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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. In the oil and gas industry, a significant part of the
equipment is operated under conditions of intense mechanical wear, corrosion
and cyclic loads, which leads to premature failure of critical parts. Restoration of
these parts is an economically feasible alternative to their complete replacement,
especially when using modern surface hardening technologies. Objective.
Development of a scientifically based approach to the selection of powder
materials for laser surfacing, focused on the restoration of 45 steel parts used in the
oil and gas industry. Methods. The method is based on a comprehensive analysis
of the solubility of alloying elements, their distribution coefficients between liquid
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and solid phases, as well as the thermodynamic compatibility of the "coating—
substrate" system. Results. It is shown that a decrease in the tendency to crack
formation in the fusion zone is achieved by minimizing metallurgical stress
concentrators that occur with an uneven distribution of alloying elements and phase
components. Special attention is paid to the influence of the chemical composition
of the powder material on the thermal processes during laser surfacing, including
temperature distribution, heating and cooling rates, as well as the duration of
the liquid phase. Numerical simulation data confirm that the nature of the laser
radiation power distribution significantly affects the formation of the melt bath
and residual stresses. The most effective are uneven distributions with maximum
intensity in the frontal part of the spot, which reduce temperature gradients and
increase the structural uniformity of the coating. Conclusions. A self-fluxing alloy
of the PG-CP4 type containing Ni, Cr, Si and boron is considered as a promising
material, which provides high compatibility with steel 45, the formation of a
wear-resistant coating and a reduction in the likelihood of defect formation. The
results obtained can be used in the development of technologies for the repair and
restoration of parts of oil and gas equipment operating in conditions of intense
wear and aggressive environments.

Keywords: laser cladding, 45 steel, oil and gas industry, component restoration,
powder material, element solubility, crack formation

For citations: Bashirov R., Zakenov S., Rzaev E., Bashirova G., Nurshakhanova
L. Scientific Principles for Selecting Powder Materials for Laser Cladding in the
Restoration of Components in the Oil and Gas Industry. News of the National
Academy of Sciences of the Republic of Kazakhstan, Series of Geology and Technical
Sciences. 2026. No.5. Pp. 74-88. DOI: https.://doi.org/10.32014/2026.2518-
170X.691

©bammupos P.!, 3akenos C.”", P3aeB J.!, Bamuposa I'.3,
Hypmaxanosa JI.2, 2026.

'O3ip0aiikaH TeXHUKAIBIK YHHUBEpCUTETI, baky, O3ipOaiixkaHn;
’[11. EcenoB atbIHIarbl Kacmuii TEXHOIOTHSIAP KOHE HHKUHUPHHT
yHuBepcurerti, Akray, Kazakcras;

*O3ipbaiikaH MEMIICKETTIK TeHi3 akajeMusichl, baky, ©3ipbaibkaH.
*E-mail: senbek.z@mail.ru

MYHAM-TA3 OHEPKOCIBIHJIE BOJIIEKTEPII KAJIIBIHA
KEJITIPY KE3IHAE JIASBEPJIIK BAJIKBITYFA APHAJIFAH YHTAKTbBI
MATEPUAJIAAPABI TAHAAYJABIH FbIJIBIMA INTPUHIUIITEPI

Bamupos Pacum — TexHHKa FBIIBIMAAPBIHBIH TOKTOPbI, ©3ipbaiikaH TeXHUKAJIBIK YHUBEPCHTETI,
Baky, OzipbaiixaH,
E-mail: rasim_agma@aztu.edu.az, https://orcid.org/0000-0001-6907-2502;

75



ISSN 2224-5278 5.2026

3akeHoB CemOHMrajm — TexXHHMKAa FbUIBIMIApbIHBIH A0KTOpbI, L. EceHoB arbmpgarel Kacrmii
TEXHOJIOTHSIAP JKOHE MHXKUHUPHHT YHUBepcuTeTi, Akray, KasakcTaH,

E-mail: senbek.z@mail.ru, https://orcid.org/orcid.org/0000-0002-1225-3203;

P3aeB DJIbYMH — TeXHMKa FHUIBIMIAPBIHBIH KaHIUIAThl, O3ipOaii’kaH TeXHUKAIIBIK YHUBEPCUTETI,
baky, ©3ip0aiikaHn,

E-mail: elchin_rzayev(@aztu.edu.az, https://orcid.org/0009-0002-9661-5300;

