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Abstract

Aiming to enhance the surface properties of low-carbon steel, NiCrBSi coatings contain-
ing 10 wt.% Nb were fabricated via pulsed laser cladding. Samples were realized with
laser power ranging from 2800 to 3200 W. Scanning electron microscopy (SEM), coupled
with energy-dispersive X-ray (EDX) analysis, was used to examine the microstructure
and chemical composition. X-ray diffraction (XRD) was employed to evaluate the new
phases formed within the coatings compared to the initial powder composition. Hardness
measurements and corrosion resistance in a 3.5% NaCl solution were conducted to evaluate
the effect of the Nb alloying on the properties of the cladded layers. In all cases, good
metallurgical bonds were formed between the coatings and the substrate. However, the
coatings produced at low laser power were thinner, and the substrate experienced more
intense thermal exposure, resulting in increased dissolution of iron from the substrate.
Increasing the laser power significantly enhanced the hardness of the coating compared to
coatings produced using lower power. These phenomena can be the result of improved
powder cladding efficiency, which can lead to thicker coatings with enhanced corrosion
resistance. The results suggest that Nb addition can lead to improved mechanical behavior
and corrosion resistance, but the process is highly dependent on the parameters and mainly
on the laser power.

Keywords: NiCrBSi(Nb) coatings; pulsed laser cladding; microstructure; microhardness;
corrosion

1. Introduction

Nowadays, laser cladding is widely used as a surface modification method to improve
the physical and chemical properties of surfaces of various parts for industrial applica-
tions [1]. It has several advantages, such as the potential to produce coatings with low
dilution [2]; a strong bond with the substrate [3]; and the possibility to manufacture thick
coatings, from micrometers to several millimeters [4]. Despite these advantages, cracking
is one of the most common defects encountered in coatings, and Ni-based coatings are
susceptible to hot cracking during cladding. Moreover, deposition parameters such as
laser power and scanning speed significantly influence the area of the alloying zone, as
well as the depth and width of the heat-affected zone (HAZ) [5]. Therefore, these pa-
rameters need to be kept under control to ensure quality coatings. In addition, to reduce
the risk of failure and extend the service life of coated components, so far, laser cladding
technology has often incorporated reinforcement within the coatings [6]. In the field of
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cladding, one of the highly versatile Ni-based cladding materials is NiCrBSi due to its
relatively low cost and high corrosion resistance. To further improve the performance of
NiCr-based coatings, numerous studies investigated the addition of hard ceramic particles,
such as ZrB, [7], Al,O3 [8] and WC [9], WC-Co [10], WC-Co(Ti) [11], and TiC [12] within
the feedstock powder to enhance the performance of the coatings. Besides the ceramic
particles, the addition of refractory metals has gained attention due to their high meting
points and high-temperature strength. Among them, Nb is the lightest refractory metal;
has the lowest melting temperature; and presents unique properties, such as very good
conductivity, high ductility, and high-temperature stability. Nb is used to alloy steel and
nickel-based superalloys, providing a significant strengthening effect [13]. Moreover, it
is a strong carbide former since it reacts easily with C to form NbC. According to Funch
and Proust, Nb alloys are more effectively produced using electron beam or arc melting
techniques to achieve improved high-temperature strength and oxidation resistance [14].
However, few studies faced the challenge of depositing coatings with Nb addition using
laser cladding. Zhang et al. studied the effects of Nb addition on the laser energy effi-
ciency and properties of (NiCrCoFe);99-xNbx HEA manufactured underwater using laser
cladding [15]. They determined that the presence of the Nb in the underwater wet laser
cladding process reduces the coating width, increases the cladding depth, and improves the
utilization efficiency of underwater laser energy. Chen et al. studied the effect of Nb con-
tent on FeCo0.5CrNil1.5B0.5Nby coatings on ductile iron, and they observed an increased
hardness due to Nb addition and increased corrosion resistance due to the synergic effect
of solid solution strengthening, precipitation strengthening, and fine-grain strengthen-
ing [16]. Zehuan Chen et al. found that the addition of Nb promoted the formation of the
Laves phase in the CrFeNi Medium-Entropy Alloy, which effectively improved the wear
resistance of coatings deposited via laser-cladding [17]. Xiulin Ji, as well, demonstrated
that the addition of Nb to laser-clad AlCr,FeCoNi HEA improves the corrosion and wear
resistance of coatings [18]. This study aims to investigate the effect Nb addition on the
NiCrBSi alloy via pulsed laser cladding. In previous studies, the authors investigated
laser cladding of NiCrBSi with the addition of WC-Co, using a continuous laser [19], and
WC-Co/NiCrBSi(Ti) [20], using a pulsed laser, and also developed dual coatings consisting
of a buffer layer of Inconel 718 with a top layer of NiCrBSi [21] to reduce cracking and
to increase the coating’s performance. Moreover, Khorram et al. [22] demonstrated the
potential of pulsed laser cladding to produce defect-free coatings using IN625 and C263
filler metals for the repair of turbine vanes.

