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Abstract: To determine the optimal process parameters for the preparation of a Co-based alloy
cladding layer, the experimental research of laser cladding Co-based alloy was carried out based on
the optimal process window and grey relational analysis methods with 42CrMo as the substrate. The
analysis of variance (ANOVA) was used to explore the influence laws of laser process parameters
on the forming characteristics of the cladding layer within the optimal process window range.
Furthermore, the optimal process parameter combination was obtained by grey relational analysis,
and the experimental verification of the optimization results was conducted. It was found that the
process parameter interval determined by the optimal process window was laser power 1300-2100 W,
scanning speed 6-14 mm/s, and powder feeding rate 17.90-29.84 g/min. The influence order of each
process parameter was: laser power > scanning speed > powder feeding rate. The optimal process
parameters of laser power 2100 W, scanning speed 6 mm/s, and powder feeding rate 17.90 g/min
were obtained. The experimental verification results of optimal process parameters proved that the
grey correlation grade of the optimized parameters was improved by 0.260 compared with the initial
parameters and agreed well with the prediction value with an accuracy of 96%. After optimization,
the cross-sectional area, the ratio of the width to height, cladding efficiency, and powder utilization
rate of the cladding track increased by 4.065 mm?, 1.031, 19.032, and 70.3%, respectively, and the
fluctuation ratio decreased by 60.9%. The optimal cladding track was well bonded to the substrate
without cracks, holes, and evident element segregation, and included the phases of Cr3C;, CoCx,
fcc-Co, and WC.

Keywords: laser cladding; co-based alloy; parameters optimization; process window; grey relational
analysis

1. Introduction

Laser cladding is a green advanced surface modification technology that utilizes a
high-energy-density laser beam to rapidly melt and solidify the cladding powder and
substrate, forming a metallurgical bonding [1-3]. It is widely used in mining machinery [4],
aerospace [5,6], railway [7,8], and other industrial fields because of its advantages such as
small heat-affected zone, low dilution rate, and fast processing speed. As a layer-by-layer
additive manufacturing technology, the final forming quality and service performance of the
cladding layer largely depends on the geometrical characteristic and the fusion relationship
of cladding tracks. Therefore, ensuring the production of a single cladding track with
high forming quality and ideal performance is essential for laser additive manufacturing
of parts.

The unreasonable selection of laser process parameters such as laser power, scanning
speed, and powder feeding rate is the main reason for the poor forming characteristics of
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the cladding layer [9]. Scholars have carried out a lot of research on various methods to
optimize the process parameters of laser cladding, including the response surface method
(RSM) [10-12], grey relational analysis [13,14], optimization algorithm [15], and linear
regression method, etc. [16-18]. It was found that optimizing processing parameters is an
effective way to improve the forming characteristics of the cladding layer. Gao et al. [10]
and Meng et al. [11] adopted RSM to propose the regression models between laser process
parameters and responses considering the cladding layer’s forming characteristics and
mechanical properties. They found that the scanning speed and laser power have the
most significant effect on the dilution rate. In contrast, the scanning speed is the most
remarkable parameter affecting microhardness and the ratio of cladding layer width to
height. Wu et al. [12] optimized the process parameters of laser cladding Ni60A-25% WC
on 42CrMo substrate surface by RSM. They obtained that the cladding layer has a dense
microstructure and high mechanical properties under the optimal process parameters,
in which microhardness is obviously higher compared with the substrate. Xu et al. [13]
analyzed the influence of process parameters on the mechanical properties of the Inconel718
cladding layer by ANOVA. The optimal combination of process parameters related to the
maximum microhardness, load value, and yield strength was obtained with grey correlation
analysis. Deng et al. [14] studied the influence of laser power, scanning speed, and shielding
gas flow rate on the responses of cladding height, cladding width, and dilution, etc. The
multi-objective parameters were optimized by Taguchi-grey relational analysis method.
The grey correlation value increased by 0.229 under optimal conditions. Guo et al. [15]
established a multi-objective optimization model based on the maximum cladding height
and cross-section area, minimum heat-affected zone area, and dilution rate, and further
optimized the solution by the MOPSO algorithm. They concluded that the model has
higher prediction accuracy, in addition, the scanning speed and powder feeding rate had a
significant influence on the dilution rate and the geometric characteristics of the cladding
layer. Razavi et al. [16-18] systematically studied the geometry of Inconel718, Ti-6Al-4V,
and Co-Cr-Mo alloy cladding layers using linear regression, respectively. They drew the
process map based on the model results to predict the influence of process parameters on
the cladding layer geometry. Compared with the previous research, the current work pays
more attention to the application of intelligent optimization algorithms.

