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A B S T R A C T

This study introduces a novel Plasma Transferred Arc Welding (PTAW) processing route for depositing high- 
performance NiCrBSi coatings on structural steel. The innovation of this work lies in the strategic use of a low 
standoff distance (5 mm) in combination with low arc currents (60 A and 70 A) to tailor the coating’s micro
structure for superior wear and corrosion resistance, addressing a significant challenge in extending the lifespan 
of machine tools. The coating prepared at 60 A (C60A) demonstrated a significant improvement in properties 
compared to the one prepared at 70 A (C70A). Quantitatively, the C60A coating achieved a maximum micro
hardness of 754.0 HV0.5, a 26.8 % reduction in corrosion current density, and a 38 % lower wear rate (p < 0.01). 
These enhancements are attributed to a more refined microstructure, a higher volume fraction of beneficial FCC 
texture components, and a lower density of geometrically necessary dislocations (1.04 × 10¹³ m⁻² for C60A vs. 
1.08 × 10¹³ m⁻² for C70A). This research provides a viable pathway for fabricating durable and reliable Ni-based 
coatings for demanding industrial applications.

1. Introduction

The global push for sustainable development and responsible pro
duction and consumption practices has put a spotlight on the need to 
extend the lifespan of industrial machinery and components [1,2]. 
Machine tools, which are fundamental to numerous industries, are often 
subjected to harsh operating conditions, leading to degradation through 
wear and corrosion. This premature failure not only results in significant 
economic losses due to downtime and replacement costs but also has a 
considerable environmental impact stemming from the consumption of 
non-regenerative resources and the generation of industrial waste [3–6]. 
Therefore, there is a need for advanced surface engineering solutions 
that can enhance the durability and performance of these critical 
components.

Surface engineering techniques, such as thermal spraying [7], laser 
cladding [8], and Plasma Transferred Arc Welding (PTAW) [9], are 
widely employed to deposit protective coatings on industrial compo
nents. Among these, PTAW is a versatile and cost-effective method that 
can produce thick, dense, and metallurgically bonded coatings [10]. 
NiCrBSi alloys are a popular choice for these coatings due to their 
excellent intrinsic resistance to wear and corrosion [11].

Previous research on PTAW-deposited NiCrBSi coatings has explored 
various strategies to optimize their properties, primarily through the 
optimization of processing parameters like travel speed [12], gas flow 
rate [13], and current [14]. Many studies have focused on using high 
PTA currents (100 – 500 A) to ensure complete melting of the powder 
and achieve good bonding [13,15,16]. However, high currents can lead 
to issues such as excessive dilution, a large heat-affected zone, and 
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premature electrode degradation [17]. More recent studies have inves
tigated the use of lower currents (<100 A), but the results have been 
inconsistent, with some reporting problems like incomplete fusion and 
poor coating quality. Ikpe et al. [17] investigated current intensities of 
50 A, 100 A, 150 A, and 190 A, noting that the lowest current of 50 A 
resulted in arc instability and incomplete fusion. Goa et al. [18] explored 
the influence of lower PTA currents ranging from 50 A to 65 A, and 
reported suboptimal hardness and tribological properties. It is note
worthy however, that a common practice in these studies has been the 
use of a relatively large standoff distance (8–20 mm) to avoid over
heating the substrate [9,19,20],.

This study addresses the existing gap in the literature by investi
gating a novel PTAW processing route that combines a low standoff 
distance of 5 mm with low arc currents – 60 A and 70 A. The central 
hypothesis is that this unique combination of parameters can overcome 
the challenges associated with low-current PTAW, such as poor corro
sion and wear resistance, leading to the fabrication of high-quality, high- 
performance NiCrBSi coatings. The significance of this work is twofold, 
catering to both scientific and industrial significance. Scientifically, it 
provides a detailed, mechanism-based understanding of how low- 
current PTAW processing influences the microstructural evolution, 
including grain size, grain boundary characteristics, dislocation density, 
and texture and, consequently, the corrosion and tribological perfor
mance of NiCrBSi coatings. Industrially, this research offers a practical 
and cost-effective method for producing highly durable coatings for 
machine tools and other components used in demanding sectors like 
mining, transport, and petroleum. By enhancing the service life of these 
components, this work contributes to more sustainable manufacturing 
practices, reducing resource consumption and waste generation.

2. Materials and methods

2.1. Materials

The NiCrBSi powders utilized for sample fabrication were procured 
commercially as gas atomized powders (Durmat 456). These powders 

exhibit a spherical morphology, as depicted in Fig. 1A, with an observed 
uneven surface texture (Fig. 1B). Characterization of the powders 
revealed a particle size of 126 μm (d90) and a calculated dimensionless 
factor of uniformity (span) of 2.1, indicating a notable degree of particle 
non-uniformity [21], as illustrated by the size frequency distribution 
plot in Fig. 1C. The chemical composition analysis of the powder was 
conducted using energy dispersive X-ray spectroscopy (EDS), with five 
(5) random powder particles subjected to EDS point analyses, and the 
resulting average composition depicted in Fig. 1D

Prior to coating deposition, X-ray diffraction (XRD) analysis was 
performed on the powders, with Fig. 1E showing the outcomes. The 
identified phases predominantly included γ-Ni (ICSD No. 260,169), 
Cr23C6 (ICSD No. 617,488), Cr3C2 (ICSD No. 181,711), alongside minor 
intensity peaks corresponding to Ni31Si12 (ICSD No. 9106) and Ni3B 
(ICSD No. 75,794). It’s noteworthy that certain peaks corresponding to 
different phases were observed to overlap with others. For example, at 
2θ ~ 52◦, a high-intensity peak corresponding to the (111) γ-Ni phase 
overlapped with relatively lower intensity peaks attributed to the (006) 
Ni31Si12 and (102) Ni3B phases. All identified overlaps are comprehen
sively presented in Fig. 1E.

The base material used in this study was a 15HM low alloy steel, 
possessing a hardness of 153 ± 5.0 HV0.5. Its chemical composition, 
determined through EDS analysis, is depicted in Fig. 1F.

2.2. Coaxial powder-feeding plasma transferred arc welding process

The powder plasma transferred arc welding (PPTAW) system 
employed in this study is the Castolin Eutectic GAP 2001 DC machine, 
configured to facilitate directed energy deposition (DED) for coating 
preparation. The plasma torch, positioned coaxially, executes the 
coating process as illustrated in Fig. 2. The plasma arc control unit is 
fitted with a reservoir containing Argon 5.0 gas, ensuring 99.99 % purity 
in accordance with ISO 14,175-I1:2009 standards. A gas mixture 
comprising 5 % hydrogen (H2) and argon (Ar) following ISO 14,175-R1- 
ArH-5 welding mixture guidelines serves as the shielding and carrier 
gas. Process parameters for PPTAW include a 4 mm electrode diameter, 

Fig. 1. A. SEM image of NiCrBSi powder particles, B. Morphology of gas atomized NiCrBSi powder particle showing an uneven spherical surface, C. Plot of particle 
size distribution (PSD) and frequency distribution (FD) as functions of particle diameter, D. Chemical composition of NiCrBSi powder obtained from energy 
dispersive x-ray spectroscopy (EDS), E. X-ray diffraction (XRD) phase analysis of NiCrBSi powder, and F. Chemical composition of base material 15HM steel obtained 
from EDS analysis.
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2 mm plasma nozzle size, plasma gas flow rate of 2.0 L/min, travel speed 
set at 2.0 mm/s, and a thermal coefficient of 0.6. For the novelty of this 
study, the standoff distance was maintained at 5 mm while preparing 
coatings using low plasma transferred arc (PTA) currents. Two distinct 
specimen categories were fabricated for analyses: the first, designated as 
C70A, was prepared with a PTA current of 70 A, while the second, 
denoted as C60A, was prepared with a PTA current of 60 A. These 
designations will be consistently referenced throughout this paper.