Considering the lack of results about the impact of Nb addition on the mechanical
properties and corrosion resistance of Ni-based coatings, this study aims to address this
gap. Since Nb has a high melting temperature, pulsed laser is of interest because it operates
at a higher power output than continuous-wave laser cladding. Additionally, the pulsed
laser offers better control over the melt pool, as described by Kumar et al. [23].

The present study aims to investigate the NiCrBSi composition further alloyed by
10 wt.% high-purity Nb powder to fabricate NiCrBSi/Nb coatings using a coaxial laser
cladding system. The goal is to enhance hardness and corrosion resistance by finding
optimal process parameters, and to reduce the cracking susceptibility of the cladded layers.

2. Materials and Methods
2.1. Base Materials

A mixture of commercially available powders was used as feedstock material, consist-
ing of Metco 14E (Oerlikon Metco, Westbury, NY, USA) and 10 wt.% high-purity AMtrinsic

powder (TANIOBIS GmbH, Im Schleeke, Goslar, Germany). The two powders were blended
by a planetary ball mill machine for one hour in order to ensure a uniform distribution of
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the particles. In the present study, the resulting mixture will be referred to as NiCrBSiNb
powder. Metco 14E is a gas-atomized self-fluxing alloy with Ni 11Cr 3.7Si 2.75Fe 2.2B 0.5C
nominal chemistry and a particle size distribution in the range of 45-125 pm (according to
the manufacturer). The high-purity Nb powder was produced via atomization, with a par-
ticle size distribution of 63-105 pm. Scanning electron microscopy (SEM, TESCAN VEGA,
TESCAN Group, Brno, Czech Republic) was used to analyze the powders’ morphology,
while their chemical composition was assessed through elemental analysis, using energy-
dispersive X-ray spectroscopy (EDX). As shown in Figure 1a, the Nb powder particles
generally have an atomized microstructure with high sphericity, including satellite particles.
Compared to the Metco 14E powder (grey color in Figure 1b), which displays a spheroidal
microstructure and smooth surface in the Nb powder, some particles show agglomeration
with satellites smaller than 20 microns. According to Gobber et al. [24], the formation of
satellites and increased roughness of powder particles are attributed to the use of higher
gas pressure during fabrication. After mixing, it was observed that some Nb particles
exhibited deformation due to contact with the NiCr-based powder, which is designed for
wear and corrosion resistance and possesses significantly higher hardness. The elemental
composition of the powder particles was analyzed using EDX, and the characteristic spectra
are depicted in Figure 1c. Generally, the powder particles contain the elements specified by
the manufacturer. However, some contamination occurred during the mixing process, as
Ni and C were detected on the Nb particles. Additionally, surface oxides were identified,
likely due to surface oxidation, as traces of oxygen were also detected.

