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B cTaTbe npepacTaBaeHbl pe3yibTaTtbl
MccnenoBaHUA npouecca 1a3epHON O4YUCTKU
MeTa/u1I0NpoKaTa B peXXumax Bo3gencrems,

He NPUBOAALMX K HArpeBy OKaJIMHbI Bbille
TemnepaTtypbl ee nsiaB/eHus. BoisBneHa

M 060CHOBaHa BO3MOXXHOCTb paspyLueHus
NpOKaTHOW OKaJIuHbI 3a CHET TEPMOXUMUYECKUX
peakuuii B OKaJIMHe U Noc/ieAyoLwero
TepMOMEeXaHUYeCKOoro paspyLueHus.

MpoBeneH NOUCK N ONTUMU3ALUSA PEXXUMOB
NlasepHOro BO3AenNCTBUSA A/1S yBeJIUYEeHUSs

3¢ PeKTUBHOCTU OUUCTKU. Onsa 6onee

NMoJIHOro ONUCaHUSA Nnpouecca l1asepHoun
OYUCTKU yaeNieHO BHUMAHUe CTPYKType
NpoOKaTHOM OKa/IuHbl U ONMUCAHbl 0CO6eHHOCTH
ee popMmmpoBaHusa U BeposiTHble pa3oBble
npeBpaLeHus noja AencreueM J1a3epHoro
HarpeBa. JKCNepMMeHTa/IbHO O6HapyXXeHa
npuBOASALLASA K TEpMOMEXaHNYECKOMY
pa3spyLIeHUIO OKaJIMHbI 061aCTb peXNMoB
nasepHoi 06paboTku B AManasoHe
AnnTenbHocTen Bo3aencTtena 30-400 MKC

M NJIOTHOCTEN MOLHOCTU 50-750 KBT/ cm2.
Mpouecc nas3epHOM OYMCTKU OT OKAJIMHDI 3a cHeT
TepMOMEeXaHMU4YeCcKoro paspyLieHuns peasmsoBaH
C UCNOJIb30BAHUEM HernpepbIBHOIO BOJIOKOHHOIO
UTTep6MeBOro sasepa C MakCMMa/ibHOM
MOLLHOCTbIO 2 KBT.

KntoueBble c/i0oBa: na3epHas 04NCTKA,
HenpepbiBHbI NTTEpObUEBbLI BONOKOHHbIV f1a3ep,
MUKPOCeKyHAHAs AIUTEeNbHOCTb BO3AENCTBUS,
npoKaTHas OKasnHa, TepMOMexaHnyeckoe
pa3pyLUeHMEe OKaNHbI
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Investigation of the
Process of Laser
Descaling of Mill Metal
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The article investigates the process of laser
cleaning of mill metal in exposure modes that
do not lead to heating of the scale above its
melting point. The possibility of destruction of
mill scale due to thermochemical reactions in
the scale and subsequent thermomechanical
destruction has been identified and
substantiated. The search and optimization

of laser exposure modes has been carried out

to increase the cleaning efficiency. For a more
complete description of the laser cleaning
process, attention is paid to the structure

of mill scale; the features of its formation

and probable phase transformations under

the action of laser heating are described. An
area of laser treatment modes in the range of
exposure durations from 30 to 400 ps and power
densities of from 50 to 750 kW/cm? leading to
thermomechanical scale destruction has been
experimentally discovered. The process of laser
descaling due to thermomechanical destruction
is implemented using a continuous-wave fiber
ytterbium laser with a maximum power of 2 kW.

Key words: Laser cleaning, continuous-wave
ytterbium fiber laser, microsecond exposure time,
mill scale, thermomechanical scale destruction
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INTRODUCTION

The removal of oxide layers from the surface of metals
is a pressing challenge for the metalworking indus-
try. The most demanded and, at the same time, the
most difficult task here is the removal of oxide layers
from the surface of hot-mill carbon steels (mill scale).
Mill scale does not protect steel from corrosion, and
in some cases leads to an acceleration of corrosion
processes, which reduces the service life of mill metal



| TECHNOLOGIES & TECHNOLOGY EQUIPMENT
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

BBEAEHWE

YnaneHue OKCHIHBIX CTI0€B C IIOBEPXHOCTH MeTaJIIOB —
aKTyaspHasi mpobremMa s MeTannoobpabaTeiBaro-
el ITPOMBIIITIEHHOCTH. Hanbonee BocTpebOBaHHOM
U B TO Xe BpeMs Haubosee CJIOKHOM 3aJader 37ech
SIBJISIeTCS. yAA/IeHHe OKCHUIHBIX CI0eB C IIOBEPXHOCTH
ropsiuekaTaHbIX YIJIEPOJUCTBIX CTanel (IIPOKATHOM
OKa/JIKMHBI). [IpOKaTHasl OKAJIMHA He 3aIIMINAeT CTalb
OT KOPPO3MH, a B psifie Cy4aeB IIPUBOJUT K yCKOpe-
HUIO KOPPO3HOHHBIX ITPOLIECCOB, UTO COKPAIIAeT CPOK
CTY>KOBL M3[Ie/TUH U3 MeTaJUIONpoKaTta [1-4], mosTomy
[IOBEPXHOCTD CTAJIK BO BCEX CIy4dasix TpebyeTcs OT Hee
OYHIIATh.

K HacrosmeMy BpeMeHH Hauboiee pacmpocTpa-
HeHBl Pa3/JMYHBIe CII0COOBI MeXaHHUYeCKOM HIH
XUMHUYECKOHM OYHCTKH MeTUIIMYeCKUX II0BepX-
HOCTeHM OT OKaJHMHBI. K MeXaHH4YeCKHM MeTofaM
OYHCTKH OTHOCSTCS LpobecTpyrHasI U I1eCKOCTPyHHAs
0bpaboTku, mrdoBaHHe abpa3sHUBHBIMH IeTKaAMU
u gpyrue. K XMMHYeCKMM OTHOCSITCSI TpaB/leHHe
B COISIHO-KHCJIOTHBIX, CEPHOKHC/IBIX K a30THOKHCIIBIX
BaHHAaX WM B Ie/l0o4Yax, B TOM YMCIe C IIpHMeHe-
HHEeM 37IeKTPou3a [5].

CyIleCTBeHHBIMHM HeJOCTaTKaMH AAHHBIX CIIOCO-
0OB SIBISIOTCSI: HENOCTAaTOYHAsl CTelleHb OYHCTKH,
[IOBpesKJleHHe ITOBePXHOCTH MeTaslla, a TakoKe Hera-
THBHOe BIMSIHHeE Ha IIePCOHAJ U OKPY>KAIOIIYIo Cpey,
CBSI3aHHOE C HKCIIOJb30BaHHEM OIACHBIX PACXOJHBIX
MaTepHa/IoB, PeaKTHBOB, 0Opa3oBaHHEM I1060YHBIX
ITPOYKTOB (IIeCYaHOM IIBUIH U BT OKaJIMHBI, I1APOB
KHUCIOT, OTpaboTaHHBIX TPAaBUJIBHBIX PacTBOPOB,
3arpsI3HEHHOrO0 IJIaMa U JIp.), KOTOpble HeobXxomuMo
YyTHUIN3UPOBATh. B CBA3M ¢ HEOOXOAMMOCTBIO yilydUlle-
HUS YCTIOBHH TpPyZAa M 0e30IIacCHOCTH AJISL OKPY’Kalo-
IIel Cpefbl IIPOU3BOACTB HA JAHHBIE CIIOCOOBI HAKIIA-
OBIBAIOTCS Cepbe3Hble OTPAaHUYEeHH .

Bce 6Gonee mupoxkoe IpUMeHeHHe /Sl yAAIeHUs
Pa3IMYHBIX 3arpsi3HEHUI, B YAaCTHOCTH OKCHIHBIX
C7I0eB C TIOBEPXHOCTH MeETaJIZIOB, HAXOJST Ja3epHbIe
HMCTOYHUKHU. JIasepHas OYMCTKA Y>Ke 3apeKOMeH[O-
Basa cebst Kak 6e30IMacHBIM ISl OKPYSKAIOIIek CpemIbl
M ynobHBIM B HCIIONB30BAaHHU CIIOCOO ymanmeHUs
3arpsi3HeHUM, OTIMYAIOIMUICS 6eCKOHTAKTHOCTBIO,
OTCYTCTBHEM PaCXOAHBIX MaTepHalOB M HMHCTPYMeH-
TOB, HM3KHMMH O3KCIUIyaTallMOHHBIMH 3aTpaTaMH,
NPUHIUIINAJIBHON BO3MOKHOCTBIO YAA/sATh Ji0ObIe
THUITBI 3arpPSI3HEHUI UM PSIOM OPYTHX IIPeUMYINeCTB,
CBSI3aHHBIX C IIPHMeHeHHEeM JIa3epHOr0 H3JIydeHHUs
C BBICOKOH IVIOTHOCTBIO MOIIHOCTH [6-12].

B mocnenHee fecaTuieTHe Haubosblllee PacIpo-
CTpaHeHHe I10JIy4YHr/Ia TeXHOIOT U Ia3epHOM OYHCTKH,
OCHOBaHHAasl Ha MCIapeHHMH MaTepHaja 3arpsisHe-
HHUS HAHOCEKYHIHBIMH HMIIYJIBCAMH C BBICOKOH

products [1-4], therefore, the surface of steel in all
cases needs to be cleaned from it.

