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Abstract. The work is devoted to the study of the inhomogeneity of deformation of steel samples with laser surfacing. Highly nitrogenous austenitic
stainless steel of the 08Kh18N6AGI10S grade was selected as the substrate material in the state as received. To improve the mechanical properties
of structural elements that operate under conditions of impact and abrasive wear, a surfacing of Ni-7Cr—6Fe + 60 % WC composite powder was
applied to the steel. The surfacing was carried out with a change in the power of laser radiation from 1 to 3 kW and a change in the scanning speed
from 0.005 to 0.040 m/s. The penetration depth of a single roller decreases with increasing the scanning speed. The microhardness varies widely
in the surfacing thickness (from 7,000 + 80 to 13,500 + 70 MPa) and decreases with increasing scanning speed. Using the speckle photography
method in the process of uniaxial extension of flat samples, it was found that the modes of laser surfacing also affect the level of inhomogeneity
of deformation of micro-volumes of the deposited layer and the substrate. At the elastoplastic transition, the coefficient of variation of local deforma-
tions in the sample increases with an increase in the specific energy of laser surfacing. Coatings made of Ni—Cr—Fe+WC composite powder, obtained
by laser surfacing under specified conditions, make it possible to increase the hardness and service life of structural elements of rotary controlled
systems made of 08Kh18N6AG10S steel.
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AnHomayus. Pabora moCBsilieHa U3YYEHHIO HEOJHOPOIHOCTH Je(opMalliil CTalIbHBIX 00pa3lloB C Ja3epHOW HalIaBkod. B kadecTBe marepuana
MOJUTOKKN ObllIa BbIOpaHa BBICOKOA30TUCTasl ayCTEHUTHas Hepikaperomas ctanb Mapku 08X18HOAI'10C B coctosHMM mocTaBkH. Jljis MOBBI-
LICHUs] MEXaHUYECKUX CBOMCTB KOHCTPYKTHBHBIX 3JIEMEHTOB, Pa0OTAIOMUX B YCIOBUSX yIapHO-aOpa3uBHOTO M3HAIINBAHUA, HA CTab HAHOCHIN
HAIUIaBKy M3 KoMIo3unuoHHoro nopomka Ni—7Cr—6Fe + 60 % WC. HarmaBky npoBOIMIN IIPU W3MEHCHHU MOIIHOCTH JIA3€PHOTO H3IIyYCHHS
(1 -3 xBT) u ckopoctu ckanuposanust (0,005 — 0,040 m/c). [myOnHa nporuiaBieHus OANHOYHOIO BaJIMKa YMEHBUIACTCS C YBEJIMYCHUEM CKOPOCTH
CKaHMPOBaHUs. MUKPOTBEPIOCTh BapbUPyeTCs B IMMPOKMUX Hpeenax 1o tonmune HamiaBku (¢ 7000 =80 mo 13 500 + 70 MIla) u ymenbIua-
€TCsl C YBEIUYCHHEM CKOPOCTH CKaHHpoBaHHA. C MCIIONBb30BaHHEM MeTofa crieki-Gororpaduu B IMpolecce OAHOOCHOTO PACTSKEHUS IIIOCKUX
00pas1oB yCTAHOBIEHO, YTO PEXKUMBI JIA3EPHOM HAIUIABKU TAKXKE BIHAIOT HAa YPOBEHb HCOTHOPOIHOCTH Je()OpMalUK MHKPOOOBEMOB HAILIAB-
JICHHOTO oSl U Mook, Ha ynpyromnactuueckom nepexone kod(GGUIMEHT BapUaluy JOKAIbHBIX AehopMalyii B 00paslie yBeIHuduBaeTCs
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- INTRODUCTION

The increasing volume of hydrocarbon recovery
requires complex well design profiles, where trajecto-
ries often include curved and inclined-rectilinear sec-
tions of significant length. For drilling such wells,
rotary controlled systems (RCS) are employed as drill
bit drives [1; 2]. The components of these systems are
made from non-magnetic austenitic stainless steels [3; 4].
Under high loads, these elements develop defects that may
lead to failures, with incidents most frequently occurring
during rotary drilling operations in wells.

