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Abstract: Modified multimodal (MMP) Cr3C,—NiCr coatings
were fabricated by high-velocity oxy-fuel (HVOF) spraying
deposited on a CuCrZr alloy substrate. However, due to the
lack of its inevitable porosity, an additional laser re-
melting (LRM) approach is highly required to improve
the coating performance. Therefore, the LRM technique
is employed in this study to improve the microstructure
properties of an MMP Cr3;C,—NiCr coating by HVOF. Solid-
state phase transformation from CrsC, to Cr,C; occurred
during the LRM process. After the LRM process, the coating
exhibits the presence of Cr;C, nanoparticles that serve as
reinforcement. These nanoparticles demonstrate minimal
lattice misfit and exhibit high stability throughout the LRM
process. The surface of the coating undergoes modification,
resulting in the formation of homogeneous nano (20-130 nm),
micron (150nm to 0.3 um), and submicron (2-3 um) CrsC,
structures, along with high-density microstructures, after
the LRM process. Nano-CrsC, particle reinforced with high
total work function and incredibly increased corrosion rate
significantly improves coating corrosion resistance. Overall,
porosity decreased from 3.9% of the HVOF coating to 0.3% of
the LRM. As a result, the current density of anticorrosion
decreased from 33.7 to 4.35 pA-cm‘z, and the Vickers micro-
hardness average values ranged from 1,050 to 1,300 HV3,
indicating improved microstructure development and related
properties.
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1 Introduction

Modern surface engineering development has continually
attracted scientists’ interest due to its unique advantages,
such as improvement in the appearance of the substrate
surface, enhancement in the microstructural properties,
environmental protection damage, and mechanical prop-
erties. Several thermally sprayed metal coating techniques
such as high-velocity oxy-fuel (HVOF), oxy-fuel wire, high-
velocity air-fuel, oxy-fuel powder, electric arc wire, and
plasma arc powder indicate major industrial solutions to
protect surfaces from environmental damages [1-4].

The present study uses CuCrZr alloy as a substrate
because of its widespread use in the optical, marine, auto-
motive, and electrical equipment sectors. However, poor
wear resistance and low hardness continue to limit indus-
trial applications of copper [5,6]. Thus, there is a growing
interest in improving copper alloy surface properties by
employing surface coatings [7]. Using a thermal spraying
method, surface-coated materials’ most common industrial
choices are compositions based on chromium carbides
(Cr3Cy) and/or tungsten carbides (WC). Compared to CrsCy,
the application of WC-based coating is limited to work below
500°C temperature due to its low thermal expansion coeffi-
cient and oxidation resistance [8]. However, in contrast to WC-
based composites, CrsCy-based compositions (i.e., CrC,—NiCr)
can be operated at 800-900°C due to the high oxidation resis-
tance [9]. Furthermore, the Cr;Cy,-based coating shows excel-
lent resistance against corrosion in alkaline, chloride, and
acidic (sulfuric and nitric) environments [10-12]. Therefore,
CrsCy-based composition is the first choice for applications
such as high-temperature surface protection services, pump
housing, valve stem, or spindle services compared to WC-
based composition coating. In addition, another important
reason to replace WC-based hard metal coatings with Cr3Cy,-
based coatings is its low cost.

Among Cr;C,-based compositions, CrzC,—NiCr is the
widely used chromium-based nanocomposite due to their
valuable applications of wear protection, which can be
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found in various fields such as chemical plant, petroleum,
aerospace, and automotive services [13-15]. As mentioned
above, the microhardness and corrosion resistance proper-
ties of the Cr3;C,—NiCr composition system are suitable for
surface coatings that can protect them from environmental
damage and can improve the lifetime of the surface-coated
materials, where WC-based compositions (WC-Co or WC-
Ni) cannot be used. Many researchers even projected using
Cr3C,—NiCr compositions as metal cutting tools due to their
high hardness and low sintering temperatures [16,17].

