIM3a HJIEMEHTHOTO COCTAaBA.

Pe3ynbTatel 1 ux o0CyXaeHNE

N300parkeHre HUCXOIHOW TOBEPXHOCTH
XPOMOBO#1 OpPOH3BI, HOTYYEHHOE C TIOMOIIBIO
COM, noka3aHo Ha pucyHke la. Buano, uto
MaTepuall ocjie MEXaHNIeCKol 00paboTKH ¢
MEJIKOMACIITaOHO! CTPYKTYpO#l ¢ pa3MepoM
HECKOJIbKO MHKPOMETPOB U  KpyITHOMac-
mTabHOM — pazMepoM OKoJIo 50 MKM.

OOGpa3ipl 00pabaThIBAIKCh B JHANa30HE
nnotHocTei >Heprum ot 0.1 [x/cm? mo 1.9
Jx/cM? (8 Touek) B pekuMe CKaHMPOBAHHS
Ja3epHBIM ITyYKOM I10 TOBEPXHOCTH MaTEpH-
ana. beutn oOHapykeHBI HOBBIE CYyOMHUKPOH-
Hble 00pa3oBaHUs B BHJE LIAPOOOpPA3HBIX
CTPYKTYp Ha HOXKKaX (TaK Ha3bIBa€MbIC MUK-
POJUKETHI), PACIIONIOKEHHBIX HA TPOTSIKECH-
HBIX XOJMOOOpa3HBIX CTPYKTypax B BHJIE
OO0pO3/10K, pPACCTOSIHUE MEXAY KOTOPBIMU
COCTaBIISIET HECKOJBKO MHKPOMETPOB JpPYyT
ot npyra (puc. 106). IlpudyeM mnoTHOCTH Ta-
KUX CTPYKTYP-MHUKPO/KETOB H3MEHSIAach B
uccleyeMoM nuana3one >uepruit: npu 0.25
JIsx/cM? HaOMIOAI0Ch HECKONBKO CTPYKTYP
Ha 100 MKM°, HaubONbIIAS IUIOTHOCTD
cTpykTyp Habmoganack npu 0.85 JIx/cm?
(puc. 10), manee ¢ yBEeTMYCHHWEM >SHEPTUU
KOJIMYECTBO CTPYKTYP YMEHBIIATIOCH.

W3 yBennueHHOU BCTaBKU Ha pucyHke 10
BUJIHO, YTO TOJIYYEHHBIE CTPYKTYPbl UMEIOT
(dbopMy 3acTHIBIIMX Karejdh Ha HOXKax. Pa3-
Mep BepxHeW cdepuueckoil yacTu CyOMUK-
poHHOM CTPYKTYpsl cocTaBisin 500-700 HM,
JUIMHA HOXKHU-TIOACTaBKU ObUia OKoMo |
MKM, a €€ JIMaMEeTp y Pa3InYHBbIX CTPYKTYp
n3Mensics B quanas3oHe ot 400 mo 600 HMm.

Puc. 1. COM wu300paxkeHns1 TOBEPXHOCTH XPOMOBOM
Opons3sl (a) wucxomHoW u (0) mocime 00paboTKU
Nd:YAG-nazepom mpu rtuiotHoctH dHepruu 0,85
Jlx/cM? cO BCTAaBKOM € JIECATHKPATHBIM yBEJINIEHHEM
(mpaBsIii BepXHUH yTOT)

C TOYKM 3pEHHS DJIIEMEHTHOIO aHajIM3a
HaOJII0/1aIach HEKOTOpast KOPPENSIHs KOH-
[EHTpAllMK XpOMa B IPUIOBEPXHOCTHOM
CJI0€ W MPOCTPAHCTBEHHOM IUIOTHOCTH HO-
BBIX CTPYKTYD (puc. 2). Y3 pucyHka 2 BUJIHO,
4dTO C YBCIMYCHUEM ILIOTHOCTH SHEPIruUu Jia-
sepHoro m3nmyuenus go 0.85 Jlx/cm? pocna
KOHIICHTPAIUS XpOMa B IPUIIOBEPXHOCTHOM
croe. To ke caMoe MPOUCXOHUIO U C KOJH-
YEeCTBOM MHKPOJKETOB Ha €AWHHILY ILIOIIA-
JH. HpI/I YBCIIMUCHUU TIJIOTHOCTHU SHCPTHUU O
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1.85 JIx/cM? KOHIIGHTpAIUsi XpoMa yMEHb-
ajgach, Kak 1 KOHIEHTpALUs HUCCIETYEeMBbIX
CyOMUKpPOHHBIX CTPYKTYD.

