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Abstract:

High-speed laser cladding technology can significantly improve the efficiency of coating
preparation and effectively widen the application range of laser cladding. In this study, the
Ni45 powders were deposited on steel substrate by traditional low speed laser cladding and
high-speed laser cladding process, respectively. The cladding efficiency, surface forming,
cross-sectional microstructure, microhardness, wear and corrosion resistance properties of the
traditional and high-speed laser cladded Ni45 alloy coatings were compared. It can be seen
that the thickness of the high-speed laser cladding coating was much thinner than that of the
traditional laser cladding coating. Compared with traditional laser cladding, high-speed laser
cladding could achieve a cladding speed of 76.86 m/min and a cladding efficiency of 156.79
cm?/min. The microstructure of the two kinds of coatings shows the same growth law, but the
microstructure in high-speed laser cladding was smaller and denser, and the columnar crystal
interval was narrower, only about 6 um. It is found that the cooling rate of the traditional laser
cladding coating was smaller than that of the high-speed laser cladding, and as the cladding
speed increased, the cooling rate became higher and higher. The cross-section microhardness

of the traditional laser cladding coating was relatively uniform of 337 HV;2, while the



microhardness of high-speed laser cladding surface increased to about 543 HV, . In addition,
the wear and corrosion resistance of high-speed laser cladded coatings were better than that of
traditional laser cladded coatings. As the cladding speed increased, the wear and corrosion
resistance of the cladded coatings became better.
Keywords: High-speed laser cladding; Ni45; Cooling rate; Wear resistance; Corrosion
resistance
1 Introduction

The surface of the workpiece or the area near the surface may be damaged by wear,
corrosion and fatigue during service. The sustained damage will cause severe damage to the
surface of the material until it can no longer be used [1]. Therefore, it is crucial to study the
new coating material to protect the surface of the material. When using wear-resistant and
corrosion-resistant coatings, the material composition of the workpiece at this time will no
longer be restricted by the required performance characteristics of mechanical, friction,
chemical, or mechanical surface layer, as well as thermoelastic aspects, so that
resource-saving workpieces can be used [2]. Up to now, hard chrome coating (HCP) is mainly
used for the wear and corrosion protective layer of hydraulic and pneumatic piston rods and
cylinders, valves, pump shafts and various rotors in the aviation, automotive, oil and gas
industries [3]. Hard chromium plating is a traditional surface electroplating technology, which
is a thick chromium coating on various substrate surfaces. Its thickness is generally more than
20pm. The characteristics of chromium can be used to improve the hardness, wear resistance,
mild corrosion resistance and other properties of the parts. High hardness chromium plating
(up to 1200 HV) provides higher wear resistance and increases roll life. In addition, the

chromium coating helps prevent the adhesive transfer of the viscous alloy. According to the



relevant literature, chromium plating can produce up to 20% difference in the value of
reflective bands, which can be used to quantify iron powder [4]. Nevertheless, the production
and use of HCP are increasingly restricted by countries, particularly developed countries,
because of the presence of toxic and carcinogenic hexavalent chromium (Cr*®) in HCP. The
United States, the Netherlands, and the United Kingdom reduce Cr*® PEL to 5pg/m®
1.5ug/m?, and 0.5pg/m3, respectively. In addition to specifying the Cr*® content in the working
ambient air, EPA also strictly specifies the daily maximum limit and monthly average limit of
the total amount of chromium in the waste liquid produced by chromium plating [5, 6]. The
coating technologies considered to replace HCP are thermal spraying technology, high-speed
oxygen fuel thermal spraying (HVOF), and laser cladding (LD). For HVOF, it can reduce the
thermal diffusivity and improve the high-temperature corrosion resistance, which has been
effectively applied in many industries [7]. But it also has some limitations, such as the low
bond strength between the spray coating and the substrate, the substrate surface treatment
must be reasonable and so on.

The advanced laser cladding technology can make use of its metallurgical combination and
low dilution rate to prepare high-quality, void-free, and crack-free coatings in a variety of
materials [8]. However, the use of laser cladding coatings in the production of wear and
corrosion protective coatings is still limited because the thickness of traditional laser cladding
coatings (>500 m) is generally too large for wear and corrosion protection. Moreover, the
surface preparation rate of traditional laser cladding is within the range of 10-50 cm?min,
which is too inefficient for the coating of large components [9]. Fraunhofer [10] Laser
Technology Research Institute in Aachen, Germany, developed an ultra-high-speed laser

cladding technology, which enabled the surface rate of laser cladding to reach 500 cm?/min



and the speed of cladding line to reach 200 m/min, significantly improving the preparation
efficiency of laser cladding coating. Furthermore, through the high-speed laser cladding
process, a thinner, non-porous, crack-free wear-resistant and corrosion-resistant protective
layer with a thickness of about 10-250 pum can be produced.

Damian et al. [11] prepared a new nickel-based coating through the traditional laser
cladding process, which can further inhibit the corrosion oxidation caused by air and improve
the corrosion resistance of 13CrMo4-5 steel. Li et al. [12] coated the TI-CuNiCoAlTaY
composite coating on TC4 alloy by traditional laser cladding and found that the high
oxidation resistance of the coating was sufficient to improve the flame retardant property of
the material after the laser point-melting test at 800°C. Soboleva et al. [13] effectively
improved the residual compressive stress of the substrate by preparing NiCrBSi coating and
conducting deformation treatment. Xu et al. [14] prepared CuAINiCrFe high-entropy alloy
coating by high-speed laser cladding test, which controlled the phase 3 between matrix and
binding layer within a very small range and improved the collective antioxidant capacity.