Various thermal spraying methods are commonly used
to coat chromium carbide composites. Among them, HVOF
is the widely used method to enhance the surface proper-
ties of the base materials. The HVOF process is continuous
and convenient for applying coatings to industrial installa-
tions at the site. HVOF-sprayed coatings, including cermet
and anticorrosion alloys, have been subject to seawater
corrosion testing. However, because of the spraying pro-
cess, the HVOF deposits present a poorly melted state of
chromium-based compositions (not all particles melted;
un-melted hard particles were also found in the coating),
indicating numerous porosities and cracks. This decreases
the efficiency of their surface contact with the substrate’s
material, which leads to corrosion. Due to these disadvan-
tages, HVOF is limited to some applications, particularly
those that require more excellent resistance to wear, cor-
rosion, and impact [18,19]. Therefore, an additional tech-
nique such as laser re-melting (LRM) is necessary to improve
the surface engineering microstructure and corrosion resis-
tance properties.

Laser treatment is a successful process used in indus-
trial production due to its advantages in high energy den-
sity and stability [20—-22]. This technique has proven to be a
practical process for creating carbides-reinforced coatings.
Furthermore, it can improve the quality of thermal spray
coatings. Their objective is to fuse, totally or partially, the
ceramic layer so that the material becomes more homoge-
neous in the posterior solidification and the pores disap-
pear [23-25]. In the literature, various studies have highlighted
that the microhardness, microstructural densification, and
wear-resistant properties of the thermally sprayed WC-based
or CrsCy-based cermet coatings processed by the LRM have
been improved [23-29]. According to Janka et al. [30], the
low-power operating laser avoids re-melting the coating, and
it could cause another chromium-carbide layer, precipitating
the supersaturated Ni-based composite. Therefore, as a whole,
the microstructure retained the morphologies and distribution
of the as-sprayed carbide coating with an additional layer of
chromium carbide. Furthermore, Mateos et al. [26] stated
that the tungsten-based carbide coating enhanced with random
and unbalanced shape distribution, while a prominent dendrite
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shape was also observed after LRM completion. Qin et al. [25]
also observed that the compact microstructure of the columnar
dendrites, equiaxed dendrites, and fine grain of the HVOF
Cr3C,-NiCr coatings had been enhanced, which improved the
corrosion and wear resistance, as well as the carbide morphol-
ogies, its distribution became it more random and irregular
after LRM. Therefore, to develop the microstructure, corrosion
resistance, and hardness of the Cr3C,—NiCr surface coating on a
copper alloy substrate, here in this study, we have used LRM
due to its sophisticated properties after the HVOF process.
Thus, the present work deals with LRM treatments
after the HVOF technique, which is beneficial to tailor the
surface coating of modified multimodal (MMP) CrsC,—NiCr
toward developing microstructure, corrosion resistance prop-
erties and enhancing surface microhardness. We hope that
this versatile LRM technique after HVOF could solve the sig-
nificant problems of surface engineering technology.

2 Materials and experimental
methods

2.1 Materials

All the materials are bought from commercial resources
and used without further purification. The substrate used
in this study is CuCrZr alloy (Cu ~ 99.09, Cr ~ 0.81, Zr ~ 0.08,
and other 0.02 wt%), with a corresponding production of
RS2020045519, the standard of JB/T7598-2008, and a melting
furnace number of C1000965. MMP Cr3C,—NiCr powder size
exhibited dimensions, and 15-45 uym distributions were
obtained from Fujian Dilong Innovation Development
Co., Ltd., China.