42CrMo steel has favorable strength, hardness, and service characteristics as a common
material for key parts of fully mechanized mining equipment [19]. It is extremely easy to
produce wear, corrosion, and other failure behavior since it has been in a complex and
harsh working environment. Co-based alloy cladding powder owes excellent self-melting,
wear, corrosion, and oxidation resistance [20]. Therefore, scholars generally achieve surface
modification by laser cladding technology on the surface of the damaged substrate with
Co-based alloy powder. Cui et al. [21] used laser cladding technology to investigate the
microstructure evolution of the cladding layer between the substrate and Co base alloy, and
established that the overlap zone has positive corrosion resistance and no pitting behavior.
Yang et al. [22] comprehensively explored the microstructure, hardness, corrosion, and
wear behavior of Co-base alloy, and the results indicated that the cladding layer was well
formed without visible defects. Combined with the analysis of laser process parameters,
they obtained the corrosion resistance and wear resistance of the cladding layer significantly
improved with the hardness increased.

From the current research results, scholars mainly focus on the related research on
the service performance of the Co-based cladding layer. Compared with selective laser
melting, the complicated and interactive physical phenomena including heat transfer, rapid
solidification, terrible atmosphere, and fierce convective flow of laser cladding, result in
additional difficulty in controlling the forming quality. Meanwhile, single-track cladding
provides necessary information closely related to the formation mechanism of multi-layer
and multi-track cladding. However, synthetically considering the forming quality, cladding
efficiency and cost economy of the cladding layer, the more effective optimization of process
parameters of the Co-based cladding layer is rarely reported.



Coatings 2023, 13, 1090

30f21

In this study, the Co-based alloy single cladding track was prepared on the 42CrMo
substrate surface based on Laser cladding technology. Firstly, the optimal process window
was constructed, and the range of process parameters was optimized by an all-factor exper-
iment. Secondly, the effect trend of laser power, scanning speed, and powder feeding rate
on cross-section area, heat affected zone area, cladding efficiency, powder utilization rate,
the ratio of cladding track width to height, and fluctuation ratio were further determined by
ANOVA. Finally, the optimal process parameter combination was obtained by combining
the gray relational analysis method. Furthermore, the effectiveness of parameters optimiza-
tion in improving the forming characteristics, processing efficiency, and cost economy of
the cladding layer was verified by experiments. The development of the research will have
an important guiding significance for the preparation of a Co-based alloy cladding layer
with excellent forming quality.

2. Materials and Methods
2.1. Experimental Materials and Equipment

In this research, the 42CrMo substrate was cut into 150 mm x 150 mm x 10 mm
cube samples by wire cutting equipment. The samples were successively polished with
100-2000 # abrasive paper to ensure smoothness and remove the substrate oxidation layer
before laser cladding treatment. Then, the surface impurities were cleaned with anhydrous
ethanol and acetone, and dried for use. The cladding material adopted the spherical Co-
based alloy powder with a diameter range of 45-150 um. The particle characteristics and
the elemental composition of Co-based alloy powder and 42CrMo substrate are shown in
Figure 1a. The laser cladding processing system is presented in Figure 1b. It is composed of
a fiber laser (LDM-3000, Laserline, Germany) (a continuous wavelength of 900-1080 nm, an
output power of 100-3000 W, a laser spot of 4 mm, and a focal distance of 40 mm), a 6-axes
industrial robot (KR30HA, KUKA, Germany), a coaxial powder feeding system, a water
cooling system and a gas supply system (99% high purity argon used as powder carrier
gas and shielding gas flow of 5 L/min and 10 L/min, respectively).
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Figure 1. Experimental material and processing equipment of laser cladding: (a) Characteristic of
cladding powder and elemental composition of the Co-based alloy and 42CrMo substrate; (b) Laser
cladding processing system.

The samples surface characteristics of the cladding track were measured with a digital
optical microscope (VHX-5000, Keyence, Japan). After cutting, grinding, polishing, corro-
sion (Co,HsOH:HNOj = 24:1, vol.%), cleaning, and drying, the cladding tracks cross-section
microstructure characteristics were observed by VHX-5000. The elemental composition
and distribution of the Co-based alloy cladding layer were characterized by a field emis-
sion scanning electron microscope (Sigma 300, Zeiss, Germany) equipped with an EDAX
spectrometer. The cladding layer phase composition was measured by Bruker D8 Ad-
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vance X-ray diffractometer test platform (voltage 30 kV, electric current 10 mA, the Cu-Ko
radiation, and scanning speed 5° /min).