2.3. Characterization

Metallographic samples designated for analysis underwent a prepa
ration regimen which involved 500, 800, 1200, and 2000-grit SiC sheet 
grinding followed by diamond suspensions 9 μm, 6 μm, 3 μm, 1 μm, and 
final polishing to achieve a mirror finish utilizing 0.04 μm colloidal 
silica. For microstructural characterization, both Zeiss LOM (with 
Nomarski differential interference microscopy capability) and SEM in
struments equipped with an EDS system (EVO 15 MA) were employed. 
Electron Backscatter Diffraction (EBSD) was utilized to perform grain 
size and crystallographic analyses, with a step size set to 0.2 μm at a 
voltage of 20 kV.

X-ray diffraction (XRD) analysis was conducted using the PAN
alytical X’Pert Pro diffraction system (Panalytical B.V. The 
Netherlands). A cobalt anode lamp (KαCo λ = 0.179 nm) was utilized, 
operating at a voltage of 40 kV with a filament current intensity of 30 
mA. The measurements were executed in the Bragg–Brentano geometry 
over an angular range of 30 – 100◦ 2θ, employing a step size of 0.05◦ and 
a step count time of 100 s. The resultant diffractograms underwent 
comprehensive analysis using the X’Pert High Score Plus software 
(version 3.0e), in conjunction with the dedicated Inorganic Crystal 
Structure Database-ICSD from FIZ, Karlsruhe, Germany.

2.4. Corrosion investigations

The corrosion resistance investigations involved potentiodynamic 
testing, employing an Atlas 0531 EU potentiostat in conjunction with a 
standard three-electrode system immersed in a 3.5 % NaCl aqueous 
solution at room temperature. The auxiliary electrode utilized was a 
platinum-based PtP-201 electrode, while an Ag/AgCl electrode served as 

the reference electrode. Following a stabilization period of 3600 s to 
achieve an open circuit potential (Eocp), corrosion testing commenced. 
Anodic polarization curves were then generated employing a scan rate of 
0.375 mV s-1, with the potential measured using Eq. (1): 

Estart = Eocp − 100 mV (1) 

The slow scan rate of 0.375 mVs⁻¹ was chosen to ensure the system 
remains in a quasi-steady state, thus minimizing measurement artifacts. 
The tests terminated upon reaching a 2 V potential (Efinal), after which 
polarity reversal facilitated the recording of curves returning to Estart. 
Using the Tafel approach, parameters including polarization resistance 
(Rpol), corrosion current density (icorr) and corrosion potential (Ecorr) 
were estimated with the aid of AtlasLab software. Electrochemical 
impedance spectroscopy (EIS) experiments were conducted using the 
same potentiostat setup, with the NaCl aqueous solution maintained at 
the free potential. The signal amplitude was set at 10 mV, covering a 
frequency range of 100 kHz to 10 mHz. This frequency range for EIS has 
served as a standard range used for studying corrosion phenomena in 
several coatings [22–24], allowing for the characterization of both 
high-frequency (charge transfer) and low-frequency (diffusion) 
processes.

2.5. Tribological assessment

The metallographic cross-sectional Vickers hardness of the speci
mens was evaluated using the FM-ARS 9000 hardness tester (Future 
Tech Corporation, Tokyo, Japan) with a 4.9 N load. Microhardness 
measurements were conducted on XY cross-sections of the samples 
directly after metallographic polishing. The hardness assessment 
covered three regions in each specimen’s cross-section namely the 
coating middle zone, interface, and substrate. For each section, there 
were 64 measurements, covering a 1.4 mm × 1.4 mm area, arranged in 
an 8 × 8 matrix pattern with a consistent horizontal and vertical 
displacement of 0.20 mm between each measurement.

Wear resistance experiments were conducted using the CSM trib
ometer (CSM Instruments, Switzerland) employing the ball-on-plate 
method in a dry sliding environment. A zirconium oxide (ZrO2) G28 
ball with a diameter of 6 mm and a marked minimum hardness of 940 
HV, served as the opposing specimen. The maximum contact pressure 

Fig. 2. Schematic diagram of coaxial powder-feeding plasma transferred arc welding process.
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was determined using Hertzian contact theory, as expressed by Eq. (2), 
with contact radius calculated according to Eq. (3). 

Pmax =
3F

2πa2 (2) 

a =
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Where: Pmax is maximum contact pressure (GPa), F is normal load 
(N), a is contact radius (mm), ϑ is Poisson’s ratio, E is Young’s modulus 
(GPa), d is diameter of curvature (mm), and designations 1 – tested 
samples and 2 – counter samples ball. The Young’s modulus and 

Poisson’s ratio of NiCrBSi were obtained from literature [25,26]. The 
wear test was conducted with a normal load of 30 N and a test distance 
of 100 m, maintaining a frequency of 2.0 Hz for all specimens.

The wear rate (Q) was calculated using Eq. (4), where the sliding 
distance (Ls) in m, and volume loss (Vs) in m3 were accounted for. 

Q =
Vs

Ls
(4) 

According to Archard’s Law, the hardness is inversely proportional 
to the volume. This theory, expressed in Eq. (5), was used to relate 
volume loss to hardness, considering the load, wear coefficient, and 
hardness. 

Vs =
kWLs

H
(5) 

Fig. 3. (a) Nomarski micrograph of C70A coating MZ, (b) Nomarski micrograph of C60A coating MZ, (c) DAS of C70A coating, (d) DAS of C60A coating, (e) bright- 
field optical micrograph of C70A MZ, and (f) bright-field optical micrograph of C60A MZ.
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Where W is the load, k is the wear coefficient and H is the hardness. 
The tests were performed under atmospheric conditions with a relative 
humidity of 50 – 60 % at ambient temperature. Coefficient of friction 
(COF) values were determined based on the conducted measurements. 
Prior to testing, samples and counter samples were cleaned using 
ethanol.

2.6. Statistical analysis

Statistical analysis was performed to determine the significance of 
the differences between the C70A and C60A coatings. A two-sample 
Student’s t-test assuming unequal variances was used. A p-value of 
less than 0.05 was considered statistically significant.

3. Results

3.1. Microstructure

The microstructural analyses of the middle zone (MZ) of C70A and 
C60A coatings, conducted using Nomarski microscopy, are depicted in 
Figs. 3(a) and 3(b) respectively. The differential interference contrast 
revealed distinct dendritic microstructures with intergranular eutectics 
in both specimens. Notably, the dendrite arm spacing (DAS) in the C70A 
middle zone exhibited an average of approximately 37 μm (Fig. 3(c)), 
surpassing the average DAS of approximately 23 μm observed in the 
C60A middle zone (Fig. 3(d)). DAS is linked to the cooling rate during 
solidification, with higher values indicating slower cooling rates [27]. 
Consequently, the C70A coating, formed with a 70 A PTA current, 
experienced a slower cooling rate compared to its counterpart prepared 
with 60 A current, leading to a less defined dendritic structure under 
bright field optical microscopy (Fig. 3(e)). In contrast, the C60A coating 
displayed well-defined dendrites (Fig. 3(f)), reminiscent of those 
observed with Nomarski microscopy. To elucidate the structure and 
composition of the dendritic structures formed, an in-depth analysis of 
the middle zones was conducted with scanning electron microscopy 
(SEM) coupled with energy dispersive X-ray spectroscopy (EDS).

