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Abstract

Worn roller mill roll shafts made of Steel 45 require cost-effective surface restoration;
plasma transferred arc (PTA) deposition of Ni-Cr-B-Si + WC composite coatings is a
promising approach, yet the effect of arc current on coating quality remains insufficiently
characterised for this substrate. Six coatings were deposited from PS-12NVK-01 powder
(65 wt.% PG-10N-01 + 35 wt.% WC) at arc currents of 50-100 A on Steel 45 substrates
using a ZTW3501DC PTA system; coatings were characterised by SEM, EDS mapping,
XRD (HighScore Plus, PDF-2), Vickers microhardness profiling, and ball-on-flat tribological
testing. EDS analysis revealed that compositional dilution increases from 18.1% at 60 A to
46.6% at 100 A; XRD identified WC + Cr3Cy + NisB + NiyB + (Fe,Ni)y at 50 A, transitioning
through Cr;C3 + W,C dominance at 80 A to an Fe(.44Nip.36 matrix at 100 A; and coating
thickness peaked at 2.70 mm at 80 A. The 60 A coating yielded the highest surface hardness
(887 4= 76 HV, >4 x the substrate), the lowest specific wear rate (4.00 x 10~° mm?3/(N-m),
~22x lower than uncoated Steel 45), and minimum dilution (18.1%), identifying 60 A as the
most favourable deposition current for the restoration of roller mill roll shafts under the
process parameters employed.
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1. Introduction

where roll shafts are subjected to intensive abrasive wear under sliding conditions and high
Copyright: © 2026 by the authors.

radial loads during rotation in the bearing assemblies of the mill frame [1,2]. Degradation
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of the shaft surfaces leads to dimensional loss, increased radial clearance in the bearing unit,
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time-consuming; therefore, surface engineering approaches that enable restoration of dam-
aged shafts in maintenance workshops while simultaneously enhancing wear resistance
represent a strategically important research direction [3-5].

Among the available overlay welding technologies, plasma transferred arc (PTA)
welding has emerged as one of the most versatile and controllable methods for depositing
thick, metallurgically bonded hard coatings onto ferrous substrates [6,7]. The PTA process
utilises a constricted plasma arc to melt a powder feedstock and the substrate surface simul-
taneously, producing coatings with low porosity (typically < 1%), high adhesion strength,
and minimal oxidation compared with flame spraying or conventional gas-tungsten arc
hardfacing [6,8]. The ability to precisely modulate arc current, traverse speed, powder feed
rate, and gas flows enables the independent control of heat input and dilution, making
PTA particularly suitable for depositing composite powders in which thermally sensitive
reinforcing phases must be preserved [9,10].

Self-fluxing Ni-Cr-B-5i alloys reinforced with tungsten carbide (WC) particles repre-
sent a well-established material system for wear-critical applications [7,9]. The nickel-based
matrix provides ductility, oxidation resistance up to 700 °C, and eutectic melting behaviour
that facilitates fusing at relatively low temperatures, while the WC reinforcement con-
tributes extreme hardness (>2400 HV) and abrasion resistance [9,11]. In the PS-12NVK-01
system investigated in the present work, the powder consists of 65 wt.% PG-10N-01 self-
fluxing alloy and 35 wt.% WC, yielding deposited layers with hardness in the range of
40-62 HRC and excellent resistance to abrasive wear [7,11]. However, the behaviour of WC
particles during PTA deposition is highly sensitive to thermal history: excessive heat input
promotes dissolution and decarburisation of WC, leading to the formation of brittle W,C
and n-carbide phases, reduced hardness, and deteriorated toughness [9,12]. A similar effect
of increased heat input, leading to degradation of strengthening phases and reduced wear
resistance, has been reported for PTA coatings in previous studies [13].

The substrate material selected in this investigation is Steel 45 (GOST 1050-2013 [14]),
a medium-carbon structural steel widely used for the manufacture of roller mill roll
shafts in agricultural processing equipment. Its nominal composition (0.42-0.50 wt.% C,
0.50-0.80 wt.% Mn, Fe balance) and ferritic—pearlitic microstructure in the normalised con-
dition make it representative of the shaft material encountered in restoration and surface
hardening practice. The moderate as-received hardness of Steel 45 (210-220 HV) and its
susceptibility to softening in the heat-affected zone during overlay welding necessitate
careful control of heat input during PTA deposition.

Arc current is the primary energy input variable in PTA welding and governs the
thermal conditions experienced by both the powder stream and the substrate [10,15].
Increasing current raises the plasma temperature, accelerates powder melting, and deepens
substrate penetration, thereby increasing dilution and potentially degrading the functional
properties of the deposited layer [10,16]. Conversely, insufficient current results in poor
inter-particle bonding, incomplete fusion at the coating—substrate interface, and elevated
porosity [6,17]. Despite the recognised importance of current control, systematic studies
correlating arc current with microstructural evolution and tribological response of Ni-WC
coatings on structural steel substrates remain scarce in the open literature.

Several authors have characterised Ni-WC PTA coatings on carbon and tool steels
and reported hardness values between 45 and 60 HRC at WC fractions of 3040 wt.% [7,11].
Studies on current-dependent dilution in self-fluxing alloy systems have confirmed that
dilution increases non-linearly with arc current and that an optimal process window
exists where hardness and adhesion are jointly maximised [6,10,15,18,19]. Research on
the tribological performance of PTA Ni-WC coatings under abrasive sliding conditions
has demonstrated significantly improved wear resistance compared with uncoated carbon
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steel, with the specific wear rate strongly correlated with WC retention and microhardness
distribution [6,20]. Nevertheless, the combined effect of current variation on phase stability
and tribological performance of coatings deposited onto Steel 45 has not been systematically
addressed [6,16,21,22].

