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In this paper, aiming to solve the problem of cracks in the laser cladding for stainless-steel ball valves, a novel
method for defect-free processing is introduced. To realize this method, a 3-spot high-power diode laser source is
developed. These three spots are respectively used for dynamic local preheating, laser cladding processing and
dynamic local tempering. Using this high-power diode laser, a cladding processing of the stainless-steel ball valve
with Ni60 + WC powder is successfully completed. Compared with the traditional processing approach, the

cladded sample is free from any defects such as cracks and pores, which demonstrates the processing effect of this
approach. This work provides a new method for the laser cladding of stainless-steel ball valves.

1. Introduction

Laser cladding as an advanced technology for surface treatment can
melt the cladding material and the surface of the metallic substrate to
form a coating which dramatically improves the corrosion resistance
and the wear resistance of the metallic substrate [1,2]. Compared with
the traditional arc welding, the laser cladding has distinct advantages,
such as controllable input energy, negligible distortion, low dilution and
automation process. Despite the high cost of laser sources, the laser
cladding has been successfully employed in many industrial fields to
repair metallic parts subjected to severe operating conditions.

Among the so many types of laser sources [3,4], due to the high
electro-optical efficiency, compactness [5], high metallic absorption and
high reliability, high power diode laser source (HPDLS) has become a
popular heat source for the laser processing of engineering and
manufacturing [6]. Furthermore, HPDLS has a natural rectangular spot
which makes it favorable for laser cladding. Many research groups and
companies have focused on the technology of the diode laser cladding
[7-9]. Y Ding et al. used a 2 kW HPDLS to clad stellite alloy mixture on
the seat surface of a control valve, aiming at enhancing the hardness and
the wear resistance [10]. Z Weng et al. employed a 3 kW HPDLS to clad
Fe-base self-fluxing alloy powder, in order to repair V-grooves on the
ductile cast iron substrates [11].
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In the petrochemical industry, stainless-steel ball valves are usually
used as critical components which are subjected to aggressive operating
conditions such as high-pressure steam, mechanical wear and chemical
corrosion. In such conditions, the pitting and spalling easily occur on the
surface of ball valves after they operating for a period of time, which
leads to the leak of the petrochemical material. The reason for this
phenomenon is mainly because stainless-steel ball valves have insuffi-
cient hardness and low wear resistance. To meet the requirement of
above applications, the hardness of ball valves should be at least 550
HVj 1, however, the hardness of the stainless-steel material (304) is only
approximate 220 HVy ;. In order to increase the operating lifetime of
stainless-steel ball valves, the laser cladding is necessary to enhance its
surface properties like hardness and wear resistance. Unlike other cases,
the laser cladding of stainless-steel ball valves is very challengeable.
Since the ball valve is a spherical structure, the thermal stress produced
by the contraction of substrate volume during its cooling period can lead
to the generation of cracks on the substrate surface, which reduces the
leakproofness of the ball valve. Thus, how to eliminate cracks of the
cladding coating on the ball valves is a key technical problem to be
solved, and many efforts have been put forward to this aspect [12,13]. C
Lin et al. use the method of the surface preheating to sublimate graphite
nodules on the surface of gas turbine casings, in order to enhance the
weldability of the substrate and avoid the generation of cracks [14]. S

Received 19 March 2020; Received in revised form 14 March 2021; Accepted 7 April 2021

Available online 26 April 2021
0030-3992/© 2021 Elsevier Ltd. All rights reserved.


mailto:zhbciomp@163.com
www.sciencedirect.com/science/journal/00303992
https://www.elsevier.com/locate/optlastec
https://doi.org/10.1016/j.optlastec.2021.107142
https://doi.org/10.1016/j.optlastec.2021.107142
https://doi.org/10.1016/j.optlastec.2021.107142
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2021.107142&domain=pdf

X. Lin et al.

Chang et al. also adopt the surface preheating to heat the substrate to
250°C to prevent cracks in the cobalt-based alloy coating on the seat face
of control valves [15]. However, the elimination of cracks in the clad-
ding coating of stainless-steel ball valves has yet be reported so far to our
knowledge.

Therefore, aiming to solve this issue, a novel method for the laser
cladding of stainless-steel ball valves based on HPDLS is proposed and
demonstrated in this paper. Compared with traditional cladding method
with prior preheating, this method employing a 3-spot HPDLS can clad
stainless-steel ball valves with preheating and tempering in one-time
processing, which realizes the defect-free cladding of stainless-steel
ball valves. This paper is structured as follows. Firstly, according to
this processing method, the development of 3-spot HPDLS is introduced.
Three beam spots are respectively used for dynamic local preheating
(DLP), laser cladding processing (LCP) and dynamic local tempering
(DLT). Secondly, a set of comparative experiments of the laser cladding
on the stainless-steel ball valves are carried out. Finally, properties of
cladded samples are measured, and a defect-free cladding coating of the
stainless-steel ball valve is obtained. This work gives an experimental
guide on the laser cladding of stainless-steel ball valves.