Fig. 4(a) illustrates SEM images of the MZ of the C70A coating 
alongside chemical composition distribution maps. Correspondingly, 

Fig. 4(b) presents SEM images and chemical composition distribution 
maps for the C60A coating. These images reveal dendrites predomi
nantly comprising Cr-rich phases nucleated within the Nickel matrix 
upon solidification. EDS mapping indicates a notable affinity of Si and Fe 
to the Nickel matrix. The presence of Fe in the MZ of the coatings is 
traced back to its origin from the 15HM steel substrate. Conversely, C is 
detected in relatively lower quantities in the coating MZ, primarily due 
to the diffusion of Fe and C across the coating-substrate interface during 
the coating process. Carbon exhibits a stronger association with Cr-rich 
dendritic sites in the coating prepared with a 60 A current compared to a 
70 A current. This suggests a more pronounced formation of chromium 
carbide compounds in the coating produced with lower PTA current 
[28].

At the interface, both specimens exhibit a coarse-grained heat- 
affected zone (CGHAZ). The most notable distinction between the in
terfaces of the examined specimens occurs at the transition zone (TZ). 
Moving from the interface into the MZ, the TZ of the C70A coating 
(Fig. 5(a)) shows a progression of solidification modes: from cellular 
dendritic growth solidification (CDGS), through planar growth solidifi
cation (PGS), and ending with dendritic growth solidification (DGS) 
[11]. In contrast, the C60A coating (Fig. 5(b)) exhibits solidification 
modes starting with PGS and terminating with DGS. The presence of 
CDGS in the TZ of the C70A coating facilitates the nucleation of inter
facial precipitates (IPR) at the TZ, a phenomenon not observed in the TZ 
of the C60A coating. The CDGS originates from grain growth competi
tion owing to the higher heat retention in the C70A coating, causing 
slower cooling rates [29]. The growth of grains with relatively lower 
growth rates are interrupted by those having higher growth rates, 
resulting in the oriented microstructure with numerous precipitates. The 
precipitates appear to be continuous and fine, indicating good weld
ability [30].

Elemental analysis using EDS maps reveals dominant segregation of 
Cr and Ni within the coating, while Si and B are observed to diffuse into 
the substrate material from the coating. Similarly, Fe and C are observed 
to diffuse across the interface into the coating MZ. However, the diffu
sion of Si and B from the coating into the substrate, as well as the 
diffusion of Fe and C from the substrate into the coating, is not as pro
nounced as typically seen in mechanical coating/substrate bonding 

Fig. 4. SEM images of coating microstructure and structural chemical composition maps from energy dispersive X-ray spectroscopy (EDS) (a) middle zone 
(MZ) of C70A coating (b) MZ of C60A coating.
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[31]. This indicates that both coatings C70A and C60A are metallurgi
cally bonded to the substrate material through a diffusion layer [32].

3.1.1. Phase evolution
Fig. 6 shows X-ray diffraction (XRD) spectra of the prepared coatings, 

displaying characteristic peaks corresponding to face-centered cubic 
(FCC) structured Nickel (γ-Ni) a = b = c = 3.528 Å), FCC Cr23C6 (a = b =
c = 10.630 Å), and orthorhombic Cr3C2 (a = 5.485 Å, b = 2.789 Å, c =
11.474 Å) phases. In comparison to the XRD analysis of the powder prior 
to coating application (Fig. 1E), the absence of Ni31Si12 and Ni3B phases 
was notable following the coating deposition process. This observation 
aligns with findings from previous studies, such as those by Deena
dayalan et al. [33] and Chen et al. [34]. These studies indicate a parallel 
occurrence where, upon the deposition of NiCrBSi powders via the PTA 
method, the concentration of the precipitated Nickel silicide phase fell 

below the XRD detection limit, corroborating our current observations.
Common peaks are observed in both coatings, with varying in

tensities. The (111) γ-Ni phase dominates, exhibiting a broader peak 
with higher intensity in the C60A coating at 2θ ~ 52◦ Similarly, at 2θ ~ 
61◦, a peak is observed representing an overlap of (002) γ-Ni and (131) 
Cr23C6 phases. Notably, at 2θ ~ 60◦, the coating prepared at 70 A retains 
the (006) Cr23C6 phase more prominently compared to the 60 A current. 
Moreover, at 2θ ~ 62◦, the overlapping peak of Cr23C6 and Cr3C2 phases 
is broader and more intense at 70 A current than at 60 A. However, all 
three phases γ-Ni, Cr23C6, and Cr3C2 overlap at 2θ ~ 64◦, with a more 
pronounced peak in the coating prepared with 60 A. Additionally, 
exclusive peaks at 2θ ~ 46◦, 57◦, and 91◦, all attributed to the γ-Ni 
phase, are observed only in the coating prepared with 60 A current, 
indicating its dominance as the strengthening phase. The greater num
ber of peaks in the XRD spectra at 60 A compared to 70 A is attributed to 
the slower cooling rate at 70 A, reducing the rate of dissolution of phases 
into the solid solution.

Despite the presence of Fe in the coatings’ microstructure confirmed 
by EDS analysis, no discernible Fe-based compounds or phases were 
detected in the XRD analyses, consistent with prior literature [35–37],. 
It is worth noting that some researchers suggest the γ-Ni phase may 
incorporate minor amounts of Si and Fe within its solid solution [38,39]. 
The strength of plasma sprayed coatings are often dependent on the 
evolved or precipitated phases upon coating solidification. The grain 
size, grain orientation and even the texture contribute significantly to 
the overall performance of the coating [11]. In this regard, a deeper 
examination of the XRD-identified phases was undertaken using elec
tron backscatter diffraction (EBSD).

3.1.2. Grains size and orientation
Fig. 7(a) displays the grain orientation map for the C70A coating and 

Fig. 7(b) shows the same for the C60A coating. The inverse pole figures 
(IPF) show Nickel (γ-Ni) and Cr23C6 phases having crystal orientations of 
[111],[001], and [101], characteristic of the face-centered cubic (FCC) 
crystal structure. The Cr3C2 phase however is identified by an ortho
rhombic structure having a crystal orientation of [010],[001], and 
[100]. On the grain orientation maps, the high-angle grain boundaries 
(HAGBs), having misorientation angles greater than 15◦ are represented 

Fig. 5. SEM images of the coating – substrate interfaces with EDS chemical composition maps showing the interfacial chemical distribution and diffusion 
(a) interface of C70A, and (b) interface of C60A.

Fig. 6. X-ray diffraction (XRD) spectra of the coatings C70A and C60A.
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by green lines. Low-angle grain boundaries (LAGBs) having misorien
tation angles between 2◦ and 15◦ are represented by red lines. The most 
notable distinction between the examined coatings are the grain sizes. 
The coating prepared with 70 A current exhibits an all-phase inclusive 
average grain size of approximately 16.6 μm (grain tolerance angle, GTA 
= 2◦). For individual phases, the γ-Ni phase had an average grain size of 
approximately 23.7 μm (GTA = 2◦), the Cr23C6 phase had an average 
grain size of approximately 6.4 μm (GTA = 2◦), and the Cr3C2 phase had 
an average grain size of approximately 3.7 μm (GTA = 2◦).