In addition, compared with traditional surface modification techniques such as spray
welding and surfacing welding, the nickel-based coating used in laser cladding experiments
has good toughness, heat resistance, oxidation resistance, impact resistance, and corrosion
resistance and is widely used in various aspects [15, 16]. Ni45 self-melting alloy is a widely
used cladding material with moderate strength and toughness, excellent physicochemical
compatibility with 45 steel substrate, easy to obtain high density, good metallurgical
combination with the substrate and crack-free alloy coating [17, 18].

At present, there have been preliminary studies on high-speed laser cladding Ni-based

coating at home and abroad, and a large number of studies have been conducted on traditional



laser cladding Ni-based coating at home and abroad. However, the differences between the
performance of high-speed laser cladding coating and traditional cladding Ni-based coating
and the reasons for the differences have not been reported in detail. Therefore, this paper
focuses on the comparison and analysis of the differences between traditional and high-speed

laser cladding Ni-based coatings in terms of structure and properties.

2 Materials and methods
2.1 Experimental materials
2.1.1 Alloy powder

Due to the faster cladding speed in high-speed laser cladding, the amount of powder melted
per unit time is much larger than that of traditional laser cladding, which has higher
requirements for powder particle size and powder feeding speed. Therefore, the alloy powder
with smaller particle size is used in high-speed laser cladding, which not only improves the
efficiency of powder feeding but also improves the melting efficiency of powder. The particle
size of two Ni45 alloy powders used in this experiment for high-speed laser cladding and
traditional laser cladding were compared and analyzed. Two kinds of Ni45 alloy powders
were bought from Changsha Tianjiu Metal Materials Co. LTD. The mesh number of the
traditional Ni45 alloy powder is -150~+320, and the mesh number of high-speed laser
cladding Ni45 alloy powder is -320. The scanning electron microscope images are shown in
Fig. 1. As shown in the Fig.1 , the two powders are spherical or ellipsoidal except for their
different diameters and particle sizes, which ensures the smoothness and continuity of powder
feeding during the experiment and improves the melting efficiency of the powder. The

chemical composition of Ni45 is shown in Table 1.



Table 1 Chemical composition of Ni45 nickel-based alloy powder

C Cr Si Mn Fe B Ni

0.45 12.00 4.00 0.10 10.00 2.40 Bal

(@) Traditional laser cladding (b) High-speed laser cladding

Fig. 1 SEM morphology of two kinds of Ni45 alloy powders

The particle analysis software called Nano measure was used to measure the powder
diameter in Fig. 1, and the measured data were mapped as shown in Fig. 2. The diameters of
the powder used in traditional laser cladding were mainly concentrated between 55 and 75 pm,
and the average size was 66.9 um. The diameters of the powder used in high-speed laser
cladding were primarily concentrated between 15 and 30 um, and its average size was 23.61
um. It can be seen that the particle size of the powder used in high-speed laser cladding is

much smaller than that used in traditional laser cladding.
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Fig. 2 The diameter distribution of two Ni45 alloy powders

2.1.2 Substrate material

The substrate material used in the paper is 45 medium carbon steel (AIS1 1045), which is a
high-quality carbon structural steel with a hardness value of about 200 HV. The chemical
composition is shown in Table 2. The substrate material's Rm(tensile strength) > 600 MPa,
and its Rpo2(yield strength) > 355 MPa. Due to its excellent properties, high strength, good
plasticity and toughness, as well as abundant resources, it has been widely used in many
industrial fields [19]. In the experiment, a 45 steel cylinder with a diameter of 40 mm and a

length of 120 mm was selected and cleaned with acetone alcohol before cladding.

Table 2 Chemical composition of 45 steel

Element C Si Mn Cr Ni Cu Fe
Content .
%) 0.42~0.50 0.17~0.37 0.50~0.80 0.25 0.30 0.25 margin

2.2 High-speed laser cladding system

Fig. 3 shows the high-speed laser cladding experimental platform, which includes three
parts: high-speed lathe, laser and powder feeding system and 45 steel shaft. Among them, the
powder feeding system and laser are integrated on the laser head of the front end of the ABB
robot, and the preset moving trajectory is set by programming control. During the cladding
process, the high-speed machine tool drove the pretreated 45 steel shaft to rotate, and the laser
head was driven by the robot to move along the direction of the steel shaft above the steel
shaft. The laser melted the powder and a small amount of substrate to form a molten pool on

the surface of the steel shaft. After the laser was removed, the self-cooling solidified to form a



coating. Finally, a uniform nickel-based coating cladding the entire surface of the steel shaft
was obtained. Unlike traditional laser cladding, the laser focus and powder focus in
high-speed laser cladding were located above the surface of the steel shaft, and the powder

had been heated and partially melted before contacting the surface of the steel shaft.
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Fig. 3 High-speed laser cladding experimental platform

2.3 Experimental characterization
2.3.1 Microstructure and phase constitution characterization

The coating and a small amount of substrate were cut off by wire cutting, cleaned with
acetone after polishing, and then ultrasonically cleaned with alcohol. The phase composition
of the coating was analyzed by XRD-6000X ray diffractometer, using a voltage of 40 kV, a
Cu target, a scanning range of 20~90°, a scanning speed of 4°/min, and a step size of 0.02°.
Ultrasonic cleaning was carried out on the cut samples with acetone and alcohol. After water
milling and polishing, the samples were wiped and corroded by aqua regia for several times
until the clear grains could be observed under the optical microscope. The micro-morphology

of the coating was analyzed by Merlin CoMPact scanning electron microscope.