The present work addresses this gap by investigating six PTA-deposited Ni-Cr—-B-5i
+ 35 wt.% WC coatings produced at arc currents of 50, 60, 70, 80, 90, and 100 A on Steel
45 specimens with all other process parameters held constant. The coatings are characterised
by SEM, EDS, and XRD to elucidate the effect of current on phase composition and elemen-
tal distribution, and by Vickers microhardness measurement and ball-on-flat tribological
testing to quantify mechanical properties and sliding wear resistance. This test configura-
tion was selected for comparative evaluation of the relative wear resistance of the coatings;
full reproduction of the operating conditions of roll shafts in bearing assemblies is beyond
the scope of the present work. The primary objective is to identify the deposition current
that yields the most favourable combination of hardness and sliding wear resistance for the
restoration of worn roller mill roll shafts made of Steel 45, thereby providing practical process
recommendations for agricultural machinery maintenance workshops.

2. Materials and Methods
2.1. Substrate Material

Substrates were prepared from plates of structural carbon steel grade 45 (GOST 1050-2013 [14])
with dimensions of 50 mm x 25 mm x 7 mm. The nominal chemical composition of the steel is as
follows: C 0.42-0.50 wt.%, Mn 0.50-0.80 wt.%, Si 0.17-0.37 wt.%, Cr < 0.25 wt.%, Ni < 0.25 wt.%,
S <0.04 wt.%, p < 0.04 wt.%, and Fe balance. The phase composition of the substrate, determined
by X-ray diffraction analysis, corresponds to a ferritic structure (x-Fe, BCC), and the initial hardness
of the substrate is 210-220 HV. Prior to coating deposition, the substrate surfaces were ground using
SiC paper up to a grit size of 600, ultrasonically cleaned in acetone for 10 min, and then dried.

2.2. Powder Feedstock

As a feedstock material, PS-12NVK-01 powder was used, representing a mechanical
mixture of 65 wt.% self-fluxing alloy PG-10N-01 (Ni-Cr-B-Si system) and 35 wt.% tungsten
carbide (WC). The powder was sieved to a particle size fraction of 45-150 um and dried at
120 °C for 2 h prior to deposition.

The chemical composition of the powder, determined by energy-dispersive X-ray
spectroscopy (EDS), was as follows (normalized values, wt.%): Ni—32.4, W—19.5, Cr—10.7,
Fe—38.0, 5i—2.3, Co—2.1, and B—2.0. The powder particles exhibited a mixed morphology,
consisting of spherical particles (self-fluxing component) and angular particles (WC), which
is typical for mechanical mixtures of this type.

2.3. PTA Deposition System and Process Parameters

The cladding process was carried out using a plasma transferred arc (PTA) system
ZTW3501DC (ZhenTuo Automatic Equipment (Shanghai) Co., Ltd., Shanghai, China)
(Figure 1). The torch movement was controlled by a six-axis industrial robot SZHN.
Six samples were produced by sequentially varying the arc current in the range of 50-100 A
with a step of 10 A, while keeping all other process parameters constant. The constant
parameters and the calculated heat input values are presented in Table 1.

https:/ /doi.org/10.3390/met16060642


https://doi.org/10.3390/met16060642

Metals 2026, 16, 642 4 0of 21

tungsten electrode

plasma forming gas
powder

shielding gas

hardfacing

detail

Figure 1. Plasma transferred arc (PTA) deposition system and operating principle: (a) six-axis
robotic manipulator equipped with PTA torch; (b) PTA power source and control unit; (¢) schematic
illustration of the PTA cladding process and plasma torch configuration.

Table 1. Fixed PTA process parameters and resulting heat input for specimens deposited at arc

currents from 50 to 100 A.
Heat Input Shielding Gas Plasma Gas Powder Powder Feed Traverse
Specimen Voltage, V Current, A 4 8 % . Carrier Gas A Speed,
kJ/mm, n =0,7 (Ar), L/min (Ar), L/min . Rate, g/min A

(Ar), L/min mm/min
S1 50 0.26
52 60 0.32
S3 70 0.37

S4 25 80 0.42 12 15 14 12 200
S5 90 047
S6 100 0.53
The heat input Q was calculated using the following equation:
Q=nxUxI/v, @

where U is the arc voltage (V), L is the arc current (A), v is the cladding speed (mm/min),
and n is the thermal efficiency coefficient of the PTA process, taken as 0.7.
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2.4. Characterisation Methods

Metallographic Preparation. Cross-sectional samples were cut perpendicular to the
cladding direction, mounted in epoxy resin, ground using SiC papers, and polished to a
surface roughness of 1 pm using diamond suspension. To reveal microstructural features,
the samples were etched in a 10% oxalic acid (H,CpO4) solution in distilled water for
15-30 s prior to microscopic examination.

Scanning Electron Microscopy and EDS Analysis. The microstructure of the coat-
ings was examined using a SEM3200 scanning electron microscope (CIQTEK Co., Ltd.,
Hefei, China) at an accelerating voltage of 15 kV in secondary electron (SE) and backscat-
tered electron composition (BSED-COMP) modes. Imaging was performed at magnifica-
tions of 30, 100, and 500 x. The coating thickness was measured using cross-sectional
images obtained on an SM-32 microscope (BSED-COMP detector, 15 kV).

The elemental composition of the coatings was determined by EDS mapping using
a Bruker detector (Bruker AXS GmbH, Ettlingen, Germany) at an accelerating voltage of
15 kV and a working distance of 8.7 mm. Measurements were performed at a magnification
of 100x to obtain a representative average composition of the entire coating and at 500 x to
analyze the local distribution of elements across the coating thickness. Since the samples
were pre-etched with oxalic acid prior to EDS analysis, the obtained concentration values are
considered semi-quantitative; however, the relative trends between samples are regarded
as reliable.

X-ray Diffraction Analysis. The phase composition of the coatings was determined
by X-ray diffraction (XRD) using Cu Ko radiation (A = 1.5406 A) on a Bruker D6 PHASER
diffractometer (Bruker AXS GmbH, Ettlingen, Germany). The measurements were carried
out in the 20 range of 25-100° with a step size of 0.02° and a counting time of 0.8 s per
step. Prior to analysis, the sample surfaces were ground to a flat state and ultrasonically
cleaned to remove contaminants. Phase identification was performed by comparing the
experimental interplanar spacings with reference data from the PDF-2 and ICSD databases.
Due to significant peak overlap in this multicomponent system, the analysis is qualitative;
phase identification is supported by EDS data.