2.2 Experimental methods
The X-ray fluorescence technique was used to find the che-

mical composition of MMP Cr;C,—NiCr powders, as listed in
Table 1. Furthermore, focused ion beam analysis was

Table 1: Chemical composition of MMP Cr3C,-NiCr powder

Powder cr C Ni Ce Zr La 0
composite
Sample (wt%) 62.2 17.51 15.88 1.64 0.0012 0.0046 2.76
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performed to cut a single powder particle, and the phase
composition was measured by a D8 advanced X-ray dif-
fractometer (XRD) Cu Ka radiation of A = 0.154056 nm
analysis. SEM/EDS (Modal ZEISS sigma 300) was used for
morphological studies and the proportion of the elements.
Samples for SEM observation were prepared using standard
mechanical polishing procedures associated with etching in
aqua regia at room temperature. The microstructure of the
MMP Cr;3C,-NiCr coating interfacial layer was also investi-
gated by cross-sectional TEM (FEI TECHNI G2 F30 operated
at 200 keV with a point-to-point resolution of 0.23 nm). TEM
analysis specimens were prepared by mechanical grinding,
polishing, and dimpling. Electron diffraction patterns and
high-resolution TEM images were taken. For the porosity
analysis, SEM images of the coating were placed into a
common computer folder, and particles were counted and
sized automatically within Image] (Image-Pro®Plus v 6.0).
This macro converted raw images to a binary image (black
indicating a particle and white being the background) using
autothresholding and a “fill holes” command to blacken any
internal white pixels in the interior of a particle. The macro
outputted a list of the projected area, image coordinates, and
circularity for each particle detected in the images. Measure-
ment of the microhardness of the coating was performed
using an HRD-1000TMC Vickers microhardness tester at 3N
for a loading time of 15 s. For each hardness profile along the
depth direction of the coating, three repeat tests were per-
formed (the spacing of each press mark was larger than
50 mm), and their averaged results were used. Electroche-
mical corrosion resistance measurements were made at
room temperature, exposing 1cm?” in a three-electrode cell
containing 3.5% NaCl solution using Versa STAT 3: Modal-
400 version 2.60.6.

2.3 Coating preparation

The CuCrZr substrates were ultrasonically cleaned with
acetone and sandblasted with Al,0;, sandblasting with
pressure P manually by the pressure regulator +0.2 MPa
with a distance of 1.0 cm to the sample surface. In all, 110 ym
alumina (Al,03) (Sandblasting Machine Ningho Yinzhou
Wuxiang Xinzhe Machinery Factory) particles were used
for the sandblasting process, and the forward blasting speed
was set at 3.5mm-s . The surface roughness values after
and before sandblasting Ra are 0.99 and 5.011 pm. An HVOF
spraying system (HV-80-JP, China) was used to prepare MMP
Cr3C,-NiCr coatings of average 150 um thickness on the sur-
face of the copper substrate. Kerosene and oxygen were used
as fuel and powder carrier gases, respectively. Kerosene flow
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and spray distance changed during the following orthogonal
experiment design. The pressures of kerosene and oxygen
were fixed at 19-23 (L'min™") and 40-53 (L'min™") during
the spraying process, respectively.

LRM experiments were conducted on a JHM-1GX/Y-600
China laser processor under the inert gas (nitrogen gas
flow 5-10 L'min™") to re-melt the whole surface area of the
sprayed coating. A fully re-melted coating surface was
achieved with 50-60% overlap between the neighboring
tracks, laser power ranging from 200 to 500 W, a spotlight
diameter of 3 mm, and a scanning rate of 10-12 mm-s % The
coating thickness was kept constant with an average value
of 100 ym. The specimen was irradiated at an irradiation
angle of 90°. Experiments under the same conditions were
carried out with optimum process parameters. Coating sam-
ples were mounted on a moving numerically controlled X-Y
table below the fixed laser processing head.