2.3.2 Mechanical properties characterization



The HXS-1000AC touch semi-automatic microhardness tester was used to test the hardness
of the cladding layer cross-section. The load was 200 g and the loading time was 10 s.
Multiple measurements were averaged to reduce the experimental error. The cubic of 5mm x
5mm x5mm was cut off on the high-speed cladding workpiece. After connecting the wire on
the substrate side of the sample, the cold mosaic carried out to expose the working surface of
5 mm x 5 mm on one side of the cladding layer, and then the surface was polished. A standard
three-electrode system was adopted, the corrosive medium was 3.5wt % NaCl solution, the
scanning speed was 1 mV/s and then the electrochemical corrosion test was carried out. The
laser cladding cylindrical workpiece was cut down along the axis of the sample with a length
of 15 mm, width and thickness of 5 mm, and the sandpaper was used to polish the test surface
on one side of the cladding layer which the surface roughness of conventional laser cladding
samples was 24.9 pum, and surface roughness of high-speed laser cladding was 13.88 pm.
The linear friction and wear test of the coating in the length direction was carried out by
UMT-2 friction and wear instrument. Reciprocating sliding mode was used in the experiment.
the coupling parts were SisN4 ceramic balls with hardness grade 8.8, load 25N, single sliding
length 20mm, sliding speed 10mm/s, and sliding time of 30 min.

3 Results and discussion
3.1 Surface forming

As an advanced technology to improve the efficiency of traditional laser cladding,
high-speed laser cladding not only greatly enhances the efficiency of laser cladding, but also
has new forming characteristics in surface morphology, dilution rate and surface roughness.
These new forming characteristics directly or indirectly affect the performance of cladding

layer and the application field of the prepared coating. In order to compare the characteristics



of high-speed laser cladding with that of traditional laser cladding coating, a good
composition of traditional laser cladding parameters and three groups of high-speed laser
cladding parameters with different cladding speeds were selected to compare the
characteristics of surface morphology, cladding efficiency, and surface roughness respectively.

The test parameters are shown in Table 3.

Table 3 Traditional and high-speed laser cladding test parameters

Powder feeding

Laser power Cladding rate Lap rate
Number voltage )
(W) (m/min) (%)
V)
Traditional laser
. 2000 10 0.6 40
cladding
) 2000 40 37.68 40
High-speed laser
i 2000 40 58.02 40
cladding
2000 40 76.86 40

3.1.1 Macro-appearance of the coating

The coating prepared by laser cladding is metallurgically combined with the substrate, and
the bonding strength is high. Due to the large width and height of each cladding layer in the
traditional laser cladding process, the existence of lap joints between welding bead caused the
inevitable uneven surface of cladding layer, which required a lot of turning and further
finishing treatment when applied to workpiece with higher accuracy requirements. Compared
with the traditional laser cladding, the high-speed laser cladding coating had low roughness.
The surface roughness was measured by laser confocal. The results showed that the line
roughness and surface roughness of conventional laser cladding samples were 15.9 um and
24.9 um, respectively, and the roughness level was 3. In high-speed laser cladding, the surface
roughness and surface roughness were 6.18 pum and 13.88 um, respectively, and the roughness

grades were 5 and 4, which were 2 and 1 levels higher than that of conventional laser cladding.



The comparison of surface roughness of conventional and high-speed laser cladding coatings
is shown in Fig.4. It can be used without or greatly reducing the finishing, which improved

the work efficiency and reduced the processing cost.
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Fig.4 Comparison of surface roughness of conventional and high-speed laser cladding coatings

3.1.2 Cross-section microstructure of the coating

Fig. 5 is the cross-sectional microstructure of traditional and high-speed laser cladding
coatings, of which Fig. 5(a) is a traditional laser cladding, and Fig. 5(b), (c) and (d) are
high-speed laser cladding with different cladding speeds. Under each test parameter, a
cladding layer with uniform thickness and good molding was obtained. It can be seen from
the figure that the thickness of the traditional laser cladding coating was about 700 um, which
was much larger than the thickness of the high-speed laser cladding coating. In high-speed
laser cladding, as the cladding speed increased, the thickness of the cladding layer decreased.
When the cladding speed was 76.86 m/min, the thickness of the cladding layer was 53.53 um,

and it was well bonded to the substrate.



(c) (d)

Fig.5 Cross-section microstructure of the laser cladding coating at different scanning speed: (a) 0.6 m/min,

(b) 37.68 m/min, (c) 58.02 m/min, (d) 76.86 m/min

3.1.3 Efficiency of laser cladding

Fig. 6 shows the comparison of the speed and efficiency of traditional laser cladding and
high-speed laser cladding. The first group was the traditional laser cladding test, with the
cladding speed of 0.6 m/min and the cladding efficiency of 18 cm?min. No. 2, 3, and 4 were
all high-speed laser cladding tests, which significantly improved the cladding speed compared
with traditional laser cladding. Although the width of single high-speed cladding coating was
narrower than that of traditional laser cladding coating, the cladding efficiency was greatly

improved under the advantage of very high cladding speed. Among them, the high cladding



speed with excellent forming was obtained in the parameter 4 test, the cladding speed was
76.86m /min, and the cladding efficiency was 156.79 cm? /min. Compared with traditional
laser cladding, when the laser cladding speed increased from 0.6m/min to 76.86m/min, the

cladding efficiency increased by 8.7 times.