Bammposa I'ynnap — TexHHKa FbUIBIMJIAPBIHBIH KaHIUAAThl, O3ipOaii’kaH MEMIEKETTIK TEeHI3
akazemusichl, baky, O3ip0aiixkaHn,

E-mail: bashirovagulnar@adda.edu.az, https://orcid.org/0009-0007-9211-1865;

HypmaxanoBa Jla3z3ar — TexHuKa FbUIBIMAApBIHBIH KaHauaaTsl, 11I. Ecenos arsinparsr Kacnnit
TEXHOJIOTHSIAP JKOHE MHXKUHUPHHT YHUBepcuTeTi, Akray, Kasakcra,

E-mail: aitore2010@mail.ru, https://orcid.org/0000-0001-8745-9874.

AHHoOTauus. O3exminiei. MyHaii-ra3 eHepKaciOiH/e )KaOIbIKTHIH e9yip Oeriri
KapKBIHIBI MEXaHUKAJBIK TO3Y, KOPPO3HUSIIBIK 9CEP €TY MKOHE IUKIIIIK KYKTEMeTep
JKarJaibIHIa TTalilaaHbuTIalbl, Oy sKayanTsl OeJIIeKTepaiH Mep3iMiHeH OYpBIH
iCTeH MIBIFYbIHA oKee . by 6emmexrep i KaimpiHa KeATipy oJap bl TONBIFBIMEH
AyBICTBIPYABIH dKOHOMHUKAJBIK TYPFBIIAH THIMAI Oarmamachkl OOJBIT TaOBLIAIEI,
ocipece Kasipri 3aMaHFBI OCTTIK KAaTaWTy TEXHOJOTHSIIAPBIH KOJIAHFaH Ke3Je.
Maxcamor. MyHali-ra3 eHEpKoCiOiHIE KOJIAHBUIATHIH 45 OonarTaH jKacalFaH
OemeKkTepai KaimblHa KenTipyre OarbITTajFaH Ja3epiik OajKhITyFa apHaiFaH
VHTaKTBl MaTepHaIapAbl TaHAayFa FBUIBIMH HETI3ACITeH TOCUIMI 93ipJey.
9oicmepi. DNicTeMe JICTUPIICYII AIEMEHTTEPIIH ePITIIITITiH, ONMapIbIH CYHBIK
JKOHE KaTTHI (pazasiap apachIHAarkl Tapaity KodpuimeHTrepid, conaai—ax "xaoy-
cyOcTpar'KyHeciHiH TepMONMHAMHUKAIGIK YIICCIMIUTITIH KEMIeHI Tanmayra
Heriznenren. Homuoicenepi. banky aiiMarbIiHAa KapbIKIIAK maiaa 00y YpAicCiHIH
TOMCHICYIHE JISTUPIICYII IEMEHTTEep MEH (a3allblKk KOMITOHCHTTEPAIH OipKemki
OeiHOCyIHEeH TYBIHIAUTHIH KEPHEYIEPAiH METAITY PTHSITBIK KOHIIEHTPATOPIAphIH
a3afTy apKpUTBI KOJ OKETKI3IETiHI KepceTinreH. YHTaK MaTepHUabIHBIH
XUMUSIIBIK  KYPAMBIHBIH JIa3epilik OaNKBITY KE3IHIETrl KBUTy IPOIECTEpPiHe,
COHBIH INIiHIAE TEMIIEpaTypaHblH TapadyblHa, KBI3ABIPY JKOHE CAKBIHIATY
KBUIIAMIIBIFBIHA KOHE CYHBIK (Da3aHbIH OMIp CYpy V3aKTHIFBIHA OCEpiHe
epekie Hazap aymapbuianasl. CaHAbIK MOACIBICY NePEKTEPl JTa3epIiK COyJICICHY
KYaTBIHBIH Tapally CHIIaThl OaNKBITHIIFAH BaHHAHBIH Maimga OOJybIHA >KOHE
KQJIIBIK KEepHEYJIepre anTapibIKTaldl ocep eTeTIHAIriH pacTaiasl. EH THimmici-
TeMmreparypa TpPaIuCHTTEPIHIH TOMEHICYIH J>KOHE JKAOBIHHBIH KYPBUIBIMIBIK
OIpKEeNKIMITIHIH JKOFAphUIAYBIH KaMTaMachl3 €TETiH MJaKTHIH (DPOHTAIBIBI
Oexirinme MakCHUMalsl KapKbIHABUIBIFEI Oap OIpKenki eMmec yiecTipysiep.
Kopvimuinovinap. llepcriekTUBanmbIK MaTepuan peTinae kypambiaga Ni, Cr, Si
xoHe 60p Oap I1I'-CP4 Tunti e3airinen araTblH KOPBITIA KapacThIPbUIAIBL, 01 45
OoJaTIeH KOFaphl YHJICCIMAUTIKTI, TO3yFa TO3IMIII YKaOBIHIBI KaJIBIITACTHIPYIBI
JKOHE aKayJIapIbIH Taiaa 00Ty BIKTUMAJIIBIFBIH TOMCHICTYII KaMTaMachl3 €TE/i.
ATBIHFaH HOTHXKEJIEP KaPKBIHABI TO3Y JKOHE arpeCCUBTI OpTa KaFIalbIHIA )KYMBIC
ICTEHTIH MYHAK-Ta3 xKaOIbIFBIHBIH OOJIIICKTEPiH KOHACY JKOHE KaJIbIHA KEATIPY
TEXHOJOTHSUIAPBIH d3ipJiey Ke3iHe Maijananburybl MYMKIiH.
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AHHOTamuA. AxmyanvHocms. B HedrTerazoBoil  MPOMBIIUICHHOCTH