On the other hand, a noteworthy grain refinement was evident in the 
coating prepared with a lower PTA current of 60 A. This coating had an 
all-phase inclusive average grain size of approximately 14.3 μm (GTA =
2◦). The average grain size of the γ-Ni phase in this coating was 
approximately 20.9 μm (GTA = 2◦). The Cr23C6 phase in this coating 
recorded an average grain size of approximately 5.2 μm (GTA = 2◦), and 
the Cr3C2 phase had an average grain size of approximately 2.2 μm (GTA 
= 2◦).

Quantitative analysis of the phases was carried out via EBSD phase 
composition analyses. The phase map of the C70A coating is shown in 

Fig. 7(c). The image shows a predominant γ-Ni phase constituting 
approximately 76.4 % of the examined area. The Cr23C6 phase followed 
with a composition of 22.6 % and the Cr3C2 phase was the least, at 1.02 
%. A similar trend was observed from the phase analysis of the C60A 
coating (Fig. 7(d)). The γ-Ni phase dominated with approximately 67 %, 
followed by the Cr23C6 phase at 29.02 %, and the Cr3C2 phase had the 
least composition at 1.02 %. Thus, the dominant FCC γ-Ni and Cr23C6 
phases were identified as pivotal contributors to the bulk properties of 
the coatings. Consequently, in-depth microstructural investigations 
were focused on these phases.

3.1.3. Grain boundary character distribution (GBCD)
The interconnectivity and energetic properties of grain boundaries 

are essential contributors to the performance of NiCrBSi coatings [40]. 
GBCD is the proportional length of grain boundaries for a given 
misorientation, responsible for the material’s behavior towards condi
tions such as creep and fatigue, as well as reducing corrosion resistance 
and intercrystalline crack propagation [41]. GBCD comprehensively 
emphasizes the concentration and characteristics of LAGBs, HAGBs, and 

Fig. 7. Electron backscatter diffraction (EBSD) inverse pole figure (IPF), grain and phase maps (a) Grain orientation map of C70A coating showing the average 
grain size, (b) grain orientation map of C60A coating showing the average grain size, (c) phase distribution map of C70A coating, and (d) phase distribution map of 
C60A coating.
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coincidence site lattice (Σ-CSL) boundaries. Fig. 8(a) presents a 
comparative analysis of the volume fractions of LAGBs, HAGBs, and 
Σ-CSL boundaries in the Nickel phase. The investigation reveals that the 
C60A coating exhibits a higher volume fraction of LAGBs, amounting to 
0.29, compared to the C70A coating, with a fraction of 0.18. The C70A 
coating demonstrates a greater volume fraction of HAGBs, reaching 
0.68, in contrast to the C60A coating. Moreover, Σ-CSL boundaries 
exhibit the lowest volume fractions for this phase in both coatings. 
Conversely, in the Cr23C6 phase (Fig. 8(b)), LAGBs display the lowest 
volume fraction, approximately 0.19, in both coatings. HAGBs, on the 
other hand, showcase the highest volume fractions, with the C60A 
coating surpassing the C70A coating. Additionally, CSL boundaries in 
this phase exhibit volume fractions higher than LAGBs but lower than 
HAGBs, with the C70A coating showing a higher number of CSL 
boundaries.

The volumetric composition of HAGBs and LAGBs within the γ-Ni 
phase of C70A and C60A coatings, as depicted in Supplementary Fig. S1 
(a) and S1(b) respectively, reveals distinct proportions. In the C70A 

coating, HAGBs constitute 83.5 % of the γ-Ni phase volume, with LAGBs 
comprising the remaining 17.5 %. Similarly, in the C60A coating, 
HAGBs dominate, constituting 75.4 % of the γ-Ni phase volume, while 
LAGBs occupy 24.6 %. This dominance of HAGBs is consistent across 
phases, including Cr23C6. In both the C70A and C60A coatings, the 
Cr23C6 phase exhibits a significant proportion of HAGBs, with respective 
volumes of 87 % (Fig. S1(c)) and 86.7 % (Fig. S1(d)), accompanied by 
LAGBs at 13 % and 13.3 %. The prevalence of HAGBs suggests elevated 
interfacial energies within the coatings, impeding dislocation motion 
and consequently enhancing their stability and strength [42]. The 
observed augmentation in the volume fraction of LAGBs with the 
reduction of current to 60 A implies enhanced intergranular corrosion 
resistance within the C60A coating compared to its C70A counterpart. 
This phenomenon can be attributed to the intrinsic low-energy charac
teristics inherent in LAGBs, underscoring the superior protective attri
butes of the C60A coating against intergranular corrosion [43].

The coincidence site lattice (Σ-CSL) concept pertains to the recip
rocal density of coincident atomic sites within adjacent grain lattices, 

Fig. 8. Grain boundary character distribution (GBCD) analyses (a) volume fraction of Nickel grain boundaries, (b) volume fraction of Cr23C6 grain boundaries, 
(c) number fraction of low Nickel Σ-CSL boundaries (3 <

∑
< 29), (d) number fraction of low Cr23C6 Σ-CSL boundaries (3 <

∑
< 29), (e) number fraction of high 

Nickel Σ-CSL boundaries (
∑

> 29), and (f) number fraction of high Cr23C6 Σ-CSL boundaries (
∑

> 29).
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denoted by the symbol sigma (Σ) [44]. Due to its reciprocity, lower 
values of Σ indicate higher degrees of order between lattices. An analysis 
focusing on the concentration of low Σ-CSL boundaries, specifically 
those with values 3 < Σ < 29, was conducted in both the Nickel phase 
(Fig. 8(c)) and the Cr23C6 phase (Fig. 8(d)), as well as high Σ-CSL 
boundaries, denoted as Σ > 29, for the Nickel phase (Fig. 8(e)) and the 
Cr23C6 phase (Fig. 8(f)). High Σ-CSL boundaries are typically considered 
random and often render materials susceptible to intergranular corro
sion [45,46]. However, the concentrations of these boundaries were 
found to be minimal in both coatings, suggesting a negligible correlation 
with high-angle boundary energy. On the other hand, the results indi
cate that Σ3 boundaries prevail in both phases of the coatings. The Σ3 
boundary is categorized as a special boundary representative of twin 
boundaries [47]. In line with the Σ3 regenerative model proposed by 
Randle [48], other special boundaries are estimated by Σ3n, including Σ 
< 29 boundaries such as Σ5, Σ7, Σ11, Σ13, Σ15, Σ17, Σ19, Σ21, and Σ25 
[49]. These represent common types of low CSL boundaries. All Σ3 and 
Σ3n boundaries are reported to exhibit restricted responses to 

intergranular phenomena, making them desirable in processes such as 
stress corrosion cracking, creep, fatigue, wear, and corrosion resistance 
[50].

3.1.4. Geometrically necessary dislocation (GND) density
In materials with FCC structures, LAGB formation correlates directly 

with dislocation density [51]. Under high-strain conditions typical of 
load-bearing or wear-inducing applications, geometrically necessary 
dislocations (GNDs), estimated from the material’s kernel average 
misorientation (KAM) values, migrate to energetically favorable posi
tions, forming LAGBs to accommodate strain [52]. An analysis of GNDs 
within the γ-Ni and Cr23C6 phases is conducted to elucidate the influence 
of PTA current on GND density within the coatings.