3 Results and discussion

3.1 Microstructure analysis
3.1.1 MMP powders

Figure 1 displays the SEM analysis results, which revealed
that the MMP Cr;3C,—NiCr powders consisted of nano-sized
grains (30-150 nm), submicron-sized grains (200 nm-0.3
um), micron-sized grains (3-5.3 um) of CrsC,, as well as
NiCr grains. The agglomerated structure was a multiscale
chromium carbide and nickel carbide cermet core with a
metal binder shell covered by submicron and nano-chro-
mium carbide particles. The multimodal structure main-
tained three kinds of states. The first state is submicron
Cr3C, grains embedded in the voids constructed by micron
Cr3C, grains. The second state included NiCr binder phases
and nano-Cr3C, grains embedded in the voids formed by
submicron and micron CrsC, grains, and the third state,
nano-Cr3C, grains dispersed in NiCr metal binder phases.
Furthermore, CrsC, has a density of 6.68 g-cm'z, a melting
point of 1,890°C, and a boiling point of 3,800°C, making it an
excellent wear-resistant coating due to its exceptional
resistance to erosion and corrosion.

In addition, Figure 1(c)—(e) shows the aggregation of
Cr,Cs particles of different sizes used as feeding powders.
The cross-sectional analysis reveals that the cross-section
of the single particles is more compact and denser. In
Figure 1(e), at high magnification, the surface of the single
particle appears to be composed of a tiny nano-Cr,C; modifier.
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In addition, Figure 1(f) shows that EDS analysis confirms
that these feeding powders will retain part of the oxygen
and deposit it on the surface of the substrate during
the spraying process. During the deposition process, an
amount of the gas can be squeezed out, while a small part
of the gas cannot be removed and remains in the coating,
causing porosity on the surface. A few gaps or cracks form
if this part of the oxygen is retained in the combined
amount of the Cr,C; particles and the NiCr binder phase.
Due to rapid heating and cooling stages during HVOF
coating, the melted NiCr phase is hard to flow and fill
the voids among the feed particles.

3.1.2 Phase analysis for MMP powders and coatings

Figure 2 shows the XRD spectra of the MMP CrsC,—NiCr
powder and its corresponding HVOF and LRM coatings.
Each XRD spectrum mainly consists of the hard particles
of CrsC, with orthorhombic (Pnma, 62) structured phase
(reference PDF#71-2287) and a small amount of NiCr and
tiny Cr,Cs phases. The broadening of the 26 around 46° and
51.5° diffraction peaks in the XRD spectrum of Cr3C,—NiCr
powder indicates the presence of nano and submicron
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CrsC,. After HVOF, the newly emerged Cr3C,—NiCr coating
broadening of the (20 = 41.1-44.6°) diffraction peak in the
XRD spectral line indicates the presence of nanocrystallite
NiCr; it is clear that the peak shifted with minor angle (26 =
0.1 — 0.6°). Furthermore, the XRD peaks show that the
content of Cr,C; increases after HVOF and LRM coatings,
which suggests that the decomposition of a small amount
of Cr3C;, particles occurred during HOVF and LRM coatings.
At high laser beam input energy and an oxidizing atmo-
sphere, a solid-state reaction occurs, which leads to the
decomposition of the initial phases, and the intensity of
the other phases increases [31,32]

7CC, — 3CrG; + 5C,
C+ 0 - CO,.

@
)

The diffraction peak broadening and 50-52° corre-
sponding to 26, in the XRD spectra of CrsC,—NiCr coating
after LRM indicate the presence of nano and submicron
CrsC; and fine dendrite. Additionally, Figure 2 suggests a
1-2° broadening in the peak at 42°, corresponding to the
20 angle. This broadening indicates that an excessive degree
of supercooling occurred for the NiCr/Cr,C; phases, resulting
in the development of a nanocrystalline phase due to rapid
solidification [33].

Figure 1: SEM/EDS of MMP Cr3C,-NiCr powder: (a) with low magnification, (b) single particle of the powder, (c) cross-sectional view of the single
particle, and (d)-(f) with high magnification surface of the single particle.
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Figure 2: X-ray diffraction patterns of coating before and after LRM and
powder.

3.1.3 Microstructure analysis for MMP coatings

Figure 3 shows the SEM images of the MMP CrsC,—NiCr
coating before and after the LRM process at different mag-
nifications. Figure 3(a) and (c) shows that numerous dark

MM Cr3C,-NiCr powder =— 5

irregular particles of Cr;C, and its aggregates are unevenly
distributed within the light gray NiCr binder phase. Addi-
tionally, several pores and cracks are present in the com-
plete and NiCr phases, indicating a relatively low coating
quality due to the selection of an inappropriate combina-
tion of spray process parameters.

