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Abstract

Introduction. During pulsed laser processing and modification of the surface of non-ferrous alloys and coatings based
on them, several still unresolved issues arise. In particular, the extreme thermal deformation conditions of laser
processing are not linked to the peculiarities of structure formation and formation of properties in irradiated “coating —
copper substrate” compositions. A metal physical analysis of the possibility and reasons for increasing the adhesion
strength of coatings to a metal (copper) substrate during high-speed laser processing is insufficiently substantiated and
evidence-based. To make a reasonable choice of technological parameters for the surface hardening mode of non-
ferrous alloy products, as well as for obtaining high-quality workable composite layers on their surface, it is necessary
to solve the above issues and tasks. The aim of this article is to determine the possibility and conditions for increasing
the adhesion strength of a chrome coating to a copper substrate under laser irradiation of the composition.

Materials and Methods. Metal physical studies in the work were carried out on samples of non-ferrous alloys
of the Cu—Zn system with a chrome electrochemical coating with a thickness of 20 um. The “copper substrate —
chrome coating” composition was irradiated at a Kvant-16 installation with a radiation power density of 70—
250 MW/m?. Metallographic structural analysis, scanning probe microscopy, and durometric studies were used in the
work.

Results. 1t has been calculated that the dynamic and thermal stresses arising in the laser-irradiated compositions
“chrome coating — copper substrate” were about 320 MPa. Metal physical studies revealed that, in extreme thermal
deformation conditions of laser treatment, the effect of contact melting was manifested at the boundary of the coating
with the copper base. Dynamic recrystallization occurred in the surface layers of the irradiated L62 copper alloy,
resulting in the formation of grains with a size of 4.5-5.0 um on the surface of the alloy with an initial grain size of
25 pm.

Discussion and Conclusion. 1t has been found that the adhesion strength of a chrome coating to a copper alloy substrate
increased laser irradiation at a radiation power density of 150 MW/m? This was due to the formation of a transition
region 2—4 um deep in the contact zone with a structure consisting of sections of mutually insoluble solid solutions based on
chromium and copper. Based on the analysis of the copper —chromium state diagram and the model of the temperature field
under laser irradiation of the chromium coating, it was suggested that contact melting occurred in the transition zone from the
coating to the copper substrate. It was shown that thermostrictive stresses, the calculated quantitative values of which were
about 320 MPa, had an initiating effect on the observed processes of structure formation in the laser irradiation zones. It was
found that such a level of stresses arising in copper alloys under laser irradiation was sufficient for plastic deformation and
dynamic recrystallization of the metal and contributed to the formation of a fine-grained structure (4.5-5.0 um) with an initial
grain size of 25 um. An analysis of the results of studies of irradiated compositions "coating — copper substrate" allowed us
to conclude that they expanded the technological capabilities of the laser method of hardening materials and ensure
guaranteed high performance of irradiated products with coatings.
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AHHOTANNSA

Beeoenue. Tlpu npoBeeHNN UMITYJIbCHOH Jla3epHON 00pabOTKK U MOAN(DHUIUPOBAHUS IIOBEPXHOCTH LBETHBIX CILIABOB
n HOKpI)ITI/lﬁ Ha UX OCHOBE BO3HHUKACT pAa A0 CHUX MOP HC PCIHICHHBIX HpO6ﬂeM. B YaCTHOCTH, HC YBA3aHbI SKCTPEMaJlb-
HbIe TepMOe(OPMAIIOHHBIE YCIOBUS Jia3epHON 00pabOTKH ¢ OCOOCHHOCTSIMH CTPYKTYpooOpa3oBaHusi u GopMupoBa-
HUSI CBOWCTB B OOJyYEHHBIX KOMIIO3MLUSIX «IIOKPBITHE — MEAHasl MOAJOXKKa». HenocTaToyHo apryMeHTHPOBaHHO
000CHOBaH M JI0KA3aTEIbHO MTPOBEICH METANIOPH3MIECKNI aHATN3 BO3MOXXHOCTH W MPUYUH MOBBIIICHHS TPOYHOCTH
CIICTICHUST TTOKPHITUH C METAINTMYECKOW (METHOW) MOAJIONKKOW MPH BBICOKOCKOPOCTHOH NazepHoil oOpabotke. s
00OCHOBaHHOTO BBIOOPA TEXHOJIOTHUECKHUX MAapaMETPOB PEXKHMMa IMOBEPXHOCTHOTO YNPOYHEHUS M3ACIUN U3 IBETHBIX
CIIABOB, a TAKKe JUIS MTOJY4YEHHS Ha MX IIOBEPXHOCTH KaUEeCTBEHHBIX PaOOTOCIIOCOOHBIX KOMITO3UIIMOHHBIX CJIOEB Tpe-
OyeTcst pelIeHne MTPUBEIECHHBIX BBIIIE BOIIPOCOB U 3aaad. L{esbio qaHHOI cTaThy SBUIIOCH ONpe/esieHne BO3MOKHOCTH
Y YCJIOBHH MOBBIILIEHNSI IPOYHOCTH CLEIJICHUS] XPOMOBOT'O ITOKPBITHSI C MEHOH MOJI0KKOW TIPH JIa3epHOM 00 Ty4eHUN
KOMIIO3UIIUH.

