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Abstract In the present paper, the influence of laser cladding conditions on the
powder flow conditions as well as the microstructure, phases, and microhardness of
a Ni-based self-fluxing alloy coating is studied. The formation regularities of a
coating microstructure with different cladding conditions as well as patterns of
element distribution over the coating depth and in the transient zone are defined.
The microhardness distribution patterns by depth and length of a coating for various
laser cladding conditions have been studied. It was found that the laser beam speed,
track pitch, and the distance from the nozzle to the coated surface influence the
changes of the coating microstructure and microhardness.

Keywords Laser cladding - Ni-based self-fluxing alloy - Powder flow - Coating
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1 Introduction

Laser cladding is one of efficient methods to deposit different coatings on machine
parts. In this method, the powder melting and solidification processes lead to the
fabrication of single- or multi-layer coatings. Generally, laser cladding can be
affected by very large number of factors, and several groups can be identified
among them [1-9]. These groups include the following:

e a dependence on laser radiation conditions (laser power, pulse energy, pulse
duration, pulse frequency, laser wavelength, laser beam spot diameter, focal
distance),
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e a dependence on conditions of layer forming (laser scan speed, scan strategy
rotation, number of spots, scanning space, stripe width, stripe overlap, hatch or
track distance, layer thickness, gas content control),

e a dependence on characteristics of powders that was used (size of the powder
particles, powder mass flow, temperature of the powder).

A number of studies have been carried out to investigate the properties of single
tracks, as well as the coating layer as a whole. In [10], the surface morphology and
microstructure of the layer of 316L steel after introduction of a NiB additive were
described. The microstructure and nano-mechanical properties of the layer of
AlSil0 Mg alloy after selective laser melting were researched in [11], and the
density, roughness, and microstructure of AlISil0 Mg layer were described in [12].
The microstructural and mechanical properties and surface quality of CoCrMo alloy
and their relationship with some of the selective laser melting parameters were
studied in [6, 13] for the surface.

The cladding of self-fluxing alloys on different substrate materials is widely
applied. Three groups of these alloys are known now: Fe-based, Ni-based, and
Co-based self-fluxing alloys [7, 14-22]. The Ni- and Co-based self-fluxing alloys
are characterized by wettability, deoxidization, and by a fluxing effect as well as
high physical and mechanical properties, and a good resistance to wear, oxidation,
and high-temperature corrosion.

The aim of the present investigation is to study the formation features,
microstructure, chemical composition, and microhardness of a NiCrBSi self-fluxing
alloy coating formed on AISI 1045 steel’s substrate by laser cladding.

2 Experimental Procedure

The research was carried out with Ni-based self-fluxing hard alloy. The chemical
composition of the powder and the hardness of the material are shown in Table 1.

The coatings were applied to a substrate of AISI 1045 steel (EN 10277-2-2008
C45 steel). The starting powder was sieved to appropriate granulations using a set
of sieves and then was dried in an electric furnace at 200 °C for two hours.
Cladding was performed using a continuous-wave CO, laser “Comet 2” with the
power of 1 kW (Fig. 1). Powder was fed to the work area through a lens with a
nozzle for spot coaxial laser cladding which can operate with the CO, laser in the
range of focal lengths 100—200 mm. The lens can work in conjunction with dif-
ferent gas-powder feeders and provides a simultaneous or programmable flow of up
to four different components. The powder components are mixed in a special

Table 1 Powder composition and the material hardness
C (%) B (%) Si (%) Cr (%) Fe (%) Ni (%) Hardness
0.3-0.6 1.7-2.5 1.2-3.2 8-14 1.2-1.3 The rest HRC 35-40
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chamber and supplied to the laser target area with the nozzle channels. The lens has
an air-cooled lower part of the nozzle and a body that ensures its long service life.
The compressed air is used as a transporting gas. The focal length was of 200 mm,
and a focused spot was of 1.0 mm.

To determine the optimal particle sizes, the segregation of an in situ powder
(Fig. 2) was performed and three fractions were used: less than 20 p, 20-80 p and
80-100 p.