2.2. Experimental Design

The cross-section geometric characteristics of a single cladding track are shown in
Figure 2, including cladding height (H), cladding width (W), the cross-section area of (A.),
and heat-affected zone area (Ay4z). To obtain a Co-based alloy single cladding track with
excellent forming characteristics, cladding efficiency, and powder utilization rate, the laser
power P, scanning speed Vs and powder feeding rate V; were chosen as experimental
factors. The all-factor experimental scheme of three factors and five levels is designed, as
shown in Table 1.

Co-based

Cross-section

Figure 2. Cross-section geometric characteristics of the single cladding track.

Table 1. All-factor experimental design scheme.

Laser Power P Scanning Speed V; Powder Feeding Rate V;
Level .
W) (mm/s) (r/min)
1 500 6 11.94
2 900 10 17.90
3 1300 14 23.87
4 1700 18 29.84
5 2100 22 35.81

3. Results and Discussion
3.1. Optimal Process Window

Figure 3 presents the five states (no fusion, lack of fusion, warping, rough and irregular,
regular and smooth) marked with different colors under different process parameters for
the 125 cladding tracks [23]. When Laser power is 500 W and 900 W, the laser energy is
much lower than the melting point of the Co-based alloy powder and the 42CrMo substrate,
leading to the formation of the cladding track being nonexistent. When the laser power
and scanning speed increase to 1300 W and 18 mm/s, respectively, the lack of fusion
appears due to the insufficient energy of the laser-irradiated molten pool. With the increase
of laser power, the energy absorbed by the powder also increases accordingly, and the
morphology of the cladding track gradually becomes continuous and smooth. However,
when the scanning speed reaches 22 mm/s, the time for the powder to absorb laser power
is insufficient, resulting in a rough and irregular surface of the cladding track. Meanwhile,
as the powder feeding rate increases, the warpage occurs at both ends of the cladding track.
The warpage phenomenon is severe when the powder feeding rate increases to 35.81 g/min.
Thus, the effective process range of the laser cladding Co-based cladding layer is P > 900 W;
P=1300W, Vs <8 mm/sand P =1700 W, V5 <22 mm/s.
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Figure 3. Morphology characteristics of cladding layers under different process parameters:
(@) Vy=1194 g/min; (b) Vy = 17.90 g/min; (c) Vy = 23.87 g/min; (d) V; = 29.84 g/min and
(e) Vy=35.81 g/min.

Considering the forming characteristics, processing efficiency, and cost economy of
the single cladding track, the cross-section area A., cladding efficiency #., and powder
utilization rate 77, are selected as evaluation indexes. The variation of the cladding track
cross-section area Ac under different process parameters is shown in Figure 4. Laser power
and scanning speed have a more significant impact on the cross-section area of the cladding
track. When the laser power remained stable, the time of laser acting on the powder was
shortened with the increase of the scanning speed, making it difficult for the powder to
melt completely, and the cladding track cross-section area decreased obviously. When the
laser power is 1300 W, the scanning speed has the most significant effect on the cladding
track cross-section area. With the increase of laser power, when the scanning speed exceeds
10 mm/s, the cross-section area decreases slowly. In addition, the variation of powder
feeding speed has no evident effect on the cladding track cross-section area. While the
powder feeding speed is over 23.87 g/min, the cladding track cross-section area tends to be
stable because the effective powder melting amount reaches the threshold.
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Figure 4. Influence of different process parameters on cross-section area: (a) P = 1300 W;
(b) P =1700 W and (c) P = 2100 W.