3HAUUTENIbHAs YaCTh 000PYAOBaHMS SKCIUTYaTHPYETCs B YCIOBUSIX HHTCHCUBHOTO
MEXaHWYECKOTO H3HOCA, KOPPO3HOHHOTO BO3JIEHCTBUS U HUKINYECKUX HATPY30K,
YTO MPHUBOAUT K MPEKIEBPEMEHHOMY BBIXOJIy U3 CTPOS OTBETCTBEHHBIX JI€TaJIeH.
BoccranoBrnenrne HW3HOMIEHHBIX JeTaleld MPEACTaBIsAET COOOW SKOHOMHUYECKH
LeJIECO00pa3HyI0 albTepPHATUBY UX [IOJIHOM 3aMeHe, 0COOEHHO ITPH UCTI0JIb30BaHUN
COBPEMEHHBIX TEXHOJIOTUI IOBEPXHOCTHOTO YIIPOUHEHHS 1 HAHECEHHUSI 3aLIUTHBIX
NOKpeITUH. []ens. Pa3paborare HayyHO OOOCHOBaHHBIM IOIXOJ K BBHIOOPY
MOPOIIKOBBIX MaTepUasOB s Ja3epHON HAIUIaBKU NTPU BOCCTAHOBJIEHUU JeTalel
u3 cranu 45, npuMeHseMblX B He(Tera3oBoil MpPOMBIIUICHHOCTH. Menmoosi.
Meroauka HCCIIEIOBaHUS OCHOBaHA Ha KOMIUIEKCHOM aHajM3€ PacTBOPUMOCTU
JETUPYIOIINX 3JIEMEHTOB, KO3(D(ULINEHTOB MX pPaCHpPEACTICHUS MEXIY XHIKOH
U TBepAoH (azamu, a TaKKe TEPMOAMHAMHUYECKONW COBMECTUMOCTH MaTepUaoB
B CHCTEME «IOKpPBITHE - TOMIOXKKa». JlOMOJHUTENHFHO HCIONB30BAHBI METOIBI
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YHUCIIEHHOTO MOJICITMPOBAHUS TETJIOBBIX MTPOIECCOB, MPOTEKAIOIINX IPH JTa3ePHON
HaI1aBKe, 1JIA OUCHKHA BJIMAHUA paCpPCaACIICHNUA MOIITHOCTH JIA3€PHOTO U3JTYUCHU A
Ha (OpPMHPOBAaHUE BaHHBI pacijlaBa MU OCTATOYHBIX HaNpsDKEHUH. Pezyismamoi.
YcTaHOBIEHO, YTO CHIDKEHHE CKJIOHHOCTH K TPEUMHOOOpPA30BAaHUIO B 30HE
CIUIABJICHUS JIOCTUTAETCS 332 CYeT MHUHUMH3AIMH METaNTyprudeckux (pakTopos
KOHIIEHTpAIUH HaIPsKEHUH, 00yCIIOBICHHBIX HEPAaBHOMEPHBIM pacIpe/eIeHueM
JIETUPYIOIIUX DJIEMEHTOB W (a30BbIX cocTaBistomux. (Ocoboe BHUMaHHE
YAETICHO BIUSHHUIO XHMUYECKOTO COCTaBa MOPOLIKOBBIX MaTepHAJIOB HA TEILIOBBIC
MpOLIeCChl TIPH JIa3epHOM HaIUTaBKe, BKIIOYAsl paclpesesieHre TeMIepaTyphl,
CKOPOCTH HarpeBa M OXJIaXJICHUS, a TAKKe MPOAOIIKUTEIBHOCTD CYIIECTBOBAHUS
KUAKOHN (a3bl. Pe3yapTaThl YHCIEHHOTO MOJICIIMPOBAHUS TTOKA3aJIH, YTO XapaKTep
pacmpereneHus: MOIHOCTH J1a3epHOr0 M3IyYeHHs CYIIECTBEHHO BIHSIET Ha
(¢bopMupoBaHWE BaHHBI paclylaBa ¥ BEJIMYMHY OCTATOYHBIX HAIPSHKSHUH.
Hawnbonee a3¢ekTnBHBIME 0Ka3aInCh BApUAHTHI HEPABHOMEPHOTO pacTpeesieHus
WHTCHCUBHOCTH JIa3€pHOTO M3JIyYeHHUs] C MaKCUMyMOM B TIepeIHed wvacTu
MATHA HarpeBa, CIOCOOCTBYIOIINE CHIKCHHWIO TEMIEPaTypHBIX TPAINCHTOB
W TIOBBIILICHUIO CTPYKTYPHOH OJHOPOAHOCTH (OPMHUPYEMOTO IMOKPBITHS.
Bwvioosi. B kadecTBe MepCreKTHBHOTO MOPOIIKOBOTO MaTepuaia i JIa3epHOU
HAIUTaBKU paccMOTpeH camoduirocyronuiics cruas tuma [1I-CP4, coxepxainunii
HUKEIIb, XpOM, KpeMHHH u 0op. [IpuMeHeHHe AaHHOTrO CIUIaBa CIIOCOOCTBYET
00eCTICUCHNTO METAUTY PTHUECKON COBMECTUMOCTH CO CTaJbI0 45, pOpMUPOBAHUIO
W3HOCOCTOWKOTO MOKPBITHS M CHHYKCHUIO BEPOSTHOCTH BOZHUKHOBEHUS IE(PEKTOB
B 30He HaruiaBkd. [lomydeHHBIE pe3ynbTaThl MOTYT OBITH WCIOIB30BAHBI MPHU
pa3paboTKe W COBEPIICHCTBOBAHWM TEXHOJOTMH PEMOHTa M BOCCTAHOBJICHUS
netaneld He(TerazoBOro O0OPYIOBaHHS, OSKCILUTyaTHUPYEeMOIO B  YCIOBHSX
WHTCHCUBHOTO MEXaHUYECKOTO U3HOCA M BO3JICHCTBHS arpeCCUBHBIX CPE.

