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Abstract: The Ni-based coatings were deposited on the 1Cr10MolNiWVNDN steel by using laser
cladding process. The microstructure and properties of the coatings interface area were investigated
by OM (Optical Microscopy), SEM (Scanning Electron Microscope), XRD (X-Ray Diffraction)
microhardness test and EDS (Energy Spectrum Analysis) analysis. The results show that the bonding
condition of the coatings interface is different in the monolayer and the trilayer. The monolayer
coatings have a small dilution area. The dilution rate in a coating layer increases by layers. The scale
of ferrite (x) phase increases with the layer increases. The surface cladding quality of a monolayer is
better than that of the trilayer coatings. The width of the interface increases with the increase
of the layer. The width of the interface region in the trilayer coatings increases significantly.
The microhardness of the interface zone is much higher than that in the coatings zone and the
substrate zone. The microhardness of trilayer coatings is higher than that of the monolayer.
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1. Introduction

Currently, the environmental and financial constraints on power generation plant have focused
on higher efficiency and lower emission systems. The thermal efficiency of the power plant is most
effectively achieved by increasing the temperature and, to a lesser extent, the pressure of the steam
entering the turbine. The ferrite stainless steel of 12% chromium content is a determinant steel in
the ultra-supercritical power generation units in the nuclear power plant [1,2]. Depending on their
better corrosion resistance and lower cost compared to austenitic stainless steels, both the use and
welding of low and medium grades of ferrite stainless steels have received considerable interests
for power industry applications [3-6]. 1Cr10MolNiWVNDbN is among those steels which have high
strength creep resistance used as turbine blade and rotors in the nuclear power plant [7-9]. Therefore,
the welding is an indispensable process for the manufacturing and repairing of the power plant
products with 1Cr10Mo1NiWVNDbN [10].

Ni-based alloy is widely used as welding and repairing materials [11,12] for its good weldability,
thermal mechanical properties and creep resistance. However, it is not suitable for application in
the welding process of high-precision parts and complex structures due to its high residual welding
stress and bulk welding deformation. To deal with this problem, low heat input and small distortion
cladding process is usually an optimized option in repairing high chromium steel parts with Ni-based
alloys [13,14]. The interface of dissimilar materials is the critical area in 1Cr10Mo1NiWVNDbN steel
part of Ni-based coatings. Microstructure and properties in both sides are determinant for the
reliability of power plant products [15]. However, details of microstructural evolution of dissimilar
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bonding interface in ferritic stainless steel and Ni-based alloys have not been fully understood.
For instance, the cladding parameters will affect the evolution of microstructure and micro-hardness
of the coatings [16].

In this paper, Ni-based alloy coatings were fabricated on the 1Cr10Mo1NiWVNDbN substrate by
laser cladding. The microstructure, distribution of elements, and hardness of the laser cladded coatings
were investigated to characterized to obtain the microstructures and properties of the laser cladded
Ni-based coatings in 1Cr10MolNiWVNDN steel. The main objective of this study is to reveal the
microstructure and mechanical properties of the Ni-based coatings deposited on the high chromium
steel by laser cladding.

2. Materials and Experimental Procedures

Laser cladded Ni-based coatings were fabricated by DL-LPM-III CO; laser system equipped with
an argon shielding gas device. Ni-based spherical particles powder with size of 75-250 um were
chosen as the deposition materials. 1ICr1I0Mo1NiWVNDN steel plate was chosen as the substrate with
dimensions of 150 mm X 15 mm X 12 mm. The morphology of the Ni-based powder is shown
in Figure 1. The chemical composition of the powder and the substrate were tested by EPMA
(Electron probe micro-analyzer, Vario EL Cube, Elementar Trading Shanghai, Shanghai, China), as listed
in Table 1.

Figure 1. Morphology of the Ni-based alloy powder for laser cladding.

Table 1. Chemical composition of the powder and substrate (wt %).

Element
Si Cr B Fe Ni Mn Mo Nb \2Y A% P S

Powder 0.80 35 16 3.6 42  Bal - - - -
Substrate 0.14 0.22 11 - Bal. - 0.58 1.2 0.05 0.3 0.2 0.02 0.02