Mamepuanst u memoost. Meraynoduznyeckue 1UcciaeI0BaHus B padoTe MPOBOJMINCH HAa 00pa3nax HBETHBIX CILIa-
BOB cucteMbl Cu—Zn ¢ XpOMOBBIM 3JEKTPOXHMHYECKHM MOKpbITHEM TonmuHOW 20 MkM. Kommosumust «MemHas
MIOJUIOXKKA — XPOMOBOE IOKPBITHE» 00iIydasnach Ha ycTaHOBKe «KBaHT-16» ¢ IUNIOTHOCTBIO MOLIHOCTH HM3JIy4YEHUS
70-250 MB1/M2. B pa6oTe HCIIOIB30BAMCh METALIOrPaQUIECKH CTPYKTYPHBINA aHAIN3, CKAHUPYIOIIAs 30HIOBAs
MHUKPOCKOIIHS, JIOPOMETPUIECKNE HCCIIEJOBAHUS.

Pesynemamut uccnedoséanus. PacaeTHbIM MyTeM yCTaHOBJIEHO, YTO BO3ZHMKAIOIIME B JA3€PHOOOIYYEHHBIX KOMIO3MIMSIX
«XpPOMOBOE TTOKPBITHE — ME/HAs TOUIOKKa» JTUHAMHYECKUE W TEPMUUECKHE HAIpPSHKEHUs COCTaBisioT okoso 320 MIla.
Mertamiopu3n4eckuMy HCCIeIOBaHUAMI OOHAPYKEHO, YTO B SKCTPEMAIBHBIX TepMOJIe(hOPMALIOHHBIX YCIIOBHSIX JIa3ePHOM
00pabOTKK Ha TPAHHUIIEC MOKPHITUS C MEIHOW OCHOBOM MPOSsBIIIETCS 3P(EKT KOHTAKTHOIO IUIaBJICHUS. B MOBEPXHOCTHBIX
O0JIy4EHHBIX CJI0SIX MeIHOro ciuiaBa JI62 oOHapykeH 3P deKT THMHAMHUYECKOH PEKPUCTAINTU3AIMK. JTO BhIpakaeTcs B (op-
MHPOBAHUM Ha TOBEPXHOCTH CIIJIaBa C HCXOAHBIM Pa3MepOM 3epHa 25 MKM MEJIKHX 3epeH pasmepoM 4,5-5,0 MKM.
Oébcysycoenue u 3akniouenue. Y CTaHOBIEHO, YTO IPOYHOCTh CLEIUIEHHS XPOMOBOTO MOKPBITHS C MOIJIOKKON U3 Mea-
HBIX CIUIABOB TOBBIIIAET JIA3EPHOE OOIYYEHHE ¢ INIOTHOCTBIO MOITHOCTH M3nydeHus 150 MB1/M2. DTo mpoucxomut 3a
cueT (GopMUPOBaHHS B 30HE KOHTAKTa MEPEXOIHON 00JIACTH TIIyOMHOU 2—4 MKM CO CTPYKTYPOH, COCTOAIICH U3 ydacT-
KOB B3aMMHO HEPacTBOPUMBIX TBEP/BIX PACTBOPOB HA OCHOBE XpoMa W Menu. Ha ocHOBaHMM aHanm3a quarpamMMBbl CO-
CTOSIHHSL «ME/Ib — XPOM» U MOJIETIH TEMIIEPaTyPHOTO MOJIs IIPH JIa3€PHOM OOJIy4E€HHH XPOMOBOTO ITOKPBITHS BBICKa3a-
HO TIPEATOJIOKEHHE O NMPOTEKAHUH B NEPEXOHOIM 30HE OT MOKPBITHS K MEAHOW MOJUIOKKE KOHTAKTHOTO ILIABIICHUSL.
[TokazaHo, 4TO MHUIMUPYIOLIEE BIMSHUE Ha HAOJIOaeMble MPOLECCH CTPYKTYPOOOpa3oBaHMs B 30HAX JIa3epHOTO 00-
JIYUYC€HHS OKa3bIBAOT TCPMOCTPHUKIIUOHHBIC HAIIPSAKCHHUSA, PACYETHBIC KOJIMYCCTBCHHBIC 3HAYCHUA KOTOPBIX COCTaBUIIN
okoino 320 MIla. YcTaHOBIIEHO, YTO TaKOil ypOBEHb BO3HMKAIOUIMX B MEAHBIX CIUIaBaxX IMpH JIa3€pHOM OOIydeHUH
HaNpsDKEHUH JOCTaTOYEH Ul IUIACTHYECKOH AeopMalii U AUHAMHYECKOH PeKpUCTaUIM3alMyd MeTajla U CHOoco0-
CTBYeT (DOPMHUPOBAHHIO MEIKO3EPHUCTOH CTPYKTYpHI (4,5-5,0 MKM) IIpH MCXOTHOM pa3Mmepe 3epeH 25 MKM. AHamu3
PEe3yJbTaTOB UCCIIENOBAHUN OOIYyYEHHBIX KOMIIO3HIMH «IIOKPBITHE — MEIHAs IOUI0XKKay MO3BOJIMI CHEeNaTh BBIBOL,
YTO OHM PACIIMPSIOT TEXHOJOIMYECKHE BO3MOXKHOCTH JIa3€PHOTO METO/a YIPOUYHEHHUs] MAaTEpPHAIOB M MO3BOJISIOT Tra-
PAaHTHPOBAaHHO 00ECIIEYNBATH BBICOKYIO PA0OTOCIIOCOOHOCTH OOTyYEeHHBIX U3ICITUI ¢ TOKPBITHSIMH.