Fig. 9 presents KAM maps representing the distribution of accumu
lated dislocation densities in the analyzed coatings. Black regions 
correspond to areas that were not indexed concerning the examined 
phase. In Fig. 9(a), the all-phase inclusive KAM map of the C70A coating 
displays a statistical mode of KAM around 0.35◦. Conversely, the KAM 

Fig. 9. Kernel average misorientation (KAM) maps (a) all-phase inclusive KAM map for C70A, (b) all-phase inclusive KAM map for C60A, (c) number fraction of 
KAM values for all phases in C70A and C60A, (d) KAM map of Nickel phase for C70A, (e) KAM map of Nickel phase for C60A (f) number fraction of KAM values for 
Nickel phase in C70A and C60A, (g) KAM maps of Cr23C6 phase for C70A, (h) KAM maps of Cr23C6 phase for C60A, and (i) number fraction of KAM values for C70A 
and C60A.
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distribution for all phases in the C60A coating, depicted in Fig. 9(b), 
exhibits a mode of approximately 0.38◦. A comparison of KAM distri
butions for all phases between the C70A and C60A coatings is presented 
in Fig. 9(c). For the γ-Ni phase, Fig. 9(d) shows a mode of KAM around 
0.32◦ for the C70A coating, while Fig. 9(e) illustrates a mode of 
approximately 0.33◦ for the same phase in the C60A coating. The KAM 
distributions for the γ-Ni phase in both coatings are contrasted in Fig. 9
(f). Regarding the Cr23C6 phase, the mode of KAM is about 0.47◦ for the 
C70A coating (Fig. 9(g)), whereas it reaches approximately 0.52◦ for the 
same phase in the C60A coating (Fig. 9(h)). A comparison of KAM 
dislocation distributions for the Cr23C6 phase in both coatings is shown 
in Fig. 9(i). The computed geometrically necessary dislocation (GND) 

value for the coating prepared with a 70 A PTA current was found to be 
1.08 × 1013 m-2. Upon reducing the PTA current to 60 A, the GND value 
decreased to 1.04 × 1013 m-2.

3.1.5. Texture evolution
Fig. 10 illustrates the orientation distribution functions (ODF) within 

the coatings, depicting sections representing various ODF orientations 
(φ2 = 0∘, 45∘ and 65∘) for the Nickel phase. Supplementary Figure S2 
provides detailed elaboration on the Nickel ODF for all texture compo
nents. At the ODF (φ2 = 0∘) section, the C70A coating predominantly 
exhibits a brass texture (Bs) {110}<112>;(55,90,45) with a volume 
fraction of 10.75 % (Figure 10(a)). Additionally, a moderate presence of 

Fig. 10. Orientation distribution function (ODF) sections (φ2 = 0∘, 45∘ and 65∘) (a, c, e) C70A coating, and (b, d, f) C60A coating.
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rotating cube texture (RCb) {001}<110>;(45,0,0) and cube texture (Cb) 
{001}<100>;(45,0,45) is observed, with volume fractions of 3.67 % 
and 5.61 % respectively. Furthermore, the goss texture (Gs) {011}<
100>;(90,90,45) is detected, occupying a volume fraction of 3.91 %. 
Upon reducing the PTA current to 60 A, the C60A coating at the same 
ODF (φ2 = 0∘) orientation (Fig. 10(b)) shows similar textures but with 
increased volume fractions. The Bs texture increases to 11.29 %, RCb 
texture to 7.87 %, Cb texture to 6.71 %, and Gs texture to 7.67 %. At ODF 
(φ2 = 45∘), the C70A coating predominantly displays a copper texture 
(Cu) {112}<111>;(90,35,45) with a volume fraction of 1.87 % (Fig. 10
(c)). This texture evolves in the C60A coating with a volume fraction of 
3.25 % (Fig. 10(d)). Evolution of the γ fiber is evident at ODF (φ2 =

45∘), in the {111} crystallographic plane. Additionally, the s texture 
(S3) {023}<634>;(59,37,63) is identified at ODF (φ2 = 65∘) orienta
tion, with volume fractions of 10.45 % in the C70A coating (Fig. 10(e)) 
and 13.05 % in the C60A coating (Fig. 10(f)).

Fig. 11 provides a comparative summary of the texture components 
for both coatings. The results reveal a consistent trend of FCC Nickel 
texture growth in the coatings when a lower PTA current of 60 A is used 
for deposition. This observation aligns with findings by Eghlimi et al. 
[53], indicating that lower heat input and faster cooling rates lead to 
stronger texture development in thermally deposited coatings, directly 
influencing fiber growth within the coatings. The S3 texture component 
facilitates the evolution of the Ni α fiber (Figure S2), while RCb and Cu 
texture components accelerate the development of the τ fiber in Nickel. 
In FCC metals, planes with {100} orientation exhibit relatively greater 
growth due to their lower planar densities and higher number of free 
sites. The enhanced texture growth observed, particularly when utilizing 
a lower PTA current, can be attributed to the solidification mode of the 
coating, primarily involving atom movement from the liquid molten 
clad to the solidified metal through (hkl) Miller indices. Faster cooling 
rates in the coating prepared with 60 A current facilitate greater pro
portions of free sites in crystal planes, fostering the evolution of texture 
components compared to the C70A coating with a relatively slower 
cooling rate.

3.2. Corrosion resistance

Fig. 12(a) illustrates the open circuit potential (Eocp) curves obtained 
for the C70A and C60A coatings. Initially, the Eocp values were 
approximately -381 mV vs. Ag/AgCl for the C70A coating and 

approximately -425 mV vs. Ag/AgCl for the C60A coating. Subse
quently, there was a notable decrease in Eocp values until stabilization 
occurred around 2600 s, reaching approximately -465 mV vs. Ag/AgCl 
for C70A and approximately -490 mV vs. Ag/AgCl for C60A. Such abrupt 
changes in Eocp typically indicate uncontrolled alterations in the rates of 
either anodic or cathodic processes. In aqueous environments, surfaces 
of materials tend to form oxide films, leading to fluctuations in elec
trochemical activity and subsequently affecting Eocp values. Fig. 12(b) 
illustrates Tafel plots depicting the corrosion potential (Ecorr) of the 
coatings. Notably, the Ecorr for the coating fabricated using a current of 
70 A registered at -475 mV vs. Ag/AgCl, whereas for the 60 A condition, 
the Ecorr was -495 mV vs. Ag/AgCl. Subsequent analysis yielded a 
corrosion current density of 34.3 μA/cm2 for the 70 A coating, whereas a 
reduction to 25.10 μA/cm2 was observed for the 60 A coating, marking a 
decrease of 26.8 %. Moreover, the polarization resistance (Rpol) was 
computed, yielding Rpol = 699 Ωcm2 for the 70 A coating, and a higher 
resistance of Rpol = 800 Ωcm2 for the 60 A coating. These results 
collectively suggest that the coating prepared with 60 A current dem
onstrates superior corrosion resistance, as inferred from the open circuit 
potential investigations.