The hardness and wear resistance of steel surfaces
can be enhanced by applying metal-ceramic (MC) coa-
tings [5—7]. These coatings, a type of metal-matrix
composite, consist of a metallic matrix reinforced with
ceramic particles. Ceramic phases provide high hard-
ness, while the relatively soft matrix holds the ceramic
particles, imparting high fracture resistance and strength
to the composite [8 — 11]. Metal-ceramic materials are
highly resistant to abrasive wear.

One of the most widely used reinforcing materials for
creating MC coatings is tungsten carbide (WC), known
for its high hardness and strength [12 — 16]. These pro-
perties make WC-based coatings widely used for streng-
thening the working surfaces of wear-prone machine
parts and mining tools. However, surfacing austenitic
steels is challenging due to their tendency to form hot
cracks during crystallization [17]. Solidification cracks
in weld metal are considered the most detrimental and
are more frequently observed than other types of crack-
ing. The structure of austenitic steels is highly depen-
dent on their chemical composition and the thermophysi-
cal conditions of crystallization, which are determined
by the processing method [8; 17].

Technologies for additive manufacturing through
layer-by-layer surfacing are rapidly developing [18 — 20].
These technologies enable the production of components
with diverse geometric shapes, including large-scale
parts, while also reducing material consumption. Such
methods yield products with mechanical properties supe-
rior to those achieved through traditional manufacturing
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techniques. Layer-by-layer surfacing can be accomp-
lished using various methods, with heat sources such as
lasers, electron beams, electric arcs, and plasma arcs.
Regardless of the method and type of material used, one
of the critical features of additive manufacturing through
layer-by-layer surfacing is the anisotropy of mechani-
cal properties. This anisotropy arises from the crystal-
lization process of the metal, leading to heterogeneous
structures within the deposited layer and transcrystalline
grain growth. Technologies utilizing concentrated energy
sources offer significant potential for addressing these
challenges.

Given that processes occurring near the interface
during laser surfacing can impact the material’s mechani-
cal properties, this study aimed to investigate the effect
of laser surfacing parameters on the inhomogeneity
of plastic deformation in austenitic steel with surfacing.

[l MATERIALS AND METHODS

Forgings made of non-magnetic, high-nitro-
gen  chromium-nickel-manganese  stainless  steel
of the 08Kh18N6AG10S grade were used as the substrate
material. The chemical composition of the steel was as
follows, wt. %: <0.06 C; 16.0 —18.0 Cr; 5.0 — 6.0 Ni;
>0.4N; 8.5-10.0Mn; 0.6 —1.2 Si; balance Fe. Cur-
rently, 08Kh18N6AGI10S steel has demonstrated posi-
tive application experience in geophysical instruments,
showing higher ductility and impact toughness com-
pared to imported analogs while maintaining increased
strength properties [21]. The austenitic stainless steel
of the 08Kh18N6AG10S grade, in the as-received state,
has an average yield strength of 800 MPa, an ultimate
tensile strength of 1000 MPa, and an elongation at break
of up to 20 %. The microstructure and phase composition
of the steel have been described in detail in [21].

Laser surfacing of the Fe—Cr—Mn—Ni—N steel plates
was performed using Ni—7Cr—6Fe + 60 % WC pow-
der on an experimental setup at the Institute of Strength
Physics and Materials Science of the Siberian Branch
of the Russian Academy of Sciences (ISPMS SB RAS).
The surfacing material was a nickel-based alloy with
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a high content of tungsten carbide particles uniformly
distributed within the solid matrix, which had a hardness
exceeding 63 HRC. The particle size of tungsten carbide
ranged from 10 to 45 pm, ensuring maximum resistance
to abrasive and erosive wear. Surfacing parameters were
selected to achieve a uniform, monolithic coating based on
pre-established technological conditions. The beam diame-
ter (d) was 4 mm, the power of the LS-15 fiber laser ranged
from 1 to 3 kW, the scanning speed (}) ranged from 0.005
to 0.040 m/s, and the powder feed rate () was 20 mg/s.