Figure 3(b) and (d) shows that homogeneous and den-
sified dendritic microstructures are formed during the
LRM process. Some of the first dendrite grains have lengths
ranging from 15 to 20 ym and are aligned along a specific
direction. At higher magnification, the original irregular
Cr;C, particles change into irregular square and long
strips, clearly showing that some particles connect to
form larger ones, and the edges and corners of the indivi-
dual particles become smooth. The average length of the
squares is 2-3 um. Small irregular block structures com-
bine in Figure 3(b) and (d). Figure 3(e)-(f) (EDS elemental
analysis before and after LRM) shows that a small amount
of rare earth exists in the coating besides C, Cr, and Ni
elements. The LRM coating process exhibited a uni-
formly distributed carbide phase on the coating’s sur-
face. Depending on the amount of carbon in the carbide
phase, different levels of dark gray are observed, as
shown in Figure 3(d).

At
C 1052
Cr 7708
Ni 1176
QOther 0.64

LRM

Figure 3: SEM images of the surface of HVOF coating (a) and (c) and after LRM coatings (b) and (d), and EDS results (e) HVOF and (f) LRM.
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Marangoni stress Surface active particles

Modified multimodal Cr;C,-NiCr coating

Figure 4: Sketch of the melt pool during the LRM process.

In addition, the LRM process generates Marangoni
stress on the coating’s surface due to the high energy
flow through the laser beam. This stress arises from the
surface tension gradient, gravity, and flexibility inside the
molten pool caused by the high-frequency laser beam;
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Figure 4 illustrates this phenomenon [14,34,35]. In this phe-
nomenal situation during the LRM process, the un-melted
particles of Cr3C, and Cr,Cs start circulation and re-distri-
bution in coating [36]. Moreover, during the LRM process, rare
earth is added to the structure to refine it, reduce the surface
tension of the liquid phase, decrease the interface energy
between the metal and the coating, and increase the wettability
and bonding strength. The adhesion strength of the coating
after LRM (76.31 + 1.21 MPa) significantly improved compared
to the HVOF coating (4854 + 1.03 MPa). As a result, the LRM
process effectively controls the distribution and size of carbides
during their re-solidification and melting-growth period. This
leads to improved microstructure properties, enhanced coating
consistency, and increased resistance to corrosion.

MMP Cr3C,—NiCr coating refers to the microstructural
states formed by the particle aggregates of micron, submi-
cron, and nano carbides, as well as nanoparticles distributed
in the molten binder phase after modification of nano-rare
earth oxides. From Figure 5, the MMP Cr3C,—NiCr coating
features remain after LRM, which provides the microstruc-
tural guarantee for good comprehensive coating perfor-
mance. Figure 5 represents the elemental interdiffusion
across the interface between the coating and substrate
and was characterized through EDS analysis; the composi-
tion of the elements is listed in Table 2.

Figure 5: SEM/EDS analysis of cross-section interface/substrate after LRM (a)-(h).
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Table 2: Elemental composition of the MMP Cr3C,-NiCr coating

Elements Cu Cr C Ni Ce Zr La

Sample, wt%  11.21 6241 1621 394 245 220 158

For a further detailed analysis of the microstructural
information, the bright-field images obtained through TEM
and their corresponding selected area electron diffraction
patterns are presented in Figure 6. Based on XRD and SEM
analysis results and TEM diffraction patterns, it can be
confirmed that both the lamella structure is CrsC,. TEM
images of the coating after the LRM process: the area men-
tioned in Figure 6 shows a cubic “Y” and with high magni-
fication in Figure 6(b)-(d) is a Cr5C, crystallite with a size of
1113 um and a corresponding indexed diffraction pattern.
The Cr3C, hard phase (PDF card#35-0804 orthorhombic
(Pnam, 62)) precipitated in the coating during the LRM
process. TEM and XRD have established that the coatings
nano-micron and submicron grain structures retain, and
their content remains unchanged. Furthermore, Figure 6 pro-
vides a detailed view of the interface/coating area, highlighted
by a rectangle marked with an “X” in Figure 6(e) and (.
This area reveals the presence of strengthening Cr,Cs; phases
(ranging from 0.3 to 1.38 um) within the coating due to the

