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Abstract. The article presents the metal-physical studies results of the structure formation effects in surface layers in the hard alloys of the WC—Co
system under extreme thermal and deformation effects of pulsed laser radiation. It is shown that the structural organization and properties of hard
alloys VK6, VK8, VK10 upon radiation treatment with a power density of 175 MW/m? are determined by state of the zones which are formed
around carbide inclusions due to the various kinds of stresses appearance at the “carbide-bond” composition boundaries, including thermostrictive
and phase stresses. The result is dissolution of the carbides boundary zones due to contact melting, which is accompanied by mutual mass transfer
of atoms at the boundaries in the “carbide-bond” system with the possible formation of a thin amorphous-like super hard shell. These processes make
it possible to create compositions in hard alloys with a set of differentiated properties specified by varying the laser treatment process parameters and
composition of the starting materials. After laser alloying with a radiation power density of 200 MW/m?, temperature gradients and thermal stresses
appearing in the surface layers of hard alloys with coatings (cobalt, nickel) contribute to convective mixing of the molten coating components and
their penetration into the hard alloy to a depth of more than 20 um. Simultaneously, despite the extremely short laser pulse time (1073 s), mass transfer
of tungsten, carbon and titanium atoms from the melted boundary zones of carbides to the adjacent bond zones with their hardening is possible
in the irradiated zones. It was established that after high-temperature laser heating, carbides, in contrast to the initial ones, achieve a globular shape
of grains. They are dispersed, and stoichiometric characteristics change in the local zones bordering the bond (the complex type carbide Co W C, is
formed). As a result, due to these processes, the surface layers’ viscosity of hard alloys and the irradiated products performance increase. Compared
to non-irradiated samples of hard alloy, the ultimate strength increases by 15 %, strength and durability — by 30 — 40 %.
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AHHomayus. IpuBeseHB! Pe3ylbTaThl METANIOGH3NUESCKUX UCCIeT0BaHUN 3(B(EKTOB CTPYKTYpoOOpa30BaHUs B IOBEPXHOCTHBIX CIIOSX TBEPIBIX
criaBoB cucteMbl WC—Co mpu dKCTpeManbHOM TepMoae(OpMAaIlIOHHOM BO3JICHCTBHM HMMITYJIbCHOTO JIa3epHOro u3nydeHus. CTpyKTypHas
OpraHu3als 1 CBOHCTBa TBepabIx cruiaBoB BK6, BK8, BK10 mpu 06paGoTke ¢ IIIOTHOCTHIO MOLIHOCTH H3iydeHust 175 MB1/mM? onpenensores
COCTOSIHMEM 30H, (POPMUPYIOLINXCS BOKPYT BKIIIOYEHHUI KapOU10B BCIISCTBUE MOSABICHUS HA IPAHMIIAX KOMIIO3HIUH KapOH I — CBA3KA HAIPKSHUH
Pa3HOro pojia, B TOM YUCIIe TEPMOCTPUKIIMOHHBIX U (ha30BbIX. Pe3ynbraTtoM siBIseTcst pacTBOPEHHE OIPAHUYHBIX 30H KapOHI0B 32 CUeT KOHTAKTHOTO
IUIABJICHHS, YTO CONPOBOKAACTCS B3aHMHBIM MacCOINEPEHOCOM aTOMOB Ha FPAHMIIAX B CHCTEMe KapOuJ — CBsI3Ka ¢ BO3MOXKHBIM (DOPMHUPOBAHHEM
TOHKOM CyIepTBepAoii 000JI0UKH. DTH IPOLECCHI O3BOIAIOT CO3JaBaTh B TBEP/IBIX CILIABaX KOMIIO3HIIHH C HA00poM TU(HepeHIIMPOBAHHBIX CBOUCTB,
3a/1aBaeMbIX BapbHPyEMBIMHU IIapaMeTpaMy Ipoliecca Ja3epHoii 00pabOTKH U COCTaBOM UCXOAHBIX MaTepuanos. [lokasaHo, 4To MocyIe Ja3epHOro
JIETHPOBAHKS € IUIOTHOCTHIO MOMIHOCTH M3iydeHuss 200 MBT/M? HOSBISIOUMECS B HOBEPXHOCTHBIX CIOSX TBEP/BIX CILIABOB C IOKPHITHAMH
(x00aIbTOBBIMYU, HHUKEIEBBIMHU) TEMIEPATypHbIE IPAJHEHTHl M TEPMHUECKUE HANPSKEHUs CIHOCOOCTBYIOT KOHBEKTUBHOMY I€PEMEIIMBAHHIO
PAacIUIaBIE€HHBIX KOMIOHEHTOB IOKPBITUII M MX IPOHUKHOBEHUIO B TBEpAblH crulaB Ha ryOuny Oonee 20 MxM. OIHOBPEMEHHO, HECMOTPS Ha
4pe3BBIYAHHO Maoe BpeMs JasepHoro uMiyibea (1073 ¢), B 06y deHHbIX 30HaX BO3MOKEH MacCOIEPEHOC aTOMOB BOJb(hpama, yriepoa, THTaHa
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OT HOJIUIABJICHHBIX MOTPAHUYHBIX 30H KapOMIOB B MPHIICKAIINE 30HBI CBA3KH C UX yINPOYHCHHEM. I10ciie BHICOKOTEMIICPATyPHOTO Ja3epHOIO
HarpeBa KapOW/bl, B OTIMYHE OT HCXOAHBIX, MPHOOPETAIOT MIOOYISIPHYIO (OpMy 3€peH, IMPOMCXOAUT MX AUCIICPTHPOBAHNE, B MOTPAHHIHBIX
CO CBSI3KOM JIOKAJBHBIX 30HAX M3MEHAIOTCS CTEXHOMETPHUCCKHE XapakTepucTnky (popmupyercs cnoxublii kapoun Co W C)). B pesynbrare
HEPEUNCICHHBIX [IPOIECCOB MOBBINACTCS BS3KOCTh MOBEPXHOCTHBIX CJIOEB TBEPABIX CIUIABOB M PaGOTOCIOCOGHOCTH OOIyYEHHBIX H3IEIHIA.
ITo cpaBHEHHMIO ¢ HEOOIYyYEHHBIMH 00pa3LaMH TBEPAOTO CILIaBa MPOYHOCTH MOBBIIAETCs Ha 15 %, BA3KOCTh U JosroBedHOCTh — Ha 30 — 40 %.