Cladding layers of the Ni-based alloy were tested in the speed range of 40—
120 mm/min when the distance between the nozzle and the surface of sample was
of 10-14 mm. The diameter of the laser spot was of 1 mm, which corresponds to a
power density of 1.27 x 10> W/cm?.

The powder flow was measured by powder blowing through the feeder nozzle
per unit of time when operating the laser, and then samples with deposited powder

Fig. 2 In situ NiCrBSi
powder
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were weighed on a CITIZEN CY-124 analytical balance. Compressed air flow was
measured with a PS5 rotameter with precision +4%. The air pressure was regulated
by a feeder control system. All measurements were repeated three times.

The coating height was measured using an optical microscope with accuracy of
0.001 mm.

The microstructure, morphology, and chemical composition of coatings were
analyzed by a scanning electron microscope “Mira.” The microhardness was
measured using a MICROMET II Hardness Tester. The indenter for Vickers tests
with the load of 100 gf was used (further the designation HV 100 was applied).

Statistica 12 software was used for a graphical interpretation of some results.

3 Results and Discussion

3.1 Powder Flow When Passing Through the Nozzle

The research results of the powder passage through the nozzle of the lens are shown
in Fig. 3. With increasing gas pressure and gas flow, the flow rate of self-fluxing
powder increases, but the behavior of this influence depends on the particle size. In
the case of the fraction with particle sizes of 80—100 pm, the effect of the pressure
increases, but the intensity of the gas flow effect decreases. For the fraction having
particle sizes less than 20 um, the significant gas flow inhibits the flow rate of
particles and the pressure is not affected. This is probably due to packetizing
particles in the feeder, which prevents the particles exit from the nozzle. Thus, the
powder with the size of 20-80 um was the best and was accepted for further studies.
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Fig. 3 Efficiency of the powder particles passage with dimensions less than 20 pum (a), 20-80 pm
(b), and 80-100 pm (c) through the lens nozzle depending on the pressure and flow of the
transporting gas
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3.2 Microstructure and Phase Composition of Single-Layer
Coating

The analysis of the deposited coating layer (Fig. 4) showed that a clear tendency for
reducing dimensions of the structural components and the depth of the heat-affected
zone is observed with increasing the deposition rate. Favorable conditions for the
carbide eutectic y-Ni—(Cr3C, + Cr;C;) formation, as well as the formation of a
low-melting eutectic y-Ni—Ni3B, whose crystallization occurs in the interdendritic
space during cooling, are created in this case.
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Fig. 4 Microstructure of a coating layer
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The cladding distance affects the coating microstructure similarly. Dimensions
of the dendrites decrease with its increasing, and their direction is clearly defined
only in the upper part of the coating layer.

The differences in the microstructures are caused by the conditions of the heat
exchange between the molten coating layer and the substrate. An additional time is
required for the reduction of the oxide films when cladding tracks. It includes the
recovery time of an oxide film between the substrate and the deposited layer, the
recovery time between the powder particles as well as the recovery time of oxides
between the tracks. Areas adjacent to a neighboring layer are subjected to the
double thermal effect, whereby the sizes of the solid solution dendrites adjacent to
the track edge are somewhat increased. The heat-affected zone with the depth of
40-100 pm, depending on deposition conditions, indicates the presence of a
chemical bond between the clad layer and the substrate.

With the increase of a laser beam speed and a distance from the nozzle to the
coated surface, structural components are crushed, transforming into quasi-eutectic
structures. Most of the close-packed planes of a crystal lattice are located on the
surface, because dendrites are crystallized at an angle of 45° to it.

As it was noted above, the alloy microstructure consists of two kinds of
eutectics: y-Ni—Ni3B, whose melting point is 1000 °C, and y-Ni—(Cr;C, + Cr;C3),
which crystallizes at higher temperatures and is a strong coating corset. Secondary
borides crystallize in the form of small nucleuses and have no time to grow.
According to our researches and other investigations [23, 24], the strong coating
corset contributes to a high corrosion resistance in alkalis and acids, and
low-melting eutectic heals the pores, cracks, and other single defects.