By now, various methods of mechanical or chemi-
cal descaling of metal surfaces are most common.
Mechanical cleaning methods include shot blasting
and sandblasting, grinding with abrasive brushes and
others. Chemical methods include pickling in hydro-
chloric acid, sulfuric acid and nitric acid baths or in
alkalis, including using electrolysis [5].

The significant disadvantages of these methods are:
insufficient degree of cleaning, damage to the metal
surface, as well as a negative impact on personnel and
the environment associated with the use of hazardous
consumables, reagents, the formation of by-products
(sand dust and scale dust, acid vapors, waste pickle
liquor, contaminated sludge, etc.), which must be
disposed of. Due to the need to improve working
conditions and environmental safety of production
facilities, serious restrictions are imposed on these
methods.

Laser sources are increasingly being used to remove
various contaminants, in particular oxide layers from
the surface of metals. Laser cleaning has already
established itself as an environmentally safe and
easy-to-use method for scale removals, characterized
by its being contactless, no need for consumables and
tools, low operating costs, the fundamental ability to
remove any types of impurities and a number of other
advantages associated with the use of laser radiation
with high power density [6-12].

In the last decade, laser cleaning technology based
on evaporation of impurity material by nanosecond
pulses with high power density (107 W/cm,) has
become the most widespread. The use of ytterbium
pulsed 100-200 ns fiber laser sources is justified by
the versatility of their use: an acutely focused laser
pulse makes it possible to remove almost any impuri-
ties from the surface of most materials [6-9, 13-15].
The short pulse duration also minimizes the impact
on the base material; in metals, the zone of thermal
exposure and reflow is limited to a few microns. How-
ever, evaporation of oxide layers and, especially, scale
is a very energy-intensive process. Therefore, pulsed
laser removal of mill scale from the surface of hot-mill
steel is characterized by low productivity [13, 14].

The use of a continuous laser makes it possible to
vary processing parameters such as exposure time,
power density and energy in wide ranges. There-
fore, it seems promising to investigate and imple-
ment various descaling mechanisms, including those
not related to evaporation, using continuous lasers.
Cleaning of mill metal by continuous laser radia-
tion due to evaporation is difficult to implement in
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[IJIOTHOCTBI0 MoOIIHOCTA (>107 BT/cMm?). [IpuMeHeHHe
UTTepbHeBbIX MMIYIBCHBIX 100-200 HC BOJOKOHHBIX
JIa3epPHBIX MCTOYHMKOB OIIPABIBIBAETCS YHHUBEPCAJIb-
HOCTBIO MX HCIIO/Ib30BAHHUS: OCTPOCPOKYCHPOBAHHBIL
Ja3epHBIM HMMIIYJIbC II03BOJISIET YAAIHTh IIPaKTHYe-
cku sr0boe 3arpsisHeHHe C ITOBEPXHOCTH OOJBIIMH-
CTBa MaTepuanos [6-9, 13-15]. KopoTkasd IOIHUTeNlb-
HOCTbh MMIIyJIbCa TaKKe I103B0JIsIeT MUHUMHU3HUPOBATh
BO3JI€HCTBHE Ha OCHOBHOM MaTepHas, B MeTasUlaX
30Ha TEPMHYECKOr0 BO3EHCTBHUS 1 OIIaBIeHUS Orpa-
HUYMBaeTCd eIUHULIAMU MHUKPOH. OJHaKO HCIape-
HHe OKCHIHBIX CJIOeB U 0COOEHHO OKAJIHHBI -~ BeCbMa
3HeproeMKHH IIpolecc. [I03TOMy UMITY/IbCHAs J1a3ep-
Hasl OYMCTKAa MPOKAaTHOM OKaJHHBI C II0BEPXHOCTH
ropsiueKaTaHOM CTaJHd XapaKTepH3yeTcsl HH3KOU
IIPOM3BOAUTENBbHOCTEIO (13, 14].

Hcmonp3oBaHHMe HENPePhIBHOIO Jia3epa II03BO-
NsieT BapbUpOBATbh TaKHe IIapaMeTpbl 06paboTku,
KaK IJIMTe/SbHOCTb BO3JEHCTBHUS, ILIOTHOCTb MOLI-
HOCTH M SHEPruy B MIMPOKHUX [OHamasoHax. Ilo3-
TOMY IIPe[CTaB/ISAeTCS IMePCIeKTHBHBIM HUCCIeN0BaTh
M peaJM30BBIBATH Pa3MYHBIe MeXaHH3MBl yAa-
JeHUs 3arpg3HeHHH, B TOM YHC/Ie He CBSI3aHHBIE
HUCIIapeHHeM, C IIOMOLIbI0 HeIlpPephIBHBIX JIa3epoB.
OuyucTKa MeTa/UIOIIpoKaTa H3JyYeHHeM HeIlpe-
PHIBHBIX J1a3epOB 3a CYeT MCIIapeHHs Ha MIPaKTHKe
TPYAHO peanu3yeMa. HarpeB TOHKOIO C/1051 OKaJIMHBI
[0 TeMIIePATypPhl KHIIeHMS TaKKe IIPUBONHUT K 3Ha-
YUTEJbHOMY HarpeBy CTalK. B pe3synbTaTe IMOBepX-
HOCTb CTJIM OIUIAB/IAeTCd, U Ha Hel GOpMHUPyeTCd
HOBBIM CJIOM OKaJIHHBI [16]. CTO/Ib CH/IBHBIN HarpeB
IIpUBeZEeT He TOJIBKO K IIOBPeKAEHHUIO ITIOBEPXHOCTH,
HO U K 3HAYMTE/IbHBIM TePMUYECKUM JePopMalUsIM
BCero usjenus. I103TOMy IS IIPOM3BOJSUTENIbHOU
Ja3epHOM OYHCTKHM MeTA/UIONpoKaTa (M KOHCTPYK-
IIMH U3 Hero) oT OKaJIMHbBI HeobXoquMO HUCKATh bolee
3QPeKTUBHbIE MeXaHHU3MBbI Pa3spylleHUs U yAaIeHUs
OKaJIMHBI, He Tpebylollire BBICOKOTEMIIEPATYPHOIO
Harpeea. B 3Tom HampaBieHHUU Hauboslee IepcreK-
TUBHO MCC/IeJOBaHHe MeXaHH3MOB pa3pylIeHUs
OKaJIMHBI 33 CYeT TePMHUYECKHUX HaIpsDKeHHH. Ilpe-
MMYIIeCTBA J1a3ePHOr0 UCTOYHHKA TeIljla OUeBH/IHBL:
BBICOKas IIJIOTHOCTh MOLIHOCTH I103BOJIsIeT B TeUeHHe
HeCKOJIBKHX [eCsITKOB MHMKPOCEKYHJ, HarpeTb C/I0H
OKa/IMHBI Ha BCIO TOJIIHHY, a B OTCYTCTBUU HU3/Ty4de-
HUSI IPAaKTHYeCKH TakKe OBICTPO OX/TaIUTh ee 3a CHeT
TeIJIOLPOBOAHOCTH M OTBOJA TeIIa B MeTajlIhye-
CKYIO OCHOBY.

B naHHOI paboTe 060CHOBBIBAETCS BO3MOSKHOCTb
yOaleHHs] IPOKAaTHOM OKAJIHHEL 33 CUeT TepMoMeXa-
HHYECKOr0 pa3spylleHus IIPY ee HarpeBe U3ly4yeHueM
HeIpephIBHOIO BOJIOKOHHOIO HUTTepOHeBOro Jasepa
M OCYIIEeCTB/ISIeTCSI IIOKMCK M ONTHMM3ALMS PeSKHMMOB
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practice. Heating a thin layer of scale to the boiling
point also leads to significant heating of the steel. As
a result, the surface of the steel is melted and a new
layer of scale is formed on it [16]. Such strong heating
will lead not only to damage to the surface, but also to
significant thermal deformations of the entire article.
Therefore, for productive laser descaling of mill metal
(and structures made of it), it is necessary to look
for more effective mechanisms of destruction and
removal of scale that do not require high-temperature
heating. In this direction, the most promising is the
study of the mechanisms of scale destruction due to
thermal stresses. The advantages of a laser heat source
are obvious: the high power density allows to heat the
entire thickness of the scale layer within several tens
of microseconds, and in the absence of radiation, to
cool it almost as fast due to thermal conductivity and
heat dissipation into the metal base.

This paper proves the possibility of removing mill
scale due to thermomechanical destruction when
heated by radiation of a continuous-wave fiber ytter-
bium laser and carries out the search and optimiza-
tion of exposure modes that cause thermomechanical
destruction of mill scale on a thin-sheet St3sp mill
carbon steel. The heating temperature of the scale in
this process does not exceed its melting temperature,
and the destruction and removal of scale fragments
occurs in the solid phase state due to tensile thermal
stresses and a decrease in adhesion during the forma-
tion of wustite. Heating to the temperature of scale
destruction occurs only in its own layer. The surface of
the steel does not undergo significant thermal effects.
Laser scale destruction due to thermal stresses is a less
energy-consuming process than laser evaporation.