(c) —— M14E particle
—— Nb particle

Ni

Fe Ni

Intensity

Energy (keV)

Figure 1. Morphology of the Nb powder prior to mixing (a), NiCrBSiNb mixed powder (b), and EDX
microanalysis of individual NiCr-Nb powder particles (c).

2.2. Laser Cladding

The cladding was carried out with a Trumpf TruPulse 556 (Trumpf, Ditzingen,
Germany) near-infrared pulsed laser and a Precitec YW50 (Precitec GmbH, Gaggenau,
Germany) laser head, which was manipulated by a six-axis Cloos robot arm. High-purity
argon was used as transport and protective gas. The coatings were fabricated using the
process parameters presented in Table 1.

As base material, low-carbon steel plates measuring 60 x 80 X 8 mm were used, and a
preheating temperature of 120 °C was applied. The laser cladding head was perpendicular
on the cladding direction, and a 12 mm standoff distance was used between the cladding
nozzle and substrate.
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Table 1. Cladding process parameters.

Sample Laser Power Clad. Speed Pulse Frequency %‘;el;l:é) II::;:l(ilrfr
Annotation W) (cm/min) Duration (ms) (Hz) og ng

(%) (g/min)
Sample 1 2800
Sample 2 3000 20 3 45 55 3.5
Sample 3 3200

2.3. Characterization and Testing Methods

The cross-section morphology of the NiCrBSi-Nb coatings was analyzed by SEM
(TESCAN VEGA LMU, TESCAN Group, Brno, Czech Republic) equipped with an energy-
dispersive X-ray (EDX) spectrometer for local compositional analyses. Prior to metallog-
raphy investigations, the samples were sectioned using a liquid-cooled precision cutting
machine to prevent local heating and microstructural changes, followed by hot-mounting
and grinding using abrasive paper of various grit sizes, ranging from P200 to P2000.

The final preparation step involved polishing using pads with a grit of up to 1 micron,
followed by etching. Aqua regia (HNO3: HCl/1:3) was employed as the etchant, with an
etching time of 5 s. To observe the phases within the coatings and compare them to the
feedstock powder, XRD was performed using a D8 ADVANCE diffractometer (BRUKER
AXS, Karlsruhe, Germany) with Cu-Ka radiation (A = 1.5418 A) and scanning width of 26
in the range of 30-100°, with a step size of 0.02° and counting time of 0.2 s/step. The X-ray
tube was operated at 40 kV and 40 mA at room temperature. The microhardness of the
coating was measured using the Vickers method with a FALCON 600G2 hardness tester
(INNOVATEST Europe BV, Maastricht, The Netherlands). Microhardness indentations
were performed on the cross-section of each sample using a load of 200 gf and a dwell
time of 15 s. In order to evaluate the corrosion performance of the coatings, an SP-150
potentiostat/galvanostat (Biologic, Seyssinet-Pariset, France) was used. A conventional
three-electrode electrochemical cell was used, with the analyzed sample acting as the
working electrode (WE). The 1 cm? testing area was immersed in a 3.5 wt.% NaCl solution
at room temperature. The working electrode’s potential was determined relative to an
Ag/AgCl saturated calomel electrode (SCE) immersed in potassium chloride (KCl) solution
that acted as a reference electrode (RE). Platinum gauze served as the counter-electrode
(CE). The time evolution of the open-circuit potential (OCP) was recorded to obtain the first
observations of the processes occurring at the electrode/electrolyte interface. The method
involves measuring the equilibrium potential between the working electrode and the
electrolyte with the use of RE. The equilibrium potential is measured under OCP conditions,
i.e., in the absence of current flow. The time evolution of the OCP for the NiCrBSiNi coatings
was monitored over a period of one hour. Potentiodynamic polarization was recorded by
applying a potential sweep of 250 mV relative to the open circuit potential at a scan rate
of 1 mV/s.