Flat samples with dimensions of 50x8x2 mm
in the working section were cut from the billets
using the electro-spark method. The thickness of the
Ni—7Cr—6Fe + 60 % WC surfacing layer was 1 mm,
and the substrate layer (Fe—Cr—Mn—Ni—N) was 7 mm.
The prepared samples were subjected to uniaxial tensile
testing at room temperature on a Walter + Bai AG univer-
sal testing machine (LFM 125 series). The displacement
rate of the movable grip V_ . was 0.4 mm/min, corres-
ponding to a deformation rate of 1.67-10~* s

Structural studies were conducted using light micros-
copy (AXIOVERT-200MAT microscope) and X-ray dif-
fraction analysis (DRON-07 diffractometer). The dis-
tribution of chemical elements across the thickness
of the base and surfacing metal was measured using
a LEO EVO 50 scanning electron microscope (Carl
Zeiss, Germany) equipped with an Oxford Instruments
attachment for X-ray dispersive microanalysis (Nanotech
Center of ISPMS SB RAS). Microhardness measure-
ments were performed using an instrumented indenta-
tion method in accordance with GOST R 8.748-2011
(ISO 14577-1:2002) on a PMT-3 microhardness tester.

Deformation fields on the surface of flat samples were
recorded during mechanical testing using the speckle
photography method outlined in [22 —25]. The local
elongation along the tensile axis of the sample, denoted
as ¢ , is typically the most intuitive parameter for visua-
lizing and analyzing components of the plastic distortion
tensor. To quantitatively evaluate the deformation inho-
mogeneity of the substrate and surfacing, the coefficient
of variation was determined as the ratio of the standard
deviation to the mean value [26].

[l RESEARCH RESULTS

During laser surfacing, powder granules melt, and
the liquid alloy wets the tungsten carbide particles.
As a result of subsequent high-speed crystallization,
a metal-ceramic coating is formed. Mechanical testing
revealed that surface hardening of the austenitic steel
increased its tensile strength to 1500 MPa while reducing
its ductility by 6 %.

To achieve metallurgical bonding between the surfac-
ing material and the steel substrate while preventing dilu-

tion of the coating by the substrate material, surfacing
must be performed under optimal conditions. Preven-
ting crack formation requires applying different surfac-
ing modes when depositing a single roller. The geomet-
ric parameters of the surfacing beads (coating thickness,
penetration depth into the steel, and bead width) depend
on the scanning speed, powder feed rate, and laser power.
To optimize surfacing conditions, with constant powder
feed rate and laser beam diameter, the scanning speed V'
and laser power P were chosen as variable factors
(see Table). These parameters allow adjusting the specific
energy, calculated as described in [17]:

E=—,
vd

where E is the specific energy, P is the laser power, d is
the beam diameter, and V is the scanning speed.

Fig. 1 illustrates the effect of specific energy (F)
on the penetration depth (L) of 08Kh18N6AGI10S steel.
The reduction in penetration depth with increasing scan-
ning speed is attributed to the lower energy absorption
during laser surfacing. As scanning speed increases,
the proportion of the surface area covered by tungsten
carbide (WC) particles grows, thereby reducing the mix-
ing zone depth between the Ni—7Cr—6Fe + 60 % WC
powder and the steel substrate.