Katoueswle cno8a: nazepHoe o0ydeHne, TBEPAbIC CIUIABbI, CTPYKTypa, CBOWCTBA

/s yumuposaHus: bposep I'U., IllepbakoBa E.E. CtpykTypHasi opraHu3aiusi U CBOWCTBA MOBEPXHOCTHBIX CJIOEB TBEP/BIX CIIJIABOB CHCTEMBI
WC — Co nociie IMITYIIbCHOM J1a3epHON 00paboTKH. M36ecmus 8y306. Yepnaa memanaypeus. 2023;66(2):177-183.
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- INTRODUCTION

Modern manufacturing relies heavily on the use
of high-performance hard alloys due to their superior com-
bination of high hardness, strength, and absence of adhe-
sion integration when in contact with metals during fric-
tion. These properties give them a significant advantage
over other instrumental materials [1 — 3].

However, during operation, items made from hard
alloys are subjected to stresses and strains that accu-
mulate with the internal thermal stresses already pre-
sent in machine parts and tools. This often leads to early
wear and tear and eventual destruction of these compo-
nents [4 — 6].

One way to improve the operational performance
and increase the lifetime of hard alloy items is to modify
the composition and structure of their surface layers
through high-energy processing [7 — 10].

However, the structural transformations that occur
during rapid thermal processing are complex, and
the search for ways to decrease the brittleness of surface
layers of hard alloys and increase their operational reliabi-
lity is ongoing.