1.38 um

[( 0(;[))

5 1/nrn
=

MM CrsCp-NiCr powder == 7

LRM process. As mentioned earlier, the XRD spectra indicated
an increase in the Cr,C; phases during the LRM process. TEM
analysis further confirms this observation, which reveals that
the coating primarily comprises nano-Cr;C, and Cr,C; phases.

In Figure 6(a), marked with the rectangle labelled as
“Z” and at high magnification in Figure 7(a), the inverse
fast Fourier transform result in the insets of Figure 7(d)
shows that the crystal phase was identified as NiCr, exhi-
biting a cubic structure (PDF#26-0429, Pm-3n (233)). It grows
preferentially along the [1,2,0] direction with a d-spacing of
0.213nm (as shown in Figure 7(b)). In Figure 7(c), several
irregular elongated nano-crystallite phases with varying
dimensions and shapes are visibly indicated. These long
nanocrystalline phases are randomly dispersed throughout
the MMP coating after the LRM process. Multiple crystalline
phases, including Cr3C,, Cr,Cs, and NiCr, are confirmed and
marked within a rectangle in Figures 6(a) and 7(c). Those
crystalline phases constituted multiple crystal forms with
different dimensions, shapes, and orientations, thus produ-
cing various diffraction spots. This observation reinforces
the presence of nanocrystalline carbide particles in the
MMP CrsC,—NiCr coating after the LRM process. These par-
ticles exhibit a size range from nano to micron to submicron
dimensions. The sizes vary as follows: Cr3C, (70-190 nm), NiCr
(190-195 nm), and Cr,Cs (151 nm to 1.38 pm). The presence of

o1

(011)

5 1/nm
500 nm —

Figure 6: (a) Cross-sectional TEM images of MMP Cr3C,-NiCr coating after LRM and (b)-(c) Cr3C, with high magnification (d) Cr3C, with the indexed
diffraction pattern, (e) Cr,Cz with high magnification and (f) Cr,C3 with the indexed diffraction pattern.
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Figure 7: Cross-sectional TEM images of MMP Cr3C,-NiCr coating after LRM: (a) With high magnification, (b) With d-spacing, (c) NiCr, and (d) (IFFT)

inverse fast Fourier transform.

nanoparticles in the coating formulation improved the
mechanical and anticorrosion properties of the coating.

3.2 Microhardness

The porosity results of the MMP Cr;C,—NiCr coating before
and after the LRM process are depicted in Figure 8(a). The
porosity investigation aims to determine the pore volume,
considering the average pore size and its circularity [31].
Recent research on laser-molten nanocomposite carbides
has revealed that evaporation can influence the elements’
portion due to local solid laser power inputs [34]. As the
laser power increases from 300 to 400 W and 500 W, the

material polymerizes, increasing total porosity due to struc-
tural changes and gasified decomposition of the CrsC,—NiCr
collecting O, within the pores of the coating. After the LRM
process, the porosity ratio reduces with various laser para-
meters due to each material system component’s variable
boiling and melting temperatures. High porosity values
were discovered with a high laser power of 500 W with a
scanning speed of 12mm-s™; however, the porosity ratio
reduced with a decrease in laser power to 300 W with a
scanning speed of 10 mm-s™. The porosity decreased from
3.9% of the HVOF coating to 0.3% of the LRM process. The
increase in porosity adversely affects the ductility and ten-
sile strength of the coating. This negative impact can be
attributed to reduced porosity hardness, resulting in a
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Figure 8: (a) The average porosity of the coatings (%) before and after
LRM. (b) Vickers hardness HV, 3 before and after LRM.

decline in coating density [37]. Archimedes water displace-
ment method obtained the density coating before and after
the LRM process with average values of 3.552and 6.552 g-cm >,
respectively.