3. Results and Discussion
3.1. Microstructural Characterization of Coatings

The effect of laser power on the NiCrBSi-Nb coatings was investigated by using SEM
and a back-scattered (BSE) combo detector. The cross-sectional views of the samples are
presented in Figure 2 at 500 x magnification. As shown, the coatings are metallurgically
bonded to the substrate without major defects, such as pores or cracks. Samples 1 and 2
show partially melted particles sticking on both sample surfaces probably due to insufficient
laser energy. Similar observations have been reported by Wang et al. [25]. Furthermore, Pal
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et al. [26] concluded that the quantity of adherent powder particles on the surface decreases
with increasing laser power and scanning speed. In the present case, the scanning speed is a
parameter that was kept constant. Using lower laser power, fewer particles absorb enough
energy to reach their melting point, resulting in less melted feedstock powder and thinner
coatings being deposited. Another reason might be that not all powder particles fall directly
into the center of the laser beam; thus, they are partially melted and projected in various
directions. As shown in Figure 2, the coating thickness increases as laser power rises from
2800 W to 3200 W. With an input of less than 3000 W, a smaller melt pool was generated,
resulting in a thinner coating of approximately 315 um for Sample 1. The intermediate
sample, deposited at 3000 W, was approximately 6% thicker (~334 um) than Sample 1,
while Sample 3 (~545 um) was around 73% thicker than Sample 1. This is because higher
laser power creates a larger and deeper melt pool, resulting in increased coating thickness
and more extensive melting of the substrate [27]. This indicates that the laser power has a
strong influence on the penetration depth, which is affected by the capacity of the feedstock
material to absorb the laser’s thermal energy.

P

200 | : -
Figure 2. Cross-sectional SEM micrographs of the coatings: (a) Sample 1, (b) Sample 2, and (c) Sample 3.

Planar and cellular crystals characterize the microstructure present at the coating—-
substrate interface in all samples, with similar structures reported by Qian et al. [28]. This
is a common feature of laser-clad coatings and is caused by the high thermal gradient
encountered during the solidification process. The planar crystals grow on the flat interface
and form a grey band above the substrate, as can be seen in Figure 3 and as has been
described by Wang et al. [25]. As the temperature decreased during solidification, cellular
crystals formed next to the planar crystals with preferred orientation, resulting in the
growth of coarse columnar crystals, which are tilted along the heat flow direction [29].
Changes in the ratio of the temperature gradient (G) to the growth rate (R) influence the
solidification mode, which influence the microstructure and grain size. Planar crystals are
formed at a high G/R ratio, whereas cellular crystals develop at lower G/R ratios. As can
be seen in Figure 3, the coarser grains dominate at the interface in Sample 1, and grain
refinement occurs in Sample 3 as the power increases.

As presented in Figure 4, it was observed that Ni, Cr, and Nb diffused into the base
material at grain boundaries in Sample 1. Ni-Cr diffusion is possible since the pulsed laser
produces intense localized heating, which melts the substrate in the heat-affected zone
(HAZ). The diffusion of y-[Ni, Cr, Fe] solid solution and Nb as carbide and borides (within
the y-[Ni, Cr, Fe] phase) at the grain boundaries of the low-carbon substrate within the
heat-affected zone can have a significant impact on the performance of the layer. Similar
observations were reported by Kharanzhevskiy et al. [30] when depositing chromium oxide
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on the surface of low-carbon steel using pulsed laser cladding. This can potentially lead to
stress concentrations and subsequent coating failure.

20 ym

Ch1- MAG:3080x

Figure 3. Cross-sectional SEM micrographs of the coatings at the coating—substrate interface: Sample
1 (a), Sample 2 (b), and Sample 3 (c).

Figure 4. EDX map of Sample 1 at the coating-substrate interface, (a) Secondary electron micrograph
with indication area of EDX mapping, (b) Fe distribution, (c) Nb distribution, (d) Cr distribution and
(e) the Ni distribution.