Materials

The substrate surface was polished and cleaned with acetone and alcohol before laser cladding to
eliminate stains or contaminants. The wavelength of the laser beam was 1064 nm, and the circular
spot size of the laser at the focal length (165 mm) was 4 mm (diameter). The optimized laser processes
parameters and deposited layer parameters are listed in Table 2. High-purity argon gas was invoked as
shielding gas through the copper nozzle with a flow rate of 5 L/min to prevent the melted pool from
oxidation during the cladding process. The specimens were quenched in water after the laser cladding
process. The quenched specimens were sectioned across the cross-sectional plane, then polished and
etched by using 4% nitalacid solutions (4% nitric acid and 96% ethanol).
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The microstructure and morphology of the coatings were characterized using a NIKON
EPIPHOT 300 optical microscopy (OM, Nikon Metrology, Tokyo, Japan) and field emission scanning
electron microscopy (FE-SEM HITACHI S-3400N, Hitachi, Tokyo, Japan) equipped with Inca Energy
energy-dispersive spectrometer (EDS, Oxford Instruments, Oxford, UK). X-ray experiments were
conducted using a Ultima IV X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) and a scanning
rate of 1° min~! over the range 20 = 20°-110°, with unfiltered Cu Ka radiation. The system was
operated at 40 kV and 30 mA.

The microhardness along the cross profile of the coatings was measured by a Vikers microhardness
tester (Zwick/Roell ZHp, Zwick Roell, Ulm, Germany) with a 1 kg load and 15 s loading time.

Table 2. Processing parameters for laser cladding and cladding layers.

Scheme Laser Power (kW)  Scanning Velocity (mm/s)  Spot Diameter (mm) Layers Number

1 3.6 7 4 1
2 3.6 7 4 3

3. Results and Discussion

3.1. Solidification Microstructure

The section morphologies of monolayer and trilayer coatings are shown in Figure 2. There is
no pores or cracks observed in the coatings. The thickness of monolayer coatings is about 1.0 mm,
while the thickness of trilayer coatings is 2.4 mm. The coatings consist of the coating, the heat
affect zone and the substrate, respectively, as shown in Figure 2. The color contrast of the etched
microstructure indicates that Ni-based coatings has a higher brightness than that of Fe-based substrate.
The possible reason is that Ni-based microstructure has better corrosion resistance than that of high
chromium steel. The thickness and width of trilayer coatings are higher than that of monolayer
coatings. This phenomenon can be attributed to much more total heat input, powder presetting of the
prior layer, surface tension, and flow of the molten pool during the trilayer cladding process [17].

Coating

Figure 2. The profiles of cladded coatings with different layers (a) monolayer and (b) trilayer.

The dilution zone of the coatings is defined as the area between the planar growth layer (including
the planar growth layer) and the original surface of the substrate (as shown in Figure 2). The depths of
dilution zone of monolayer and trilayer coatings are similar, which indicates that the laser cladding
process of the second and the third layer’s heat input cannot melt the interface area of first layer.
The samples of trilayer coatings should be cooled to ambient temperature before the next layer
cladding process, to ensure low dilution of the coatings (usually this rate should be minus 5%).



Metals 2017, 7,175 4 0f9

The dilution rate (1) of the cladded coatings with different layers is calculated by using the
equation of n = % , where S, is the dilution zone of the coatings as can be seen in Figure 2, 5 is the
area of the coatings above the original surface line of the substrate. The calculated dilution rates of the
coatings are listed in Table 3. The dilution zone area of monolayer and trilayer coatings is similar, but
compared to monolayer coatings, trilayer coatings have more total surface area. Therefore, the dilution
rate of monolayer coatings is higher than that of trilayer coatings.

Table 3. The dilution rate of monolayer and trilayer coatings.

Laser Power (kW)  Number of Layers  Thickness (mm)  Width (mm)  Dilution Rate (%)

3.6 1 0.9 57 7.8
3.6 3 2.6 8.3 3.3

3.2. The Microstructure in the Coatings

Laser cladding is a rapid solidification process that will cause the fine dendrite to grow. Figure 3
shows dendrite morphology and microstructure at the interface area of the coatings obtained after
monolayer and trilayers cladding process. As shown in Figure 3a, the columnar dendrite clusters
averagely distribute in the center area of the coatings. Fine scale dendrites indicate that the cooling
rate is high during the solidification process. Finer equiaxed grain distributed at the top surface of the
coatings indicates that the cooling rate is higher than that of the center of coatings. The details of the
interface area between the coating and substrate of the monolayer and trilayer coatings are shown in
Figure 3b,c, respectively.

In this study, the dendritic microstructures of different phases in coatings are revealed through
the differences in etching tendency of interdendritic regions and inner dendritic area that refer to the
difference of composition [18].