Microhardness Measurements. Vickers microhardness was measured on polished
cross-sections at a load of 2 N (HV0.2) with a step of approximately 100 um along the
coating thickness. Additional hardness measurements were performed on the polished
coating surface (n = 7 indentations per sample).

Tribological Testing. Tribological properties were evaluated using a TRB3 tribome-
ter (Anton Paar, Graz, Austria, serial number 1000097304) in a ball-on-flat reciprocating
sliding configuration. A 100Cr6 steel ball with a diameter of 3.00 mm was used as the
counterbody and was cleaned with ethanol before each test. The test parameters were
as follows: normal load—10.00 N, sliding speed—3.00 cm/s, track radius—1.00 mm, to-
tal sliding distance—100 m, atmosphere—air at a temperature of 25.0-29.8 °C and relative
humidity—26.6-32.9%. The specific wear rate K was calculated using the following equation:

K=V/(F x L), (2)

where V is the wear volume (mm?), F is the normal load (N), and L is the sliding distance (m).
The morphology of the wear tracks was examined by SEM in SE and BSED-COMP modes.

3. Results

3.1. Coating Microstructure
3.1.1. Overview Cross-Sectional Images

Figure 2 presents overview BSE images of the cross-sections of coatings S1-56 ob-
tained at magnifications of 3040x. All coatings exhibit a characteristic semi-circular
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cross-sectional shape typical of single-pass PTA cladding [6,7]. The measured coating thick-
ness increases with increasing arc current from 1.94 mm at 50 A to a maximum of 2.70 mm
at 80 A, followed by a decrease to 1.95 mm at 100 A (Table 2). The coating/substrate
interface is most clearly defined for samples S1 and S2 (50 and 60 A) and becomes more
diffuse at currents of 90-100 A, which is qualitatively consistent with increased dilution
from the substrate at higher heat input.

W, DetesEDCOMR HY 1567 GF Ready. MAGX35 SMsz |y DeBSEDCOMP H 15KV GF Ready NAGX31
< WD 1053mm HFW 3.63mm Res 30722048 Dwell 8us F—sooum— < WD 12.96mm HFW 4. 15mm Res 3072:2048. Dwel 85 F—s00um—|

@ _®)

¥, DetseDcowp HV 15k GF Ready. NAGX36 SWsz |y DetBSEDCOMP H 15KV P Ready NAGX37 sm32
< woosamm HFW 3 56mm Res 307222048 Duel 815 —soum— < woseimm HFW 3 44mm Res 30722048 Duel 835 ——500um—|

(€) (d)

W, DetesEDCOMR HY 15k GF Ready. MAGX33 SM32 |, DelBSED-COMP HV 5KV GF Ready sM32
< wo 11.20mm HEW 3 91mm Res 30722048 Dwel Bs F—sooun—i < wosoemm HFW 3 28mm Res 30722048 Dwel 8s F200um{

(e) ()

Figure 2. Overview BSE images of cross-sections of PTA coatings S1-56 deposited at different arc
currents: (a) S1,50 A; (b) S2, 60 A; (c) S3,70 A; (d) S4, 80 A; (e) S5, 90 A; (f) S6, 100 A.

Table 2. Coating thickness of S1-56 based on BSE cross-sectional images.

Sample S1 S2 S3 S4 S5 S6
Current, A 50 60 70 80 90 100
Thickness, mm 1.94 2.25 2.23 2.70 2.25 1.95

3.1.2. Microstructure at High Magnification
Detailed BSE micrographs at magnifications of 200-500 x are presented in Figure 3a-g.
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Figure 3. Detailed BSE micrographs at higher magnifications (200-500 x ) for coatings deposited at
different arc currents: (a) 50 A; (b) 60 A (200x); (c) 60 A (500 ); (d) 70 A; (e) 80 A; (f) 90 A; (g) 100 A.

Sample S1 (50 A, Figure 3a). The coating matrix contains rounded and angular bright
particles, corresponding in BSE contrast to phases with a high average atomic number.
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These particles are distributed non-uniformly, with a tendency to concentrate in the upper
part of the coating, which is consistent with EDS data showing an increased W content in
the top region (13.6 wt.%). The bright particles are identified as partially retained WC, as
confirmed by XRD analysis. The matrix exhibits a relatively uniform gray BSE contrast
with occasional dark pores.

Sample S2 (60 A, Figure 3b,c). At 200 x magnification (Figure 3b), the coating/substrate
interface exhibits a wavy morphology, and characteristic ring-like structures are observed
near the interface, formed around partially dissolved WC agglomerates [23]. At 500 x
magnification (Figure 3c), a well-developed network of needle-like and plate-like precip-
itates is observed within the matrix, predominantly oriented along solidification direc-
tions. According to EDS and XRD data, these precipitates correspond to Ni, B, Ni3B, and
CryC3 phases. The Ni content in the matrix reaches the highest value among all samples
(51.9 wt.% by EDS), while the dilution level is minimal (18.1%). The microstructure of S2 is
the most developed among all studied samples.

Sample S3 (70 A, Figure 3d). Bright particles with high BSE contrast are almost absent,
which agrees with EDS data indicating a decrease in W content to 0.42 wt.% and XRD
results showing no WC reflections. The matrix contains relatively coarse dark precipitates
compared to S2, presumably corresponding to CryC3 and Cr3C; according to XRD data.

Sample S4 (80 A, Figure 3e). The coating matrix contains characteristic snowflake-like
precipitates of Cr-rich phases with well-defined crystallographic morphology. Bright WC
particles are not observed, which is consistent with EDS (W = 0.74 wt.%) and XRD results.
Based on combined EDS and XRD data, these precipitates are identified as Cr;Cs, which
becomes the dominant phase at this arc current [24-26].

Sample S5 (90 A, Figure 3f). A lamellar structure with alternating bright and dark regions
is observed. The dark lamellae are presumably associated with Cr;C3 and Cr3C; according to
XRD data, while the brighter regions correspond to the (Fe,Ni)y matrix. The Fe content in the
coating reaches 45.5 wt.% (EDS), indicating significant dilution from the substrate.