At higher laser power, the heat-affected zone (HAZ) on the surface of the substrate
becomes larger, and cracks exist inside.

Comparing the samples (Figure 5), it was determined that, as the temperature in-
creased, a more obvious grain refinement effect was observed in Sample 3. Similar obser-
vations were reported by Diao et al. [31] when investigating the influence of laser power
on the grain refinement of a Ti5321G alloy manufactured using laser technology. Their
results show that the microstructure refinement is promoted and the equiaxed grains
region is expanded with increasing laser power. The grain morphology in this sample
changed significantly from columnar to equiaxed crystals. Increasing the laser power, the
heat accumulation increases, leading to a lower G/R ratio and the formation of equiaxed
crystals [32,33]. In Sample 3, fine black particles can be seen, suggesting that intermetallic
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compounds have formed. Furthermore, the white phase, which is likely to be carbide-based,
exhibits a higher volume fraction compared to the other samples and is more uniformly
distributed along the grain boundaries (Figure 5¢). The increase in carbides and secondary
phases within the coating, in combination with the grain refinement caused by the Hall-
Petch effect, leads to an enhanced hardness [34]. In contrast, the carbides (white areas on the
micrographs) precipitated in Sample 1 are significantly larger than those in Samples 2 and 3,
and they are randomly distributed both within the matrix and along the grain boundaries.

Figure 5. Cross-sectional SEM micrographs of the coatings in the central area: Sample 1 (a), Sample 2
(b), and Sample 3 (c).

To evaluate the microstructure of the layers, the distribution of the main elements,
including Ni, Cr, Fe, Si, C, and Nb, in the areas of interest was analyzed using EDX point
scanning. As the composition of the layers was similar, only the microstructure and EDX
results for Sample 1 are presented. Five major areas were identified within the samples
according to the microstructure and EDX investigations, as shown in Figure 6. The main
phase, labelled Area 1, is the main gamma phase. As the coatings solidify, they form a y-[Ni,
Cr, Fe] solid solution as the matrix. Since Area 2 is rich in Fe and N, it is considered to be
NiFe eutectic enriched in Nb. The white, blocky, cross-shaped particles labelled Area 3 are
enriched in Nb and C, so according to the EDX spectra, they are more likely to correspond
to NbC. Moreover, the atomic number of Nb is the highest among the investigated elements,
and it appears brighter in the BSD micrograph. Analysis of the dark-colored precipitates
labelled Area 4 shows that they are rich in Cr, Fe, and C, indicating that they are complex
carbides, such as (Cr, Fe),3Cq. Although B was present in low amounts in the feedstock
powder composition, it was not detected by point scanning due to the limited sensitivity of
EDX to light elements.

Intensity

Energy (keV)

Figure 6. High-magnification SEM and EDX spectra for Sample 1 collected at the center of the coating.
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Figure 7 shows that the Nb-rich areas are located not only in the matrix, but also
at grain boundaries. As the laser power increased, the NbC transformed from blocky,
cross-shaped particles to fine particles that were more evenly distributed at the fine-grain
boundaries and triple junctions in Sample 3 (see Figure 7c). The formation of NbC is of
interest since it possesses an increased hardness, elevated melting point, and high elastic
modulus [35]. It can also be observed that Nb enriched the surrounding area of carbides
through its dissolution within the solid solution matrix.

Figure 7. EDX maps revealing the Nb distribution in Sample 1 (a), Sample 2 (b), and Sample 3 (c).