KuaroueBrnle cioBa: jna3epHas HariaBka, cTaib 45, HedrerazoBasi MPOMBIIII-
JIEHHOCTh, BOCCTAHOBJICHHE JI€TAJICH, MOPOIIKOBBIM MarepHall, pacTBOPUMOCTD
3IIEMEHTOB, TPEIIMHOOOPa30BaHHE

Introduction. In the oil and gas industry, a large number of equipment operates
under conditions of severe mechanical wear, corrosion and cyclic loads, which
causes premature failure of important parts. Such elements include shafts, bushings,
pump components, and pipeline valve parts, which are often made of 45 steels due
to its favorable combination of strength and manufacturability (Steen et al., 2010;
Toyserkani et al., 2004). Restoration of such parts using modern surface hardening
methods is a more economical option compared to their complete replacement.

One of the most effective methods of restoration is laser cladding, which
provides coatings with high adhesion, minimal heat-affected zone, and the
ability to precisely control the material structure (Goldak et al., 2005; DebRoy
et al., 2018). This technique allows localized addition of material with excellent
metallurgical bonding and reduced thermal distortion compared to traditional
welding or thermal spray methods (Qiyao Deng et al., 2024). However, the high
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heating and cooling rates inherent to laser processing lead to the formation of
non-equilibrium microstructures and significant residual stresses, increasing the
risk of crack formation in both the clad layer and the fusion zone.