Sample S6 (100 A, Figure 3g). The coating/substrate interface becomes diffuse and
extended. The matrix exhibits a uniform gray BSE contrast with a minimal amount of
secondary phase precipitates, which is characteristic of a high dilution level. According to
EDS data, the Fe content reaches a maximum of 49.5 wt.%, while the Ni content decreases to
21.2 wt.%, indicating the predominance of an (Fe,Ni)y solid solution in the coating matrix.
This conclusion is supported by the identification of the Fe(.s4Nig.3¢ phase by XRD analysis.

3.2. Energy-Dispersive X-Ray Analysis of the Coatings
3.2.1. Overall Elemental Composition of the Coatings

The elemental composition of coatings S1-56 was determined by EDS mapping at
a magnification of 100X to obtain a representative average composition over the entire
cross-section. The results are presented in Table 3, while the elemental distribution maps
are shown in Figure 4.

Table 3. Elemental composition of coatings S1-S6 based on EDS analysis (100, normalized values,
wt.%, excluding C and O).

Sample Current, A Ni Fe W Cr Si Dilution, %
S1 50 32.6 31.7 6.9 8.4 2.7 26.6
S2 60 51.9 241 1.6 22 5.0 18.1
S3 70 41.7 325 0.4 1.9 3.9 27.5
S4 80 429 38.2 0.7 1.9 4.0 33.9
S5 90 31.6 45.5 1.5 3.0 33 421
S6 100 21.2 49.5 5.6 6.6 21 46.6
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Figure 4. SEM images and corresponding EDS elemental mapping of coatings S1-56 deposited at
different arc currents. (a) powder; (b) S1; (c) S2; (d) S3; (e) S4; (f) S5; (g) S6.

The dilution degree D was calculated based on the Fe content using the following equation:

Fecoat — Fepowder

- x 100% 3)
Fesubstrate - Fepowder °

where Fecoat is the Fe content in the coating determined by EDS, Fepwder = 8.0 wt.% is the
Fe content in the initial powder, and Fegypgtrate = 97 Wt.% is the Fe content in the substrate
(steel 45).
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3.2.2. Composition Evolution with Increasing Arc Current

Tungsten. The W content decreases monotonically from 6.9 wt.% at 50 A to
0.4-0.7 wt.% in the range of 70-80 A, indicating almost complete dissolution of the carbide
phase into the coating matrix with increasing heat input. At higher currents of 90 and
100 A, the W content slightly increases (up to 1.5 and 5.6 wt.%, respectively), which may
be attributed to remelting of the lower regions of the coating and redistribution of dis-
solved W under conditions of critical dilution with the substrate, consistent with the WC
bottom-concentration phenomenon reported for PTA Ni-WC systems at elevated heat
input [23]. The contribution of incomplete powder melting as an alternative explanation
appears unlikely, as the uniform BSE contrast of the S6 cross-section argues against the
presence of partially unmelted WC agglomerates.

Nickel. The Ni content reaches its maximum in sample S2 (60 A) at 51.9 wt.%, cor-
responding to the most Ni-rich matrix among all investigated coatings. With further
increases in arc current, the Ni content decreases monotonically to 21.2 wt.% at 100 A due
to increasing dilution by Fe from the substrate.

Iron and dilution. The Fe content and the calculated dilution degree reach their
minimum in sample S2 (Fe = 24.1 wt.%, D = 18.1%) and increase monotonically at currents
above 60 A, reaching maximum values in sample S6 (Fe = 49.5 wt.%, D = 46.6%). Thus,
at 60 A, the lowest dilution of the coating by the substrate material is achieved under the
given process conditions.

Chromium. The Cr content decreases sharply from 8.4 wt.% in S1 to 1.9-2.2 wt.%
in 52-54 and slightly increases at higher currents of 90-100 A (up to 3.0-6.6 wt.%). The
higher Cr content in S1 compared to the other samples is associated with the non-uniform
distribution of Cr-rich precipitates in the matrix at the lowest arc current.

3.2.3. Elemental Distribution Across the Coating Thickness

For samples S1-53, additional EDS analysis was performed at a magnification of 500 x
in three regions of the cross-section: the top, central, and bottom zones adjacent to the
substrate. The results are presented in Table 4.

Table 4. Elemental distribution across the thickness of coatings S1-S3 (EDS, 500 x, wt.%).

Sample Zone Ni Fe \4 Cr
S1(50 A) Top 37.8 21.8 13.6 9.1
Middle 40.8 229 6.6 9.4

Bottom 27.1 37.8 7.5 7.1

52 (60 A) Top 53.8 26.0 0.2 1.6
Middle 542 221 1.2 2.0

Bottom 455 31.0 0.6 2.7

S3 (70 A) Top 44.2 30.3 0.6 1.8

In all three samples, the Fe content consistently increases from the top to the bottom
region, reflecting the dilution gradient across the coating thickness. The most pronounced
gradient is observed in sample S3, where the Fe content increases from 30.3 wt.% in the top
region to 45.5 wt.% in the bottom region (AFe = 15.2 wt.%).

In sample S1, the W content in the top region (13.6 wt.%) significantly exceeds that in
the central (6.6 wt.%) and bottom (7.5 wt.%) regions, indicating a non-uniform distribution
of WC agglomerates across the coating thickness at the lowest arc current. In contrast, in
samples S2 and S3, W is distributed relatively uniformly across all regions, suggesting more
homogeneous melt mixing at higher heat input.

https:/ /doi.org/10.3390/ met16060642
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3.3. X-Ray Diffraction Analysis
3.3.1. Phase Composition of the Initial Powder and Substrate

The XRD patterns of the initial powder and substrate are shown in Figure 5. The
XRD pattern of the PS-12NVK-01 powder exhibits reflections corresponding to WC
(JCPDS 51-0939), metallic Ni (JCPDS 04-0850), CrB (JCPDS 06-0686), Cr;Cs
(JCPDS 36-1482), and NiSi (JCPDS 65-4828). The presence of crystalline WC indicates
that the carbide component does not undergo thermal degradation prior to cladding. The
CryCs and CrB phases are components of the self-fluxing PG-10N-01 matrix formed during
gas atomization [7]. A detailed correspondence between the reflections and phases is
presented in Table 5.
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Figure 5. XRD patterns of the coatings deposited at different currents.