3.2. Phase Composition

X-ray diffraction (XRD) analysis was conducted to investigate the phase composition
of the NiCrBSiNb powder and cladding layers, with the results presented in Figure 8. The y-
[Ni, Cr, Fe] phase was identified as the primary phase within the coatings. Various carbides
and borides, such as M;C3, Cry3Cq, NbC, and CrB, were also detected, in addition to this
primary phase. Similar findings were reported by Huang et al. when investigating NiCrBSi
coatings deposited via laser induction cladding [36]. Increasing the laser power was found
to lead to a slight increase in the number of carbides in Samples 2 and 3 compared to the
feedstock powder and Sample 1. Furthermore, the volume fraction of M;Cs, Crp3Cg, NbC,
and CrB, identified at the 26 peak at about 49°, increased with the laser power employed
during cladding. The absence of broad halo peaks indicates that no amorphous structures

were detected.

B y-(Ni, Cr, Fe)o Cr,,C,

e MC, *CrB
¢ NbC = Ni,B
+ Nb
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- ]
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z :
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Figure 8. XRD pattern for the initial powder and the claddings.

3.3. Microhardness
Microhardness was measured across the cladded coatings, from the surface down to
the substrate, and the results are presented in Figure 9. In all coatings, the hardness is high
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at the top of the coating and decreases towards the substrate. Sample 3 has a significantly
higher hardness, through the dispersion of carbides at grain boundaries, lower Fe content,
and grain refinement, thus improving the mechanical properties due to the Hall-Petch
effect. In general, hardness increases as laser power increases. As the laser energy increases,
so does dilution, resulting in better wetting of the substrate and spreading of the feedstock
material, but this leads to decreased carbide content [37]. However, this does not appear to
be the case in the present study. The lower energy input, combined with the same powder
feed rate and scanning speed, appears to be insufficient to melt the powder completely.
Consequently, more of the laser energy is absorbed by the substrate than by the powder,
leading to lower hardness due to the Fe content from the substrate. In contrast, Sample 3
appears to require an increased laser power of 3200 W, applied using a pulsed laser system,
for more efficient cladded layers. This higher power enables the powder to melt more
efficiently. This results in more of the laser energy being absorbed, leading to the formation
of a greater volume of precipitates and secondary phases that enhance the performance of
the coatings. The hardness of the heat-affected zone (HAZ) in Samples 1 and 2 is somewhat
higher compared to the HAZ in Sample 3. This increase is likely due to metallurgical
changes resulting from rapid heating and cooling, which are strongly influenced by the
laser beam interacting with less powder during the cladding process. At 2800-3000 W,
the powder feed rate is high in relation to the laser energy input, and the beam cannot
melt all of the incoming powder. This decreases cladding efficiency, leading to thinner,
lower-quality coatings with unmelted particles on the surface. When using other types
of laser processes, this could also increase porosity. Thus, a higher laser power ensures
more complete melting of the powder particles [38]. Another possible explanation is the
intergranular diffusion of the y-[Ni, Cr, Fe] phase along grain boundaries, as observed in
the microstructural analysis of Sample 1.

450 -
—a— Sample 3
e —A— Sample 2
400 - '\ v— Sample 1
350 ]
A
8 | E—— ~a
2 300- v A
*
250 - N
| S
t=
200 (g',) \_
oating XS HAZ Substrate
150 T T T T T T T T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10
Microhardness values measured along cross-section

Figure 9. Microhardness distribution at the cross-section of the investigated samples.

3.4. Corrosion Behavior of the NiCrBSiNb-Cladded Coatings

Potentiodynamic polarization was used to determine the corrosion rate based on the
corrosion current density and Tafel slopes. After one hour, when the system had reached a
quasi-stationary state, the linear polarization measurements were recorded. A potential
sweep of £250 mV relative to the open circuit potential was applied at a scan rate of 1 mV /s.
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This method enables the corrosion rate to be calculated by directly substituting anodic and
cathodic slope values into the Butler-Volmer equation, as previously described [19]:

i= icorr{exp[2‘303(E — Ecorr)/bal — eXP[*2-303(E — Ecorr)/bcl} (1)

where E is the potential; icorr is the oxidation current, named the corrosion current; Ecoyr is
the corrosion potential; b, is the anodic Tafel slope; and b is the cathodic Tafel slope.