2. Development of 3-spot HPDLS
2.1. Beam combination

The diode laser unit employed in this HPDLS is the diode laser stack
which is widely used in the development of HPDLS [16,17]. Stacks
composed by numerous diode laser bars can easily output several kilo-
watts power. To further increase the output power, a model based on the
beam combination is built, in which two 915 nm stacks and two 976 nm
stacks are combined. These stacks have the same structure, and pa-
rameters are listed in Table 1. Because the divergence angle of diode
laser bars is approximate 70° x 9° (95% power content), every bar
should be firstly collimated in the fast axis (FA) by an aspheric cylin-
drical lens. Then, a group of double cylindrical lenses with a focal length
of 200 mm is designed and inserted in the beam path for the slow-axis
(SA) collimation. After collimation, the divergence angle of bars is
dramatically decreased to 7 mrad x 54 mrad (95% power content).

At present in many ways for increasing output power of HPDLS,
beam combination has been demonstrated to an efficient method,
because it can scale the power while maintaining a constant beam
quality [18,19]. In our case, technologies of polarization beam combi-
nation (PBC) and wavelength beam combination (WBC) are imple-
mented. Firstly, in order to make the polarization states of a group of
stacks with the same wavelength orthogonal, a half-waveplate is inser-
ted in the collimated beam of one stack. Then, two orthogonally polar-
ized beams are multiplexed together when they reach the polarization
beam splitter (PBS). Subsequently, WBC is employed to multiplex two
polarization-combined beams with different wavelengths by a dielectric
mirror which is typically designed for WBC with a high combining

Table 1

Parameters of diode laser stacks.*
Parameter Value
Number of stacks 20
Chip width 10 mm
Cavity length 2 mm
Number of emitters 49
Emission width 100 pm
Emitter pitch 200 pm
Filling factor 50%
Pitch of bars 1.9 mm
Opa 70°
Ogsa 9°
Output power 1600 W
" Parameters are supplied from  product

specifications.
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efficiency. Fig. 1 is the structural diagram of the whole beam combi-
nation system. After combination, an output power of 6100 W is
measured at the injection current of 70 A. Compared with the total
initial output power of stacks, there are some losses in the procedures of
beam collimation and beam combination.

2.2. Optical design of 3-spot output

In this work, we propose to adopt a 3-spot HPDLS for cladding the
surface of stainless-steel ball valves, thus, an optical system is designed
for splitting the combined beam. The schematic diagram is shown in
Fig. 2.

In this system, two prisms made of fused silica are inserted in the
beam path to refract the upper and lower parts of the combined beam.
These two parts of beams deviate from the original path. However, the
middle part of the combined beam directly emits along the original path.
The far field of three beamlets are shown in Fig. 3.

From Fig. 3 we can see that there are many filamentous beams in
each beamlet. The reason for this phenomenon is that diode laser bars in
the stacks have small pointing errors, which makes these beams unable
to overlap in the far field exactly. After splitting, a pair of field lenses
with a focal length of 350 mm is subsequently employed to make these
three beamlets convergent and finally focus them to three focal spots on
the focal plane. Because diode laser stacks have natural rectangular
beams, three focal spots are linear with a top-hat distribution. The
corresponding size of three focal spots is 12 mm x 1.5 mm. The space of
focal spots (h) is mainly regulated by the angle of prisms, which is
calculated by

h = f-tanlarcsin(nsind) — 0], @

where n and 6 respectively denotes the refractive index and the wedge
angel of prisms. Furthermore, the power of each part can be controlled
by a reasonable position adjustment of prisms, which will not affect the
space of focal spots. Considering the previous experience of the laser
cladding, the power of three focal spots are respectively set to 1 kW
(DLP), 3 kW (LCP) and 2 kW (DLT), and the space of focal spots is 30
mm.