Table 5. XRD reflection identification based on HighScore Plus (PDF-2) data for PTA Ni-Cr-B-Si +
WC coatings deposited on Steel 45 substrate.

Material Phase Crystal Structure JCPDS 20 (°)
31.67;35.80;48.44; 64.14, 73.18;
Powder (PS-12NVK-01) WC Hexagonal 51-0939 77.19;84.11;98.71
Ni FCC 04-0850 44.34;51.58;92.18
CrB Orthorhombic 06-0686 38.12;46.14;73.18;75.54
Cry;Cs Hexagonal 36-1482 39.20; ié;i’, Aég};é’ 4941;
NiSi Orthorhombic 65-4828 31.67;47.35;51.58
S1(50A) WC Hexagonal 51-0939 31.79;35.79; 48.49
C1sCs Orthorhombic 35-0804 T g o
NiszB Orthorhombic 82-1699 44.14,;45.89;47.10;91.34
NiB Tetragonal 73-1894 35.79;45.89
(Fe,Ni)y FCC 47-1417 44.14;51.24;75.55;91.34
S2 (60 A) FeSi Cubic 38-1397 35.13
Cr;C3 Hexagonal 36-1482 45.88; 51.32;81.99
NizB Orthorhombic 82-1699 44.31; 45.88; 46.58; 81.99; 91.63
Ni,B Tetragonal 73-1894 45.88;75.47;81.99
(Fe,Ni)y FCC 47-1417 44.31;51.32;75.47;91.63
Ni FCC 04-0850 44.31;46.58;64.73
S3(70 A) CrsCy Orthorhombic 35-0804 o1y
Cr;Cs Hexagonal 36-1482 39.08;44.02; 51.02;75.29
NizB Orthorhombic 82-1699 44.02;46.91;91.13;92.65
(Fe,Ni)y FCC 47-1417 44.02;51.02;75.29;91.13
Ni FCC 04-0850 44.02;51.02;92.65
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Table 5. Cont.

Material Phase Crystal Structure JCPDS 20 (°)
S4(80 A) Cr;Cs Hexagonal 36-1482 39.19; 44.00; 51.03; 75.14; 80.75
Cr3C, Orthorhombic 35-0804 39.19;46.83; 51.03; 75.14; 80.75
W,C Hexagonal 35-0776 39.19; 75.14; 80.75; 96.55
(Fe,Ni)y FCC 47-1417 44.00;51.03;75.14
Ni FCC 04-0850 39.19; 44.00
S5(90 A) Cr;C, Orthorhombic 35-0804 39.13; 43.95; 50.86; 74.92; 92.36
Cr;Cs Hexagonal 36-1482 39.13;43.95; 50.86; 74.92
(Fe,Ni)y FCC 47-1417 43.95; 50.86; 74.92;92.36
S6 (100 A) Cr;Cs Hexagonal 36-1482 41.92; g?)g: A;igg’ 50.81;
FE[) .(,4Ni[) .36 FCC 47-1417 43.80; 50.81; 7485, 90.64
(Fe,Ni)y FCC 47-1417 43.80; 50.81; 74.85; 90.64
Cry3Cs Cubic 35-0783 37.53; 48.35;90.64
Ni,B Tetragonal 73-1894 45.96; 74.85
Steel 45 (substrate) «-Fe BCC 06-0696 44.69; 64.95; 82.30; 98.86

The XRD pattern of the steel 45 substrate only contains reflections of «-Fe (BCC,
JCPDS 06-0696), which corresponds to the ferritic structure of normalized carbon steel.

3.3.2. Phase Composition of Coatings S1-56

The XRD patterns of coatings S1-S6 are shown in Figure 5. Phase identification
was performed using the PDF-2 database in HighScore Plus software (3.0.0). Due to
significant peak overlap in this multicomponent system, the analysis is qualitative; all
phase assignments are supported by EDS data (Section 3.2). The complete list of reflections
is presented in Table 5.

S1 (50 A). WC (JCPDS 51-0939), Cr3C, (JCPDS 35-0804), Ni3zB (JCPDS 82-1699), Ni, B
(JCPDS 73-1894), and the (Fe,Ni)y solid solution (JCPDS 47-1417) were identified. Partial
retention of WC at the lowest current is consistent with the W content of 6.9 wt.% from EDS
data. The reflection at 26 ~ 44.1° corresponds to the overlap of (Fe,Ni)y (111) and Ni3B,
making their separation without Rietveld refinement difficult.

S2 (60 A). WC is not detected, which agrees with EDS data (W = 1.6 wt.%). Cr;C3
(JCPDS 36-1482), Ni3B, Ni,B, (Fe,Ni)y, metallic Ni, and iron silicide FeSi (JCPDS 38-1397)
are identified. The formation of FeSi indicates interaction between Fe from the substrate
and Si from the matrix. The Ni content reaches a maximum (51.9 wt.% by EDS), and the
dilution level is minimal (18.1%).

S3 (70 A). WC reflections are absent (W = 0.4 wt.% by EDS). The simultaneous presence
of Cr3C, and Cr;Cj indicates a phase transformation Cr3C, — CryCs under these thermal
conditions. NizB and (Fe,Ni)y are also identified.

S4 (80 A). CryC3 becomes the dominant phase. The tungsten subcarbide W;,C
(JCPDS 35-0776) is identified for the first time, indicating partial decomposition of WC via
the reaction WC — W,C + [C] [27]. The released carbon contributes to the formation of
chromium carbides. Cr3C; and (Fe,Ni)y remain present.

S5 (90 A). The XRD pattern contains the smallest number of reflections among all
coatings. Cr3C,, CryCs, and (Fe Ni)y are identified. The increased W content from EDS
(1.5 wt.%) in the absence of tungsten carbide reflections suggests dissolution of W in the
(Fe,Ni)y matrix [24].