Electrochemical impedance spectroscopy (EIS) was used to investi
gate the complementary corrosion resistance of the coatings. Prior to 
measurement, the system was allowed to stabilize for 300 s to ensure a 
consistent electrochemical potential. The resulting data are presented in 
the Nyquist plot (Fig. 12(c)). Characteristic of Ni-matrix coatings, the 
Nyquist plots displayed prominent high-frequency semi-circular loops, 
indicative of charge transfer resistance within the coatings. The radii of 
these loops differed significantly between the coatings. Specifically, the 
coating fabricated with a 70 A current exhibited a maximum radius of 
1375 Ωcm2 along the imaginary axis, while the coating prepared with a 
60 A current showed a notably larger maximum radius of 1875 Ωcm2. 
Furthermore, the Bode spectra (Fig. 12(d)) depicted the frequency 
response of the coatings up to 100 kHz, revealing higher impedance for 
the coating produced with a 60 A current compared to its 70 A coun
terpart. These findings from EIS analysis underscore the enhanced 
corrosion resistance of the coating fabricated with a 60 A current, 
corroborating its superiority over the 70 A counterpart.

3.3. Hardness and tribological behavior

Vickers microhardness measurements were conducted across the 
cross-section of plasma transferred arc welding (PTAW) deposited 
coatings from the topcoat into the substrate material. This investigation 
adhered to a systematic measurement regime, as depicted in supple
mentary Figure S3, encompassing three distinct regions: the coating 
middle zone (MZ), the interface including the transition zone (TZ) and 
the coarse-grained heat-affected zone (CGHAZ), and finally the sub
strate, situated proximal to the base material’s bottom. Measurements 
were carried out at ambient temperature after metallographic polishing 
to attain a mirror surface. The resulting microhardness maps are pre
sented in Fig. 13. Within the MZ of the C70A coating (Fig. 13(a)), the 
average microhardness measured 475.2 HV0.5, with a standard devia
tion of 55.7. Conversely, at the interface (Fig. 13(b)), the TZ displayed a 
reduced average microhardness of 450.5 HV0.5, with a standard devia
tion of 60.3. The CGHAZ exhibited a mean microhardness of 209.9 
HV0.5, with a standard deviation of 11.8. Microhardness at the sub
strate’s bottom (Fig. 13(c)) measured 195.7 HV0.5, with a standard de
viation of 9.5. This suggests a microhardness increase of approximately 
6.6 % in the heat-affected zone post-coating solidification, attributable 
to the presence of lath martensite in this region following solidification.

Comparatively, the coating prepared with a lower PTA current of 60 
A demonstrated superior microhardness over its 70 A counterpart. The 
MZ of the former (Fig. 13(d)) exhibited an average microhardness of 
636.1 HV0.5, with a standard deviation of 66.9. Despite non-uniform 
microhardness distribution within the MZ due to the heterogeneous 
Cr-rich dendritic structure, the maximum microhardness recorded was 

Fig. 11. Volume fraction of Nickel texture components in the coatings: Cb 
– Cube texture; Gs – Goss texture; Bs – Brass texture; Cu – Copper texture; S3 – S 
texture; RCb – Rotating cube texture.
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estimated at 754.0 HV0.5, ranking among the highest reported for as- 
sprayed PTAW deposited NiCrBSi coatings. Other studies have re
ported microhardness values in the range of 600 to 750 HV for such 
coatings prepared by PTAW technology [33,54],. At the interface 
(Fig. 13(e)), the TZ registered an average microhardness of 659.1 HV0.5, 
with a standard deviation of 26.9. The CGHAZ displayed an average 
microhardness of 234.1 HV0.5, with a standard deviation of 43.3. 
Analogous to the 70 A current coating, the region adjacent to the base 
material’s bottom for the 60 A current coating (Fig. 13(f)) exhibited the 
lowest microhardness, measuring 176.7 HV0.5, with a standard devia
tion of 10.1.

Fig. 14(a) depicts the temporal evolution of the coefficient of friction 
(COF) as measured during wear resistance tests, as a function of sliding 
wear distance. Initially, both coatings display substantial fluctuations in 
COF, which gradually stabilize after approximately 70 m of sliding 
distance. These fluctuations are attributed to the presence of in
homogeneities within the coatings encountered by the testing apparatus. 
Two primary factors contribute to these inhomogeneities. Firstly, the 
turbulent nature of the plasma jet during the coating process can result 
in the presence of unmelted powder particles, thereby diminishing the 
likelihood of complete particle fusion. Secondly, fluctuations may arise 
from surface wear mechanisms. For instance, if wear occurs via 
delamination or fatigue wear, debris from this process can augment 
surface roughness, leading to COF fluctuations. The coating prepared 
with a 70 A current exhibits a COF of 0.60 ± 0.02, whereas its coun
terpart prepared with a 60 A current displays a COF of 0.5 ± 0.01.

Fig. 14(b) is a comparison of volume losses incurred by both coatings 
after wear tests, along with an analysis of wear track dimensions, 
providing insights into wear extent. Notably, the coating fabricated with 
a 60 A current demonstrates lower volume loss (2.3 ± 0.1 m³) and a 

narrower wear track width (564 μm) compared to the coating prepared 
with a 70 A current, which exhibits a larger volume loss (3.7 ± 0.1 m³) 
and a wider wear track width (1151 μm). Utilizing Archard’s law, the 
wear rate is derived from volume loss and COF values (Eqs. 4 and 5). 
Accordingly, the wear rate of the coating fabricated with a 70 A current 
is calculated to be greater at 3.74 ± 0.11 × 10–2 m³/m, surpassing the 
wear rate of the 60 A coating, which registers a wear rate of 2.32 ± 0.12 
× 10–2 m³/m. These findings establish the lower PTA current of 60 A to 
produce NiCrBSi coatings with superior wear resistance, over the 
coating produced with 70 A PTA current.

The investigation into the wear mechanism was undertaken using a 
combination of digital microscopy, SEM, and EDS techniques. Fig. 15(a) 
presents the digital micrograph portraying the surface of the C70A 
coating before undergoing wear testing. After wear tests, Fig. 15(b) 
shows that the C70A coating exhibited a noticeably expanded wear track 
measuring approximately 1151 μm. Upon closer examination of the 
wear track under the SEM, two primary regions of wear emerged: 
delamination wear (DL) and abrasive wear grooves (AG), as illustrated in 
Fig. 15(c). Examination of the wear track revealed an accumulation of 
wear debris (Fig. 15(d)) generated between the coating material and 
counter body during the wear test, promoting delamination wear. 
Chemical composition analysis via EDS revealed that the wear debris 
shared the same chemical composition as the coating, indicating negli
gible wear of the counter body. This observation can be attributed to the 
counter body’s hardness, specifically the ZrO2 G28 ball, which possesses 
a marked minimum hardness of 940 HV, significantly higher than the 
coatings’ maximum hardness of 754 HV. Delamination wear is charac
terized by profound ploughing of the contact surface leading to material 
removal. Figure 15(e) demonstrates that in the delamination and 
abrasive wear regions, Fe and Ni do not overlap, further corroborating 

Fig. 12. Corrosion resistance properties (a) Open circuit potential, (b) Tafel plots, (c) Nyquist EIS curves, and (d) EIS bode spectra.
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the co-occurrence of both wear mechanisms in the C70A coating [55].
Fig. 16(a) presents the digital micrograph of the surface of the C60A 

coating before wear testing. Following wear tests, the wear track in this 
coating exhibited an evidently smaller width of approximately 564 μm 
(Fig. 16(b)). Similar to the C70A coating, Fig. 16(c) illustrates that the 
C60A coating displays regions of delamination wear and abrasive wear 
grooves. EDS analysis similarly indicates the concurrence of both 
delamination and abrasive wear mechanisms in the wear track.