3. Laser cladding experiment

The principle of the laser cladding based on the 3-spot HPDLS is
diagrammatically illustrated in Fig. 4. The first beam is used for DLP,
which aims to increase the local temperature of the substrate surface,
further reducing the temperature gradient. Cladding powder is fed on
the substrate surface and after the first focal spot by a powder feeding
nozzle. The second beam is used as a main heat source to generate a
molten pool on the substrate surface. With the rotation of the ball valve,
the cladding powder is delivered into the molten pool, and then rapidly
melted and solidified. This relative constant movement between the
laser spot and the ball valve makes it possible to generate a cladding
coating with a constant thickness. Thermal stress usually occurred in the

915nm stacks
~—
. Polarization beam
976nm stacks ©
Sa
Dichroic beam
/'y splitter
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Fig. 1. Structural diagram of beam combination system.
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Prism Focusing Lens

Focal length: f=350mm

Combined beam Focal spot

— Laser direction

Fig. 2. Schematic diagram of beam splitting optical system for combined beam,
n means the reflective index of prisms.

Fig. 3. The far field of three beamlets.

period of the rapid solidification can induce cracks in the laser coating.
In this case, the third beam utilized for DLT slows down the cooling rate,
which is promising to release residual thermal stress and avoid the
generation of cracks.
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To demonstrate this novel method for the laser cladding of stainless-
steel ball valves, tests are performed using this 3-spot HPDLS. HPDLS is
integrated into an industrial machine and fixed over the ball valve. A
CNC table is employed to rotate the ball valve with regard to HPDLS.
Because the smaller the ball valve is, the bigger the contractility will be,
correspondingly causing more difficulty to eliminate cracks. To better
verify the cladding effect, the ball valve with a small diameter of 80 mm
is adopted in this experiment. The surface of the ball valve is placed on
the focal plane of HPDLS. The material of the ball valve is stainless steel
304. The hardness of the ball valve is approximate 220 HV ;.

Usually, Ni-based alloy powder added with hard ceramic particles
tungsten carbide (WC) is extensively used as a cladding material to
improve the corrosion resistance and the wear resistance. The cladding
powder used in the experiment is Ni60 + WC (Wt. ratio: 100:30). The
chemical composition of Ni60 + WC powder is shown in Table 2. The
size of Ni60 powder particles is in the range of 80 pm-100 pm and that of
WC powder particles (angular shape) is in the range of 45 pm-100 pm.

During the laser cladding processing, the cladding powder is usually
injected into the processing area through an off-axial or co-axial powder
feeding nozzle. However, the laser beam attenuated by the cladding
powder can cause the fluctuation of the laser energy, further changing
the shape of the molten pool, which has a significant impact on the result
of the cladding. To avoid this phenomenon, the method of pre-placed
powder feeding is employed in this experiment. Processing parameters
of the laser cladding is listed in Table 3. An off-axial feeding nozzle is
kept at an angle of 45° to the horizontal. The rectangular exit of the
feeding nozzle with a dimension of 10 mm x 2 mm can match the shape
of the focal spot. High purity nitrogen gas with a flow rate of 15 L/min is
applied as a shielding gas to shield the molten pool from oxidation. To
compare the processing effect of this method with the traditional pro-
cessing method, a group of tests are carried out. In the first test, the
second beam of HPDLS with the output of 3 kW is only employed to
realize the traditional laser cladding. While in the second test, three
beams are all used to process the ball valve. An overlap ratio of 50% is
adopted for the multi-track laser cladding in the two tests, which can

Table 2
Chemical composition of Ni60 powder.
Chemical composition(%) Fineness
C Cr Si Fe Ni B
Ni60 0.78 159 4.55 5.0max Bal / 150/300%
wC Purity > 99% 140/300%

Laser beam: I, II, III

Heat affected zone

Valve body

=)

Step 1

Valve body

Step 2

Feed cladding powder

Valve body

—

Step 3

I: Dynamic local preheating; II: Laser cladding processing; III: Dynamic local tempering

Fig. 4. Schematic diagram of laser cladding based on the 3-spot HPDLS.
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Table 3

Processing parameters of the laser cladding.
Parameter Beam I Beam II Beam IIT
Power 1 kW 3kw 2 kw
Wavelength 9xx nm

300 mm/min
10 mm x 2 mm

Scanning speed
Dimension of feeding nozzle

Angle of feeding nozzle 45° to the horizontal
Shielding gas high purity nitrogen gas
Flow rate 15 L/min

produce a uniform cladding thickness about 1.4 mm. After the pro-
cessing, a liquid dye penetrant test with color indication is used to detect
cracks presented in the cladding coating of the ball valve. Cladded
samples can be visually inspected by this test, which are shown in Fig. 5.

From Fig. 5(a), we can see that a lot of cracks appear in the cladding
coating of the ball valve. This is attributed to that the coefficient of
thermal expansion (CTE) of the cladding coating is much different from
the substrate. Therefore, the high cooling rate causes the major thermal
stress, which can lead to the generation of cracks during the cooling. In
Fig. 5(b), however, no visible cracks is found in the cladding coating,
which preliminarily proves that the laser cladding based on the 3-spot
HPDLS can eliminate cracks effectively.