S6 (100 A). The phase composition differs significantly from S1-S5. CryCj is the domi-
nant phase. The matrix is represented by the Fey.4Nig.36 solid solution (JCPDS 47-1417),
consistent with EDS data (Fe = 49.5 wt.%, Ni = 21.2 wt.%). Cry3Cq (JCPDS 35-0783) and
Ni,B are also identified. The increased W content (5.6 wt.% by EDS) in the absence of
crystalline tungsten carbide reflections indicates dissolution of W in the (Fe,Ni)y matrix at
maximum heat input [24].
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3.3.3. Evolution of Phase Composition with Increasing Arc Current

Based on the combined XRD and EDS data, three characteristic ranges of cladding
current can be distinguished (Table 5).

At 50 A, partial retention of WC is observed in the coating along with NizB and Ni,B
borides, Cr3C, carbide, and the (Fe,Ni)y matrix. At 60 A, WC is no longer detected; the
dilution level reaches its minimum (18.1%), while the Ni content in the matrix is at its
maximum (51.9 wt.%). At 70 A, the phase transformation Cr3C,; — Cr;Cs occurs [20]. At
80 A, CryCs becomes the dominant phase, and W,C appears as an intermediate product of
WC decomposition. At 90-100 A, the matrix is predominantly represented by the (Fe,Ni)y
solid solution, with the dilution level increasing to 42—47%.

The reduced Cr content in the matrix of coatings S2-54 (1.9-2.2 wt.% according to EDS)
is explained by the binding of chromium into carbide and boride phases. Overall, the EDS
results are in good agreement with the phase composition determined by XRD analysis.

3.4. Microhardness

Vickers microhardness measurement results are presented as cross-sectional hardness
profiles (Figure 6) and average surface hardness values with error bars (Figure 7). The
obtained data demonstrate a pronounced dependence of hardness on arc current, which is
consistent with the trends in phase composition and microstructure established by XRD

and EDS analyses.
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Figure 6. Vickers microhardness (HV( ) depth profiles at different arc currents.

The cross-sectional profiles (Figure 6) reveal three characteristic regions for each
sample: the coating region with high and relatively stable hardness values, the heat-
affected zone (HAZ), and the substrate region. The coating/HAZ boundary is located at a
depth of approximately 1.8-2.0 mm from the surface for all samples; the hardness sharply
decreases to approximately 340-390 HV at the beginning of the HAZ and then gradually
decreases to approximately 200-250 HV, corresponding to the initial hardness of Steel 45.
All six profiles converge in the substrate region, confirming the identical substrate material

1

Steel 45  50A 60A 70A 80A 90A 100A

for all samples.

1000
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Microhardness, HV
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Figure 7. Mean surface microhardness (HVO0.2) at different arc currents with standard deviation.
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In the coating region, the profiles can be divided into two characteristic clusters. The
first cluster, samples S1 (50 A) and S2 (60 A), is characterized by high hardness values in
the range of 730-975 HV throughout the coating thickness. The second cluster, samples
53-56 (70-100 A), shows significantly lower values in the range of 460-650 HV. This
separation reflects the transition from partial WC retention to its dissolution, as described
in Sections 3.1-3.3.

Sample S1 (50 A) has an average cross-sectional hardness of 845 + 86 HV (CV =10.2%),
with a considerable scatter from 734 to 975 HV. Locally high values (974 and 965 HV)
are attributed to indentation directly on undissolved WC agglomerates, whereas lower
values (734-748 HV) correspond to y-Ni matrix regions. The high coefficient of variation
results from structural heterogeneity caused by insufficient heat input for homogenization,
which is consistent with EDS data showing non-uniform W distribution across the coating
thickness [7].

Sample S2 (60 A) has an average cross-sectional hardness of 804 & 45 HV (CV =5.5%),
indicating a more homogeneous hardness distribution compared with S1. The surface
hardness of S2 is the highest in the series, 887 £+ 76 HV (CV = 8.6%), which is 19.9%
higher than that of S1 and more than four times higher than that of the Steel 45 substrate.
This combination of high hardness and relatively low scatter is explained by the uniform
distribution of boride and carbide phases in the y-Ni matrix [6].

Increasing the current from 60 to 70 A causes the most pronounced decrease in hard-
ness: from 804 + 45 to 586 + 30 HV in cross-section and from 887 & 76 to 690 & 42 HV on
the surface. This sharp decrease indicates a threshold-like WC dissolution process in the
60-70 A range [20].

Samples 54 (80 A) and S5 (90 A) continue the decreasing trend, showing 552 + 33 HV
and 503 4 35 HV in cross-section, and 619 + 38 HV and 526 + 19 HV on the surface,
respectively. The monotonic decrease in standard deviation with increasing current reflects
progressive microstructural homogenization due to WC dissolution and formation of a
more uniform (Fe,Ni)y solid solution.

Samples S5 (90 A) and S6 (100 A) show similar hardness values: 503 £ 35 HV and
520 + 32 HV in cross-section, and 526 + 19 HV and 522 + 17 HV on the surface. The
hardness plateau at 90-100 A indicates that the strengthening potential of the system is
largely exhausted under these cladding conditions; critical dilution with the substrate leads
to the formation of an (Fe,Ni)y solid solution, whose hardness is mainly governed by the
substrate-derived chemical composition rather than the initial coating composition [6,16].

3.5. Tribological Properties

The results of tribological tests performed using a ball-on-flat configuration are pre-
sented in Table 6. For samples S1 (50 A) and S2 (60 A), two independent measurements were
carried out in different surface regions; the reported values represent the mean values with
the scatter between repetitions. For samples S3-56, a single measurement was performed;
therefore, the corresponding conclusions are preliminary and require confirmation with an
increased number of repetitions.

The analysis of the data presented in Table 6 allows two distinct regimes of tribological
behavior to be identified. Samples S1 (50 A) and S2 (60 A) exhibit the highest wear
resistance in the series, with average specific wear rates of (4.80 + 4.37) x 107® and
(4.00 & 2.39) x 107 mm3/(N-m), respectively, which are 18-22 times lower than that of
the Steel 45 substrate (8.858 x 107> mm?3/(N-m)). The significant scatter between repeated
measurements for S1 (=21x) and S2 (4 x) reflects microstructural heterogeneity of the
coating surface: depending on whether the wear track passes through regions enriched with
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hard phases or matrix-dominated areas, the local tribological response varies considerably,
whereas the coefficient of friction remains relatively stable.