STRUCTURE AND PROCESS
OF MILL SCALE FORMATION
Scale on the surface of steels is an oxide layer (black,
bluish or dark red) formed as a result of heat treat-
ment of steels in an oxidizing atmosphere, for exam-
ple during mill. Normally, at a steel heating tempera-
ture above 570 °C, the scale consists of wustite (FeO),
magnetite (Fe;0,) and hematite (Fe,0;) [17, 18]. Mill
(or air) scale is formed on the surface of steels at the
final stage of mill, when cooled after the last mill
mill stand. The final form and composition of the mill
scale depends on the temperature at the end of mill
and the temperature of winding into rolls, the cool-
ing rate before winding and the roll cooling rate, the
composition of the atmosphere, the presence of water
vapor and many other factors [1, 18-21].

Oxides are formed on iron, the specific volume of
which oxides is greater than the volume of the metal,
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BO3/IEMCTBMS, BBI3BIBAIOIIMX TepMOMeXaHHYecKoe
paspylIeHle IPOKATHOM OKATHHbBI Ha TOHKOJIHICTOBOM
[IpOKaTe YIJIEPOAUCTOM CTalnu cT3cr. TemmepaTypa
HarpeBa OKa/IMHBI B 3TOM IIpollecce He IIpeBbINIaeT
TeMIIepaTypsl ee ILIaBJIeHHS, a paspylleHUe U yha-
neHHe PparMeHTOB OKAJIMHBI IIPOUCXOOUT B TBEPAOM
$a30BOM COCTOSIHUH 3a C4eT PACTATHBAIOLINX TEPMH-
YeCKUX HAIPSDKeHUH W YMEeHbIIeHMs aAre3nu IpH
dopMHPOBAaHUM BIOCTMTA. Harpes [0 TeMIlepaTyphl
paspylleHHs OKaJHHBI IIPOUCXOAMUT JIUIIL B ee Cob-
CTBEHHOM c/10e. [I0BepXHOCTD CTAJIN He IIpeTepIieBaeT
CyIeCTBEHHOIO TePMUYECKOro BAHUSHUS. JlasepHoe
paspyllleHHe OKaJIMHBI 3a CUeT TepMOHAIpsLDKeHHH
SIBJISIeTCS. MeHee SHepro3aTpaTHBIM IIPOLIeCCOM, YeM
Nla3epHOe HCIIapeHHe.

CTPYKTYPA N NMPOLUECC POPMNPOBAHUSA
MPOKATHOW OKAJIUHDI

OKaZMHa Ha IIOBEPXHOCTH CTajlel - OKCHUIHBIM CJIOH
(4epHOro, CH30r0 MKW TeMHO-KpacHOro IBera) dop-
MUPYeTCsl B pe3y/IbTaTe TePMHYECKON 06paboTKH CTa-
7€yl B OKHUCIHTENbHOM aTMocdepe, HaIpHMep IpH
ITpoKaTKe. B 0b11eM c1ydae pu TeMIlepaType Harpesa
ctanu Bhimie 570 °C OKaJIWMHA COCTOUT U3 BIOCTUTA
(FeO), marHetuTa (Fe;0,) u remarura (Fe,0,) [17, 18].
[TpokaTHas (WJIM BO3MLYyIIHAsI) OKAIHMHA obOpasyercs
Ha IIOBEPXHOCTH CTajJed Ha 3aKIIOYMNTETbHOM CTa-
OUM II0JydeHHs IIPOKaTa, IIPU OXJIKIEeHUH II0C/Ie
HocjiefHeH KJIeTH IIPOKATHOIoO CTaHa. KOHeUHBIN BU[
M COCTaB IIPOKATHOM OKAJMHBI 3aBHUCUT OT TeMIle-
paTypsl B KOHIle IPOKAaTKH MU TeMIlepaTypbl CMOTKHU
B PY/JIOHBI, CKOPOCTH OXJaXXIeHHS IIepel] CMOTKOH
U CKOPOCTH OXJIaKAeHHUSI PyJI0oHa, CocTaBa aTMochepsl,
H/IMYMS BOASIHBIX IIAPOB M MHOXECTBA APYrux dax-
TOpoB (1, 18-21].

Ha >kenese 06pasyloTcsi OKCHU/BI, yHeIbHbBIN 06beM
KOTOPBIX bosblie 06beMa MeTalIa, II03TOMY OKaIHMHA
SIBNISETCS IMOPHUCTOM M XPYINKOHM. OKaJHMHa MOXeT
COCTOSITh M3 Pa3lIMYHBIX OKCHUAHBIX C/I0EB, KOTOpEIE
pas3IHyaloTcs TelaoPU3UUeCKUMU CBOUCTBAMHU. [1pu
BBICOKOTEMIIepaTypHOM HarpeBe B IledaX Ha CTalu
bopMuUpyeTCcsI TpexcloHHass OKaJHMHA, HIKHHUM
CJI0eM KOTOPOM SIB/ISIETCSI BIOCTUT [22]. IIpu BBICOKOH
TeMIlepaType BIOCTUT CTAaHOBUTCA IIJIAaCTUYHBIM. IIpu
TeMIlepaTypax Bblile 1250 °C COIIPOTHUBIIEHHE CABHUIY
B (JI0€ BIOCTHUTA CTAaHOBUTCS OIM3KUM K Hy/0. I103-
TOMY IIPH BBICOKOM TeMIlepaType XapaKTepHa yYMeHb-
IIeHHas BeJIMYMHA afife3UH OKAJIUHBI K II0BEPXHOCTHU
Mmetawia [19]. Pasnuuusa Ko3OOUITUEHTOB TEIIOBOTO
pacIliMpeHMsl C/I0eB OKAJHMHBI M MeTalla, a Takoke
CHIDKeHHe afre3svy Ipu GOpMHPOBAHHUH BIOCTUTHOIO
CJI0S1 ABAIOTCA IPeAIOoCBUIKAMHU [/ Pa3pyLIeHHUs
OKJIMHBI IIPU HArpeBe U 6bICTPOM OXTKIEHUH .

=

so the scale is porous and brittle. Scale can consist of
various oxide layers, which differ in thermophysi-
cal properties. During high-temperature heating in
furnaces, a three-layer scale is formed on steel, the
lower layer of which is wustite [22]. At high tempera-
tures, the wustite becomes plastic. At temperatures
above 1250 °C, the shear resistance in the wustite layer
becomes close to zero. Therefore, at high temperatures,
a reduced amount of scale adhesion to the metal sur-
face is characteristic [19]. Differences in the coefficients
of thermal expansion of the scale and metal layers, as
well as a decrease in adhesion during the formation of
a wustite layer, are prerequisites for the destruction of
scale during heating and rapid cooling.

This effect is successfully used in mill production
in the hydraulic removal of furnace scale, which has
a classic three-layer structure. However, the hydraulic
descaling works well with scale thicknesses of more
than 1 mm and with high-temperature heating of the
entire workpiece. In this case, the jet of water effec-
tively cools the scale layer, while the base metal remains
hot. Due to the shear stresses arising in the scale layer,
as well as the additional kinetic energy of the water jet,
the scale crust is destroyed and detached [23].

Unlike furnace scale, which is formed at a constant
high temperature and consists mainly of wustite and
a thin upper layer of magnetite, mill scale is formed on
a finished roll at a constantly decreasing temperature.
The temperature at the end of the mill process (at the
exit from the finishing stand of the mill mill) is usu-
ally below 900 °C. The sheets are quickly cooled to the
winding temperature and winded into rolls, which are
left to cool in the air. Air access to the surface of the
mill sheet is limited, and the oxidation of steel slows
down. Due to the shorter time of high-temperature
oxidation, the thickness of the formed mill scale does
not exceed several tens of microns. Prolonged cool-
ing of mill products with mill scale at temperatures
above 570 °C leads to the formation of a scale consisting
mainly of magnetite, at temperatures below 570 °C - in
the scale, the initial wustite decomposes by eutectoid
reaction to magnetite and metallic iron. If the winding
of the sheets takes place at a lower temperature, and
the cooling of the rolls occurs quickly enough, then
a large amount of wustite is stored in the mill scale and
such scale is easier to remove. However, as a rule, the
cooling of the rolls is slow and the main component in
the scale is magnetite or the product of the eutectoid
decomposition reaction of wustite [20, 21, 24-28]. The
scheme of formation of various types of mill scale is
shown in Fig. 1. A thin film of mill scale turns out
to be more homogeneous in its properties and more
plastic than classical furnace scale. Such scale has no

PHoOTONICs VOL. I8 NO.6 2024 439



JaHHBIN 3deKT ¢ ycIIeXoM HCIIONb3yeTcsl Ha IIpo-
KaTHOM ITPOM3BOJCTBE IIPH THIPOCOMBE IIeYHOM
OKaJIMHBI, HMeIOIler KIACCHYecKylo TPeXCI0HHYIO
CTPYKTYpy. OHAKO THUAPOCOUB XOpOIIOo paboTaeT mpu
TOMIIMHAX OKAJTHUHEL 60j1ee 1 MM U IIPU BBICOKOTEMIIEe-
PaTypHOM HarpeBe BCeH 3arOTOBKH. B JaHHOM ciydae
CTpys Bozabl 3GGEKTUBHO OXJIaskKAAeT C/IOM OKaJIHHBI,
TOI/la KaK OCHOBHOM MeTa/I/l OCTaeTcs ropsduM. 3a
C4yeT BO3HHUKAIOUIUX B CJI0e OKAJTHWHBI HaIPSDKeHUH
cpe3a, a TakoKe JOIIOTHUTeIbHON KUHEeTHYeCKOU SHep-
TUW CTPYH BOABI IIPOMCXOAUT PaspylleHHe U OTPLIB
KOPKH OKJIMHBI [23].