(a)
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Figure 3. The dendritic morphology (a) and SEM microstructures at interface area of the substrate and
coating material of monolayer (b) and trilayer (c) coatings, (d) microstructure of the substrate.
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The secondary arms with dark line shapes and primary arms with island or long chain shapes can
be observed at the interdenritic regions. The interior areas of islands or chains have lower insensitive
corrosion tendency than that of the boundaries. The laves phase distributes in the interdendritic area
with bright color, as shown in Figure 3b,c. Because of the relatively higher corrosion resistance at the
grain boundaries [16], these regions are difficult to etch to present white lines. The phase distributed
in the inner area of the dendrite is the y phase, the different phases of the inner and interdendritic
regions are caused by chemical segregation during the solidification process.

The scale of laves phase distributed in trilayer coatings is larger than that in the monolayer.
The heat input of the second and third layer in the laser cladding process always affects the initial
microstructure of the prior coatings, meanwhile, the heat input is a driving force for lave phase growth.
Thin planar grains are distributed above the interface line and below the dendrite area as a result of
the high cooling rate at this area. An obvious interface line can be observed below the planar grains.
The microstructure below the interface line is fine lath martensite and acicular ferrite distributed inside
of the martensite lathes. Some blocky ferrite distributed near the interface line grew from the acicular
ferrite, and the growth is caused by the heat effect from laser cladding process (as shown in Figure 4).
Some pores are observed in the HAZ. It existed before the cladding process.

Martensite

o

Substrate 3 Vit - Martensite

Substrate

Figure 4. (a) OM microstructure of the monolayer and (b) trilayer coatings.

3.3. XRD Analysis

The X-ray diffraction results of laser cladding coatings are shown in Figure 5. The results show
that the main phases of coatings are composed of y-(Ni, Cr, Fe) solid solution, Fe;Ni3B, B(Fe, Si),
CrB and laves phase. The characteristic peaks of the two patterns have slightly differences. Laves phase
is always segregated at the interdendritic regions as a complex topological structure of AB,. It can
be reasonably deduced that the regions with light color in interdendpritic regions are laves phases
combined with the relevant XRD patterns [19].

The fractions of each phase in the coatings can be indicated by the intensity of their characteristic
peaks. The trilayer coatings have stronger intensity of CrB and laves phase. Therefore, the laves phase
at the interface region of coatings increases with the increase of layer number.
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Figure 5. XRD patterns of the laser cladded monolayer and trilayers Ni-based coatings.

3.4. The Chemical Composition Distribution

The segregation of solute atoms in interdendritic regions of cladded coatings deviated markedly
from the Brody-Flemings and Scheil equations, as a result of the large solute build-up at the dendrite
tip under such a rapid solidification process [18]. Therefore, the solute concentration in the dendrite
trunk is much higher than the equilibrium solidification in the laser cladded dendritic structure.
Interdendritic chemical segregation in laser cladded coatings can be modified, but cannot be eliminated
by laser cladding process. The solute distribution at one dimension was analyzed to clarify the
segregation condition of the diluted area of the interface area in cladded coatings.

The X-ray energy dispersive spectroscopy line scans across the interface regions and the interior
of the coatings are shown in Figure 6. The results show that all chemical compositions have an obvious
fluctuation across the interface line. A slight intensity fluctuations can be observed on EDS line scan
across the coatings area for C, Si, W, Mo, V, and Ni. It is indicated that these chemical compositions
segregate at interdendritic regions. The segregations were initiated by a large difference in free
energy between the stable solid and metastable liquid, which generally occurred lower than the
liquids temperature during the rapid solidification of the laser cladding process [20]. Therefore,
the assumption of a homogenous liquid was valid at the end of the solidification, and then the solutes
segregated at interdendritic regions [18]. The concentration gradients of segregated elements across
the interdendritic regions were caused by the formation of laves phases.

FeK

Substrate

Coating

Interface line

Figure 6. X-ray energy dispersive spectroscopy line scan across the interface region of the monolayer
region (a) and trilayer coatings (b).
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3.5. Microhardness

The segregation of solute atoms in interdendritic regions of cladded coatings deviated markedly
from the Brody-Flemings and Scheil equations, as a result of the large solute build-up at the dendrite
tip under such a rapid solidification process [18]. Therefore, the solutes concentration in the dendrite
trunk are much higher than the equilibrium solidification in the laser cladded dendritic structure.
Interdendritic chemical segregation in laser cladded coatings can be modified, but cannot be eliminated
by laser cladding process. The solute distribution at one dimension was analyzed to clarify the
segregation condition of the diluted area of the interface area in cladded coatings.