One promising method is the doping of surface layers
of hard alloys through laser heating, where a high density
of laser power is used to melt preliminary applied coatings
and the thin substrate underneath the layer. Under these
conditions, a wide range of chemical and microstructural
states can be achieved as a result of sharp cooling from
the liquid phase. These possible types of microstructures
can include a wide range of solid solutions, metastable
crystalline phases, and metallic glasses.

To clarify the reasons behind the improvement in pro-
perties resulting from laser processing and doping of hard
alloys, this study conducted a series of experiments
to irradiate these materials and determine the main struc-
tural changes.

- EXPERIMENTAL

This study aimed to investigate the effects of surface
laser processing on hard alloys VK6, VK8, VK10. Pulsed
laser irradiation was carried out using a Kvant-16 facility,
and various paraments were varied, including the irradia-
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tion energy, beam defocusing degree (3 — 6 mm), irradia-
tion duration (1 + 6)-1073 s, to achieve a wide range of irra-
diation power densities (70 — 250 MW/m?). The phase
composition and material structure of the alloys after laser
processing were analyzed using scanning probe micros-
copy, diffractometry and durometric methods.

[ RESULTS AND DISCUSSION

This study focused on the metallophysical properties
of hard alloys containing tungsten carbides WC and cobalt
bonds.

The modes of laser processing of the alloys were deter-
mined using MathCAD software. The quality require-
ments for the irradiated surface and changes in the initial
structure were defined as follows: no significant altera-
tion of the initial microgeometry of the sample surface
and no occurrence of a microcrack network. The carbide
grains and cobalt bond were required to be fused to a depth
of approximately 2 pm.

It was found that laser irradiation of hard allots should
be performed at a power density of 175 — 200 MW/m?.

Two variants of laser processing were applied.
In the first case, the surface of hard alloys was coated
with a thin layer of coal-tar varnish to increase its absor-
bing capacity, and then irradiated with a power density
of 175 MW/m?. In the second case, the samples were
coated with cobalt powder or galvanic coating and irra-
diated with a power density of 200 MW/m?2, resulting
in doping of the surface layers of hard alloys using laser.

The structure of hard alloy VK8 before and after laser
processing without doping was studied using a scanning
probe microscope (SPM) operating in the mode of atomic
force microscopy (Fig, 1, a, b). The results showed
that the laser processing led to a smoothing of the relief
of sample surface.

The relief height of carbide phase decreased after irra-
diation to 100 — 250 nm (Fig. 1, b), compared to the initial
relief height of 150 — 400 nm (Fig. 1, a), which suggests
that the carbide grains fused and underwent structural
changes in the surface layers of hard alloys during laser
processing.

To gain a deeper understanding of the structure forma-
tion processes during laser irradiation of VK8 hard alloy,
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X-ray studies were conducted. These studies detected
reflection of various phases in the diffraction patterns
(Fig. 1, ¢, curve 2), including tungsten carbide (WC),
metastable tungsten carbide (W,C), and minor amount
of binary carbides CoWC..

It should be noted that tungsten carbide W,C, which
forms during laser processing and has a higher hardness
than the initial carbide WC (29.4 and 24 GPa, respec-
tively) [10 — 12], promotes the hardening of surface layers
in the irradiated hard alloy.

The detection of complex carbides Co W C,,
in the diffraction patterns, as well as the changes in car-
bide grain sizes observed during SPM analysis, provide
evidence of nontrivial structure formation processes
at the interfaces between carbide and bond composi-
tion during laser processing.