The microhardness of the coating surface before and
after LRM was measured by an HXD-1000TMC digital
microhardness tester with a load of 3N and a dwelling
time of 15s. In Figure 8(b), it is observed that after LRM,
the values of the Vickers hardness increased respectively.
However, the average Vickers hardness of the HVOF coating
is approximately 1,050 HVj 3, while after LRM, the values of
the hardness increase gradually with the average values of
1,050-1,300 HV, 3. LRM, the solidified coating layer, is easier
to re-melt and primarily affected by heat. If there are any
tiny pores or cracks, they will disappear due to sufficient
energy. In addition, high laser energy makes the bonding
phase melt into liquid, filling the pores in the coating and
improving the density of the coating.

MM Cr3C,-NiCr powder =—— 9
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Figure 9: Potentiodynamic polarization plots of the HVOF sprayed and LRM.

Table 3: Comparison of the corrosion HVOF and LRM

S/No Eorr (V) Ba(V)  Bc(V) Lo (WAcm™?)
HVOF coating 0171 0.594 0.686 33.794
After LRM 0.064 1.458 4.854 4.35

3.3 Corrosion-resistant analysis
3.3.1 Corrosion-resistant phenomena

Figure 9 illustrates a comprehensive analysis of the poten-
tiodynamic polarization resistance for HVOF and LRM
coatings. The information includes Tafel plots and corre-
sponding data presented in Table 3. Additionally, Eq. (3)
(Stern-Geary) was utilized to evaluate the results and
further understand the corrosion behavior of the coatings

_ Ba*pc
2.3 % Ionr(Ba + Bc)

In the Stern-Geary equation, fa represents the slope of
the anodic branch, fc shows the cathodic slope, “Ecoy” iS
the corrosion potential, and “I.,.,” is the corrosion current
density. The corrosion rate of the coating after LRM is eight
times less than before LRM.

By solving Eq. (3) for the experimental data results, the
value of the corrosion current density “I.,,” of the

Rp

(&)
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Cr;C,-NiCr coating after LRM measured at about 4.35-4.733 pAcm ™
which is less than before 33.7 pA-cm ™ measured for HVOF.
LRM increases the density of the coating, leading to the
blockage of the immersion path of the corrosion solution,
improving the corrosion resistance. Furthermore, the decrease
of corrosion current density after LRM is related to the homo-
genization of microstructure, and the obtained result proves
that using the LRM process after HVOF is highly significant to
deposit better quality of MMP Cr3;C,—NiCr-based coating
on a substrate, which can operate in corrosive industrial
application.

The occurrence of pitting corrosion should be because
the electrode potential of a specific phase is relatively low,
and the LRM changes or increases the electrode potential
of the phase, as mentioned earlier in Table 3. The forma-
tion of oxide film improves the uniform corrosion ability of
the coating [38]. Furthermore, some nickel ions diffuse into
the formed oxide layer, accelerating the protective coating
layer’s formation and improving pitting corrosion resis-
tance. Metals may have active, passive, or active-passive
electrochemical behavior depending on the metal and envir-
onment. Active-passive metal NiCr shows active—passive
and trans-passive regimes on the anodic polarization [39].
Research studies suggest that in Cr and Ni in Cr3C,—NiCr
coatings, NiCr could form a corresponding passive layer of
chromium to control corrosion [3,40].