Table 4 Comparison of traditional and high-speed laser cladding efficiency

Number 1 2 3 4
Cladding speed

. 0.6 37.68 58.02 76.86

(m/min)
Cladding efficiency

2, 18 85.91 128.80 156.79

(cm‘/min)
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Fig. 6 Comparison of speed and efficiency of traditional and high-speed laser cladding

3.2 Microstructure

Fig. 7 shows the cross-sectional microstructure near the clad/substrate interface at different
laser scanning speed. According to the images, the solidification structure changed from
columnar crystal to dendrite structure, which could be observed in Fig. 7 (d). Moreover, the
cladding layer had a higher cooling rate under the cladding speed of 76.86 m/min, and the

columnar crystal formation interval was shorter. The solidification structure changed to the



equiaxial dendrite region. The structural analysis results show that no matter how the
scanning speed changed, the structure changed from columnar dendritic structure to equiaxial
dendritic structure from the interface to the coating surface. It can also be observed in the
figure that the microstructure at the bottom of the traditional and high-speed laser cladding
coating shows the same growth law. The microstructure above the metallurgical bonding zone
was columnar crystal with strong orientation, and its growth direction was close to vertical to
the metallurgical bonding zone. At the bottom of the cladding layer, both the traditional and
high-speed laser cladding structures were columnar crystals, and the temperature gradient
perpendicular to the cladding coating/interface (metallurgical bonding zone) was the largest,
which was beneficial to crystallization and growth. Therefore, the growth direction of
columnar crystals was perpendicular to the metallurgical bonding zone. Different from
traditional laser cladding, the microstructure of high-speed laser cladding coating was finer

and denser, and the columnar crystal interval was narrower, only about 6 pum, less than

one-tenth of the columnar crystal interval of traditional laser cladding microstructure.
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Fig. 7 Microstructure near the bottom at different laser cladding speed: (a) 0.6 m/min, (b) 37.68 m/min, (c)

58.02 m/min, (d) 76.86 m/min

The laser scanning rate significantly affects the coagulation mode. By comparing Fig. 7,
Fig. 8 and Fig. 9, it can be found that as the scan rate increased, the equiaxed crystal region
increased. Among the three samples of high-speed laser cladding, the G/R ratio decreased
under the condition of constant laser power and increased scanning rate. This is because with
the increase of laser scanning rate, the laser reaction time with the material would be reduced
and less heat would be transferred, so that the temperature gradient would be reduced. On the
other hand, R increased as the laser scanning rate increased. As a result, tissue supercooling
increased and tissue transitioned to equiaxed crystals. At a low laser scanning rate, the
structure at the top of the coating was equiaxed dendritic crystals. Considering that the R
value decreased and the temperature gradient decreased when the laser scanning rate was low,
the G/R ratio increased accordingly, and the microstructure should be columnar crystal
structure. This is not the case, and the reason for the equiaxed dendritic crystals is that some
of the dendrites in the pool, stirred by the pool, break up into new nucleating matrices on
which molten metal atoms crystallize. In addition, microstructure changes are also caused by

equiaxed grains formed by heterogeneous nucleation and microstructure supercooling in the



melt zone[20].

(©) (d)

Fig. 8 Microsturcture in the middle region at different laser scanning speed: (a) 0.6 m/min, (b) 37.68 m/min,

(c) 58.02 m/min, (d) 76.86 m/min

In addition, in order to study the effect of cladding speed on the formation of nanocrystals
in high-speed laser cladding coating, Fig. 7, Fig. 8 and Fig. 9 were compared again, it is found
that only the top of the coating had nanocrystals, as shown in Fig. 9. The number and size of
nanocrystals at the top of the cladding layer were also different at different scanning speeds.
When the traditional laser cladding and scanning speed were 37.68 m/min, no nanocrystals
were found in the high-power scanning image at the top of the cladding layer, as shown in Fig.
9 (a) (b). A small number of nanocrystals were found in the high-power scanning image of the

top of the cladding layer when the scanning speed was 58.02m /min, and the size of



nanocrystals was large, about 100-200 nm, as shown in Fig. 9 (c). However, when the
scanning speed was 76.86m /min, a large number of nanocrystals were found in the
high-power scanning image at the top of the cladding layer, and the size was smaller, about
20-100nm, as shown in Fig. 9 (d). It indicates that the formation of nanocrystals is related to
the scanning speed of laser cladding, and the higher the scanning speed is, the easier it is to

form.
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Fig. 9 Microstructure near the top surface at different laser scanning speed: (a) 0.6 m/min, (b) 37.68 m/min,