A key factor determining the quality of the restored coating is the selection of
the powder material. Improper chemical composition can result in metallurgical
incompatibility between the coating and the substrate, enhanced segregation
effects, and defects such as porosity and intergranular cracking (Hasanov et al.,
2024; Sedighi et al., 2024). These issues are particularly critical for 45 steels,
which contains carbon that actively participates in phase transformations and may
contribute to brittle structure formation under unfavorable cooling conditions
(Zehuan Lin et al., 2024).

According to contemporary physical metallurgy concepts, the choice of
alloying elements should be based on analyses of their solubility in iron and
partitioning behavior between liquid and solid phases, as these parameters
influence crystallization behavior, segregation tendencies, and phase formation in
the fusion zone (Zapata et al., 2024). Elements with high solubility (for example
Cr, Ni, Mn, Mo) promote the formation of homogeneous solid solutions, while
elements with limited solubility (such as B, Ti, Nb) act as structure modifiers
(Furui Jiao et al., 2025; Zhao et al., 2024).

The presence of harmful impurities (S, P, O, H), which tend to concentrate
at grain boundaries and reduce ductility while encouraging crack initiation, also
significantly affects performance (Bashirov et al., 2025). In the oil and gas sector,
where components operate in aggressive environments, controlling chemical
composition and minimizing impurities are crucial for reliable service (Sun et al.,
2025).

Modern studies also show that not only the material composition but also
laser processing parameters, especially the distribution of laser intensity in the
focus spot, play a vital role. Optimizing these parameters enables better control
of thermal cycles, reduced temperature gradients, and lower residual stress levels
(Madatov et al., 2025; Mollaamin et al., 2024; Gulyaev, 1986).

Despite numerous studies in the field of laser cladding, comprehensive
methodologies for selecting powder materials that fully consider the specific
service conditions in the oil and gas industry remain insufficiently explored. In
particular, there is a need to integrate data on chemical composition, element
solubility, phase transformations, and thermal processes into a unified material
selection framework (Callister, 2018; Srinivasan et al., 2020; Chen et al., 2021;
Andi Huang et al., 2025).

Therefore, the objective of the present work is to develop a scientifically
justified approach to the selection of powder materials for laser cladding in the
restoration of 45 steel parts, aimed at enhancing wear resistance, reducing defect
formation risks, and extending the service life of oil and gas equipment.

Materials and Methods. The methodology for selecting powder materials for
laser cladding in the restoration of parts made of steel 45 in the oil and gas industry
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is based on a comprehensive consideration of the thermodynamic compatibility of
materials, the kinetics of phase transformations, and the characteristics of thermal
processes occurring in the fusion zone. The proposed approach aims to minimize
defect formation and ensure the required operational properties of the restored
layer.

The methodology is grounded in the principles of physical metallurgy and
crystallization theory, according to which the key parameters for selecting alloying
elements are their solubility in iron, the distribution coefficient between liquid
and solid phases, as well as the tendency to form secondary phases (Zapata et
al., 2024, Furui Jiao et al., 2025). The solubility of an element in a- and y-iron
determines the possibility of forming a homogeneous solid solution, while the
distribution coefficient characterizes the degree of element segregation during
melt solidification (Zhao et al., 2024).

The distribution coefficient & is defined as the ratio of the concentration
of an element in the solid phase to its concentration in the liquid phase at the
solidification front:

k=C/C, (1)

where C, is the concentration of the element in the solid phase, and C, is its
concentration in the liquid phase.

When k=1, a uniform distribution of the element in the structure is ensured,
whereas for k<1, the element tends to accumulate in the liquid phase, leading to
segregation, which can cause chemical inhomogeneity and reduce the mechanical
properties.

Based on these criteria, all alloying elements in the powder material are
classified into four groups:

1. Primary alloying elements (Cr, Ni, Mn, Mo, V), which have high solubility in
iron and a favorable distribution coefficient. These elements ensure the formation
of a solid solution and improve the strength, wear resistance, and corrosion
resistance of the restored layer (Sun et al., 2025; Madatov et al., 2025.

2. Secondary alloying elements (B, Ti, Nb, Zr), characterized by limited
solubility. They act as structure modifiers, promote grain refinement, and
contribute to the formation of dispersed strengthening phases. For example, boron,
concentrating at grain boundaries, reduces their mobility and inhibits grain growth
(Mollaamin et al., 2024).

3. Harmful impurities (S, P, O, H), which have low solubility and unfavorable
distribution coefficients. Their presence leads to the formation of brittle
intergranular phases, porosity, and microcracks, which is particularly hazardous in
aggressive environments of the oil and gas industry (Gulyaev, 1986).