KiroueBble c10Ba: MeHbIE CIUIABBI, IIOKPHITHSL, JIa3epHOE 00IydeHHe, CTPYKTypa, CBOICTBa
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BaarogapHocTH. ABTOPBHI BBIPaXAIOT OJaroJapHOCTh PEICH3eHTaM, Ybsl KPUTHYECKas OLEHKAa IMPEICTaBICHHBIX
MAaTepUAIIOB W BBICKA3aHHBIC TIPCIJIOKCHHS IO HUX YCOBEPIICHCTBOBAHUIO CIIOCOOCTBOBAIM 3HAYUTEIHLHOMY
TOBBIILIEHUIO KAYECTBA HACTOSIIEH CTaThH.

Jas uuruposanus. bposep I[.U., ep6akosa E.E., bopucenko E.b. Mop¢omnorust u cBoiicTBa a3epHOOOIydeHHOM
KOMIIO3UIIUM «XPOMOBOE IIOKPBITHE — MEIHAs NOMJIOXKKa». be3onacHocmv mexHO2eHHbIX U NPUPOOHLIX CUCTEM.
2024;8(4):62—71. https://doi.org/10.23947/2541-9129-2024-8-4-62-71

Introduction. In the work of G.V. Lomaev and E.V. Kharanzhevskii, “Hardening Surface Treatment Using High-
Speed Laser Overcrystallization” [1], and in some other studies [2, 3], it has been shown that during laser irradiation,
high temperature gradients, thermostrictive stresses of various origins appear in the surface layers of the hardened
material, the relaxation of which leads to local plastic deformation, as well as the phenomena of dynamic return,
polygonization, and recrystallization of metal in irradiated zones. The possibility to achieve a sufficiently high defect
density in a crystalline structure and the desired level of mechanical properties in the surface layers is of practical
significance [4].

It should be noted that during pulsed laser treatment [5], hardening [6] and modification [7] of the surface of non-
ferrous alloys, in particular, copper alloys, several problems arise [8]. For example, the extreme thermal deformation
conditions of pulsed laser treatment are not linked to the peculiarities of structure formation and formation of properties
in irradiated “coating — copper substrate” compositions [8]. The reasons for increasing the adhesion strength of
coatings to a metal (copper) substrate during high-speed laser processing have not been sufficiently substantiated [9].

The solution of the above-mentioned problems is of significant importance, as it allows for the reasonable
assignment of technological modes of surface hardening and microalloying for copper alloy products. This, in turn,
contributes to the creation of high-quality, workable composite surface layers on copper parts, thus creating
conditions for trouble-free operation of irradiated components in mechanisms located in difficult-to-repair areas. In
this regard, the aim of this article is to obtain, analyze, and quantify the results of metal physical studies, as well as to
assess the degree of influence of pulsed laser treatment on the formation of structure and properties of the irradiated
“chrome coating — copper substrate” composition.

Materials and Methods. Metal physical studies were conducted on samples of non-ferrous alloys of the Cu-—
Zn system with a chrome electrochemical coating with a thickness of 20 pm. The “copper substrate — chrome coating”
composition was irradiated at a Kvant-16 installation with a radiation power density of 70-250 MW/m?.

Metallographic structural analysis, scanning probe microscopy, and durometric studies were performed. MIM-7 and
Neophot-21 microscopes were used for the metallographic analysis. Microhardness measurements were conducted on
the PMT-3 device with an indenter load of 0.49 N.

The adhesive properties of the coatings were determined based on indirect experiments to measure the
microhardness of the coatings under different indentation loads. Traces of destruction or peeling of the coatings from
the surface of the copper substrate, as observed on the cross-section of the coating—substrate composition, were
considered a criterion for insufficient adhesion strength.