(c) 58.02 m/min, (d) 76.86 m/min

3.3 Cooling rates

To analyze the microstructure characteristics of each area of traditional laser cladding and

high-speed laser cladding coating, as well as the influence of different cladding speeds on the



cooling rate, the spacing of secondary dendrite arms in the bottom region, the middle region
and the top region of cladding coating were measured by ImageJ software respectively. The
relationship between the distance between the secondary dendrite arms and the cooling rate T
follows the formula (2) [21].
2y =AGxR)™" v
In this equation, A and n are the material constants, G is the temperature gradient and R is
the growth rate, and GxR is the cooling rate. The equation shows that the spacing of
secondary dendrite arms is inversely proportional to the solidification rate and temperature
gradient. Since the temperature gradient during laser cladding is very high (about 106 K/mm),
the final microstructure will be very fine or very small. Snopinski et al. [22] calculated the
constants A and n of laser cladding nickel-based coatings. Formula (3) is the relationship
between the secondary arm spacing and the cooling rate of the nickel-based coating.
A, =10(GxR)™? 3)
To calculate the cooling rates near the interface, the intermediate region, and the coating
surface, the secondary dendrite arm spacing was measured at least 30 times in each region,
and its average value was used for calculation. Fig. 10 shows the cooling rate diagram
calculated based on the spacing of secondary dendrite arms at the near interface, middle
region and top region of the coating. The Y-axis on the left represented the secondary dendrite
arm spacing during high-speed laser cladding, and it can be found that the spacing was
basically less than 1 um, while the Y-axis on the right represented the secondary dendrite arm
spacing during traditional laser cladding, which varied between 3.9~5 um. The results show
that the secondary dendrite arm spacing decreased by increasing the distance from the

interface during high-speed laser cladding, the reason is that the cooling rate varied in



different regions, so the cooling rate from the interface to the surface increased. Based on the
theory, G (surface) < G (interface) and R (interface) < R (surface), it can be concluded that
(GxR) (interface) < (GxR) (surface). Thus, the cooling rate at the top of the coating was
greater than that of the cooling rate near the interface, and the distance between the secondary
dendrite arms decreased from near the interface to the top of the coating. When the cladding
speed was 76.86m/min, no obvious secondary dendrite arm was formed at the top of the
coating, as shown in Fig. 9 (d). The reason is that there were convection, heat transfer and
radiation flux between the substrate and the substrate, so the cooling rate increased and the
equiaxial dendrite did not have enough time to form a secondary dendrite arm to solidify. In
addition, due to the surface tension and high heat transfer, the edge of the cladding layer had a
higher solidification rate, and the solidification direction of the microstructure changed [23,
24]. In traditional laser cladding, the spacing of the secondary dendrite arms in each area of
the cladding layer was much larger than that of the secondary dendrite arms during
high-speed laser cladding. It can be seen from Fig. 7 (a), Fig. 8 (a), Fig. 9 (a) and Fig. 10 that
with the increase of the distance between the secondary dendrite and the interface, the
dendrite arm spacing first decreased and then increased, which was different from that of
high-speed laser cladding. The reason why there was a difference on the top of the coating is
that in the traditional laser cladding, when the dendrite grew to the top, although the
solidification process of the molten pool was coming to an end, the small temperature gradient
in the liquid phase, easy to produce fine dendrite. However, more nucleation particles were
also generated in the liquid metal. These particles were not subject to any restriction, and the
growth direction was disorderly, showing the characteristics of uneven growth, forming

slightly larger dendrites on the top of the coating, which may make the top of the secondary



dendrite arm spacing become larger. According to Formula (2), the cooling rate of each area

of the cladding coating at each scanning speed can be calculated, as shown in Fig. 11.
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Fig. 11 The cooling rate of each area of high-speed laser cladding at different scanning speeds

As mentioned above, G (surface) < G (interface), R (surface) > R (interface), so (GxR)
(surface) > (GxR) (interface). As a result, the cooling rate at the top of the coating was greater
than the cooling rate near the interface, and the spacing between the secondary dendrite arms
gradually decreased from near the interface to the top of the coating. It can be seen that in

traditional laser cladding, when the cladding speed was 0.6m/min, the cooling rate was very



low, and the changes in the three areas were not large. This is because the cladding speed was
low at this time, and the G was small. Compared with high-speed laser cladding, the cladding
speed was lower, so the residence time in the molten pool was longer than that of high-speed
laser cladding, making the cooling time of the molten pool was long and the cooling rate was
lower. In addition, with the increase of R and the decrease of G, the laser scanning rate
increased from 37.68m/min to 76.86m/min in all three areas of high-speed laser cladding, the
cooling rate increased and the secondary dendrite arm spacing decreased. When the scanning
rate was 76.86m/min, the cooling rate of the top of the cladding layer reached the maximum
value, which was 1.68x10° K/s. With the increase of laser scanning rate, R increases and G
decreases. This is because the reaction time between the laser and the material was shortened,
so the temperature gradient decreased. Since the change of R was more significant than that of
G, the value of GxR, representing the cooling rate increased. As a result, the nucleated grains
did not have enough time to grow up, thus forming a finer microstructure with smaller
secondary dendrite arm spacing, which also indicated that the influence of R on cooling rate
was greater than that of G. In addition, when the cooling rate increased, the propulsive rate
and thermal gradient of the solid-liquid interface were increased, thereby suppressing the
overcooling of the composition of the liquid alloy in the molten pool. Nucleation and growth
occurred in more areas of the molten pool, and the microstructure was refined and uniformly
distributed [25].
3.4 Phase constitution