B oTnnM4Ke OT ITeUHOM OKJIMHBI, GOPMHUPYIOLIeLiCcs
IIPU IIOCTOSIHHOK BBICOKOM TeMIlepaType M COCTOSI-
el B OCHOBHOM M3 BIOCTHUTAa M TOHKOI'O BepXHero
CJ10s1 MarHeTUTA, IIpOKaTHAas OKaJHuHa GOpMHUPYeTCA
Ha FOTOBOM IIpOKaTe IIPU IIOCTOSSHHO CHISKAIOIIEHCS
TeMIlepaType. TeMIepaTypa B KOHIe IIpoliecca
IpokaTa (Ha BBIXOZle K3 YHCTOBOM KJIETH ITpoKaTa)
obpruHO HIKe 900 °C. JIMCTHI OBICTPO OX/IaXKAAIOT
0 TeMIIepaTypbl CMOTKM H CMAaTBIBAIOT B PYJIOHBI,
KOTOpBIE OCTaBJIAIOT OCTHIBATH Ha Bo3gyxe. JOCTyII
BO3/lyXa K IIOBePXHOCTH CMOTAaHHOIO B PYJIOH JIKCTa
OTPaHHUYEH, U OKHC/IeHHe CTaJIM 3aMelIsieTcs. 3a
CYeT MeEHbIIero BpeMeHU BBICOKOTeMIIEpPATypPHOIO
OKMC/IEHHUS TOAIMHA GOpMUPYIOMIEHNCcsT IIPOKaT-
HOI OKaJIHHBI He IpeBbIIIaeT HECKOJIbKHUX JeCSTKOB
MHKPOH. [UIMTe/JIbHOe OCTBIBAaHHME IIpOoKaTa C IIpo-
KaTHOM OKa/IMHOM IIPH TeMIlepaTypax Bbimie 570 °C
IIPUBOAUT K GOPMHPOBAHUIO OKUIMHBI, COCTOSILIEN
B OCHOBHOM M3 MarHeTHTa, IIPU TeMIIepaTypax HUKe
570 °C - B OKaJIMHe UCXOAHBII BIOCTHUT pPacIlaZaeTcs 110
3BTEKTOMJHON PeakliMM Ha MarHeTHUT U MeTalHuue-
CKoe >Kejie30. ECIM cMOTKa JIMCTOB IIPOMCXOOUT IIPHU
6oree HU3KOM TeMIIepaType, a OXJIAKAEHHE PYTOHOB
IIPOUCXOAUT LOCTATOUHO OBICTPO, TO B IIPOKATHOM
OKaJIMHe COXPaHseTcs 60JIbIIoe KOTHYECTBO BIOCTHUTA
M TaKas OKa/IMHa jerdye ypansgercs. OOHaKO, Kak
[IpaBHJIO, OXJIA’KAEeHHe PYJIOHOB IIPOMCXOOUT Me[-
JIEHHO U B OKaJIMHE OCHOBHOM COCTAaBJISIOIIEH SIBJISI-
€TCSl MaTHeTUT WK IPOAYKT 3BTeKTOUIHOM pPeaKLIuH
pacmaga BroctuTa [20, 21, 24-28]. Cxema dopmu-
POBaHHS PA3JHMYHBIX BHUAOB IIPOKATHOU OKaTHHBI
rmoxkasaHa Ha puc. 1. ToHKas IIJIeHKa IPOKATHOM
OKJIMHBI II07y4aeTcss 6osee OJHOPOLHOM IO CBOUM
CBOMCTBaM U 0ojiee IJIACTUYHOM, YeM KJIacCHYecKas
IeyHas OKajaMHa. Takasg OKaJHMHA He KMMeeT BbIpa-
SKeHHOM CJIOMCTOCTH, 06/1afiaeT BHICOKOM afre3suell co
CTaJIbI0 M XOPOILO COIIPOTHBISLETCS MeXaHHU4YeCKOMY
BO3[IeHCTBUIO [23].

Yrobpl peanu30BaTh MeXaHH3MBl pa3pyLIeHUS
[IPOKAaTHOM OKaJIHHBI 33 CYET BHYTPEHHHX HaIps-
SKeHUH, HeoOXOOMMO yBEJTHYHUTb HHTEHCHBHOCTH
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pronounced layering, has high adhesion to steel and
resists well mechanical action [23].

In order to implement the mechanisms of destruc-
tion of mill scale due to internal stresses, it is neces-
sary to increase the intensity of heating and cooling.
It is known that when surface heating of steel with
mill scale by high frequency currents and additional
mechanical action (blows of piezoceramic micro-
vibrators), its destruction occurs and a cleaning effect
isachieved. An increase in the plasticity of the wustite
during heating contributes to the destruction of scale
with additional mechanical action [29]. However, the
intensity of heating and cooling when using induc-
tion heating is not sufficient for effective cleaning.
Also, this method is not suitable for cleaning thin-
sheet mill products due to significant overheating of
the steel sheet and its warping.

Taking into account the structure of the scale and
the process of its formation, it was concluded that it is
necessary to study the mechanisms of destruction and
removal of scale due to intensive local laser heating
of it to the full depth and subsequent cooling due to
thermal conductivity. As a result of heating the scale
above 570 °C, wustite is formed from a mechanical
mixture of magnetite and metallic iron. During cool-
ing at temperatures below 570 °C, wustite decomposes
again into magnetite and metallic iron. High temper-
ature gradients during cyclic heating and cooling and
various linear expansion coefficients of the scale and
steel phases form stresses in the scale layer [29, 30].
As a result, the combination of physico-chemical and
thermomechanical mechanisms during laser heating
makes it possible to destroy and remove the initial
layer of scale. Since the heating temperature of the
steel surface is significantly lower than its melting
point, it does not damage and oxidize [31].

DESCRIPTION OF SAMPLES
The study of the mill scale cleaning process was carried
out on samples of hot-mill products with a thickness
of 5mm of the St3sp steel grade containing from 0.14%
to 0.22% carbon. Steel of this grade is widely used in
industry. The surface of the sheets in the delivery state
is covered with a uniform thin scale of dark blue color
without defects visible to the unaided eye. Before laser
cleaning, the surface of the samples was not subjected
to preliminary preparation. The thickness of the scale
was measured on the transverse section of the sheet
using an optical microscope. As seen on the micro-
graph (Fig. 2), the thickness of the scale is about 15-20
microns.

The micrograph also shows oxidized areas of steel
under the main dark layer of scale. The formation
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HarpeBa U OXJakAeHUs. F3BeCTHO, YTO IIPU I10BEPX-
HOCTHOM HarpeBe CTJIH C IIPOKAaTHOM OKAJIMHOM
TOKAMH BBICOKOM YaCTOTHI U IOMOJTHUTENIBHOM MeXa-
HUYeCKOM BO3ZeHCTBUH (yAapaMu Iibe30KepaMUye-
CKHX MHKPOBHUOPATOPOB) IPOUCXOAUT ee pas3pylle-
HHe U AocTturaetrcs 3¢PekT OUYUCTKU. YBeJIHYeHUe
IIJIACTUYHOCTH BIOCTHUTA IIPHU HarpeBe CIIOCOOCTByeT
Pa3pyLIeHHUI0 OKAJIMHEI IIPU JOIIOHUTEIbHOM Mexa-
HHUYECKOM BO3OeHCTBUH [29]. OmZHaKO HHTEHCUB-
HOCTHM HarpeBa M OXJaXAeHHUS IIPU HCIIOJb30Ba-
HUMU HHAYKLUHOHHOIO HarpeBa HeNOCTAaTOYHO MJIS
3$deKTUBHOM OYMCTKU. Takske MAHHBINA CrIocob He
IIOAXOOUT IS OYKCTKH TOHKOJIKCTOBOIO ITPOKaTa
M3-3a CyIeCTBEHHOIO Ileperpesa JIKCTA CTAIH U ero
KopobeHuUs.

YYUTBHIBasi CTPYKTYPy OKJIMHBI U IIpoliecC ee ¢op-
MHPOBaHUsI, ObIT CAeIaH BBIBOL O HEOOXOZHMMOCTH
HCCIelOBaHUSI MeXaHHU3MOB Pa3pylleHUs U yoaleHHs
OKJIMHBI 32 CUeT MHTEHCHUBHOTO JIOKAJIBHOIO Ja3ep-
HOT'O HarpeBa ee Ha BCIO INIyOHHY W I10CIeNYIOIIero
OXJIaKIEHUS 3a C4eT TeIUIOIIPOBOAHOCTH. B pesyis-
TaTe HarpeBa OKIMHBI CBbime 570 °C U3 MexaHHYe-
CKOM CMeCH MarHeTHTa U MeTal-

JH4YecKoro xenesa GopMHUPYeTCs

of these areas is probably associated with defects of
mill [32] or with the internal oxidation of steel and the
formation of an intra-oxidized transition layer at the
steel-scale boundary [33].