The abrasive grooves in the C60A coating showed a larger volume 
compared to those observed in the coating fabricated under a higher 
PTA current of 70 A. This dissimilarity suggests that during wear testing 
of the C60A coating, initial material removal from the surface triggered 
delamination wear zones. However, as wear debris continued to accu
mulate, proximity to chromium carbide phases prevalent in the 

microstructure of this coating increased. This proximity facilitated 
reduced friction between the counter piece and the coating, thereby 
accentuating the formation of abrasive grooves as the dominant wear 
feature within the central part of the C60A coating’s wear track. How
ever, unique to the C60A coating’s wear track, there were observed 
regions of crack initiation with branching pattern (Fig. 16(d)), signi
fying the presence of fatigue wear mechanism in this coating.

4. Discussion

The utilization of low plasma transferred arc currents, typically 
below 100 A, in the preparation of coatings tailored for applications 
demanding high wear and corrosion resistance often entails notable 
challenges. These challenges commonly manifest as incomplete powder 

Fig. 13. Microhardness (HV) of the cross-section of the coatings (a) HV of C70A coating MZ, (b) HV of C70A interface, (c) HV of C70A substrate, (d) HV of C60A 
coating MZ, (e) HV of C60A interface, and (f) HV of C60A substrate.
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Fig. 14. Tribological properties (a) Coefficient of friction, and (b) comparison of the width of the sliding wear track and wear volume losses of the coatings.

Fig. 15. Micrographs of the surface of the C70A coating before and after wear resistance tests (a) Digital image of the surface of C70A coating before wear test, 
(b) digital image of the surface of C70A coating after wear test, (c) SEM image of the wear track of C70A showing regions of wear and debris, (d) SEM image of wear 
debris with corresponding EDS chemical composition maps, and (e) SEM image of the two main regions of wear with corresponding EDS chemical composition maps. 
AG – Abrasive groove; DL – Delamination wear.
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fusion, elevated porosity, or the formation of numerous crack sites 
within the resulting coatings, ultimately compromising their corrosion 
and tribological properties. However, through a novel approach 
combining a low plasma torch standoff distance of 5 mm with low arc 
currents (70 A and 60 A), this study demonstrates the successful fabri
cation of NiCrBSi coatings onto a 15HM steel substrate with enhanced 
corrosion and tribological properties. The coatings are characterized by 
the prevalence of face-centered cubic (FCC) strengthening phases γ-Ni 
and chromium carbide (Cr23C6), alongside minor concentrations of 
orthorhombic structured Cr3C2 phases. The phases possess low sym
metry, whose behavior and characteristics in the coatings influence the 
resulting properties. The dominant γ-Ni phase possesses evolved Ni FCC 
texture components including brass texture (Bs) {110}<112>; 
(55,90,45), rotating cube texture (RCb) {001}<110>;(45,0,0), cube 
texture (Cb) {001}<100>;(45,0,45), goss texture (Gs) {011}<100>; 

(90,90,45), copper texture (Cu) {112}<111>;(90,35,45), and the s 
texture (S3) {023}<634>;(59,37,63) occurring at orientation distribu
tion functions (ODF) (φ2 = 0∘, 45∘ and 65∘).

The initiation of corrosion within Ni-based coatings frequently oc
curs through a spontaneous chemical reaction, wherein the surface 
morphology plays a pivotal role [56]. Nevertheless, examination of 
Figs. 15(a) and 16(a) reveals that the surfaces of the fabricated coatings 
exhibit an absence of surface defects. Although surface defects accel
erate the corrosion process, nonetheless, the ingress of electrolytic cor
rosive medium permeates the coating from the surface towards the 
coating-substrate interface. However, the velocity of penetration is 
notably influenced by various factors, including grain boundaries, 
texture, and geometrically necessary dislocations (GNDs) along the 
cross-sectional plane of the coating. Grain boundaries play a pivotal role 
in regulating intergranular corrosion. Special low Σ-CSL boundaries like 

Fig. 16. Micrographs of the surface of the C60A coating before and after wear resistance tests (a) Digital image of the surface of C60A coating before wear test, 
(b) digital image of the surface of C60A coating after wear test, (c) SEM image of the wear track of C60A showing regions of wear and debris, (d) SEM image of wear 
debris with corresponding EDS chemical composition maps, and (e) SEM image of the two main regions of wear with corresponding EDS chemical composition maps. 
AG – Abrasive groove; DL – Delamination wear; FW – Fatigue wear.
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the Σ3 boundary, and low-angle grain boundaries (LAGBs), character
ized by low energies, decelerate corrosion rates, while texture compo
nents dictate transgranular (bulk) corrosion behavior [57–59].

Within the framework of the FCC system, {111} planes exhibit dense 
packing, inherently manifesting heightened resistance to corrosion, with 
{100} and {110} planes following suit. XRD analysis reveals the highest 
intensity peak corresponding to the {111} plane of the γ-Ni phase, 
particularly accentuated in the C60A coating. Notably, the evolution of 
the γ fiber, from the {111} crystallographic plane, bordered by orien
tation distribution functions ODFs {111}>110>;(0,55,45) and {111}>
112>;(90,55,45) at φ2 = 45∘, as shown in supplementary Fig. S2, po
sitions it to possess superior transgranular properties compared to the 
other Ni fibers. In a notable study, He et al. [60] explored the micro
structural evolution of interstitial free steels, identifying the γ fiber as 
the dominant recrystallized texture component. They observed elevated 
corrosion resistance and they attributed it to the increase in the volume 
fraction of the γ fiber upon annealing. Similarly, Fu et al. [61] corrob
orate the substantial contributions of the γ fiber and the dense packing of 
the {111} plane in the FCC system towards augmenting intergranular 
properties and overall performance of FCC structured materials. Thus, 
the observation of higher volume fractions of evolved texture compo
nents in the C60A coating, along with elevated intensity XRD peaks 
corresponding to the γ-Ni phase, establishes a basis for understanding 
the superior corrosion and wear resistance properties of the C60A 
coating compared to the C70A coating. Similarly, texture analyses reveal 
that the brass texture (Bs) components corresponding to the (110) plane 
are oriented towards the surface of the coatings, with a higher concen
tration observed in the coating fabricated under a current of 60 A. 
Likewise, the rotating cube texture (RCb) component in the coating 
prepared with 60 A current exhibits double the concentration compared 
to the coating prepared with 70 A. According to Mukherjee et al. [62], 
the RCb texture component arises from grain rotation aligned with the 
direction of coating application. Coupled with the relatively shallow 
weld pool associated with low PTAW currents (i.e., currents below 100 
A), this results in low Lorentz and high Marangoni forces, fostering grain 
growth along the 〈101〉 and 〈111〉 directions [63]. Consequently, the 
heightened concentrations of FCC texture components in the 60 A 
coating inherently endow it with greater resistance to impeding the 
penetration of the electrolyte.

The GND density within the coating fabricated under 70 A current 
was found to be greater at 1.08 × 1013 m-2 compared to the value of 1.04 
× 1013 m-2 in the coating prepared with 60 A current. According to 
existing literature [45,64–66], higher GND density exacerbates corro
sion by promoting localized corrosion, particularly pitting corrosion. 
Consequently, electrolyte accumulation transpires within these pits, 
fostering the intergranular diffusion of metal ions towards the 
material-oxide film interface, thereby accelerating the corrosion rate. 
Electrochemical impedance spectroscopy (EIS) and Tafel investigations 
affirm the coating prepared with 60 A current as possessing superior 
corrosion resistance compared to the 70 A counterpart.