X-ray diffraction analysis and dispersive microanaly-
sis revealed that the content of the main alloying elements
in the base metal corresponds to the nominal composi-
tion of 08Kh18N6AG10S steel. During heating, diffusion
ofalloying elements occurs from the base metal into the sur-
facing layer, while carbon diffuses in the opposite direction.
At the interface on the austenitic steel side, reduced con-
centrations of manganese, chromium, and nitrogen were
observed, along with an increased concentration of iron.
No visible inclusions of ferrite or o-phase were detected
in the base metal (08Kh18N6AG10S) or the heat-affected

Effect of laser surfacing modes
on the composite phase composition

Bausinue pe:kuMoB Jia3epHOii HAIUIABKH
Ha (a30BbIii COCTAB KOMIIO3UTA

No. P, kW V, m/s Phase
1 1.50 0.012 y-Fe, Me,,C,, WC, W,C
2 1.50 0.016 y-Fe, Me,,C,, WC, W,C
3 1.75 0.016 y-Fe, Me,,C,, WC, W,C
4 2.00 0.020 y-Fe, Me,,C,, WC, W,C
5 2.00 0.030 y-Fe, Me,,C,, WC, W,C
6 2.00 0.035 y-Fe, Me,,C,, WC, W,C
7 1.50 0.008 | y-Fe, Me,,C,, WC, W,C, Me,C
8 2.00 0.008 | y-Fe, Me,,C,, WC, W,C, Me,C

681



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(6):679-685.
Byskosa C.I1, Kaopos K.H., bapanxukosa C.A. UcciegoBaHue HEOGHOPOAHOCTH JjedpOpMaLvy Hep:KaBeIoI el CTaly C HAallJIaBKOU

2.5

2.0 -

1.0 -

0.5 I R T T N N
10 20 30 40 50 60 70 80 90

E, KJ/mm’

Fig. 1. Effect of specific energy (scanning speed and laser power)
on the penetration depth of 08Kh18N6AG10S steel

Puc. 1. Bnusinue yaeabHOW 3HEpruu (CKOPOCTH CKAaHUPOBAHHS
¥ MOIIHOCTH JIa3epa) Ha IIyOMHY MPOIIIABICHUS CTaII
mapku 08X18H6AI'10C

zone (HAZ). In the HAZ, a distinct dendrite junction line
was observed. Microstructural analysis of the laser surfac-
ing layer identified several zones: a columnar structure
oriented normal to the interface with the substrate and
a mixed structure comprising fine equiaxed dendrites and
lamellar eutectic formations located at grain boundaries.
The microstructure consists of various carbides, including
undissolved (WC), partially dissolved (W,C), and pre-
cipitated carbides (Me,,C, and Me,C) within an austenitic
matrix (refer to the Table, where Me = Cr, Fe, W, and Ni).
The volume fraction of these precipitates varies depending
on the surfacing parameters, directly influencing changes
in microhardness.

Measurements indicated that the average micro-
hardness of the base metal is 3285 + 80 MPa, while
in the connection zone with the surfacing layer, it reaches
3995 + 70 MPa (Fig. 2). The microhardness of the sur-
facing layer, composed of Ni—Cr—Fe + WC, varies from
7000 += 80 to 13,500 + 70 MPa, depending on the sur-
facing modes (Fig. 2). The maximum microhardness is
achieved at a low scanning speed during laser surfacing.
This can be attributed to the high mass fraction of WC
particles at lower scanning speeds and the enhanced dis-
solution of WC within the matrix. Increasing the scan-
ning speed reduces the volumetric fraction of carbides,
thereby decreasing the microhardness of the surfacing
layer. Additionally, at low scanning speeds, a gradual
decrease in microhardness is observed with increasing
depth from the surface. This is explained by variations
in the content and morphology of WC particles. Such
a graded microstructure can be beneficial for maximiz-
ing wear resistance without compromising the strength
of the surfacing layer. Conversely, higher scanning speeds
result in a more uniform distribution of microhardness
throughout the depth. These variations in microhardness
are linked to the formation of composite microstructures
consisting of various carbides dispersed within the stain-
less steel matrix.
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Fig. 2. Effect of scanning speed on microhardness
distribution in the sample at a laser power of 2 kW
(dashed line — connection zone):

[ —Ni—Cr—Fe + WC surfacing layer; /] — 08Kh18N6AG10S steel

Puc. 2. Biiusinue cKOpOCTH CKAaHUPOBAHMSI Ha pacrpesie]ieHue
MHKPOTBEPIOCTH B 00pasiie MpH MOIHOCTH Jiazepa 2 KBt
(30Ha coeAMHEHNS MTOKa3aHa [ITPUXOBOW JIMHHEH):

1 — cnoii marutaBku Ni—Cr—Fe + WC; I — crans 08X 18HO6AT'10C

Speckle photography data on local deformations €
revealed areas of localized deformation in both the base
metal and the surfacing layers (Fig. 3).