CONTINUOUS-WAVE LASER SCALE
TREATMENT SCHEMES

The study used a continuous-wave fiber ytterbium
laser YLR-2000-MM-WC with a wavelength of A=1.06
pm with a power of 2 kW. Two different optical scan-
ning systems were used: circular and linear (Figure 3).
The circle or line obtained with the help of appropriate
optical scanning systems was moved rectilinearly to
form a continuous processing area. The considered
method of scanning the metal surface with a linearly
moving circle to perform cleaning was proposed in the
patent [34].

The main variable parameters of the exposure were
the power density, duration of exposure and the over-
lap coefficient of the scan figures. The power density
and duration of exposure depend on the parameters
of the scanning systems: the diameter of the fiber,

BIOCTUT. Bo Bpems oxJIaKOeHUS
IIpu TemIiiepaType HuKe 570 °C
BIOCTUT BHOBbL paclajaeTrcsi Ha
MarHeTUT U MeTaJlJIM4YecKoe
JKeme30. BbhICOKHMe TI'pagHeHTHI
TeMIIepaTyp MpU LUKINYECKOM
HarpeBe M OXJIAKOEHHH MU pas-
JUYHBIe JIMHeHHble KO3POHUIIM-
eHTHl paclIMpeHHUs $a3 OKaJIHMHEI
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JIa3epHOM HarpeBe II03BOJISIET
PaspyIIUTh U YOATHUTH HUCXOIHBIN
CJIOM OKAJIUHBI, Tak Kak TeMIlepa-
Typa HarpeBa IOBePXHOCTH CTalIU
CyILIeCTBEHHO HUKe TeMIIepaTyphl
ee IUIABJIeHHUS, TO IIPH 3TOM He
IIPOMCXOAUT ee IOBPeXAeHHUS
Y OKUCIeHus [31].

IIDH IIPOKATKEe

OMNMMNCAHUE OBPA3LIOB

HccnemoBaHue Ipolecca O4YUCTKU
IIPOKAaTHOM OKAJHHBI BBIIIOHS-
70ch Ha obpasuax ropsdeKkarta-
HOIO0 IpoKaTa TOJMIMHOU 5 MM
Mapku ctanu CT3CI, copepsKallen

OKaJlKhHa Ha IIpoKaTe

Puc. 1. ®opmuposaHue cmpykmypul NpoKamHol okaAuHsl [27]
Fig. 1. Formation of the mill scale structure [27]
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ot 0,14% mo 0,22% yrnepopa. CTaJb JaHHOH MapKu
IIHMPOKO IIPHMeHSeTCsl B IPOMBILIUIEHHOCTH . IToBepx-
HOCTb JIUCTOB B COCTOSIHUM IIOCTAaBKH IIOKPBITA PaB-
HOMEpDHOHM TOHKOM OKaJIMHOM TeMHO-CHHero LiBeTa
6e3 BHUOMMBIX HEBOOPY>KEHHBIM IJIa30M MAedeKTOB
npoxarta. Ilepen na3epHOM OUYMCTKOM IIOBEPXHOCTb
06pasLoB He IOABEprajiach IIpeBapUTENIbHOMN IIOA-
rOTOBKe. M3MepeHHe TOJNIIKMHBI OKaJHMHBI BBIIIONI-
HeHO Ha I[IOIlepedHOM IUIHMde JHUCTa C IIOMOILBIO
ONTHYEeCKOT0 MHKPOCKoma. Kak BHUJHO Ha MHKPO-
doTorpaduu (puc. 2), TONIIHUHA OKAJIMHBI COCTABIISIET
0K0J10 15-20 MKM.

Ha muxpodororpaduu Takke BUIHBI OKHCIeHHbIe
00/1acTH CTa/lu IIOf, OCHOBHBIM TEeMHBIM C/I0€M OKa-
nuHbl. Obpa3oBaHHe JAaHHBIX 06acTer, BEPOSTHO,
cBsi3aHO C AedeKTamu IIpoKarta [32] UIKM C BHYTpeH-
HHUM OKHCIeHHeM CTalu U GOpMHUpPOBaHHEM BHY-
TPeOKHUC/IEHHOTO IIepeXOfHOro CJI0S Ha TCpaHHLle
CTaJIb-OKaJIMHa [33].

CXEMbl OBPABOTKN OKAJINHDbI
HETMPEPbIBHbIM JIASEPOM

B HccliefoBaHUM HCIIOIB30BAJICS HENPEPBIBHBIN
BOJIOKOHHBIN HTTepOHeBbIH nasep YLR-2000-MM-WC
C IJIMHOM BOJMHBI A=1,06 MKM MOIIHOCTbIO 2 KBT.

| m TEXHOJIOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |

PaccTtosiHuUe 17,2 MKM
Distance 17,2 pm

150 MKM | um
N e

3 = S -3

Puc. 2. MNMonepeyHbil wAug Aaucma npokama moAu,uHol 5 mm,
ceepxy CMoAa, HUyke meMHbili cA0l OKAAUHbI HA N0BepXHOCMU
cmanu

Fig. 2. Transverse section of a mill sheet with a thickness of

5 mm, resin on top, below a dark layer of scale on the steel
surface

the optical magnification, and the scanning speed of
the laser beam. The overlap coefficient also depends
on the speed of linear movement of the scanning
figure.

For a circular scanning system, the laser process-
ing area is formed by superimposing rings formed
during circular scanning, the center of which shifts

OnrTuyeckoe
BOJIOKHO
3200 MKM

HernpepsIBHBIA Komtumartop

BOJIOKOHHBI
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O6BEKTHB
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IepeMeleHus
KOJIbLIa CKAHUPOBAHUS

O611acTh Ia3epHOM
06paboTKu

CTasbHOM ropsiueKaTaHbIN JTUCT

CTanbHOM ropsiYeKaTaHBIHM JIUCT

Puc. 3. Cxembl Ad3epHOL ycmMaHo8KU ¢ Kpy2080Li ckaHupyoweli cucmemoli (cAesa) U ¢ AuHeliHoll ckaHupytoueli cucmemoli (cnpaga)
Fig.3. Schemes of a laser installation with a circular scanning system (left) and with a linear scanning system (right)

OonrTuyeckoe Komnumartop TanmpBaHOCKaHep
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\
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II0JIOCBHI CKAaHHUPDOBAHUS
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HCronp30BaIkCh [IBé Pa3lIMUHble OITHUYeCKHe CKa-
HUpYIOIIMe CHCTeMBl: KpyroBas U JHHeMHas
(puc. 3). Ilony4aemble C IOMOIIBIO COOTBETCTBYIO-
IIMX ONTHYECKHUX CKAHUPYIOIIUX CHCTeM OKPYXK-
HOCTb HJIM JIMHHS IIepeMeIlalHCh IIPSIMOIHHENHO
s GOpPMHUPOBAHUS CIUIOLIHON 061acTH 06paboTKHU.
PaccMaTpuBaeMBIM CII0COO CKAaHHUPOBAHHS IOBEPX-
HOCTH MeTaJ/l/IOB JIMHENHO IepeMeIlaoIercsl OKPYXK-
HOCTBIO /ISl BBIIIOJIHEHMSI OUMCTKM ObLI IIpefIoKeH
B I1aTeHTe [34].

OCHOBHBIMHU IlepeMeHHBIMHU IapaMeTpaMH BO3-
IeNCTBUSL SIBJISUIMCH IVIOTHOCTh MOILTHOCTH, IJIUTENb-
HOCTb BO3JEMCTBUSI U KOIQPULINEHT IePeKpBITHUS
duryp ckaHupoBaHHUsI. [IJTIOTHOCTb MOIIHOCTH U AJIH-
TeJIbHOCTh BO3/I€HCTBHS 3aBHCST OT IIapaMeTPOB CKa-
HUPYOIIUX CHCTeM: AHaMeTpa BOJIOKHA, yBelIHue-
HUSI OIITUYECKOM CHCTEeMBI, CKOPOCTH CKAaHUPOBAHMUS
JasepHoOro mydka. KospduliMeHT repeKphITHS 3aBH-
CUT TaKke OT CKOPOCTH JIMHEHHOIO IlepeMelleHHs
GUrypsl CKAHUPOBAHUS.

JlJ1sT KpyTroBOIM CKaHUPYIOIIEH CHUCTeMbl 06/acTh
nasepHOM 06paboTku GOPMHPYyeTCss HalOKEeHHEM
KoJel, o6pa3oBaHHBIX IIPH KPYroBOM CKaHHPOBa-
HUH, LIEHTP KOTOPBIX CMeINaeTcsl IIPH JIMHEHMHOM
IOBIDKEHUH CKaHUPYOLIeH roloBku. Obpasyromascs
[10JI0CA CKAaHHUPOBAHMS COCTOMT M3 KoJel], Hajo-
SKeHHBIX APYT Ha ApyTa C HEKOTOPHIM IlepeKpBITHEM.
Ko3pPHULIMEeHT IepeKkphITUS MeXIy COCeIHHUMHU
KOJIBLIAMH 3aBHCHUT OT pa3Mepa IISITHA, YaCTOTHI
BpallleHHUs ISITHA U TUHENHOM CKOPOCTU IepeMelle-
HUS CKaHUPYIOLEel roloBKU. [Ipu JaHHOM criocobe
CKAaHUPOBAHUS KO3PUIIMEHT IePeKpPhITHUS U CyM-
MapHas fo3a ob61y4deHHs yBelIH4YMBaeTCs B IOIle-
peuyHOM HaIlpaBleHHH, OT L[eHTpa K Kpalo I10JIOCHI
CKaHHPOBaHMA. II03TOMYy IIOPOTOBEIe YIe/lbHbIE
SHepreTuveckue Ho3bl obnydeHus E, HeobxomuMeble
st monydeHus: Tpebyemoro 3ddeKra BO3LEHCTBUS
(HI>Ke - Ho3bl 0O/ydeHUsI), ONpefesioTCs IO 3Ha-
yeHHUsIM E U pe3ynbpTaTy 06paboTKU B IjeHTPabHO
0671aCTH I0JI0CHI BO3/IeHCTBUSA. HcCeoBaHMe pesKU-
MOB OYHCTKH BBIIIONHSJIOCH IPH K03 HUIIMEeHTe
IIepeKpPBITHS KOJIell I10 LeHTPY II0JIOChl CKAaHHPOBa-
Hus 50%.