The tribological characteristics of NiCrBSi coatings exhibit substan
tial dependence on the properties of strengthening phases, encompass
ing texture type, orientation, and grain refinement within the coating 
structure [46,67],. The evolution of texture orientation plays a pivotal 
role in dictating the mechanical attributes of Ni-based coatings. Ac
cording to Li et al. [68], 〈100〉 texture components, such as the cube and 
goss texture components, are associated with the lowest stress-strain 
energy density, consequently augmenting the mechanical robustness 
of FCC coatings, including hardness and wear resistance.

Furthermore, the evolution of grain size directly impacts the me
chanical properties of the coatings [69], aligning with the Hall-Petch 
theory [50]. EBSD analysis showcased enhanced grain refinement in 
coatings produced with reduced production current, transitioning from 
70 A to 60 A. Notably, the microhardness of the C60A-coated sample 
(636.1 ± 66.9 HV0.5) was significantly higher than its C70A counterpart 
(475.2 ± 55.7 HV0.5), showing a remarkable improvement of 

approximately 40 % (p < 0.001). This enhancement can be attributed to 
the heightened concentration of texture components and grain refine
ment observed within the coating produced at 60 A. Archard’s law [70] 
postulates an inverse relationship between hardness and wear rate, 
which finds validation in this study. The wear rate of the coating pre
pared with 60 A current was found to be significantly lower (approxi
mately 38 %) than that of the 70 A counterpart (p < 0.01), underscoring 
the direct correlation between elevated hardness and enhanced wear 
resistance, as documented in existing literature [13,14].

4.1. Influence of process current on solidification thermodynamics and 
kinetics

The primary effect of reducing the PTAW current from 70 A to 60 A is 
a reduction in the total heat input. The C70A coating, with its higher 
heat input, experienced a slower cooling rate, evidenced by its larger 
dendrite arm spacing (37.4 µm). Conversely, the lower heat input for the 
C60A coating led to a faster cooling rate and a finer DAS (23.01 µm), 
indicating more rapid solidification. This difference in cooling rate is the 
critical factor that dictates the thermodynamics and kinetics of phase 
formation. The principles explored in this section are on the basis of 
Tsallis’ generalization of the ordinary Boltzmann-Gibbs theories 
[71–75], and supported by classical nucleation thermodynamics 
[76–79].

The thermodynamic driving force for solidification, which is the 
change in Gibbs free energy per unit volume, ΔGv, is a function of the 
undercooling, ΔT (where ΔT = Tm − T; Tm is the equilibrium melting 
temperature). This relationship can be approximated by Eq. 6. 

ΔGv =
ΔHf ΔT

Tm
(6) 

where ΔHf is the latent heat of fusion. Eq. (6) shows that the faster 
cooling rate of the C60A process creates a larger undercooling (ΔT), 
which in turn generates a stronger thermodynamic driving force (a more 
negative ΔGv) for the liquid-to-solid transformation.

However, for a new, stable solid grain to form, a kinetic energy 
barrier for nucleation, ΔG∗, must be overcome. For homogeneous 
nucleation, this barrier is inversely related to the square of the driving 
force (Eq. 7): 

ΔG∗ =
16πγ3

s ↔ l

3(ΔGv)
2 (7) 

where γs ↔ l is the solid-liquid interfacial energy. The most significant 
information derived from Eq. (7) is that the stronger driving force in the 
C60A sample (from its larger ΔT) leads to a significant reduction in the 
energy barrier for nucleation.

This reduction in the kinetic barrier has an exponential effect on the 
nucleation rate, Ṅ, which is the number of new grains forming per unit 
volume per unit time. The rate is described by the Arrhenius-type 
equation (Eq. 8): 

Ṅ = K1exp
(

−
ΔG∗

kBT

)

(8) 

where K1 is a pre-exponential factor related to atomic mobility and kB is 
the Boltzmann constant. As shown in Eq. (8), the nucleation rate is 
exponentially sensitive to the energy barrier ΔG∗. Therefore, the sub
stantially lower barrier in the C60A process resulted in an exponentially 
higher nucleation rate. This massive increase in the rate of new grain 
formation is the fundamental reason for the grain refinement observed 
in the C60A coating, where the average grain size was reduced to 14.3 
µm compared to 16.6 µm in the C70A sample.

In contrast, the slower cooling of the C70A sample resulted in less 
undercooling, a higher nucleation barrier (ΔG∗), and a much lower 
nucleation rate (Ṅ). This gave atoms more time to diffuse to existing 
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grains, favoring grain growth over the formation of new grains, leading 
to the coarser final microstructure.

4.2. Limitations of the study and future work

Although the scope of this study has been explicitly outlined in the 
introduction section, the authors acknowledge certain limitations in the 
present study which open avenues for future research. Firstly, this study 
focused on a specific standoff distance (5 mm) and two current levels (60 
A and 70 A). While this allowed for a detailed investigation, the findings 
may not be directly generalizable to other PTAW parameters. Future 
work could explore a wider processing window, including different 
standoff distances and a broader range of currents, to establish a more 
comprehensive processing map.

Additionally, the study was limited to the NiCrBSi alloy on a low 
alloy steel substrate. The generalizability of the results to other coating- 
substrate systems needs to be investigated.

Furthermore, the corrosion and wear tests, while providing valuable 
data, have their limitations. Potentiodynamic polarization is an accel
erated test, and the results may not perfectly correlate with long-term 
performance in real-world environments. Similarly, the ball-on-plate 
wear test represents a specific contact condition. Future studies could 
employ complementary techniques like long-term immersion tests, salt 
spray tests, and different wear test configurations (e.g., Taber abrasion, 
pin-on-disk) to obtain a more holistic understanding of the coating’s 
performance.

Most importantly, the observation of fatigue cracking in the C60A 
coating during wear testing highlights a potential issue with its long- 
term durability under dynamic loads. Further investigation into the fa
tigue behavior of these coatings is warranted. Mitigation strategies such 
as post-deposition heat treatments or the use of a functionally graded 
interlayer could be explored to improve fatigue resistance.

5. Conclusions

This study successfully demonstrated a novel processing route for 
fabricating high-performance NiCrBSi coatings using low-current 
PTAW. By employing a low standoff distance of 5 mm, it was possible 
to produce dense, well-bonded coatings at 60 A and 70 A. The key 
findings are as follows: 

• The coating produced at 60 A (C60A) exhibited a more refined 
microstructure with a smaller average grain size (14.3 µm) compared 
to the 70 A coating (C70A) (16.6 µm).

• The C60A coating showed superior mechanical properties, with a 
maximum microhardness of 754.0 HV0.5 and a 38 % lower wear rate 
than the C70A coating.

• The corrosion resistance of the C60A coating was significantly 
enhanced, as evidenced by a 26.8 % reduction in corrosion current 
density compared to the C70A coating.

• EBSD analysis revealed that the improved performance of the C60A 
coating is correlated with a higher volume fraction of beneficial FCC 
texture components, a greater proportion of low-angle grain 
boundaries, and a lower density of geometrically necessary 
dislocations.

• This study provides a promising and cost-effective method for engi
neering the microstructure of Ni-based coatings to achieve superior 
performance for demanding industrial applications.

• Performance assessment revealed superior properties in the coating 
fabricated with 60 A, including higher corrosion resistance, wear 
resistance, and hardness. Notably, the maximum hardness recorded 
for the 60 A coating was 754 HV0.5, which stands among the highest 
reported values in literature for PTAW deposited NiCrBSi coatings.
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