4. Low-solubility components, capable of forming stable carbides, nitrides, and
borides. Their effect is evaluated in terms of their contribution to strengthening
and potential increase in structural brittleness (Callister, 2018).
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Additionally, the methodology takes into account the mutual solubility
of alloying elements, which determines the possibility of forming stable
multicomponent systems. It has been established that combinations such as Cr—
Ni—Mo exhibit a high degree of compatibility and ensure the formation of a stable
structure with uniform phase distribution (Srinivasan et al., 2020).

An important stage is the analysis of the influence of the chemical composition
of the powder material on the technological properties of the melt, including
fluidity, viscosity, and susceptibility to defect formation. Increasing the content of
elements such as Si and C contributes to improved fluidity, whereas elements with
high melting points (Mo, W) can increase melt viscosity and hinder the formation
of a uniform layer (Chen et al., 2021).

Considering the specifics of laser cladding, particular attention is paid to the
thermal conditions of the process. To describe the temperature field, the unsteady
heat conduction equation is used:

pcoT/ot =AV 2T+ g(x,),z1t) 2)

where p- is the material density, c- is the heat capacity, A- is the thermal
conductivity coefficient, and g- is the volumetric heat source density, simulating
the effect of laser radiation.

The form of the function g(x,y,z,¢) is determined by the law of the laser intensity
distribution in the focusing spot. Within the framework of the methodology, various
distribution options (Gaussian, uniform, asymmetric) are considered, which allows
evaluating their influence on the geometry of the melt pool and cooling rate (Andi
Huang et al. 2025).

The practical implementation of the proposed approach includes the following
stages:

* Analysis of the chemical composition of the component to be restored (steel
45) and its operating conditions;

* Selection of the base alloying system considering element solubility and
distribution coefficients;

* Assessment of the risk of defect formation based on the content of harmful
impurities;

* Modeling of thermal processes taking into account the parameters of laser
treatment;

* Prediction of the phase composition and structure of the deposited layer.

Thus, the developed methodology allows for a comprehensive and scientifically
grounded selection of powder materials for laser cladding, ensuring increased
reliability of restored steel 45 components, reducing the likelihood of crack
formation, and extending their service life in the oil and gas industry.

Results and Discussions. The results of the conducted study are based on
numerical modeling of thermal processes during laser cladding of PG-CR4-
type powder material on steel 45, as well as on a comprehensive analysis of the
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influence of chemical composition on the formation of structure and operational
properties of the restored layer. To describe the temperature field, the unsteady
heat conduction equation of the following form was used:

p*c* @T/dy) = * (@T/dx? + d°T/dy> + d°T/dz?) + q(x,,2,) 3)

where p- is the material density, c- is the heat capacity, A- is the thermal
conductivity coefficient, and ¢(x,y,z,¢) is the volumetric heat source density
modeling the effect of laser radiation. The computational modeling scheme and
the adopted boundary conditions are shown in Figure 1, while the results of the
numerical analysis of temperature fields and heating rates are presented in Figure
2 and Figure 3.

Analysis of the obtained dependencies shows that the maximum temperature
in the laser-affected zone reaches 1600-1700 °C, which exceeds the melting
temperatures of both steel 45 and the deposited material. This indicates the formation
of a stable melt pool and ensures a reliable metallurgical bond between the coating
and the substrate. At the same time, it was established that the heating rate reaches
values on the order of 5x10* °C/s, while the cooling rate varies in the range of 8x10?
— 2x10* °C/s depending on the processing regime and the energy distribution law,
which is confirmed by the data presented in Figure 2b and Figure 3b.

Figure 1. Computational scheme for modeling thermal processes in laser cladding.

Temperature. °C Speed., °C/c
1800 6x10*
1600 4x10*

1200
800

800

Figure 2. Temperature distribution (a) and heating and cooling rates (b) for Gaussian and uniform
distributions: 1 —z=0 mm, 2 — 0,25 mm, 3 — 0,45 mm, 4 — 0,85 mm.
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Temperature. °C Speed.,*C/c
1800 1 6x10*
1600 /2 4x10¢ /A
1200 i \ 0 ,‘23
800 -4x10* \J\%ﬁf
"5 0 1 2 zmm ¥ - 2, mm
a) b}

Figure 3. Temperature distribution (a) and heating and cooling rates (b) for a non-uniform offset
distribution: 1 —z =0 mm, 2 — 0,25 mm, 3 — 0,45 mm, 4 — 0,85 mm.