JIuHeMHasi CKAaHUPYoOIIas cHUcTeMa QOPMHUPYET
obracts 06paboTKU B BHe CIIONIHOM 3Ur3aroobpas-
HOM 1o0s0Chl. Ko3pdHUIMeHT MepeKphITHUSI 3BeHbEB
B LIeHTPe MaKCHUMAa/bHBIN K YMEeHBIIAeTCs B IBA pasa
K BepIIMHAM 3BeHbeB. [I0poroBble 3Ha4YeHHS O3B
obnydenust E (I)Kk/cm?), HeobXomHUMOI [IJIsi paspy-
IIeHUs] M YAAJIeHUs OKAJIMHBI, ONpeesuIuch s
LeHTpaAbHON obnacTtu obpaborku. HccaemoBaHue
PEKMMOB OYHCTKH BBIIIOJIHSIACH ITPH KO3QOHULIKIEHTe
[epeKpPLITHA 110 LIeHTPY I1010ChL 50%.

=

with the linear movement of the scanning head. The
resulting scan strip consists of rings superimposed
on each other with some overlap. The overlap coef-
ficient between adjacent rings depends on the size of
the spot, the speed of rotation of the spot and the lin-
ear speed of movement of the scanning head. With
this scanning method, the overlap coefficient and
the total radiation dose increase in the transverse
direction, from the center to the edge of the scan-
ning strip. Therefore, the threshold specific energy
doses of radiation E necessary to obtain the desired
effect of exposure (below - radiation doses) are deter-
mined by the values of E and the result of treatment
in the central area of the exposure strip. The study of
cleaning modes was performed at a 50% ring overlap
coefficient in the center of the scan strip.

The linear scanning system forms the processing
area in the form of a continuous zigzag strip. The
overlap coefficient of the links in the center is maxi-
mum and decreases by half to the tops of the links.
The threshold values of the radiation dose E (J/cm?)
required for the destruction and removal of scale
were determined for the central treatment area.
The study of cleaning modes was performed with
an overlap coefficient in the center of the strip of
50%.

INVESTIGATION OF THERMOMECHANICAL
SCALE DESTRUCTION UNDER THE ACTION
OF LASER RADIATION
The following is an assessment the parameters for
heating the scale to a depth of 15 microns by radiation
from a continuous-wave ytterbium fiber laser. The
thickness of the magnetite layer in which laser radia-
tion with a wavelength of 1.06 microns is absorbed
is only 230 nm (absorption index 4.4-10* cm™) [35].
The thermal diffusivity of magnetite is 1.8-107 m?/s
(determined by formula 1). The reflection coefficient
of magnetite at a wavelength of 1.06 microns is
0.14 [35].
a=Ko 53 _jg.06mys, 1)
pc 5170-586.1
where k is thermal conductivity, p is density, c is heat
capacity, (the values of thermophysical quantities are
taken from [36]).
The required heating duration can be estimated
as:
h?  225-10-12
=" 1810% =125 ps, )
where h is the thickness of the scale, a is the thermal
diffusivity of the scale.
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NMCCNEAOBAHUE TEPMOMEXAHUYECKOIO
PA3PYLWEHUSA OKAJINHDbI
noj AENCTBUEM
JNNA3EPHOI'O U3JTYHEHUA
BBIIIOJIHMM OLIEHKY IIapaMeTpoB [Jis IIporpesa
OKJIMHBI Ha INMyOHHY 15 MKM H3/IydeHHeM HeIlpe-
PBIBHOTO HUTTepbHeBOro BOJIOKOHHOrO asepa. Toi-
IIMHA CJI0S MarHeTHTa, B KOTOPOM IIOIJIOLIAeTCs
7a3epHOe H3Iy4eHHe C IJIMHOM BOMHBL 1,06 MKM,
cocTaBnsieT Bcero 230 HM (IOKa3aTeslb IMOIJIOLIEHHUS
4,4-10* cm™) [35]. TemompoBOLHOCTh MarHeTHUTA
cocraBnsier 1,8-10° m?/c (ompenensieTcs mo ¢op-
myne 1). Ko3apduUIlHMeHT OoTpaskeHHs] MarHeTHTa Ha
JUJIMHe BOJHEI 1,06 MKM cocTasiset 0,14 [35].

a=K o353 g0 M, M

pc 5170-586,1

rae k - TemIompoBOgHOCTDb, p — IVIOTHOCTD, € — TeILIO-
eMKOCTb, (3HaueHHUs TeIIOPU3HUYEeCKHX BelIHUYHUH
B3STHI U3 [36]).

HeobxofyMyIo AHTebHOCTh HarpeBa MOXHO Olle-

HHUTb KaK:
2 .10-12
t=%=%=125 MKC, (2)
rge h - TONIIMHA OKAJIHHBI, 4 - TEIJIOIIPOBOAHOCTb
OKaJIMHBI.

ITo dopmyiie (3) olLleHUBAETCS IUIOTHOCTh MOIIHO-
CTH J1a3epPHOrO H3Jy4eHHs, IIPU KOTOPOI B LIeHTpe
[ISITHA TeMIIepPaTypa IIOBepXHOCTH OKAJIMHBI JOCTHI-
HeT 33JaHHOH TeMIIepaTyphl, B JaHHOM CiIydae TeM-
[epaTyphl ILIaB/leHHs Mar"etura T,;=1597 °C [30].
B npuBeleHHOM HHKe OLleHKe HCII0/Ib3yeTcss GopMya
IUIs UMIIYJILCHOTO HarpeBaHHUs B TeyeHHe BPeMeHHU
t=h?/a, KoTOpoe Ppeanm3yercsi NpPHU CKAHHPOBAHUU
HeIIpepLIBHOIO IIy4YKa CO CKOPOCThIO V. IIpu 3TOM
IIPUHHUMaeTcs NpUOIMKeHe PAaBHOMEPHOIO pacIipe-
JleJleHH s INIOTHOCTHA MOIIHOCTH 10 IIATHY C XapaKTep-
HBIM pa3MepoM d, Tak 4To: t=d/V,, OTKyZa MOXKHO
HaNTH TpebyeMyl0 CKOPOCTb CKAaHHUPOBaHHUS [37].
HauanpHas TeMIlepaTypa obpasiia NpHHHUMAETCS pPaB-
Hou 20 °C.

(T Taaw) KV (1597-20)-5,3-V3,14

2:(1-R)-Vat  2:0,86-15-10-°
~57,4 KBt/ ?, (3)

rae k - TeIIompoBOIHOCTh MarHeTUTa, R - KoapduIu-
€HT OTPasKeHMS MarHeTUTa Ha JJIMHe BO/IHBI 1,06 MKM.
IKCIIePUMEHTA/IBHO HaNAEHbl PeKHMBI J1a3ePHOrO
BO3EIMCTBHS, IPUBOAAINNE K PaspylleHHUI0 M yoa-
JIEHUIO0 IIPOKATHOM OKaJHHBI B TBEPAOM (a30BOM
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According to formula (3), the power density of
laser radiation is estimated at which the surface tem-
perature of the scale in the center of the spot reaches
a predetermined temperature, in this case the melting
point of magnetite T,,,=1597 °C [30]. The following
estimate uses the formula for pulsed heating dur-
ing time t=h?/a, which is realized when scanning
a continuous beam at a velocity of V. In this case,
an approximation of a uniform distribution of power
density over a spot with a characteristic size d is taken,
so that: t=d/V,, from where the required scanning
speed can be found [37]. The initial temperature of the
sample is assumed to be 20 °C.

) (Tun~Tuau) KV (1597-20)-5,3-V3,14

2:(1-R)-Vat  2-0,86-15-10°°
~57,4 KBt/ ?, (3)

where k is the thermal conductivity of magnetite, R is
the reflection coefficient of magnetite at a wavelength
of 1.06 microns.

The modes of laser action leading to the destruction
and removal of mill scale in the solid phase state have
been experimentally found. The variable parameters
of the modes were: power density, duration of expo-
sure and number of impacts.

If the scale removal effect is achieved in the studied
mode, then the number of impacts (in practice, the
scanning speed) and the specific energy dose E of all
impacts (J/cm?) (threshold energy dose of cleaning)
necessary for scale removal were determined for it.
The threshold energy density of cleaning is a criterion
for the effectiveness of the studied mode. The lower
it is, the more energy efficient this mode is and the
higher the cleaning performance can be achieved.