Table 6. Tribological characteristics of PTA Ni-Cr—B-Si + WC coatings at different arc currents and

Steel 45 substrate.
Coefficient of
; 2 3/(N-

Specimen Current, A Wear Track Area, um K, mm®/(N-m) Friction u (Mean) cof u
Steel 45 - 14,100.8 8.858 x 107 0.612 0.030
S1 50 763.7 4 695.6 480 x 1076 £4.37 x10°° 0.625 0.098
S2 60 637.1 & 380.5 400 x 1076 £2.39 x 1076 0.618 0.095
S3 70 5716.8 3.591 x 107 0.673 0.093
54 80 3208.5 2.016 x 107° 0.662 0.127
S5 90 17,448.5 1.096 x 10~* 0.555 0.081
S6 100 14,539.2 9.134 x 107 0.544 0.081

The evolution of the coefficient of friction with sliding distance is shown in Figure 8.
For samples S1-54, the steady-state friction coefficient lies within the range of 0.615-0.673
(o =0.087-0.127), which is typical for sliding involving hard carbide and boride phases.
Samples S5 (90 A) and S6 (100 A) exhibit a decrease in the average friction coefficient to
0.555 and 0.544, respectively, accompanied by a reduction in o to 0.081. This decrease
in p does not necessarily indicate improved tribological performance; rather, it is likely
associated with a change in the nature of the contacting material. At 90-100 A, the coating
matrix is predominantly represented by an (Fe,Ni)y solid solution, which is characterized
by a lower friction coefficient but a higher wear rate.

The transition from the 50-60 A range to 70-80 A is accompanied by a sharp increase
in wear rate. For sample S3 (70 A), K = 3.591 x 10~ mm?/(N-m), which is approximately
nine times higher than the average value for S2 (60 A); however, since only a single
measurement is performed for S3, this ratio should be considered indicative. This transition
correlates with significant WC dissolution at 70 A, as confirmed by XRD and EDS data.
The somewhat lower wear rate of sample S4 (80 A) compared to S3 (70 A) (2.016 x 10>
vs. 3.591 x 107° mm3/(N-m)) is likely associated with the formation of snowflake-like
CryC3 precipitates, which may provide partial dispersion strengthening of the matrix. This
conclusion is also based on single measurements and requires statistical validation.

—— Steel 45|
—— No.1
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—— No.4
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=
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Figure 8. Evolution of the coefficient of friction with sliding distance for PTA coatings at arc currents
of 50-100 A and Steel 45 substrate. Test conditions: 100Cr6 ball, 3 mm diameter; load 10 N; sliding
speed 3 cm/s; total distance 100 m; ambient air.
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At 90 and 100 A, the wear rate increases to 1.096 x 10™* and 9.134 x 10~ mm?3/(N-m),
respectively, reaching values comparable to the uncoated Steel 45 substrate, indicating a
significant reduction in the protective performance of the coatings at these cladding currents.

SEM analysis of wear tracks (Figures 9 and 10) confirms these trends and enables iden-
tification of the dominant wear mechanisms for each cladding regime. Low-magnification
overview images (Figure 9a—g) show a systematic increase in wear track width from S2 to
samples produced at higher heat input, with S2 exhibiting the narrowest track.
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Figure 9. Overview of SEM (ETD-SE) images of wear tracks of coatings and Steel 45 substrate: (a) S1,
50 A; (b) S2,60 A; (c) S3,70 A; (d) S4, 80 A; (e) S5, 90 A; (f) S6, 100 A; (g) Steel 45.
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Figure 10. High-magnification SEM images of wear track surfaces: (a) SI—BSED-COMP, 1000 x ;
(b) S2—BSED-COMP, 1000 ; (c) S3—ETD-SE, 1000 % ; (d) S4—ETD-SE, 1000 % ; (e) S5—ETD-SE, 1000 % ;
(f) S6—ETD-SE, 1000x; (g) Steel 45—BSED-COMP, 1000 x. Accelerating voltage: 15 kV; SEM3200
(CIQTEK Co., Ltd., Hefei, China).
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In sample S1 (50 A, Figure 10a), the wear track contains numerous angular WC
fragments (2-10 pm), a network of surrounding cracks, and a dark tribochemical film along
the track edges. This morphology corresponds to a mixed wear mechanism combining
third-body abrasive wear with an adhesive component in the y-Ni matrix regions [26,27].

Sample S2 (60 A, Figure 10b) exhibits a distinctly different morphology: the dominant
defects are isolated crater-like pull-outs (5-20 pm) with remnants of W-containing phases
inside. This morphology is consistent with a fatigue-driven pull-out mechanism under
cyclic loading, while the matrix between the craters shows relatively low wear, in agreement
with the low overall wear volume [28,29].

In sample S3 (70 A, Figure 10c), a two-zone surface is formed: one region is covered
with regular parallel grooves (~0.5-1 um wide), while the adjacent region consists of smooth
areas of intense plastic deformation separated by a step of ~1-2 um. This morphology
indicates a mixed abrasive-adhesive mechanism with significant plastic deformation of the
v-Ni matrix, which has lost carbide reinforcement [26].

For sample S4 (80 A, Figure 10d), predominantly abrasive wear is observed: the surface
is covered with regular parallel grooves (~0.5-2 um wide) with characteristic ridges of
plastically displaced material. Isolated rounded pits (~5-10 um) containing bright phase
remnants are likely associated with Cr;C3 precipitates identified in cross-sectional analysis.

The wear surfaces of samples S5 (90 A, Figure 10e) and S6 (100 A, Figure 10f) differ
fundamentally from those at lower currents. Sample S5 exhibits a combination of dense
parallel grooves (~0.5-1 pm) and fatigue delamination zones (~30-40 pm), indicating a
mixed abrasive—fatigue mechanism. Sample S6 shows the most homogeneous wear surface:
uniform parallel grooves across the surface interrupted by isolated large delamination
defects (~35 x 15 pm) with multilayer cracks and lamellar fragments (~2-3 um thick). This
morphology corresponds to a fatigue-delamination mechanism typical of homogeneous
matrix alloys with a limited content of strengthening phases.