Cladding efficiency 7. is defined as the effective cladding volume of Co-based alloy
powder per unit time [24], which is expressed as Equation (1). Comparing Figure 5a—c,
it can be found that the laser power is the most influential parameter on the cladding
efficiency. As the laser power increases, the influence of scanning speed on cladding
efficiency tends to slow down because the scanning speed is negatively correlated with the
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time of laser action on the powder. When the laser power is low to 1300 W, the cladding
efficiency increases with the decrease in scanning speed on account that the powder has
enough melting time. As shown in Figure 5b, when the laser power increases to 1700 W, the
effect of scanning speed on the cladding efficiency begins to attenuate due to the increase of
the energy of laser irradiated powder. In this case, the impact of powder feeding rate on the
cladding efficiency becomes remarkable. This is because when the laser energy is sufficient,
the powder involved in melting increases with the increase of powder feeding amount,
and the cladding efficiency increases steadily. With the further growth of laser power, the
trend of cladding efficiency increase is more prominent. Adequate laser energy at a higher
powder feeding rate is spent in melting the Co-based alloy powder increasing the cladding
efficiency. Meanwhile, with the further increase of laser power, the improvement trend of
cladding efficiency is particularly significant, as presented in Figure 5c.

He=Ac X Vs (1)

where A, is the cladding layer cross-section area, Vs is the scanning speed.
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Figure 5. Influence of different process parameters on cladding efficiency: (a) P = 1300 W;
(b) P=1700 W and (c) P = 2100 W.

The powder utilization rate is defined as the ratio of the actual powder mass used
in each cladding track to the powder feeding amount at the same time. From Figure 6,
the two ends of the cladding track are assumed to be partially spherical according to the
spatial structure characteristics of the cladding track in this research. Additionally, the
powder utilization rate is calculated by Equation (2). The relationship between powder
utilization rate and process parameters is noted in Figure 7. With the increase in the
scanning speed, the powder utilization rate follows a decreasing trend with the same laser
power. While with the increase in the laser power, the influence of scanning speed on
the powder utilization rate gradually weakens. Until the laser power reaches 2100 W, as
observed in Figure 7c, the powder utilization rate remains almost unchanged much with
the variation in scanning speed and powder feeding rate. Obviously, the powder utilization
remains higher due to more powder being melted with sufficient laser energy. Moreover,
the effect of powder feeding rate on powder utilization rate followed the opposite trend
with respect to the laser power. Because the amount of powder involved in melting is
limited by laser energy, the number of unmelted powder increase at a higher powder

feeding rate. In this study, powder utilization is minimal in case of the powder feed rate is
up to the maximum of 35.81 g/min.

_ pc{IW + 7/3H?[3(W? +4H?) /8H — H| } )
r= (1/V,/60)V; @

where p, is cladding layer density, Co-based cladding layer density is 8.46 g/cm? in this
study, [ is cladding track processing length, [ = 40 mm.
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Figure 6. Schematic diagram of the spatial structure characteristics of the cladding track.
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Figure 7. Influence of different process parameters on powder utilization rate: (a) P = 1300 W,
(b) P=1700 W, and (c) P = 2100 W.

Comprehensively considering the forming quality, processing efficiency, and cost econ-
omy of the cladding layer, the satisfactory morphological characteristics, cladding efficiency
above 15 mm? /s, and powder utilization higher than 50% cladding track are selected. The
optimal range of process parameters is determined by laser power 1300-2100 W, scanning
speed 6-14 mm /s, and powder feeding rate 17.90-29.84 g/min. From Figure 8, the optimal

process window of the laser cladding Co-based alloy cladding layer is constructed based
on the optimization ranges of process parameters.

Powder feeding rate
¥y /(g/min)

@ Defective cladding tracks @ 1, <50% @ Preferred parameters

g <15mm’*s [_] Optimal range  [_] Experimental range
Figure 8. Optimal process window.

3.2. Multi-Objective Process Optimization

In order to obtain the optimal combination of process parameters, the process parame-
ters are further optimized based on the above optimal process range. The design factors,
levels, and scheme of the Taguchi orthogonal experiment using Lys5(5%) are presented in
Tables 2 and 3. Considering the forming characteristics of the Co-based alloy cladding
layer, the thermal damage degree of the 42CrMo substrate, the wettability, the surface
smoothness, the processing efficiency, and the cost economy. Cross-section area (A.), heat
affected zone area (A7), cladding efficiency (17.), powder utilization rate (17,,), the ratio of
cladding track width to height (), and fluctuation ratio (1) are chosen as experimental
responses. Where Ay is the ratio of the cladding width to the cladding height, Ay is used
to evaluate the smoothness of the cladding track (d is the fixed length that the intermediate
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stationary stage of the cladding track, d = 20 mm), which the measurement and calculation
methods are shown in Figure 9 and Equation (3).

__ %
- S1+5;

As ®)

where S is the stationary region area and S, is the fluctuating region area within the
cladding track fixed length d.