The structural organization of local zones at the bound-
aries of carbide with cobalt bond, formed through high-
temperature impact of pulsed laser irradiation and possess-
ing high structure dispersity, increased hardness and wear
resistance, was investigated. The formation of these zones
is attributed to the liquid alloy shell, that forms around
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Fig. 1. Scanned images of VK8 hard alloy before («) and after (b)

laser processing; fragments of diffractograms (c) of VK8 hard alloy
before (/) and after (2) laser irradiation

Puc. 1. CxanupoBanHbie n300pakenus TBepaoro criasa BK8 o (a)
u noce (b) nazepuoit 06padoTku; GpparmMenTsl AudpaKTrorpamm (c)
tBepaoro criasa BK8 o (/) u mocne (2) nazepuoro o0OnyueHus

carbides during laser fusion, which promotes the accele-
rated mass transfer of carbon atoms and dopants from
carbides to the adjacent bond layer. The resulting binary
carbides were observed in the diffraction patterns.

Analysis of changes in the microstructure of surface
layers of hard alloys after laser irradiation demonstrated
that martensitic transformations occur in the cobalt bonds,
resulting in the transition of bonding cobalt from cubic
to hexagonal modification and an increase in deforma-
tional properties.

It was also observed that upon laser processing with
fusion, the initial carbide and bonding phases are dis-
persed, the specific surface area of carbide—carbide and
carbide-bond interfaces increases, and transformations
occur in the cobalt bond.

One method of increasing the viscosity of surface
layers in hard alloys is to increase the fraction of cobalt
or nickel bonding phase in surface layers. For
example, increasing the cobalt content from 3 to 30 %
increases the viscosity of hard alloys from 1.3-107*
t0 5.0-1074 J/m? [11].

Laser processing of hard alloys using saturating dressing
and coatings was performed with consideration for micro-
structural design, which involves the formation of various
materials on the surfaces to provide the desired opera-
tional properties. It was taken into account that fine-
grain dispersed states and microstructures that facilitate
the maximum deceleration, deviation, branching, and
interaction of cracks are the most promising for forming
high-strength states with guaranteed reserve of viscosity
in the surface layers [13 — 16].

Doping of surface layers with cobalt or nickel was per-
formed in order to decrease micro stresses ion hard alloy.
When fusing a metal bond (cobalt or nickel), the porosity
decreases significantly in both sizes and pore amount.

Upon laser irradiation, carbides undergo melting and
transform from angular to globular shape, which reduces
stress concentration in the surface layer and improves crack
resistance. This also facilitates the absorption of molten
cobalt or nickel from coatings into the surface layers.

The hardening effect of hard alloys due to laser irradia-
tion can be analyzed by examining the microhardness dis-
tribution curves over the depth of the irradiated segment
(Fig. 2). The depth of laser impact is 60 — 120 um, which
is 3 — 5 times deeper than the depth of the fused layer by.

MathCAD software was used to calculate the tem-
perature distribution over the depth of VK10 hard alloy
upon laser irradiation, which demonstrated that the mel-
ting point of tungsten carbides (7, = 2600 K) and cobalt
bond is not reached at this depth, but the hardness remains
high (Fig. 3).

This suggests that the hardening effect of hard alloy is
related to the formation of local zones at the grain bound-
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aries in carbide-bond composition, which occurs due
to the joint action of various stresses, such as thermal
striction stresses caused by high temperature gradi-
ents and stresses related to thermal physical coefficients
in the composition.

According to the proposed model, the conditions
for contact fusion and possible formation of a thin shell
of liquid alloy are generated in the direct vicinity
of boundaries in the carbide-bond composition upon irra-
diation, which promotes accelerated mass transfer of car-
bon atoms and dopants from carbides to the adjacent
bond layer. After rapid crystallization, a superhard shell
can be formed around the carbides, leading to additional
hardening of local zones of hard alloy and is observed
upon measurement of microhardness (Fig. 2, curve /).

This proposed model is supported by experimental
results, which demonstrate that contact fusion can occur
at temperatures hundreds of degrees below the melting
point of the system components [12]. Additionally, it was
observed that the microhardness of cobalt bond increases
from 1660 to 3440 MPa during the dissolution of 6
to 30 % WC.