The wear track morphology of the Steel 45 substrate (Figure 10g) is similar to that of
samples S5 and S6: regular grooves (~0.5-1 pm wide) alternate with fatigue delamination
regions, and the most prominent feature being a horizontal crack of ~50 um length. This
morphological similarity, together with comparable wear rates, confirms the significant
degradation of protective properties for coatings deposited at 90-100 A [28,29].

4. Discussion

The combined analysis of XRD, EDS, microhardness, and tribological data allows four
characteristic structural-phase states of the coatings to be distinguished depending on the
arc current.

At 50 A, partial retention of WC is observed together with Ni3B and Ni,B borides,
Cr3C; carbide, and the (Fe,Ni)y matrix. The non-uniform distribution of WC agglomerates
across the coating thickness (W = 13.6 wt.% in the top region vs. 6.6 wt.% in the central
region, according to EDS) leads to a high hardness variation (CV = 10.2%) and significant
scatter in tribological properties.

At 60 A, the most favorable combination of properties is achieved. No WC reflections
are detected by XRD; the matrix consists of well-crystallized NisB, Ni; B, and Cr;C3 phases
within the (Fe,Ni)y solid solution. The dilution degree is minimal (18.1%), while the Ni
content in the matrix reaches its maximum (51.9 wt.%). This combination results in the
highest surface hardness (887 4= 76 HV) and the lowest wear rate (4.00 x 10~ mm3/(N-m))
among all samples.

At 70-80 A, a transition regime is observed. WC is no longer detected; at 80 A,
W,C is identified as an intermediate product of WC decomposition via the reaction
WC — W,C + [C] [25]. The released carbon contributes to the formation of chromium
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carbides (Cry;C3 and Cr3C;). The dilution increases to 27.5-33.9%, and the hardness de-
creases to 552-586 HV. The slightly lower wear rate of S4 compared to S3 is likely associated
with partial dispersion strengthening due to Cr;C3 precipitates.

At 90-100 A, the coating matrix is predominantly represented by the (Fe,Ni)y solid
solution; at 100 A, a specific composition of Fey.¢4Niy.34 is identified by XRD. The dilution
increases to 42-47%, and the hardness reaches a plateau of approximately 503-522 HV. The
wear rate approaches that of the uncoated substrate, indicating a significant degradation of
the protective performance of the coatings at these arc currents.

The increased W content in S5-56 (1.5 and 5.6 wt.% according to EDS), in the absence of
crystalline tungsten carbide reflections, indicates dissolution of W into the (Fe,Ni)y matrix
at high heat input; the mechanism underlying the W enrichment at 100 A is discussed
in Section 3.2.2. The reduced Cr content in the matrix of S2-54 (1.9-2.2 wt.% by EDS) is
explained by the binding of chromium into carbide and boride phases.

The results of this study are consistent with general trends reported for PTA Ni-WC
coatings on steels: the existence of an optimal cladding current at which maximum hard-
ness and wear resistance are achieved is governed by the balance between the retention
of strengthening phases and matrix homogenization [6,21,24]. It should be noted that the
tribological conclusions for samples S3-5S6 are based on single measurements and are therefore
preliminary; statistically reliable conclusions require an increased number of repetitions.

5. Conclusions

The effect of arc current (50-100 A) on the microstructure, phase composition, mi-
crohardness, and tribological properties of Ni-Cr-B-Si + 35 wt.% WC (PS-12NVK-01)
composite coatings deposited by plasma transferred arc (PTA) cladding on a Steel 45
substrate was investigated. The following conclusions can be drawn:

(1) Combined EDS and XRD analysis of polished cross-sections reveals three distinct
regimes of compositional evolution depending on the arc current. At 50 A, partial
retention of WC is observed along with Cr3C,, Ni3B, Ni;B, and (Fe,Ni)y, with a
dilution degree of 26.6%. At 60 A, no WC reflections are detected; the coating matrix
consists of Ni3B, NiyB, Cr;C3, and (Fe,Ni)y, with the lowest dilution (18.1%) and
the highest Ni content (51.9 wt.%). At 70-100 A, progressive dissolution of carbide
phases and increasing Fe incorporation from the substrate lead to the formation of
an (Fe,Ni)y matrix; at 100 A, the dilution reaches 46.6%, and the matrix composition
approaches Fe.44Nig.36.

(2)  According to BSE cross-sectional images, the coating thickness increases from 1.94 mm
at 50 A to a maximum of 2.70 mm at 80 A, followed by a decrease to 1.95 mm at 100 A,
which correlates with increasing substrate melting depth at higher heat input. The
coating/substrate interface is clearly defined at 50-60 A and becomes progressively
more diffuse at 90-100 A, in agreement with EDS data indicating increased dilution.

(3) The maximum surface hardness of 887 4+ 76 HV (CV = 8.6%) is achieved at 60 A,
exceeding the hardness of the Steel 45 substrate (~213 HV) by more than four times.
The most significant hardness reduction occurs in the 60-70 A range (—22.2% at the
surface and —27.0% in cross-section), indicating a threshold transition associated
with the loss of carbide strengthening. At 90-100 A, the hardness reaches a plateau
(~503-522 HV), suggesting that the strengthening potential is governed primarily by
substrate dilution.

(4) The coating produced at 60 A exhibits the best tribological performance, with a
wear rate of 4.00 x 10~® mm3/(N-m), approximately 22 times lower than that of the
uncoated Steel 45 substrate (8.858 x 107> mm?/(N-m)). The transition from 60 to
70 A results in an approximately ninefold increase in wear rate, consistent with the
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loss of carbide reinforcement observed by XRD and EDS. At 90-100 A, the wear rate
approaches that of the uncoated substrate, indicating a significant deterioration in
protective performance. Tribological conclusions for samples S3-56 are based on
single measurements and should be considered preliminary.

(5) Based on the combined microstructural, compositional, mechanical, and tribological
results, an arc current of 60 A is identified as the optimal cladding condition for
PS-12NVK-01 powder on a Steel 45 substrate under the applied processing parameters.
This regime provides the highest surface hardness, the lowest wear rate, and minimal
dilution, making it promising for the restoration and strengthening of worn roller mill
shafts in agricultural machinery applications.
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