Research Results. As a result of metallographic and durometric studies, we found that laser treatment improved the
adhesion strength between the chrome coating and the copper substrate (Fig. 1). This conclusion was based on the fact
that there was no chipping of the coating when the microhardness tester indenter was pressed into it, that is, when a load
was applied.

Fig. 1. Structure of the chrome coating on the copper alloy (brass L62)
with impressions from the microhardness tester indenter
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At the same time, as can be seen in Figure 2, in the transition zone at the boundary between the chrome coating and
the copper substrate, that is, at a depth of 20 pm, after laser treatment, there were clearly visible local areas of solid
solutions, apparently based on chromium and copper, penetrating each other at a distance of 2—4 um.

Fig. 2. Microstructure of the contact zone of the chrome coating with brass after laser irradiation

To study the features of the structure formation at the boundary of the coating and the substrate, an analysis of the
state diagram of the Cr—Cu system was conducted [10]. It was noted that at a temperature of 1767°C, monotectic
equilibrium was observed; the liquid phase was stratified to form two liquids of different chemical composition. It could
be assumed that the observed in Figure 2 structure of the contact zone of the coating and the substrate was also formed
from a state melted by laser exposure, that is, an immiscibility region of copper and chromium in the liquid state was
formed in the transition zone, in which two solid solutions based on Cu and Cr were fixed after high-speed
crystallization. But the quantitative analysis of the temperature field carried out using the Mathcad software package
during laser irradiation of the chrome coating [11] excluded the possibility of reaching melting temperatures at the
depth of the coating, that is, at a depth of 20 um (Fig. 3).

The “chrome coating — copper substrate” composition was exposed to radiation with a power density of
150 MW/m?. These energy conditions did not lead to evaporation of the coating and to the formation of “craters” on the
surface. Thermal calculations, which are shown in Figure 3, allowed us to determine that a temperature of 900—1000°C
was achieved in the transition zone. However, this temperature was not high enough for melting, and no formation of
two solid solutions based on the components of the “chrome coating — copper substrate” composition was observed
during the study. The possible cause of the described effect requires a separate discussion.

1,400

1,200 | - |

1,000

800

600 |-

400 \

200 (et -

0
0 3107 6102 9102 12:102 15107
Depth, mm

Temperature, °C
-

Fig. 3. Temperature distribution over the depth of the chrome coating at the heating stage
(1 — the beginning of the laser pulse; 2 — he end of the pulse)

Layers of copper alloy at a depth of 5-10 pm were subjected to melting and subsequent high-speed crystallization.
A feature of the structure of the fused surface layer of brass, as shown by the results of studies on a scanning probe
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microscope (SPM), was a homogeneous dispersed structure consisting of solid solution dendrites with a cross section of
up to 25 nm (Fig. 4) and with a sufficiently high hardness of about 1 GPa.

Fig. 4. Scanned image of the surface of the L62 copper alloy (SPM)

Under the influence of heating alone, the recorded structural transformations could not occur during the laser pulse
action (1073 s). However, thermostrictive stresses appeared to have made a significant contribution to the acceleration of
structure formation processes.

In order to determine the level of stresses and local plastic deformations in the irradiated zones of alloys,
quantitative estimates were made using “model” single-component copper samples. As shown above, the melting point
was not reached in the contact zone of the coating and the substrate, therefore, the irradiation of uncoated copper
samples was carried out in a mode that did not lead to melting of the surface (with a radiation power density of
100 MW/m?). After laser irradiation, as can be seen in Figure 5 g, sliding lines appear on the pre-polished surfaces of
copper samples, that is, traces of local plastic deformation of the metal.
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Fig. 5. Microstructure and height distribution of the emerging surface relief on copper after laser irradiation:
a — sliding lines; b — height distribution of the surface relief

It should be noted that the sliding lines are formed due to the movement of dislocations in the areas of the metal that
have been irradiated [12]. Due to the appearance of different numbers of dislocations on the irradiated surface, a relief
with varying heights of the surface profile was created [13] (shear steps h in Fig. 6).

Sliding plane

Fig. 6. Diagram of the shear step on sliding lines [14]
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The analysis of the pattern of the sliding lines and the relief of the irradiated surface was carried out using the
computer image processing program Gwiddion. As can be seen in Figure 5 b, the average height of the profile of the
irradiated surface of the copper sample, and therefore the height of shear site 4, was 6.5-8.5 nm. Based on the results of
measurements of this height, it was possible to judge the degree of plastic deformation achieved during metal
processing and the level of stresses causing it.

Considering that during plastic deformation, the height of step /# was proportional to value nb, where n — number of
dislocations that have come to the surface, and b — Burgers vector of the irradiated material, we can write:

nb = h. 1)

To simplify the calculation of shear stresses, it was assumed that the elastic deformation preceding slid in the crystal could
be defined as #/G, where t — applied stress; G — shear modulus of the material. It was also taken into account that elastic
deformation during sliding could relax in an area with a diameter of 2L, where L — length of the dislocation slip lines.