Particular attention in this work is paid to the influence of the spatial
distribution of laser beam intensity on thermal processes. A comparative analysis
of the simulation results shown in Figure 3 indicates that Gaussian and uniform
distributions exhibit high temperature gradients, which contribute to the formation
of significant residual stresses. At the same time, in the case of a non-uniform
distribution with a maximum intensity at the front part of the spot, a more favorable
thermal regime is formed, characterized by an increased lifetime of the liquid
phase and a reduced cooling rate. This leads to a decrease in temperature gradients
and, consequently, a lower probability of crack formation in the fusion zone.

The geometry of the molten pool, shown in Figure 4, demonstrates the
significant influence of the thermal regime on the formation of the deposited
layer’s structure. It was established that in all considered regimes, the penetration
depth of the substrate exceeds the thickness of the deposited coating, ensuring the
formation of a strong metallurgical bond. Increasing the laser beam scanning speed
from 0,2 to 0,5 m/min is accompanied by a decrease in penetration depth, which
allows targeted control of the degree of mixing between the coating material and
the substrate. The most rational shape of the molten pool is achieved with a frontal
intensity distribution, where the melting isotherm is elongated along the direction
of source movement, providing more uniform cooling of the material.

Temperarure o

'“ﬁﬁﬁ

Figure 4. Temperature distribution in the longitudinal section for different laser beam intensity
profiles.
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Figure 4 illustrates the temperature field distribution and the geometry of the
molten pool in the longitudinal section (X—Z) for different laser beam intensity
distribution laws. Subfigures (a—d) correspond to the following types of energy
exposure: (a) — Gaussian distribution; (b) — uniform (rectangular) distribution;
(c) — non-uniform with maximum intensity at the rear part of the spot; (d) — non-
uniform with maximum intensity at the front part of the spot.

The analysis shows that with a Gaussian distribution (Fig. 4a), a symmetrical
molten pool is formed, with the maximum temperature localized in the central
zone. In this case, significant temperature gradients are observed both in depth and
along the scanning direction, which contributes to the development of elevated
residual stresses. In the case of a uniform distribution (Fig. 4b), the temperature
field becomes smoother; however, the symmetry of the pool and comparatively
high temperature gradients remain.

With a non-uniform distribution having a maximum intensity at the rear part of
the spot (Fig. 4¢), the region of maximum heating shifts opposite to the direction
of the beam movement, resulting in accelerated cooling of the front part of the
molten pool. This, in turn, can lead to the formation of hardened structures and an
increased tendency of the material to crack formation.

The most favorable thermal regime is realized with a distribution having a
maximum intensity at the front part of the spot (Fig. 4d). In this case, the melting
isotherms are oriented along the source movement direction, the lifetime of the
liquid phase is increased, and smoother cooling is ensured. This contributes to a
reduction in temperature gradients and residual stresses, the formation of a more
uniform structure, and a lower probability of crack formation.

The figure is presented in two parts to allow a comprehensive analysis of both
the molten pool geometry and the temperature field. The upper part reflects the
pool shape and the location of the melting isotherms, enabling the assessment of
penetration depth and thermal-affected zone parameters. The lower part contains
quantitative data on temperature distribution along the length and depth, providing
a more precise evaluation of temperature gradients and cooling conditions. This
combined presentation enhances informativeness and establishes a relationship
between the thermal parameters of the process and the features of the deposited
layer structure formation.

Thus, the analysis results of Figure 4 confirm that varying the laser beam
intensity distribution law is an effective tool for controlling molten pool geometry,
temperature gradients, and cooling kinetics, which ultimately determines the
quality of laser cladding in the restoration of steel 45 parts.

An important parameter determining the quality of the formed layer is
the lifetime of the liquid phase, which can be estimated from the temperature
dependencies as the time interval during which the temperature exceeds the
melting temperature, i.e.:
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tliq ~ At (I‘> T:nelt) (4)

It was found that for a uniform energy distribution, the melt lifetime is
approximately 0,05-0,07 s, whereas with a frontal distribution, it increases
to 0,12-0,14 s. Increasing this parameter contributes to the homogenization of
the chemical composition in the fusion zone, reduces liquation processes, and
decreases the likelihood of defect formation.