The characteristics of laser cladding are rapid heating and rapid cooling, which is a kind of
non-equilibrium solidification, which will inevitably lead to supersaturated solid solution and

phase lattice distortion in the solidified structure. Due to the great difference between



traditional laser cladding and high-speed laser cladding in the cladding speed, the cooling rate
is also considerably different, which may affect the phase composition of the cladding coating.
To study the phase difference between the traditional and high-speed laser cladding coating,
an X-ray diffractometer was used to determine the phase in the traditional and high-speed
laser cladding coating. The diffraction pattern is shown in Fig. 12. The traditional laser
cladding sample had a cladding speed of 0.6 m/min, while the high-speed laser cladding test
had a cladding speed of 76.86 m/min. It can be seen from Fig. 12 that the phases in traditional
laser cladding mainly consist of y-Ni solid solution. Cr,3Cs and Cr,C3 type carbides. Cr,B
type chromium boride and FeNi3[26]. While in the high-speed laser cladding, in addition to
preserving the original diffraction peaks, a new diffraction peak appeared in the pattern at a
diffraction angle of 65°, which was determined by contrast standard diffraction cards as
(Fe,Ni) and FeNi phases. By observing Fig. 12 (b), we can find that the spectrum of the
traditional laser cladding powder and high-speed laser cladding powder used shows a
significantly broadened diffuse peak at about 44°, and there were some weak crystal peaks
embedded in it, indicating that the alloy powder used for cladding is mainly amorphous and
contains very few crystal phases. Fig. 12 (b) shows that the two alloy powders mainly contain
Ni, Fe, Cr and C phases. In addition, using JADE software to retrieve phase and PDF card
comparison, it was found that the high-speed laser cladding powder had Fe phase and (Fe, Ni)
phase at about 65°, while traditional laser cladding powder did not. Since there was no
diffraction peak at 65°, the two phases were not added. However, this also corresponded to the

Fig.12 (a), where the diffraction peak appears at about 65° and contains (Fe, Ni) phase.
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Fig. 12 X-ray diffraction patterns of cladding layers and alloy powders

3.5 Coating properties

3.5.1 Microhardness



Fig. 13 shows the surface hardness distribution of traditional and high-speed laser cladding
coating. The average microhardness of the surface of traditional laser cladding of Ni45
coating was only 337 HVy,, while the microhardness of the surface of high-speed laser
cladding was much higher than that of the traditional laser cladding, all above 500 HV,. In
addition, with the increase of high-speed laser cladding speed, the surface hardness of the
coating increased as well. The surface hardness of the coating under three cladding speeds
was 503 HVy,, 534 HV(, and 543 HVy,, respectively increased by 49%, 58% and 61%.
Masanta et al. [27] found that the formation of fine tissues at higher cooling rates resulted in
an increase in cladding hardness. The microstructure of coating is uniform and fine at the fast
cooling rate of high-speed laser cladding, which improves the microhardness of the cladding

layer.
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Fig. 13 Surface hardness of laser cladding at different scanning speeds

Fig. 14 shows the microhardness distribution of the cross-section of the traditional and
high-speed laser cladding. The microhardness layer was divided into three regions: coating,
heat-affected zone and substrate. In traditional laser cladding, the microhardness of the

cladding layer was relatively stable, ranging from 330 HV,, to 340 HVy,, and the



microhardness of the heat-affected zone is 300 HV,,. While in high-speed laser cladding, the
microhardness gradually decreased from the coating surface to the substrate direction. From
the surface to the bottom, microhardness decreased from about 550 HV, to about 450 HV,.
From the microstructure of the high-speed laser cladding, it can be observed that the
microstructure characteristics of the top, middle and bottom three regions were also quite
different. Transition from the columnar crystal at the bottom to the fine dendritic crystal at the
top, the microstructure was gradually refined, and higher microhardness was obtained at the
top. This also explains why the hardness of the high-speed laser cladding surface was slightly
lower than the top region of the section hardness is that the surface of the cut sample was
preground and polished to a certain extent when the surface hardness was tested, so that the
hardness tested was slightly lower than the top region of the section. The microhardness of the
heat-affected area of high-speed laser cladding was also marginally lower than that of
traditional laser cladding, which was about 275 HV,, the reason is that the cladding speed
was faster during high-speed laser cladding, as well as the laser power was lower, the laser
heat had less influence on the sample, and the heat-affected area was narrower. It is also
observed in Fig. 14 (b) that the overall microhardness of the cladding layer increased with the

increase of the cladding speed from 37.68 m/min to 76.86 m/min.

380
1
460 Cladding layer ! Substrate 600 - Cladding layer

N S

Substrate

Microhardness(HV,, ,)
=
8
1

o ow w
[=2] o0 (=3 [35)

o =1 =] o

1 1 1 1
Microhardness(HV,

\ 200 —m— 37.68m/min
Fusion|line —e— 58.02m/min
2404 ! 76.86m/min
| I~ /I Fusion,1 ine\i
220 : i 200
1
200 T T t T T T T T T T
-600 -400 -200 0 200 400 -40 -30 -20 -10 0 10 20
The distance from the fusion line to both sides(um) The distance from the fusion line to both sides (pm)

(a) Traditional laser cladding (b) High-speed laser cladding



Fig. 14 Cross-section hardness values of traditional and high-speed laser cladding coatings