The X-ray energy dispersive spectroscopy line scans across the interface regions and the interior
of the coatings are shown in Figure 6. The results show that all chemical compositions have an obvious
fluctuation across the interface line. A slight intensity fluctuations can be observed on EDS line scan
across the coatings area for C, Si, W, Mo, V, Ni. It is indicated that these chemical compositions
segregate at interdendritic regions. The segregations were initiated by a large difference in free
energy between the stable solid and metastable liquid, which were general occurred lower than
the liquids temperature during the rapid solidification of the laser cladding process [20]. Therefore,
the assumption of a homogenous liquid was valid at the end of the solidification, and then the solutes
segregated at interdendritic regions [18]. The concentration gradients of segregated elements across
the interdendritic regions were caused by the formation of laves phases.

The distributions of microhardness from the coating surface to the substrate are shown in Figure 7.
The measurements of the Vickers hardness for laser cladded coatings were taken in the cross-section
perpendicular to the clad direction [21,22]. Before any series of tests, a calibration test was performed
on a test piece of a known material’s parameter on a daily basis to ensure that the results were within
the normal range of reproducibility. For all hardness measurements, approximately five diagonals
were measured at each load to yield a mean diagonal and standard deviation from which the hardness
was calculated. Under an optical microscope, each indentation was measured diagonally from edge of
the diamond shaped impression to the other edge, across each diagonal. The data were averaged to
provide a mean diagonal length for each materials, the Vikers hardness value associated with each
material was calculated using the relationship as the standard of ASTM E384-11:

P
Hy = 1.8544<dz>
14

where Hy was the diamond pyramid hardness in kg/mm?, P the applied load in kg, dy the mean
diagonal length in mm.
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Figure 7. Microhardness of specimens as a function of distance from surface of monolayer (a) and
trilayer coatings (b).

The results show that the average hardness of Ni-based coatings is lower than that of Fe-based
substrate. This is due to the maintained phase of the substrate microstructure (martensite) with a high
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dislocation density. High dislocation density and phase transformation process can result in high
strain resistance microstructures [23,24]. The maintained microstructure of coatings is y phase with
face centered cubic structure. Compared with body centered cubic structure of Fe-based substrate,
the v phase has a relatively lower strain resistance. At the beginning the microhardness decreases,
but increases from coating surface to substrate soon afterwards in trilayer coatings. The average
hardness of the trilayer coatings is 337 HV. The hardness of HAZ near the interface line is lower
than that of coatings, as shown in Figure 7a. The microhardness of the substrate is above 400 HV.
The microhardness decreasing of the HAZ results from the precipitation and growth of blocky ferrites
during three cladding process.

For the monolayer coating, the microhardness increases from the coatings surface to the substrate.
The average microhardness of the monolayer coatings is 310 HV. The hardness of the HAZ is about
363 HV. It is higher than that of the coatings. This is because that the HAZ of the monolayer coatings
only goes through one-time heat treatment process of laser cladding process. The scale of ferrite is
smaller than that of the trilayer coatings as mentioned in Section 3.2. The average microhardness of
the monolayer coatings is lower than that of the trilayer coatings. The reason for this phenomenon is
that harder laves phase predicates in the prior layer coatings during multi-heat effect of the following
layer cladding process in the trilayer coatings [25].

4. Conclusions

The Ni-based coatings were fabricated on the Fe-based high chromium content steel substrate
by using CO; laser system. An optimized parameter (laser power of 3.6 kW, scanning speed of
7 mm/s) was used during monolayer and trilayer cladding processes. There were no pores or cracks
observed in the coatings. The results show that the Ni-based powder is an ideal material to repair the
1Cr10MolNiWVNDN products that are used in steam turbines for ultra-supercritical unit in a nuclear
power plant. The trilayer coating has good metallurgical bonding with substrate, and its dilution
rate is constrained at a low value. The coatings is composed of thin planar grain at the bottom of the
molten pool, columnar dendrite and fine equiaxed grain near the surface of the coating. The X-ray
diffractometer results of the monolayer and the trilayer coatings both show that the main phase is
Y(Ni, Cr, Fe), others are Fe3Ni3B, B(Fe, Si)3, CrB, and laves (with AB; structure) characteristic peaks.
The laves phase with bright color is observed at the interdendritic area at the center region of the
coatings. The laves phase in the trilayer coatings grows to a greater scale owing to the heat treatment
following a bilayer cladding process. The microhardness of the monolayer coatings increases from the
surface to the substrate. The microhardness of the trilayer coatings firstly decreases, and then increases
as a result of the increase of the blocky ferrite fraction in the trilayer coating. However, the average
hardness of the monolayer coatings is lower than that of the trilayer coatings. This is because the scale
of the laves phase increases in the trilayer coatings.
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