Therefore, the observed hardening effect (Fig. 2,
curve /) of VK10 hard alloy after laser processing can be
attributed to the formation of tungsten carbides W,C, which
have higher hardness than the initial carbide WC, and
the dispersion of the carbide phase due to grain boundary
interaction in the carbide—bond composition [13 — 16].

Laser doping with cobalt or nickel (Fig. 2, curves 3
and 4) results in a decrease in surface layer hardness, which
leads to an increase in their viscosity and crack resistance,
particularly with the use of nickel doping coatings. This is
due to the possibility of plastic deformation of bond mate-
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Fig. 2. Hardness distribution over the depth of hardened layer
in VK10 hard alloy after irradiation without alloying (/),
alloying with titanium carbide powder with nickel (2),
alloying with Co (3), alloying with Ni (4)

Puc. 2. Pacnipenienierne TBEpAOCTH 110 ITyOMHE YIPOYHEHHOTO CIIOS
TBepaoro criaBa BK10 noce o6myuenus 6e3 neruposanus (7),
JICTUPOBAHMS TIOPOIIKOM KapOuaa THTaHa ¢ HUKeNIeM (2),
koOanbToM (3), HEKeneM (4)
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rial and its dynamic polygonization under extreme ther-
mal deformation conditions during laser processing. As
a result, the bond can develop a disperse structure when
there is a sufficiently high density of defects in the crystal-
line structure.

In order to investigate and verify these processes
of structure formation occurring in the bonding mate-
rial during laser irradiation, experiments were conducted
on laser processing of a model nickel alloy, which simu-
lates the structural transformations in the hard alloy bond
during laser processing.

Thin nickel samples were subjected to diffractometry
analysis before and after laser surface irradiation. The dif-
fraction pattern (Fig. 4, a, curve 2) exhibited a blurring
and asymmetric nickel reflection compared to the similar
reflections of the nickel diffraction pattern before laser
processing (Fig. 4, a, curve /), especially the reflec-
tion (311). The triplet pattern of the diffraction lines is
noteworthy. The trend of the first maximum shearing
towards lower reflection angles and the second maximum
shearing towards higher angles is distinctly observed,
indicating the occurrence of lattice distortions and defects
in atom packing. These distortions are a consequence
of dynamic effects such as local plastic shears upon laser
irradiation.

The diffractometry results were analyzed using
the New Profile software package, which allowed for
the subdivision of the complicated profile of the imposed
diffraction peaks of the reflection (311),; (Fig. 4, b).

During the computer processing of the obtained reflec-
tion profiles, it was determined that before laser process-
ing, the reflection (311), was recorded at 20 = 131.55558°
with an interplanar distance d/n 1.06142. After laser irra-
diation, two reflections were observed: a lower intensity
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Fig. 3. Temperature distribution over the depth
of VK10 hard alloy at heating stage:
1 and 2 — beginning and end of laser pulse action

Puc. 3. Pacnipenenenune temneparypsl 1o ryOHHE TBEP/Oro CrijiaBa
BK10 na cragun Harpesa:
1 n 2 — HayaJsio U KOHeIl JeHCTBHUS JIa3epHOTro UMIYJIbCa
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reflection at 20 =130.1939° with a d/n=1.0672 and
higher intensity reflection at 20 =131.45776° with a
d/in=1.06184.

These findings indicate changes in the lattice constant
of nickel and the occurrence of significant dynamic lattice
distortions.

It can be concluded that laser processing results
in a diffusion-free transformation of the face-centered
lattice of nickel into a face-centered rhombic lattice with
a moderate degree of rhombicity (c¢/a = 1.005). This trans-
formation occurs due to the presence of a sufficiently high
amount of defects in the crystalline structure and the pos-
sibility of local plastic shears in the bond upon rapid laser
heating.