The criterion for the destruction and removal of
scale was considered to be the destruction and detach-
ment of the upper component. At the same time, the
appearance of the surface changed from glossy to
matte. Figure 4 shows a micrograph of the sample sur-
face (a), a micro profile of the surface (b) and a micro-
graph of separated scale particles (c). Laser processing
parameters: power density 100 kW/cm?, exposure
duration 150 ps, total energy dose of treatment 90
J/cm?. In this sample, about half of the surface is free
of the original scale. Scale removal occurs in the form
of fragments whose longitudinal dimensions signifi-
cantly exceed the transverse one.

Qualitatively, the process of scale removal was
described as a result of the following experiment.
For a duration of exposure of 150 ps, processing was
performed with power densities in the range from
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COCTOSIHHM. [lepeMeHHBIMHU I1apaMeTpaMH PeKHMOB
SIBJISIMCh: IUIOTHOCTh MOIIHOCTH, JJIMTEIbBHOCTh BO3-
JEeHCTBUS U YHC/I0 BO3IEHCTBU.

Ecnu B uccnegyeMoM peskMMe SOCTUraeTcs 3¢dexT
yAa/IeHKs OKQJIMHBI, TO [IJIs1 Hero OIlpese/isijioch YK CII0
BO3ENCTBUM (Ha IIpaKkTHKe, CKOPOCTb CKaHHPOBa-
HUS) U ylelbHas SHepreTudeckas fosa E Bcex Bo3-
nencTBUM ([Ik/cM?) (IIoporopasi 3HepreTyuyeckas 03a
OYHCTKH), HeoOXOAMMBIe /ISl yOaJleHHs OKAaTHHBI.
IToporoBasi IJIOTHOCTb 3HEPIMU OYKCTKH SBJISETCS
KpuTepreM 3PPeKTUBHOCTH MCCIeAYeMOro peskrMa.
YeM OHa HHMXe, TeM 5HeprosddekTHBHee NAHHBIN
Pe’KUM U TeM BbllIe MOKeT ObITb JOCTUTHYTA IIPOMU3-
BOAUTE/IbHOCTb OYKCTKH.

KputepueM paspylleHHs U yLaJleHHS OKaJTHHBI
CYMTAJIOCh Pa3pyIlIeHHe U OTC/IOeHHe BepXHel COCTaB-
nsomel. IIpy 3TOM BHEIIHHH BHJ IIOBePXHOCTHU
MEeHSUICS C IVISIHIIeBOTO Ha MaToBbIM. Ha puc. 4 npu-
BelleHa MUKpodoTorpadus moBepxHocTH obpasua (a),
MHUKporrpodrib mnosepxHocTH (b) M MHKpodoTorpa-
dusl OTHeNMBIIMXCS YacTHIL, OKAIHHBI (B). Ilapame-
TPl JIa3epHOM 06pabOTKU: IIOTHOCTh MOIIHOCTH
100 xBT/cM?, IJIMTEJIBHOCTh BO3OEHMCTBUS 150 MKC,
CyMMapHasi JHepreThdeckas mo3a o06paboTku
90 I>x/cm?. Ha naHHOM obpa3lie IPUMEPHO II0JI0BHHA
IIOBEPXHOCTU OCBOOOXKAEHA OT HCXOZHOM OKAJIMHBI.

i g

35 to 350 kW/cm?. At a power density of 35 kW/cm?
(a single dose of 5.3]/cm?), no scale removal effect was
obtained. At a power density of 350 kW/cm? (a single
dose of 52.8 J/cm?), the scale is melted, and the effi-
ciency of thermomechanical destruction decreases.
For treatment modes leading to scale removal, the
dependence of the threshold energy dose of clean-
ing on the energy dose of a single exposure was con-
structed (Fig. 5). The results show that the dose of
a single exposure of 13.2 J/cm? is near the optimal
value.

On circular (Fig. 6) and linear (Fig. 7) scanning
systems, dependences of the threshold energy dose of
cleaning on the duration of exposure for certain levels
of power density were obtained. If the required dura-
tion of exposure is exceeded at a given power density,
scale melts and its removal efficiency decreases. If the
duration of exposure is insufficient, the scale may
crack, but it is not removed.

It can be seen from the obtained graphs that with
an increase in power density, the optimal duration
of exposure decreases. The optimal power density
levels are in the range of 70-250 kW/cm?, while the
duration of exposure must be selected from the range
of 280-80 ps. At power densities above 300 kW/cm?,
scale melting is observed; the higher the power

{Ocrposm MCXOAHOM OKAIMHbI

* 3 Ty & Sighs
'OCTaTOYHBI cnoﬁ -y

.

A ]

AUHbI; C) yaanuswuecn vacmuubl OKanuHbl

removed scale particles

Puc. 4. Pe3yabmam Ad3epHo20 8030elicmeus Ha NPOKAMHYI0 OKAAUHY: d) N08epXHOCMb OKAAUHbI; b) npoduab nogepxHocmu oka-

Fig. 4.The result of laser exposure to mill scale: a) is the appearance of the scale surface; b) is the profile of the scale surface; c)
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YnaneHHe OKaJIMHBL IIPOUCXOAUT B BUIE GpParMeHTOB
IIPOJOJIbHBIE pPa3Mepbl KOTOPHIX CYILECTBEHHO IIPEBBI-
IIAIOT [IONepevYHBbIH.

KauecTBeHHO IIpoLIeCC YOaleHHsS OKaJIMHBI ObII
OIMCaH B pe3y/lbTaTe IIPOBeleHHS C/IefyIoIlero 3KC-
IepuMeHTa. ISl IIUTeTbHOCTH BO3/EHCTBUS 150 MKC
BBIITOJIHSUIACh 06paboTKa € IIOTHOCTSIMH MOIIHOCTH
B OuarmasoHe: 35-350 kBt/cm2. IIpy IUIOTHOCTH MOIII-
HOCcTH 35 KBT/cM? (o3a OLHOKPATHOTO BO3[EHMCTBHS
5,3 JUk/cm?) He 6pUTO mONy4deHO 3ddeKTa yAaTeHHs
OKTHHBI. [IpH IUIOTHOCTH MONIHOCTH 350 KBT/cM?
(mo3a omHOKpATHOro Bo3mercTBHsA 52,8 IK/cM?) oka-
JHUHA MeperaBiasercsi, U 3PPeKTUBHOCTb TepMoOMe-
XaHHUYeCKOro paspylleHMsl CHIXKaeTcsl. IS PeskKHMOB
06paboTKH, MPUBOASILINX K YAAIEHHIO OKIMHBI, 6bITa
IIOCTPOEHA 3aBUCUMOCTb IIOPOTOBOI 3HEPreTHYecKOM
JI03bl OYKCTKU OT S3HEPreTUYECKO 03Bl OHOTO BO3/IeH-
cTBUs (pUc. 5). IToydeHHbIe pe3y/bTaThl I0KA3bIBAIOT,
YTO 1032 OLHOKPATHOI'O BO3AeHCTBUS 13,2 K/ cm? Haxo-
IUTCS BOIM3U OIITHMaJIBHOIO 3HAUESHH S,

Ha xpyroBon (puc. 6) ¥ JIHHEeHHOHN (PHUC. 7) CHUCTe-
Max CKaHHPOBAaHHUS OBUIM IIOTy4eHBI 3aBHCHMOCTH
[IOPOTOBOK JHEPreTHYeCKOMW 03Bl OUYMCTKH OT [JIH-
TeJIbHOCTH BO3[IeHMCTBUS AJIsl OIIpefe/leHHBIX YPOBHEH
IIJIOTHOCTH MOITHOCTH. [IpH IIpeBBIIIeHUH Heobxonu-
MO¥ JJIUTeIbHOCTH BO3[EHCTBUS IIPH AAaHHOM IUIOT-
HOCTH MOIIHOCTH IIPOMCXOOMT pacCIl/IaBIeHHe OKa-
JIUHBI, U NajgaeT 3¢PeKTUBHOCTL ee yganeHus. Ilpu

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
TEXHOJIOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

density is, the less effective the thermomechanical
destruction is and the greater the heating of the steel
surface.

With a duration of exposure of about 100 ps, the
scale is heated to its entire thickness. During cyclic
heating and cooling, phase transformations occur
in the scale layer and residual tensile stresses are
formed. As a result, the scale cracks into individual
flakes, which lose their adhesion to the surface during
laser treatment and are removed. Scale destruction
occurs in the scale layer, and not along the steel-
scale boundary, so a thin loosened layer of scale may
remain on the surface of the steel. The residual layer
can be effectively removed in the evaporative mode by
a pulsed nanosecond fiber laser. The energy dose of the
final cleaning by pulses with a duration of 200 ns and
a pulse energy of 0.5-1 m] is about 20 J/cm?.