The analysis results of the powder material’s chemical composition, summarized
in Table 1, show that the PG-SR4 alloy predominantly contains elements with
high solubility in iron, such as Ni, Cr, and Si, as well as boron, which acts as a
structure modifier. Nickel contributes to increased plasticity, chromium ensures
higher hardness and corrosion resistance, silicon improves the melt’s fluidity, and
boron promotes grain refinement. The distribution coefficients of these elements
are close to unity, ensuring their uniform distribution during solidification and
preventing the development of segregation processes.

Additional analysis of the mutual solubility of the elements confirms the high
metallurgical compatibility of the “PG-SR4 — steel 45 system, which prevents
the formation of brittle intermetallic compounds and reduces the likelihood of
intergranular failure. The absence of significant amounts of harmful impurities,
such as sulfur and phosphorus, further decreases the risk of porosity and crack
formation, which is especially important for the operation of restored parts under
the conditions of the oil and gas industry.

Table 1. Main alloying elements of PG-SR4 and their functions.

Element Content, % Functional Role in the Alloy
Ni 77-78 Increases plasticity, toughness, and crack resistance
Cr 13-14 Enhances hardness and corrosion resistance
Si 2-3 Improves melt fluidity
B 1,5-2 Refines grain and increases structural strength
Fe 3-5 Ensures compatibility with the substrate (steel 45)

Summarizing the obtained results, it should be noted that the formation of the
service properties of the deposited layer is determined by the complex interaction
of the material’s chemical composition and the process’s thermal conditions. This
relationship can be expressed as:

P=f(C,T(x,y,z,1),dT/d1) (5)

where P — coating properties, C — chemical composition, 7 — temperature
field, d7/dt— rate of temperature change. It has been established that even with
an optimal material composition, an unfavorable thermal regime can lead to crack
formation, whereas optimization of the laser energy distribution allows for a
significant improvement in coating quality.
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Thus, the results of numerical modeling and the conducted analysis confirm that
the key factor in improving the quality of laser cladding during the restoration of
steel 45 parts is a comprehensive approach, which includes selecting a chemically
compatible powder material and optimizing the thermal processing regimes. The
use of a non-uniform laser intensity distribution with a maximum at the front part
of the spot reduces temperature gradients, increases the liquid phase lifetime, and
minimizes the likelihood of crack formation, thereby ensuring the formation of a
deposited layer with high operational properties.

Conclusion. As a result of this study, a scientifically grounded approach has
been developed for selecting powder materials for laser cladding in the restoration
of steel 45 parts used in the oil and gas industry. The proposed methodology
is based on a comprehensive analysis of the solubility of alloying elements,
their distribution coefficients between liquid and solid phases, as well as the
thermodynamic compatibility of the “coating—substrate” system, allowing for the
prediction of the structure formation and service properties of the deposited layer.

It has been shown that the use of the classical non-stationary heat transfer
model adequately describes the temperature fields and thermal cycles during laser
cladding, as well as allows the evaluation of key process parameters, including
maximum temperature, heating, and cooling rates. It was established that
forming a stable molten pool at temperatures of 1600—1700 °C ensures a reliable
metallurgical bond between the coating and steel 45.

Particular importance is attached to the liquid phase lifetime parameter, which
significantly affects the crystallization processes and microstructure formation.
Increasing this parameter by using an asymmetric laser intensity distribution with
a maximum at the front part of the spot leads to reduced temperature gradients,
decreased liquation, and consequently a lower likelihood of crack formation.

It was determined that optimizing the laser energy distribution law is no less
important than selecting the chemical composition of the powder material. The use
of a frontally shifted intensity distribution increases the liquid phase lifetime and
promotes the formation of a more uniform structure of the deposited layer.

Chemical composition analysis showed that the self-fluxing alloy PG-SR4,
containing Ni, Cr, Si, and boron, possesses high metallurgical compatibility with
steel 45. The high solubility of the main alloying elements and their favorable
distribution coefficients ensure the formation of a homogeneous structure
without pronounced segregation, while the presence of boron contributes to grain
refinement and improved mechanical properties of the coating.

The functional dependence established in this work of coating properties on
chemical composition and thermal process parameters confirms the necessity of a
comprehensive approach to selecting technological regimes for laser cladding. It
has been demonstrated that only the combined optimization of powder composition
and thermal conditions ensures high operational performance of restored parts.

Thus, the proposed approach reduces the likelihood of crack formation,
increases wear resistance, and extends the service life of steel 45 parts operating
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under oil and gas industry conditions. The results of this study can be applied
in the development of repair and restoration technologies for critical equipment
components, as well as in optimizing laser cladding parameters to enhance
reliability and service life.
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