It should be noted that the bond content in the surface
layers of hard alloys is one of the determining factors
of their long lifetime [1; 17 — 19].
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Fig. 4. Fragments of diffractograms (a) of nickel samples
in the initial state (/), after laser processing with a radiation
power density of 175 (2) and 200 MW/m? (3); processing
of the results in the New_Profile program for reflex (311); (b)
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Peculiar attention is drawn to the experiments invol-
ving laser surface doping of VK10 hard alloy with a nickel
coating and the addition of powdered TiC (Fig. 2, curve 2).
This irradiation variant is characterized by a monoto-
nous decrease in hardness to initial level. Furthermore,
the hardness is somewhat lower compared to laser irra-
diation without coatings. An important point to note is
the expected increase in viscosity due to the modifica-
tion of the chemical composition of the surface layers
by fusing titanium carbides.

Therefore, if the addition of cobalt or nickel hard alloy
to the surface layers has a certain influence on their vis-
cosity, the use of powdered nickel with titanium carbides
provides an opportunity to change the functional purpose
of the irradiated items.

As a result, composite materials are formed on the sur-
face of WC—Co hard alloys that closely match the com-
position of the tungsten-free hard alloy of KNT type.
The increased hardness of the surface layers of the hard
alloy enables the transition from processing brittle mate-
rials such as cast iron to processing viscous materials such
as steels using cutting tools made from laser-doped hard
alloys.

These phase transformations and structure forma-
tion effects in the surface layers of the hard alloy during
rapid laser processing and doping contribute to their over-
all high wear resistance.

The wear resistance of hard alloys was predicted after
laser processing, and the operating mode for various fric-
tion conditions of hard alloy items was selected using Sta-
tistica software. Fig. 5 shows maps of regressive simula-
tion (maps of level lines) of the coefficient of friction as
a function of test time at various sliding speed in fric-
tion pairs [20]. Reference points were applied to the maps
to confirm the suitability of selecting the operational mode
of laser-irradiated hard alloys using the maps (Fig. 5, b)
compared to non-irradiated samples (Fig. 5, a).

Experiments were conducted using a MI-1M fric-
tion machine with a friction pair consisting of hard alloy
and quenched steel ShKh15. The results confirmed the sim-
ulate results and demonstrated that the coefficient of fric-
tion of the irradiated hard alloy decreased by approxi-
mately two times, leading to an increase in wear resistance
compared to the initial non-irradiated state.

[ ConcLusions

It has been found that the hardening effect of WC—Co
hard alloy after laser processing with a power density
of 175 MW/m? is associated with the formation of tung-
sten carbides W,C, which exhibit higher hardness
than the initial carbide WC. Additionally, grain bound-
ary fusion and mutual mass transfer of atoms in the car-
bide-bond composition can lead to the with forma-
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tion of a superhard shell around the carbides. These
processes disperse the carbide phase and bond, resulting
in increased hardness and wear resistance of the surface
irradiated layers of hard alloys.

Moreover, laser doping with a power density
of 200 MW/m? can promote convective mixing of mol-
ten components of coatings (cobalt, nickel) in the surface
layers of hard alloys, due to the temperature gradients
and thermal stresses that occur. This mixing can penetrate
the hard alloy to a depth greater than 20 pm.

Despite the extremely short duration of the laser pulse
(1073 s), mass transfer of tungsten, carbon, and titanium
atoms from contact fused boundary zones of carbides
to the adjacent zones of bond can occur in the irradiated
zones, resulting in hardening.

Furthermore, it has been established that after high-
temperature laser heating, the carbides acquire a globular
grain shape, contrary to the initial state, and are dispersed.
In addition, complex binary carbide is formed in the local
zones adjacent to the bond, resulting in stoichiometric
properties changes. As a result of these processes, the vis-
cosity of irradiated surface layers of hard alloys improves,
along with the operational efficiency of irradiated items.
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Fig. 5. Regression modeling maps of dependence
of the friction coefficient on test time at different sliding speeds
in a friction pair of VK8 hard alloy — hardened steel ShKh15 before (a)
and after () laser processing
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3akajieHHas craib LIX15 no (a) u nocne (b) nazeprHoii 06pabOTKH
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