The polarization curves were recorded for all the tested samples, and the results are
presented in Figure 10. In all cases, the coatings demonstrated improved corrosion resis-
tance compared to the low-carbon substrate. The results indicate that Sample 3 exhibited
better corrosion resistance compared to Samples 1 and 2. The shift of the polarization curve
toward lower current densities suggests that the increased coating thickness has enhanced
corrosion resistance.

34

2
WE 14 —— Substrate
o —— Sample 1
= —— Sample 2
(_03’ 0+ ——— Sample 3

.1 -

-2

T L T :: T X T ¥ T . T v T L T y T L] 1
-09 -08 -07 -06 -05 -04 -03 -02 -0.1 0.0
E (V) vs SCE

Figure 10. Potentiodynamic polarization curves for laser-cladded NiCrBSiNb coatings in 3.5% NaCl
solution at 22 °C.

Based on the polarization curves, and using the extrapolation method, icorr, Ecorr, and
the corrosion rate were calculated, and the results are presented in Table 2. The results
indicate that the substrate exhibits the highest current density, while the coated samples
demonstrate improved corrosion resistance. Decreasing the laser power led to a reduction
in current density and corrosion rate. Sample 3, which has the thickest coating, showed the
most favorable corrosion performance. In addition to increased coating thickness and a
reduced Fe content, which gradually decreases from the coating—substrate interface toward
the surface [39], the presence of carbides and borides formed within the coatings plays a
significant role in enhancing corrosion performance.

Table 2. Corrosion test results.

Sample Ecorr (V) Icorr (LA) Corr Rate (mm/year)
Substrate —0.504 28.13 1.243
Sample 1 —0.462 21.82 0.457
Sample 2 —0.381 5.95 0.389

Sample 3 —0.368 5.18 0.295
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It is well known that NbC is nobler than the matrix and is therefore less prone to
anodic dissolution during electrochemical reactions. As a result, coatings with a higher
NbC content are likely to show greater corrosion resistance and be less vulnerable to
degradation in oxidative environments [32]. Based on microstructural analysis and XRD,
the highest concentration of NbC was found in Sample 3, which also contributed, besides
other carbides and phases, to improved corrosion resistance.

4. Conclusions

This study investigated pulsed laser cladding as an advanced manufacturing method
for NiCrBSiNb coatings, using different laser power settings. Based on macro- and mi-
crostructural analyses, hardness measurements, and electrochemical testing in a 3.5% NaCl
electrolyte, the following conclusions can be drawn:

e  NiCrBSiNb coatings with reduced porosity and free of cracks were manufactured using
pulsed laser cladding, exhibiting good metallurgical bonding to the base material.

e The power of the laser has a significant impact on the thickness, microstructure,
hardness, and corrosion resistance of the coatings.

e Increasing the laser power from 2800 W to 3200 W significantly changes the morphol-
ogy of the coating grains, promoting a transition from columnar to equiaxed crystals.
This is due to greater heat accumulation at higher laser power, which reduces the G/R
ratio, favoring the formation of equiaxed grains in Sample 3 deposited at 3200 W.

e  If the laser power during pulsed laser cladding is too low, it leads to the preferential
melting of the low-carbon steel substrate rather than the feedstock powder, as encoun-
tered for Sample 1, which was deposited using 2800W laser power. This results in the
diffusion of the Ni-Cr solid solution with Nb-based carbides at the grain boundaries
within the heat-affected zone, due to the intense localized heating generated by the
pulsed laser.

e Compared with the other samples, the coating deposited at a laser power of 3200
W exhibited enhanced hardness and improved corrosion resistance in a 3.5% NaCl
solution. This can be attributed to several factors, such as increased coating thickness,
grain refinement, and a more uniform distribution of carbides and secondary phases
within the microstructure.
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