3.3 The Distribution of Elements Over the Depth
of a Single-Layer Coating

The results of the study on the elements distribution over the depth of a single-layer
coating are shown in Fig. 5. The stable content of the elements was observed
practically all over the depth of the coating. The nickel content is about 50% all
over the depth of the coating and is much lower than in the in situ powder. At the
same time, 40% of the iron is contained in the coating and is also uniformly
distributed over the entire depth.

This indicates a significant diffusion of the iron from the substrate since the iron
content of the in situ powder does not exceed 1.3% (see Table 1). Chromium and
silicon are also uniformly distributed across the depth of the coating and their
content corresponds to the in situ powder. The uniform content of elements by
coating depth indicates uniform mixing of materials in the melt pond and the same
conditions of coating material heating throughout the depth. Nickel, chromium, and
silicon do not penetrate from the coating into the substrate.
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The finding that the coating elements do not penetrate the substrate is also
supported by Fig. 6, which shows the distribution of the elements in the transient
zone from the substrate to the coating. Nickel, chromium, and silicon contents are
equal to zero already at a depth of 4.5 pm under the interface, and the Ni content
was 4% and the Fe content was 95% on the interface. At a height of 4.5 pum above
the substrate, the content of elements in the transient zone corresponds to their
content all over the depth of the coating.

3.4 Microhardness of the Coating

Microhardness changes by depth and along the coating are shown in Fig. 7. It is
easy to notice that the microhardness increases in the “substrate—coating” inter-
face, and then for each cladding condition, it is about at the same level throughout
the coating depth (Fig. 8a). Microhardness fluctuations are of HV 100 = 200.
Points with an extremely high or extremely low value of microhardness also occur,
ie., HV 100 = 1280 and HV 100 = 200. These changes are caused by the
microstructure changes in different areas of the coating.

It is seen from the results of microhardness measurements in the longitudinal
direction (Fig. 7b) that for each condition of laser cladding, the microhardness is
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Fig. 7 Changes of microhardness by depth (a) and length (b) of a coating: 1 — v = 80 mm/min,
L=10mm, K = 1.0 mm; 2 — v = 120 mm/min, L = 12 mm, K = 1.5 mm; 3 — v = 160 mm/min,
L =12 mm, K =2.0 mm
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Fig. 8 Effect of laser cladding parameters on the microhardness of coating layer for the distance
from the nozzle to the sample surface of L = 10 mm (a) and L = 12 mm (b)

approximately at the same level all over the length. Fluctuations of microhardness
as well as its maximum and minimum values are similar to those in the depth of the
single-layer coating.

The effect of laser cladding conditions (speed of the laser beam v, pitch K, and
the distance from the nozzle to the sample surface L) on the average microhardness
has a complicated character (Fig. 8).

It is known that the crystal growth rate is always less than the nucleation rate and
does not depend on the cooling rate and rate of cladding. At the same time, the rate
of nucleation of crystals increases with increasing the cooling rate and cladding
rate. For this reason, with an increase of the cladding rate from 80 to 120 mm/min,
a decrease in the grain sizes and microhardness growth is observed. It is due to the
growth of a crystal nucleation rate and to the essentially constant crystal growth
rate. With a further increase of the cladding speed to 160 mm/min, despite the
continuing reduction in the grains size, the lack of laser power input and a reduction
of the fusion strength of grains cause a decrease of the microhardness.
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4 Conclusions

Coatings of a Ni-based self-fluxing alloy have been formed by laser cladding using
the CW CO, laser. The optimal granulation of a self-fluxing alloy powder and the
relationship between the flow of powder of various fractions and the flow rate and
pressure of the transporting gas have been determined for conditions of coaxial
laser cladding. The formation regularities of a single-layer coating microstructure
with different cladding conditions as well as patterns of element distribution over
the coating depth and in the transient zone are defined. The microhardness distri-
bution patterns by depth and length of the coating for various laser cladding con-
ditions have been studied. It was found that optimal powder grain sizes are of
20-80 p and reducing dimensions of the structural components and the depth of the
heat-affected zone is observed with increasing the speed of the laser beam. The
effect of speed of the laser beam, track pitch, and the distance from the nozzle to the
coated surface on the average microhardness has a complicated character depended
on the cooling conditions.
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