3.5.2 Tribological properties

Under the condition of certain experimental parameters, friction and wear tests were carried
out on traditional laser cladding and three sets of high-speed laser cladding coatings with
different cladding speeds. The corresponding relationship between friction coefficient and
time was compared between traditional laser cladding and high-speed laser cladding with
different cladding speeds. The curve of the friction coefficient changing with time is shown in
Fig. 15. With the change of time, the friction coefficient also jittered up and down, and the
friction coefficient of cladding layer was different at different cladding speeds. In the process
of traditional laser cladding friction, the friction coefficient rose steeply and slowly from the
initial stage to about 0.63, and then dropped abruptly to about 0.6. Within 0-5 min, it was the
initial stage of wear, also known as run-in abrasion. After 5-25 min, the friction coefficient
slowly rose to about 0.75 without great fluctuation called the stable wear stage. In high-speed
laser cladding, when the cladding speed was 37.68m/min, the friction coefficient rose from
the beginning to about 0.6 and then fluctuated up and down periodically. The friction
coefficient was similar to the sine function jumping up and down until the end. When the
cladding speed was 58.02m/min, the friction coefficient rose to about 0.55 and remained
stable, and fluctuated in a small range until the end after 15 min. When the cladding speed
was 76.86m/min, the friction coefficient rose rapidly to 0.5 and then remained stable without
great fluctuation until the end. The friction coefficient of the traditional laser cladding coating
was 0.68, and the friction coefficients of the three groups of high-speed laser cladding coating
were lower than that of the traditional laser cladding coating, which was 0.61, 0.57 and 0.52

respectively, indicating that the wear resistance of high-speed laser cladding coating was



better than that of the traditional laser cladding coating. And in the high-speed laser cladding
friction and wear test, it can be seen that as the cladding speed increased, the abrasion
resistance of the cladding coating also gradually improved. The reason for this phenomenon is
that of cladding speed at the same time its microstructure refining, bulky columnar crystals
into small dendrites, in larger the cladding coating hardness increased at the same time, the

wear resistance of the cladding coating also improved.
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Fig. 15 Variation curve of friction coefficient of laser cladding coating with different scanning speeds over

time

Fig. 16 shows the scanning morphology of traditional and high-speed laser cladding after
friction and wear under varying parameters. It can be seen that there were many grooves of
different depths and wear and tear on the worn-out surface. As for the traditional laser
cladding coating, due to the low hardness of the coating, when the friction pair composed of
Si3N,4 ceramic ball was rubbed against each other, the softer part of the cladding coating
would be first worn off, then the harder phase would be exposed on the surface layer of the

cladding layer, and the wear would be carried out between the ceramic ball and the bump.



Friction and wear process continued, the softer part of the coating surface of the cladding
layer was gradually worn off, hard phase and coating bonding strength decreased, and friction
was easy to make hard phase fall off from the coating, leaving visible peeling pits on the
surface of the coating. In addition, there was also a small amount of abrasive debris on the
worn-out surface, indicating that in addition to abrasive wear, adhesive wear has also occurred
during the wear process. In the wear process of high-speed laser cladding coating, when the
cladding speed was 37.68 m/min, the furrow depth of surface friction of the coating has
decreased, and the peeling pits on the surface have also been reduced a lot. When cladding
speed was 58.02 m/min, the abrasion of cladding coating has greatly changed, there would be
no large ares of exfoliated pits in the wear morphology. From the previous wear resistance
analysis, it can be seen that the microstructure of the cladding was more uniform and fine at
this time, which improved the mechanical properties of the coating, effectively reduced the
wear cutting when rubbing with the SisN4 ceramic ball, and made the surface of wear furrows
narrow and shallow, no longer wide and deep, and the number of spalling pits was also greatly
reduced. When the cladding speed was 76.86m/min, the furrows worn by the cladding coating
became shallower, and there was no obvious wear and peeling. Only the extrusion marks left
by the friction with the SisN,4 ceramic ball indicated that the coating had better wear resistance.
Based on the surface scanning analysis of friction and wear, the traditional laser cladding
coating had the most serious spalling and poor wear resistance. The wear and peeling of
high-speed laser cladding was improved and its wear resistance was obviously better than that
of traditional laser cladding. Furthermore, with the increase of the cladding speed, the friction
and wear situation improved in the high-speed laser cladding. When the cladding speed was

76.86 m/min, no obvious peeling pits were found, and the macroscopic wear furrows became



narrow and shallow. In addition, the wear surface of the coating was smooth and some pits
and furrows were observed due to the alternating stress of the friction pair. In the study of
Kalyanasundaram et al. [28], they electro-deposited nano-diamond particles on aluminum
alloy A319, and after using nanoindentation, friction and wear tests, they found that when the
microhardness increased, the friction coefficient of the coated sample decreased from 0.60 to
0.32. The experience proved that the microhardness of the coating is the main factor in
reducing the wear rate. The hardness increases and the wear resistance of the coating is also

enhanced.