The analysis shows that plastic deformation is concen-
trated in specific zones of the sample, while other regions
of the material remain nearly undeformed under the same
increase in deformation. To quantitatively evaluate
the degree of deformation inhomogeneity across diffe-
rent layers, the coefficient of variation of local deforma-
tions (v) was used. For v > 0.4, the distribution of local
elongations along the sample length € _(x,) becomes sig-
nificantly non-uniform, making the average value <¢_>
unrepresentative [26].

x, MM

Fig. 3. Distribution of local deformations in the sample
at scanning speed of 0.020 m/s and laser power of 2 kW
(dashed line — connection zone):
1—Ni—Cr—Fe + WC surfacing layer; /7 — 08Kh18N6AGI10S steel

Puc. 3. Pacnipezienenue JIOKaIbHBIX AedopMaruii B 00pasie
npu ckopocty ckanuposanus 0,020 m/c u MouHOCTH Jasepa 2 kBt
(30Ha coeAMHEHNS MTOKa3aHa MITPUXOBOW JIMHUEH):

I — cnoii naraBku Ni—Cr—Fe + WC; I1 — crans 08X 18HO6AT'10C
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Fig. 4. Effect of laser surfacing modes on inhomogeneity degree
of local deformations in the sample at total deformation of 0.01

Puc. 4. Biusinye pe:KMMOB JIa3epHOI HAIJIABKU HA CTENEHb
HEOTHOPOJHOCTH JIOKAIBHBIX Aedopmariuii B oOpasie
npu obuieit nedopmarpu 0,01

The structural inhomogeneity near the interface
between the surfacing layer and the substrate signifi-
cantly affects the development of localized deformation.
For deformation compatibility at the composite inter-
face, the deformations in the microvolumes adjacent
to the boundary must be equal. As a result, the levels
of deformation inhomogeneity in the microvolumes
of different layers, measured by the coefficient of varia-
tion n, should also be balanced. Achieving this balance
contributes to a more complex stress state in these regions.

Fig. 4 illustrates the variation in the deformation inho-
mogeneity n in a sample with surfacing under different
modes during the initial stages of deformation, at a total
deformation € = 0.01. Upon reaching the yield strength,
the levels of deformation inhomogeneity in the stainless
steel and the surfacing layer differ significantly, depen-
ding on the increase in total deformation and specific
energy.

A detailed analysis of microhardness distribution and
deformation inhomogeneity in the composite revealed that
laser surfacing modes with a laser power of 1.5 — 2.0 kW
and scanning speeds of 0.007 —0.040 m/s ensure satis-
factory geometric parameters of the surfacing beads and
the absence of cracks in the material.

- CONCLUSIONS

To maintain the mechanical properties of the compo-
site (steel —surfacing), it is crucial to select laser surfa-
cing parameters that minimize deformation heteroge-
neity in the microvolumes of both the surfacing layer and
the base metal.

The study demonstrated the effect of laser surfa-
cing parameters on the distribution of microhardness
and local deformations during the early stages of plas-

tic deformation in 08Kh18N6AGI10S stainless steel with
a Ni—Cr—Fe + WC composite powder surfacing layer.

Coatings made from Ni—7Cr—6Fe + 60 % WC, com-
posite powder, applied using laser surfacing at a power
of 1.5 — 2.0 kW and scanning speeds 0of0.007 — 0.040 m/s,
are recommended to enhance the hardness and service
life of structural elements in rotary controlled systems
manufactured from 08Kh18N6AG10S steel.
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