Compared to the HVOF coating, the LRM process resulted
in a positive shift in the corrosion potential. Additionally, it
was observed that the passive current density decreased after
the LRM process. In comparison, MMP CrsC,-NiCr coating
after the LRM process is composed of nano, submicron,
micron Cr3C, grains, NiCr grains, and a tiny number of modi-
fiers. The agglomerated structure consisted of a multiscale
chromium and nickel carbide cermet core, with a surrounding
shell of a metal binder, further covered with submicron and
nano-chromium carbide particles. The nanoparticles turn into
inert physical barriers to the initiation and development of
corrosion, improving the corrosion resistance of the coating.
According to the electrochemical corrosion principle, the
larger the corrosion potential is, the smaller the current den-
sity is, the corrosion tendency of the materials is, and the
better the corrosion resistance [39,41]. Some of the research
investigations confirmed that the corrosion resistance of
Cr3C,—NiCr coatings is the result of oxide formation, such as
Cr,0; and Ni,0s, protecting the substrate from the corrosion
resistance and enhancing the lifetime of the substrates [42].

3.3.2 Corrosion mechanism

Electrochemical resistance mechanisms include anodic
(which is oxidation) as well as cathodic (reduction) NaCl

DE GRUYTER

[Na®, CI'] [43]. The decomposition of a metal M is an
anodic reaction:

M - M + ne". 4)

For corrosion to occur, the anodic reaction’s electron
must be consumed by a cathodic reaction. The two most
prevalent cathodic reactions in aqueous corrosion are oxi-
dation and reduction [44]. An electron generated by the
anodic reaction is consumed at the cathode (Eq. 5 shows
that the reaction occurs),

Cr — 2e” + Cr2+, (5)

The presence of the nano, micron, and submicron
particles after modification of the coating with the LRM
process regulates materials on the nanoscale. It more effec-
tively develops the potential of the materials’ properties.
This can be strongly reflected in the above microstructure
analysis of the coating, which shows the decrease of the inter-
face between the substrate and MMP Cr3;C,—NiCr coating after
the LRM process. In addition, by improving the nanostructure
of the coating through nano-modification by the LRM process,
anticorrosion properties increase.

4 Conclusions

In conclusion, modified multimodal Cr3C,—NiCr coatings
were deposited on the CuCrZr alloy substrate. Laser beam
properties of LRM and their effect on surface modification
of MMP Cr3C,—NiCr coatings prepared by HVOF spraying are
investigated. The main conclusions are presented as follows:

1) After the LRM process, observed changes in the coating
reveal a distinct transformation of the original irregular
Cr3C, particles into irregular square and long strips.
Moreover, certain particles tend to merge, resulting in the
formation of larger particle aggregates. Furthermore, the
edges and corners of the individual particles become
noticeably smoother during the LRM process. The average
length of the squares is 2-3 pm. In addition, the laser beam
accelerated the Marangoni flow, promoting carbide
nucleation and their homogeneous distribution.

2) The HVOF MMP Cr;C,—NiCr coatings consist of nano-sized,
submicron-sized, and micron-sized hard grains and
metallic binder phases. During the LRM process, submi-
cron grains of Crs3C, become embedded in the voids cre-
ated by larger CrsC; grains, while the nano-sized CrsC,
grains disappear within the NiCr metal binder phases.

3) The coating density was measured before and after the LRM
process, with average values of 3.552 and 6.552 g-cm™>, respec-
tively. Compared to the HVOF coating, the MMP Cr5C,—NiCr
coating after the LRM process exhibits a uniform and
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dense structure free from apparent lamellar formations.
Additionally, the porosity is reduced by approximately
0.31-0.9%.

4) The Vickers hardness test with a load of 3N, LRM
Vickers hardness (HV,3) values approximately 1,300 HV3,
while HVOF coating values approximately 1,050 HVj3.

5) The corrosion resistance of the coating increased after
LRM and the corrosion current density after LRM was
found to be 4.35 pA-cm % whereas the current density of
the HVOF coating was 33.794 yA-cm™2 The corrosion
rate after the LRM of the coating decreases. The protec-
tive, homogeneous oxide layer was formed on the
Cr3C,-NiCr surface, protecting the tested materials
against corrosion.
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