Peeling pit

f B \ . Peeling pit.-\'\:: ' ﬁaﬁgue peeling

Gelling damage‘?‘

-

- ~Crack propagation

Crack propagation

N

(©) (d)
Fig. 16 Morphology of traditional and high-speed laser cladding friction marks: (a) 0.6 m/min, (b) 37.68

m/min, (c) 58.02 m/min, (d) 76.86 m/min

3.5.3 Electrochemical corrosion



Fig. 17 shows the polarization curve of Ni45 cladding coating in 3.5wt% NaCl solution at
different cladding speeds. The scan rate was 1 mV/s, and the sample with the laser scan speed
of 0.6 m/min was traditional laser cladding, the other three were high-speed laser cladding. It
can be seen from Fig. 17 that each polarization curve had roughly the same trend and anodic
passivation occurred, but the potential range of the passivation film was slightly different.
When the electrode was scanned towards the square sample to a certain potential in the
passivation area, the passivation film on the material surface began to dissolve locally under
the action of CI', and then gradually generated new passivation membrane. When the
dissolution rate was greater than its generation rate, pitting pits would occur locally, and the
current density would increase rapidly at this time. The corresponding potential was called the
breakdown potential (Eb). However, the breakdown potential is easily affected by the
self-corrosion potential. It is inaccurate to use the breakdown potential to measure the
corrosion resistance of the material. The self-corrosion potential is only a concept of the
thermodynamics, and the dynamic characteristics of the material can’t be neglected. When
evaluating the capability, the corrosion current should be considered first. The corrosion
current of the material depends on the dissolution rate of the material. The smaller the

corrosion current, the stronger the corrosion resistance of the cladding layer [29].
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Fig. 17 Electrochemical corrosion polarization curve of the cladding layer at the same cladding speed

Using the CView software to fit the obtained polarization curve, the corresponding
corrosion current value can be obtained, as shown in Table 5. By comparing the coating
polarization curve parameters of the four groups in the table with different cladding speeds, it
is found that when the cladding speed was 0.6 m/min, which was the electrochemical test
result of traditional laser cladding, the corrosion current density was 1.52E-04 (A/cm?), larger
than the corrosion current of three groups of high-speed laser cladding. For traditional and
high-speed laser cladding, the corrosion voltage Ecorr has little changed. It is also observed
that the corrosion rates of the three groups of laser cladding samples were lower and the
corrosion current density decreases with the increase of the cladding speed. The self-corrosion
current density was a symbol of the degree of corrosion of materials. The higher the
self-corrosion current density was, the deeper the degree of corrosion of materials would be,
indicating that with the increase of the cladding speed in high-speed laser cladding, the
corrosion resistance of cladding coating would also be enhanced. When the cladding speed
was 76.86 m/min, the electrochemical test results show that the self-corrosion current density
and corrosion rate of the cladding layer under this parameter were the lowest. By analyzing

the microstructure and phase of the high-speed laser cladding coating, it is found that with the



increase of the cladding speed, the microstructure of the cladding coating was uniform and
fine, which was conducive to improving the corrosion resistance of the cladding layer. The
existence of nanocrystals was observed on the surface layer of the laser cladding layer with a
laser cladding speed of 76.86 m/min. Nanocrystals, on the other hand, can improve the
diffusion rate of elements so that a thicker SiO, surface film can be formed on the surface,

effectively inhibiting the corrosion process of metals [30].

Table 5 Polarization curve parameters of cladding layers at different cladding speeds

. Corrosion current Self-corrosion .
Cladding speed i ] Corrosion rate
. density potential
(m/min) 5 CR (mm/a)
(Alcm?) V)

0.6 1.52E-04 -1.0703 3.35818
37.68 1.17E-04 -0.7511 2.7543
58.02 8.73E-05 -1.035 2.0586
76.86 1.12E-05 -1.0808 0.26434

4 Conclusions

(1) Compared with traditional laser cladding, high-speed laser cladding coating had low
roughness and thinner coating. At a high laser cladding rate, the R value (growth rate of
dendritic crystal tip) increased, leading to a decrease in the G/R ratio (tissue
supercooling), and the microstructure tended to be equiaxial dendritic structure.
Therefore, as the scanning rate increased from 37.68 m/min to 76.86 m/min, the
microstructure of the coating gradually refined, and nanocrystals with a size of 20-100
nm were observed in the top region when the cladding rate was 76.86 m/min.

(2) The coating cooling rate increased with the increase of cladding speed in high-speed laser
cladding. When the cladding speed increased from 37.68 m/min to 76.86 m/min, the

secondary dendrite arm in each area of the cladding coating decreased and its cooling



rate increased. The spacing between the secondary dendrite arms from the interface
region to the top region decreased gradually. When the cladding speed was 76.86 m/min,
the top cooling rate was 100 times higher than the bottom cooling rate. In contrast, the
cooling rates of each area of traditional laser cladding did not vary much.

(3) The microhardness of the cross-section of the traditional laser cladding coating was
relatively uniform, and the top of the coating was not much different from the interface
area, while the top hardness of the high-speed laser cladding coating > the middle
hardness > the bottom area hardness. The reason for this is that the regional cooling rate
of large difference in microstructure size was large, and in addition, nanocrystals were
generated at the top area at a very high cooling rate, which greatly enhanced the
microhardness.

(4) With the increase of laser cladding speed, the microstructure was refined continuously,
and the coarse columnar crystals were transformed into fine dendrites. While the
hardness of the cladding coating was greatly improved, the wear resistance of the
cladding coating also improved.

(5) The corrosion resistance of the high-speed laser cladding coating was better than that of
traditional laser cladding, and the presence of nanocrystals in the surface layer of the
cladding layer with a laser cladding speed of 76.86 m/min improved the element
diffusion rate, which enabled the surface to generate thicker SiO, surface film,
effectively inhibiting the corrosion process of metal and enhancing the corrosion
resistance of the coating.
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