CONCLUSION

The paper experimentally demonstrates the possibil-
ity of removing mill scale with a thickness of about 15
microns, consisting mainly of magnetite, in a solid
phase state due to thermomechanical destruction by
radiation from a continuous-wave fiber laser.
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Fig.5. Dependence of the threshold dose of scale removal on
the dose of a single exposure with a duration of exposure of
150 microseconds
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He,E[OCTaTO‘-IHOﬁ OJIIUTEIBHOCTHU

BO3/JIeHICTBUS OKA/IMHA MOXKET pac- 800
TPeCKMBAThCS, HO He yIa/IsgeTcs.
M3 rmony4yeHHBIX TIpadUKOB
BUJHO, 4YTO IIpU yBeIHYEHUHU
IUIOTHOCTH MOIIHOCTH YMeHb-
mlaeTcs  ONTHMajbHAsg  [JIH-
Te/JIbHOCTb BO3JeHCTBUSI. ONITH-
MaJIbHbIe YPOBHH IIJIOTHOCTH
MOIIHOCTY HaXOATCA B [AMaIa-
3oHe 70-250 KBT/cM?, mpH 3TOM
IJINTENTBHOCTh BO3MIEHCTBUS Heo6-
XOOMMO BbIOMpaTh M3 AHaIa3oHa
280-80 MKc. IIpu IUIOTHOCTAX
MOIHOCTU BbIIle 300 KBT/cm?
HabnomaeTcss OIUIABIeHHEe OKa-

700

600 -
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400 -

Threshold dose of exposure, J/cm?

300

Tloporosas f03a BO3AENCTBUSA, K/ cm?

200 !

o TIIOTHOCTb MOIIHOCTH,, KBT/ cM?
Power density, KW /cm?

200

JIMHBI: YeM BBHIIIEe IIJIOTHOCTh MOIII-
HOCTHU, TeM MeHee 3pdeKTUBHO
TepMOMexaHUYeCKoe pas3pylleHue
u OosplleMy HarpeBy IIOABepra-
€TCs1 [IOBEPXHOCTh CTAJIH.

IIpy [JIUTENBPHOCTH BO3JeM-
cTBUsA OoKoyso 100 MKc obecrmeuu-
BaeTCsl IIPOrpeB OKIMHBEI Ha BCIO

20 40

LITUTeIBHOCTD BO3LEHCTBHUL, MKC | Duration of exposure, |s

Puc. 7. 3asucumocmb nopozosoli 003bl paspyLIeHLs! OKAAUHbl 0mM 0AUMeAbHOCMU 603~
delicmeusi npu 3a0aHHOU NAOMHOCMU MOWHOCMU, AUHELIHAS CKAHUPYrOW,ds cucmema
Fig.7. Dependence of the threshold dose of scale destruction on the duration of
exposure at a given power density, linear scanning system
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ee TOJNINMHY. Bo Bpemsl LMKIU-

YeCcKOro HarpeBa M OXJIAXKIEeHUS

B (JIO€ OKAJIMHBI ITPOHCXOIAT da3oBble ITpeobpasoBa-
HHS, U GOPMHUPYIOTCS OCTaTOYHBIE PACTATHBAIOLIHE
HaIpSDKeHUsI. B pesynbpTaTe OKaJIMHA PacTpeCcKHBa-
eTcs Ha OT[e/lbHble YellyHKH, KOTOpble B IIpoliecce
Ja3epHOM 00PabOTKM TEpSIIOT AAre3UI0 C II0BEPXHO-
CTBIO U YHOUISIOTCS. PaspylleHHe OKAJIHMHBI IIPOMC-
XOOWUT B CJ/l0e OKa/IMHBI, & He II0 IPaHHULie CTajb-
OKa/IMHa, I03TOMY Ha IIOBEPXHOCTH CTaIHd MOXKeT
OCTaBaThCSl TOHKHM Pa3pbIXJIEHHBIM CJIOM OKAJIMHBI.
OCTaTOYHBIHN CI0M MOXET 6BITh 3PeKTHUBHO yIaneH
B HCIApUTeIbHOM PpeXHMe HKMIIYJIbCHBIM HaHOCe-
KYHAHBIM BOJIOKOHHBIM JIa3epOM. DHepreThveckas
0332 GUHUIIHOM OYMCTKU HMITYyJIbCAMU [IIUTENb-
HoCcTbIo 200 HC M 3Heprued B ummyiabce 0,5-1 MK
cocTasigeT okoyo 20 K/ cM?2.

3AKJ/TIOMEHUE

B pabore sKkcrepUMeHTATbHO IIPOJEeMOHCTPUPOBAaHA
BO3MOJKHOCTb Y[a/leHHsl MPOKATHOM OKaJHHBI TOJ-
IIMHOM OKOJO 15 MKM, COCTOsILIeNl B OCHOBHOM K3
MarHeTHTa, B TBepAoM (a30BOM COCTOSHHUU 3a CUeT
TEPMOMEXaHHUYEeCKOr0 paspylleHUs H3IyuYeHHeM
HeIlpepbIBHOI'0 BOJIOKOHHOT'O JIa3epa.

PaspylleHHe OKaJIMHBI IIPU 06paboTKe HeIlpephIB-
HBIM JIa3epOM IIpH IUIOTHOCTSIX MOIIHOCTH M [UIH-
Te/JIBHOCTSIX BO3JELCTBUSI HH>Ke IIOPOTOBBIX, BBI3BI-
BAIOLIMX HKCIIapeHHe, CBSI3aHO C PaCTSATHUBAIOLIMMU

The destruction of scale during continuous laser
treatment at power densities and exposure durations
below the evaporation thresholds is associated with
tensile stresses and thermochemical transformations
in the scale structure. The conversion of a mixture of
magnetite and metallic iron into wustite reduces the
adhesion of the modified scale and probably contrib-
utes to the formation of cracks along the scale plane.
Intensive cooling of the heated scale after the end
of laser exposure leads to the appearance of tensile
stresses that form cracks across the scale plane and,
with sufficient softening of the scale, lead, as a result,
to the detachment of scale particles. A softened loose
thin layer of scale remains on the metal surface,
which can be easily removed using a laser in evapora-
tive mode.

When examining samples of hot-mill steel, a tran-
sition layer was found at the steel-scale boundary,
which was formed by the introduction of scale par-
ticles into the metal matrix during mill or due to
internal oxidation of steel. This layer contains condi-
tions for the occurrence of corrosion processes when
interacting with air. In some cases, the removal of the
scale layer may not be sufficient to ensure the required
level of corrosion resistance of metal surfaces. There-
fore, in the future it is necessary to investigate the
problem of removing this transition layer.

PHoTONICs vOL. I8 NO.6 2024 447



=

HaIpsDKeHUSIMH M TepMOXHMHYEeCKMMU IIpeobpa-
30BaHUSIMH B CTPYKType OKaJHHBI. IIpeobpasoBa-
HHe CMeCH MarHeTHTa M MeTa/J/IM4ecKoro >kejaesa
B BIOCTUT IIPUBOJUT K CHHIKEHHUIO afire3uyd Mogudu-
LIHPOBAHHOM OKAJIMHBI U, BEPOSTHO, CIIOCOOCTBYET
bOpMUPOBAHUIO TPELIUH BIOJb INIOCKOCTH OKAJIHHBI.
VHTeHCHBHOe OXJIaKAeHHe HarpeTorl OKaJIHHBI
II0C/Ie OKOHYAHHS JIa3ePHOTO BO3/IEMCTBUS IIPHUBO-
OUT K BO3HHUKHOBEHMIO PACTSATHBAIOIIMX HaIps-
SKeHUH, KOTOopble GOPMHUPYIOT TPeILIMHBl IIoIIepeK
IIJIOCKOCTH OKJIMHBL U NPHU AOCTATOYHOM PasyIpoy-
HEHUU OKATHHBI IIPUBOASLT, B HTOre, K OTCIOEHHIO
YaCTHI] OKaJIMHBL. Ha IIOBEepPXHOCTH MeTaslIa OCTAeTCs
Pa3yIpOUHEHHBIN PBIXIBIH TOHKHUEH CJIOM OKaJIHHEL,
KOTOPBIM MOKeTOBITh/IeIKOy/Ia/IeH CIIOMOIIbI0Ia3ePaB
HCIIapHUTeIbHOM PesKHMe.

[Ipu uccaemoBaHUM 06pasLoB ropsiyeKaTaHOM
CTIM Ha TpaHHLe CTAIb - OKaJIHWHA 6bUT 0b6HApY-
>KeH I1epeXOIHbII CI0k, KOTOPBIF 06pa3oBasIcs IIyTeM
BHe/IpEHHS B MeTa/UIM4YeCcKyl0 MaTpHIly YacCTHI] OKa-
JHUHBI DU NPOKAaTKe HIM HM3-3a BHYTPEHHEro OKMC-
JeHHs CTaJd. B JaHHOM cjoe 3aJ/I0’KeHBl YCIOBHUS
IJ1s1 IIPOTeKaHUsl KOPPO3HOHHBIX IIPOLIeCCOB IPH B3a-
MMOJENCTBHU €ro C BO3AYyXOM. B HeKOTOpBIX Ciy-
yasx yAaJeHHe C/10si OKaJIMHBI MOXKET OKa3aThCs
He[OCTaTOYHBIM Mt obecmeueHus Tpebyemoro
YPOBHSI KOPPO3HOHHOM CTOMKOCTH IIOBePXHOCTeH
MeTa/uloM3aenuu. [lo3ToMy B JanbHeHIIeM Heob-
XOIVMO HCCIefoBaTh IIpobieMy yAaleHHs! AAHHOTO
IIePeXOHOTO CJIOSI.
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