Assuming the complete transition of elastic deformation (2L7/G) to plastic deformation equal to the value nb, we

obtain [14]:
T=h (gj
2L

By calculation, we determine shear stress (z), causing plastic deformation using expressions (1), (2) and, taking L =
103 mm, from expression [15]:
where 7 — height of the shear site, during laser processing was 6.5-8.5 nm; G — shear modulus, for copper
G = 4.3 x 10* MPa; L — length of the dislocation slip lines, we assume L = 10~ mm.

Shear stresses amounted to approximately 320 MPa, which exceeded the conditional yield strength of copper (40—
80 MPa) and led to plastic deformation of the surface layers of the irradiated metal.

The work also assessed the degree of local residual plastic deformation, which ranged from 5 to 9% in the case of
laser treatment of copper.

Possible structural processes in the laser irradiation zones of the “coating — metal substrate” composition, in
particular, in a copper substrate, were studied in detail using the Mathcad program. A temperature field was constructed
that spread along the depth after irradiation of the surface of the brass sample (Fig. 7).
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Fig. 7. Temperature field in a copper alloy during laser irradiation of the surface

As can be seen in Figure 7, at a depth of 15 um, the temperature dropped to 800°C. At this temperature, in the
thermal deformation conditions of pulsed processing, despite the extremely short time of thermal exposure to laser
radiation, there was a possibility of dynamic stress relaxation effects accompanying the process of high-speed laser
irradiation, that is, processes of polygonization and recrystallization in irradiated zones on copper alloys are possible.
The consequences of recrystallization of irradiated brass 162 are shown in Figure 8 a in the form of grinding of grains
of solid solution.

A similar recrystallization process was observed in a brass substrate under a chrome coating after laser irradiation. It
was found that in the presence of a coating, the metal grain was larger than on an uncoated copper sample. Apparently,
recrystallization in this case reached the stage of collective recrystallization. It can be concluded that there was a lower
level of residual stresses and a decrease in the risk of cracking in the composition during laser irradiation.
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Fig. 8. Microstructure, histogram of size distribution of the subgrains and hardness distribution over the depth

of the irradiated zone on the L62 copper alloy: ¢ — microstructure; b — size distribution of the subgrains;
¢ — hardness distribution over the depth of the alloy L62

The average size of the recrystallized grains, as shown in Figure 8 b, was 4-5 pm with an initial grain size of 25 pm.
At the same time, the highest hardness was achieved in the considered area of the irradiated spot on brass (Fig. 8 ¢).

Discussion and Conclusion. The increase in the adhesion properties of the “chrome coating — copper substrate”
composition after laser treatment can be indirectly assessed through the results of durometric tests. It is notable that
when the microhardness tester indenter was introduced into the coating, its peeling from the copper matrix was not
observed, whereas immediately after application the coating had insufficiently high adhesion strength to the
metal (copper) substrate.

The adhesion effects in the irradiated composition are positively influenced by grain grinding, i.e. recrystallization,
in a copper substrate, as well as local structural ensembles formed in the transition zone at the boundary of the coating
and the substrate from sections of solid solutions based on chromium and copper.

The observed processes of structure formation under the action of an “instantaneous” heat source are possible only
under conditions of joint action of high temperatures and stresses on the irradiated composition.

To evaluate the parameters of these thermal power factors and determine the degree of their influence on the
formation of structure and properties of irradiated materials, first of all, an analysis of the state diagram of the Cr—Cu
system has been conducted. It showed that the observed structural transformations can occur if the contact zone
between the chrome coating and copper substrate melts, that is, if the temperature is heated to 1767°C. At this
temperature, according to the diagram, the formation of two liquids is observed, that is, in the transition zone between
the coating and the substrate, an immiscibility region of copper and chromium in the liquid state should be formed, and
after high-speed crystallization, two solid solutions based on Cu and Cr should result. The quantitative analysis of the
temperature field, conducted using the Mathcad software package, during laser irradiation of the chrome coating,
excluded the possibility of reaching melting temperatures at a depth of 20-30 um, which is the depth of the contact zone
studied in the composition. On the other hand, an analysis of structural processes in the laser irradiation zone of a
copper brass sample has showed that melting and subsequent rapid crystallization of copper occur at a depth of 5—
10 um. Scanning probe microscope studies have confirmed that the surface fused layer of the copper sample has a
dispersed structure and a sufficiently high hardness of approximately 1 GPa.
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The most significant aspect is that the structure of the thin fused layer on the copper alloy is similar to the structure
of sections of a copper-based solid solution in the contact area between the copper substrate and the chrome coating.
This indirectly confirms that in the transition zone from the coating to the copper substrate, despite heating to
temperatures below the melting point, a liquid phase was still present. It can be assumed that contact melting occurs at
the studied boundary under extreme thermal deformation conditions of laser treatment, leading to the described
structure formation and, as a result, to an increase in the adhesive properties of the “chrome coating — copper
substrate” composition.