HepaBHOMepHOE yhaneHHe 3JIEMEHTOB
XpOMOBOW OpOH3bI C OBEPXHOCTH MaTepua-
Ja MpH Ja3epHOM OOJIYYEHUU C MIOTHOCTHIO
sHeprun okoyo 1 JIK/cM?, BO3MOXKHO, CBs3a-
HO ¢ 0ojee HU3KOH TemIeparypoil Iasiie-
Hus meau (1085°C) mo cpaBHEHHIO ¢ XPOMOM
(1907°C), xorma oavH MaTepuai yKe ymas-
€TCsl C IOBEPXHOCTH, @ IPYTOH €IIe OCTAETCS.
[Ipy yBenuueHUH >HEPruu Ja3epHOro U3Iy-
YEHUS TIPOUCXOANUT 3HAUUTENbHBIN NIEPErPEB
IIOBEPXHOCTH, KOTOPOrO JOCTaTOYHO JUIS
yAaJeHusl KaKk MeI, TaK U XpoMa, [103TOMY
€ro OTHOCHUTEJIbHASI KOHIIEHTpAlLlUsl CHUXKAEeT-
cs (cM. puc. 2).
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Puc. 2. DxcnepumeHTanbHAs 3aBHCUMOCTH KOHIICH-
TpalMU XpOMa B MPUIIOBEPXHOCTHOM CJIO€ XPOMOBOI
OpoH3bl, 00pab0oTaHHONW HAHOCEKYHIHBIMHA HMITYJIb-
camu Nd:YAG-nazepa, OT TUIOTHOCTH SHEPTHU U3IY-
YeHHs B UMITYJIbCE

OmnwucanHast KOppesusl MpOCTPaHCTBEH-
HOM TUTOTHOCTH MHUKPOJKETOB M KOHIIEHTpa-
[IUM XpOMa B TNPHUIIOBEPXHOCTHOM CIIO€ Ma-
TepHuasa IMO3BOJISET CAENaTh MPEANOI0KEHUE
0 MEXaHHM3ME BO3HHMKHOBEHHS TaKHX CyO-
MHKPOHHBIX CTPYKTYp 3a CHYET COCpeoTOYe-
HUSI 4YacTHIl 0ojiee TYroljlaBKOTO Xpoma B
BEpIIMHAX MAapoOoOpa3HBIX CTPYKTYp M yIa-
JICHUW JIETKOIJIABKOW MEAHM BOKPYT TaKHUX
CTPYKTYp TIOCPEICTBOM MHOTOYHCIIEHHBIX
Ja3epHBIX HAHOCEKYH/IHBIX UMITYJIECOB.

[Tpuuem Takas na3zepHast 00paboTka OpoH-
3BI TI03BOJIIET U3MEHATH a/Ir€3UOHHBIC CBOM-
cTBa mpu IUQPPY3MOHHO-CBAPHOM COCIUHE-

HUU C pa3HOPOJHBIMU MaTepuanamu [3].
MexaHu4yeckue UCTIBITAaHUS UX CBAPHOTO CO-
eIMHEHHS TPOJIEMOHCTPUPOBATN YITyUIICHHE
npenena npouynoctu 6onee 10 % [3]. Takoe
yIIy4IlIeHuE CBOMCTB TOCJIE Jla3epHOM oOpa-
OOTKM HOBEPXHOCTU MOYKHO OOBSCHUTH CO-
3JAaHUEM YIIbTPa-MEIKO3EPHUCTON CTPYKTY-
pBl MaTepuana B 30HE CBAapHOro IIBa, obec-
MeYHMBAIOIICH OoJiee akTHBHYIO IU(PPYy3UI0
o TpaHulaMm 3€peH W obJserdaromei Ia-
CTHYECKYIO JehOopMaIuio.

3akiarouenue

B pabote uccrnenoBaHo B3auMoOjeicTBHE
HAaHOCEKYH/IHBIX JIa3€pHBIX HUMIIYJbCOB YD
JMarna3oHa C TOBEPXHOCTBIO  XPOMOBOM
Opon3bl. BersiBineno gopmupoBanue cyOMuK-
POHHBIX CTPYKTYP B BHJIE 3aCTBHIBIINX Karleib
Ha HOXKaX-TIOJCTaBKax IpH IUIOTHOCTH
sHeprun B wmmnyiabce ot 0.15 mo 1.85
JIa/cM?.  DKCHepUMEHTAbHO —HCCIe0BaHa
3aBHUCHUMOCTh KOHIIGHTpAllMM Xpoma B MpH-
MIOBEPXHOCTHOM CJIO€ OOJy4YEeHHOTO y4dacTKa
XpOMOBOM OpOH3bl OT IJIOTHOCTH 3HEPIHH
m3nydenus. llokasaHo, 4To MakcUMallbHas
koHmeHtpanus xpoma 0.9 % coorBercTByeT
HauOoubleld TIOTHOCTH (okoyio 20 mT. Ha
100 MKkM?) CYOMHUKDPOHHBIX CTPYKTYp IIpH
mnotHOCTH Hepruu 0.85 Jx/cm?.
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