The average hardness of two cladded samples measured by a

—
10 mm

(b)

Fig. 5. Liquid dye penetrant test with color indication for cracks inspection. (a)
Traditional processing method with single laser beam (b) Laser cladding based
on the 3-spot HPDLS.
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Rockwell hardness tester are about HRC58 (cladded in the traditional
processing method) and HRC54 (cladded by the 3-spot HPDLS),
respectively. Though the third beam used for DLT causes “back
tempering” for the previous cladded area, comparing with the original
hardness, the hardness of the sample cladded by 3-spot HPDLS is dras-
tically increased, which can meet the requirement of most industrial
applications.

Specimens for the microstructural analysis are cut from the 3-spot
cladded ball valve using a wire-electrode cutting machine. Fig. 6(a)
shows the cross-sectional micrographs of the cladding coating. The grey
phase in the coating mainly consists of WC particles. It is worthwhile

(©)

Fig. 6. Cross-sectional micrographs of the cladded specimen under the various
magnifications (a) 50 x magnification, the green scale shows a cladding coating
height of 1.4 mm, (b) 100x magnification, (c) 200x magnification.
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noting that the distribution of WC particles is not uniform throughout
the coating. WC particles are mainly placed at the lower position of the
coating, which can be attributed to that the lower melting point and
slower solidification rate of the Ni60 matrix make WC particles tend to
sink when the Ni60 matrix solidifies. Micrographs (b) and (c) are used to
further inspect pores and microcracks, from which we can found no
defects in the cladding coating.

The microhardness across the cross section of the cladded specimen
is measured by a Vickers-1000 tester with HV ; load for 10-s dwell time,
and measurement locations are shown in Fig. 7. The distance between
measurement locations is 0.05 mm.

The measured average microhardness value of each location is
shown in Fig. 8. The cladding layer is denoted by A in the picture. The
upper part of the cladding layer (0-0.5 mm) mainly consists of Ni60
matrix, and the average microhardness fluctuates from 590 HV ; to 630
HVj 1. In the lower part of the cladding layer (0.5 mm-1.4 mm), the
microhardness increases from 630 HVyj to 703 HVy 1. We already
discuss that WC particles sink toward to the lower position of the clad-
ding coating, which makes this layer have the higher hardness. Usually,
ball valves after the laser cladding are grinded by the machine to recover
the original diameter, so this highest hardness layer is exposed, which
can dramatically increase the hardness and wear resistance of the sub-
strate surface. In the bonding zone (1.4 mm-1.6 mm) denoted by B, the
average microhardness decreases from 703 HVj; to 533 HVy ;. This
variation could be the result of an alloy layer formed by the cladding
material and substrate. Under this layer is the heat affected zone (1.6
mm-1.8 mm), marked by C, the average microhardness decreases
further from 533 HVp 1 to 223 HVy 1. This is because that, with the
deepening of the processing depth, the substrate is not highly affected by
the laser radiation. D region is the substrate which is not affected by the
laser radiation, so the microhardness has a steady value of about 220
HVp 1.

4. Conclusion

(1) In this paper, in order to eliminate cracks in the laser cladding
coating on the stainless-steel ball valves, a novel processing
method based on the 3-spot HPDLS has been introduced and
demonstrated. In this method, three beam spots are employed for
increasing the local temperature of the substrate surface, clad-
ding the coating and slowing down the cooling rate, respectively.

(2) Using this method, when three beam spots are set to 1 kW (DLP),
3 kW (LCP) and 2 kW (DLT), a laser cladding processing of the
stainless-steel ball valve is successfully completed with Ni60 +
WC powder. Through a liquid dye penetrant test with color
indication, we can see that cracks and pores in the cladding
coating of the ball valve are effectively eliminated.

(3) The average hardness and the highest microhardness are inves-
tigated, and the results are HRC54 and 703 HVj ;, respectively,
which can meet the most requirements of industrial applications.
In the traditional laser cladding, to eliminate cracks of the clad-
ding coating, cladding samples are usually preheated with an
induction heater (coil) before the processing [20-22]. After the
processing, cladding samples are tempered at high temperature
for several hours in order to relief the stress [23]. This is very
complex and time consuming to process a sample. Comparing
with the traditional method for eliminating cracks, this method
can process the ball valve in one-time, which greatly increase the
processing efficiency.

This work not only provides a novel method for laser cladding of

the stainless-steel ball valve, but also paves the way for the future

research of the diode laser processing.
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