It should be noted that the results obtained are primarily related to the extreme temperature and force conditions of
laser irradiation. Significant temperature gradients combined with high laser processing speeds lead to the formation of
high levels of thermostrictive stresses and local plastic deformations in the irradiated areas of alloys. To confirm their
existence and perform a quantitative assessment of the values they achieve, as well as for the purity of the experiment,
research was conducted not only on copper alloys, but also on single-component copper samples [11]. After laser
irradiation, sliding lines appeared on the pre-polished surfaces of the copper samples, indicating traces of local plastic
deformation of the metal. The analysis of patterns of sliding lines and relief of the irradiated surface made it possible to
determine that the average height of the surface profile of the irradiated copper sample, and, consequently, the height of
the shear site was 6.5-8.5 nm.

Based on the measurements of this height and the calculations made, it was found that the shear stresses were
approximately 320 MPa. These values were higher than the conditional yield strength of copper (40—-80 MPa), which
led to plastic deformation of the surface layers of the irradiated metal, which ranged from 5 to 9% [3].

It should be noted that the actual values of stresses and plastic deformation that arise during the action of a powerful
thermal shock of a laser pulse on local metal sites will undoubtedly have much higher values.

Thermal deformation effects appearing in the areas of laser irradiation of alloys, despite the extremely short laser
pulse time (1073 s), lead to stress relaxation not only to local plastic deformation, but also to dynamic polygonization
and recrystallization of the structure in the surface layers of metals.

As shown by the results of quantitative assessment of temperatures in the irradiated copper substrate, at a layer
depth of 15 um, the temperature drops to 800°C, that is, the zone of laser treatment of a copper sample in a solid state
begins. It can be concluded that at this temperature, under the thermal deformation conditions of laser irradiation,
despite the extremely short time of thermal exposure, it becomes possible to manifest dynamic polygonization and
recrystallization in irradiated areas on copper. As a result, the copper grain is crushed from the initial size of 25 pm to
4-5 pum in the recrystallized metal. The evidence of dispersion of the structure of the surface irradiated layers of the
alloy is the results of durometric analysis, which indicate that the highest hardness is achieved in the recrystallized zone.

The described recrystallization process leads to an increase in the crack resistance of the irradiated “chrome coating
— copper substrate” compositions. This is due to the removal of stresses that appear in the coating during its application
and high-speed laser processing, which reduces the likelihood of brittle destruction of the composition.

Thus, it was found that laser treatment with a radiation power density of 150 MW/m2 contributes to an increase in
the adhesion strength of the chrome coating to a metal (copper) substrate due to the formation of a transition layer of
specific morphology at the boundary of the coating and the base material, as well as due to recrystallization processes in
the surface layers of the copper alloy.

An analysis of the results of studies of irradiated “coating — copper substrate” compositions has allowed us to
conclude that they expand the technological capabilities of laser method of hardening materials and ensure guaranteed
high performance of products with irradiated coatings.

References

1. Lomaev GV, Kharanzhevskii EV. Hardening Surface Treatment Using High-Speed Laser Overcrystallization.
Metallovedenie i termicheskaya obrabotka metallov. 2002;3:27-32. (In Russ.)

2. Kumar H, Bhaduri GA, Manikandan SGK, Kamaraj M, Shiva S. Effect of Laser Surface Processing on the
Microstructure Evolution and Multiscale Properties of Atmospheric Plasma Sprayed High-Entropy Alloys Coating.
Journal of Thermal Spray Technology. 2023;32:831-850. https://doi.org/10.1007/s11666-022-01491-0

3. Brover GI, Shcherbakova EE. Morphology and Properties of Chemical Coatings on Steels after Extreme Thermal
Laser Radiation Effects. Metallurgist. 2023;66:1105—1113. https://doi.org/10.1007/s11015-023-01423-5

4. Brover AV. Adaptation of Structures of Steel Laser Hardening Zones to Friction Conditions. Vestnik of Don State
Technical University. 2020;20(1):87-92. https://doi.org/10.23947/1992-5980-2020-20-1-87-92

5. Decheng Kong, Chaofang Dong, Xiaoqing Ni, Liang Zhang, Cheng Man, Guoliang Zhu, et al. Effect of TiC
Content on the Mechanical and Corrosion Properties of Inconel 718 Alloy Fabricated by a High-Throughput Dual-Feed

Chemical Technologies, Materials Sciences, Metallurgy

69


https://doi.org/10.1007/s11666-022-01491-0
https://doi.org/10.1007/s11015-023-01423-5
https://doi.org/10.23947/1992-5980-2020-20-1-87-92

https://bps-journal.ru

70

Safety of Technogenic and Natural Systems. 2024;8(4):62-71. eISSN 2541-9129

Laser Metal Deposition System. Journal of Alloys and Compounds. 2019;803:637-648. https://doi.org/
10.1016/j.jallcom.2019.06.317

6. Soumya Sobhan Dash, Daolun Chen. A Review on Processing—Microstructure—Property Relationships of Al-Si
Alloys: Recent Advances in Deformation Behavior. Metals. 2023;13(3):609. https://doi.org/10.3390/met13030609

7. Xu Yang, Yang Qi, Wenqi Zhang, Yilong Wang, Haihong Zhu. Laser Powder Bed Fusion of C18150 Copper
Alloy with Excellent Comprehensive Properties. Materials Science and Engineering: A. 2023;862:144512.
https://doi.org/10.1016/j.msea.2022.144512

8. Xiangpeng Tang, Xiaohong Chen, Fujia Sun, Lei Li, Ping Liu, Honglei Zhou, et al. A Study on the Mechanical

and Electrical Properties of High-Strength CuCrZr Alloy Fabricated Using Laser Powder Bed Fusion. Journal of Alloys
and Compounds, 2022;924:166627. https://doi.org/10.1016/.jallcom.2022.166627

9. Platl J, Rainer DBSc, Leitner H, Turk C, Galbusera FMSc, Ali Gokhan Demir, et al. Potential Causes for
Cracking of a Laser Powder Bed Fused Carbon-free FeCoMo Alloy. BHM Berg- und Hiittenmdnnische Monatshefte.
2022;167:325-331. https://doi.org/10.1007/s00501-022-01238-y

10. Lyakishev NP. Diagrams of the State of Double Metal Systems. Moscow: Mashinostroenie; 1996-2000. 350 p. (In Russ.)

11. Sambit Sahoo, Rajat Mishra, Nishkarsh Srivastava, Amit Arora. FEM Simulation of Pulsed Laser Welding of
High-Carbon Alloy Steel: Using Different Heat Source Models. Transactions of the Indian Institute of Metals.
2023;66:1005-1013. https://doi.org/10.1007/s12666-023-03008-x

12. Matyunin VM, Kudryakov OV, Varavka VN, Marchenkov AYu. Micromechanics of Small Deformations in
Metal Alloys under Laser Irradiation. Industrial Laboratory. Diagnostics of Materials. 2022;88(10):66-72.
https://doi.org/10.26896/1028-6861-2022-88-10-66-72 (In Russ.)

13. Pustovoit VN, Dombrovskii YuM, Dolgachev YuV. Structural Identification of the Phenomenon of “White
Zone”. Metal Science and Heat Treatment. 2017;59:3-7. https://doi.org/10.1007/s11041-017-0092-2

14. Frolov VA, Yakivyuk OV, Frolov VF, Voroshilov DS. The Study of the Structure of Cast and Deformed Semifinished
Products from Aluminum Alloys Doped with Scandium Economically. In: Materials of the XVIII International Scientific and
Technical Ural School-Seminar of Metal Scientists — Young Researches. Yekaterinburg: UrFU; 2017. P. 627-631. (In Russ.)

15. Smitlz KDzh. Metals: Reference Book. Moscow: Metallurgiya; 1980. 448 p. (In Russ.)

About the Authors:
Galina 1. Brover, Dr. Sci. (Eng.), Professor of the Materials Science and Technology of Metals Department, Don
State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID,

ScopusID, brover@mail.ru

Elena E. Shcherbakova, Cand. Sci. (Eng.), Associate Professor of the Materials Science and Technology of Metals
Department, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code,
ORCID, ResearcherID, ScopusID, sherbakovaee@mail.ru

Elena B. Borisenko, Leading Researcher at the Laboratory of Physical and Chemical Bases of Crystallization,
Osipyan Institute of Solid State Physics RAS (2, Academician Osipyan Str., Chernogolovka, Moscow region, 142432,
Russian Federation), SPIN-code, borisenko@issp.ac.ru, tnura@mail.ru

Claimed Contributorship:

GI Brover: problem statement, choice of research methods and techniques, planning of experiments, participation
in conducting metal physical research and in discussing their results.

EE Shcherbakova: critical review of literature sources on the research topic, participation in conducting metal
physical experiments and in discussing their results.

EB Borisenko: participation in conducting metal physical experiments and in discussing their results.

Conflict of Interest Statement: the authors declare no conflict of interest.
All authors have read and approved the final manuscript.

006 asmopax:

I'anmmna UBanoBHa BpoBep, TOKTOp TeXHHYECKHX HayK, npodeccop Kadeapsl MaTepHAIOBEICHNS H TEXHOJIOTHA
MeTaioB  JIOHCKOro TrocynapcTBEHHOro TexHuueckoro yuuepcurera (344003, Poccuiickas ®enpepanus,
r. PocroB-na-Jlony, mi. I'arapuna, 1), SPIN-kox, ORCID, ScopusID, brover@mail.ru



https://bps-journal.ru/
https://doi.org/10.1016/j.jallcom.2019.06.317
https://doi.org/10.1016/j.jallcom.2019.06.317
https://doi.org/10.3390/met13030609
https://doi.org/10.1016/j.msea.2022.144512
https://doi.org/10.1016/j.jallcom.2022.166627
https://doi.org/10.1007/s00501-022-01238-y
https://doi.org/10.1007/s12666-023-03008-x
https://doi.org/10.26896/1028-6861-2022-88-10-66-72
https://doi.org/10.1007/s11041-017-0092-2
https://www.elibrary.ru/author_profile.asp?authorid=149063
https://orcid.org/0009-0003-1175-7543
https://www.scopus.com/authid/detail.uri?authorId=6602859970
mailto:brover@mail.ru
https://www.elibrary.ru/author_profile.asp?authorid=642311
https://orcid.org/0000-0002-9239-1955
https://www.webofscience.com/wos/author/record/L-1686-2016
https://www.scopus.com/authid/detail.uri?authorId=14629669600
mailto:sherbakovaee@mail.ru
https://www.elibrary.ru/author_profile.asp?authorid=25725
mailto:borisenko@issp.ac.ru
mailto:tnura@mail.ru
https://www.elibrary.ru/author_profile.asp?authorid=149063
https://orcid.org/0009-0003-1175-7543
https://www.scopus.com/authid/detail.uri?authorId=6602859970
mailto:brover@mail.ru

Brover GI, et al. Morphology and Properties of the Laser-Irradiated Composition “Chrome Coating — Copper Substrate”

Enena EsrenbeBHa lllep6akoBa, kaHIuIar TEXHHUUYECKHX HayK, JOLUEHT Kadenpbl MaTepHalIOBEICHUS U
TEXHOJIOTUM METaIOB JJOHCKOTO TOCy/IapCTBEHHOTro TexHHueckoro yHusepcurera (344003, Poccuiickas deneparus,
r. PoctoB-na-/lony, . [arapuna, 1), SPIN-kon, ORCID, ResearcherID, ScopusID, sherbakovaee@mail.ru

Enena BopucoBna bBopucenko, Bemaymuii HaydHBI COTPYIHHMK J1a0opaTopud (PU3MKO-XMMHYECKHX OCHOB
kpucraium3aiun MucTuTyTa dusuku tBepaoro tena umenu F0.A. Ocunbsina PAH (142432, Poccuiickas Deneparnus,
MockoBckas 0011., T. YepHOTomoBka, yi. Akagemuka Ocunbsiaa, 2), SPIN-kon, borisenko@issp.ac.ru, tnura@mail.ru

3asneneHHblil 6K1A0 ABMOPOB:

I''A. BpoBep: NOCTaHOBKA 3aJayd, BHIOOP METOJOB M METOJMK HCCICIOBAaHWH, IUIAHUPOBAHUE KCIIEPHUMEHTOB,
y4acTUe B IPOBEACHHH METALIOPHU3NIECKUX HCCIEA0BAHUI U B 00CYKICHUH UX PE3yJIbTATOB.

E.E. lllep6akoBa: KpuTHYCCKHI 0030 JIATEPATYPHBIX UCTOYHUKOB I10 TEME UCCIICIOBAHMUS, yIACTHE B MPOBEICHUN
MeTaIIO(QU3NUECKUX SIKCIIEPUMEHTOB U B 00CYKICHUH UX PE3yJIbTATOB.

E.B. Bopucenko: yyactue B IPOBEACHUN METALIOGU3NICCKUX SKCIIEPUMEHTOB H B O0CYXKICHUH UX PE3YIBTATOB.

Konghnuxm unmepecog: apropbl 3asiBJSIOT 00 OTCYTCTBUH KOH()JIMKTA UHTEPECOB.
Bce asmopbl npouumanu u 0000punu 0KOHYameNbHbLIL 6APUAHM PYKORUCU.

Received / lloctynuia B pexakumio 17.10.2024
Revised / ITocTynuia nocjie penenzupoanus 11.11.2024
Accepted / IlpunsaTa k myoaukamuu 15.11.2024

Chemical Technologies, Materials Sciences, Metallurgy

71


https://www.elibrary.ru/author_profile.asp?authorid=642311
https://orcid.org/0000-0002-9239-1955
https://www.webofscience.com/wos/author/record/L-1686-2016
https://www.scopus.com/authid/detail.uri?authorId=14629669600
mailto:sherbakovaee@mail.ru
https://www.elibrary.ru/author_profile.asp?authorid=25725
mailto:borisenko@issp.ac.ru
mailto:tnura@mail.ru