Table 2. Ly5(5%) Orthogonal experimental factors and levels.

Laser Power P Scanning Speed V; Powder Feeding Rate V
Level X
W) (mm/s) (r/min)
1 1300 6 17.90
2 1500 8 20.88
3 1700 10 23.87
4 1900 12 26.85
5 2100 14 29.84

Table 3. Lys5(5%) Taguchi orthogonal experimental design.

No. P W) Vs (mm/s)  Vy(g/min) No. P (W) Vs (mm/s)  Vy(g/min)

1# 1300 6 17.90 14# 1700 12 17.90
2# 1300 8 20.88 15# 1700 14 20.88
3# 1300 10 23.87 le# 1900 6 26.85
4# 1300 12 26.85 17# 1900 8 29.84
5# 1300 14 29.84 18# 1900 10 17.90
6# 1500 6 20.88 19# 1900 12 20.88
7# 1500 8 23.87 20# 1900 14 23.87
8# 1500 10 26.85 21# 2100 6 29.84
o# 1500 12 29.84 224 2100 8 17.90
10# 1500 14 17.90 23# 2100 10 20.88
11# 1700 6 23.87 24# 2100 12 23.87
12# 1700 8 26.85 25# 2100 14 26.85
13# 1700 10 29.84

B Stationary area (S))
EE  Fluctuant arca (S;)

Figure 9. Schematic diagram of the longitudinal section for the cladding track.

Figure 10 shows the cross-section metallographic morphology of cladding tracks. It
can be seen that the cladding quality of the cladding track is relatively satisfactory without
apparent defects such as pores, cracks, no fusion, or warpage, and the cladding layers are
well bonded with the substrate. Whereas the morphology characteristics and geometric size
of each cladding track cross-section exist significant differences. The measurement results
of each response for all specimens are listed in Table 4, in which some defect cladding
tracks such as 2#-5#, 8#-10#, 13#-15#, 19#-20#, and 25# present irregular cross-section
morphology and small cross-section area. Therefore, it is necessary to optimize the process
parameters further.
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Figure 10. Cross-section morphology of cladding layers under different process parameters.

Table 4. Experimental results of each response for all specimens.

No. A (mm?)  Apaz (mm?) AwiH Ag (%) #c (mm?3/s) 11p (%)
1# 2.64 4.60 3.37 27.03 15.84 47.89
2# 1.11 3.76 417 40.27 8.88 22.61
3# 0.89 3.26 4.76 49.30 8.90 19.71
4# 0.65 237 3.34 55.20 7.80 15.23
St 0.67 1.90 3.54 80.47 9.38 16.47
o# 3.56 5.30 3.31 16.29 21.36 55.87
7# 2.55 4.46 3.55 2491 20.40 46.23
8# 1.77 3.72 4.48 35.20 17.70 35.57
o# 1.42 3.08 4.28 40.34 17.04 30.40
10# 0.62 3.10 5.35 54.97 8.68 25.54
11# 44 572 3.05 12.27 26.40 60.03
12# 3.09 4.87 3.39 21.36 24.72 49.70
13# 2.33 414 4.03 27.61 23.30 42.31
14# 1.21 3.88 5.21 39.22 14.52 43.44
15# 1.02 4.09 4.59 4141 14.28 36.17
16# 5.29 6.25 3.08 8.05 31.74 64.93
17# 3.79 5.34 3.54 18.21 30.32 55.46
18# 2.08 4.93 4.74 28.07 20.80 62.64
19# 1.67 4.52 4.88 31.43 20.04 51.40
20# 1.31 4.00 522 40.85 18.34 41.09
21# 6.34 7.23 2.89 13.81 38.04 70.46
22# 3.13 6.55 4.39 18.75 25.04 76.18
23# 2.6 5.76 4.86 21.05 26.00 67.54
24# 1.93 4.89 4.84 31.25 23.16 52.09
25# 1.23 427 525 38.22 17.22 34.10

3.2.1. Subsubsection

To reduce the unpredictable errors of experimental results due to the variability of
original data caused by uncontrollable noise factors, a practical data analysis method
is introduced: the signal-to-noise ratio (SNR) [25], which is an evaluation criterion for
the sensitivity of the cladding layer-forming characteristics to noise factors. The larger
the SNR, the more significant the impact on the response. The experimental objective is
converted into the highest SNR for each response result. In general, the SNR is calculated
by selecting corresponding formulas in Equation (4), which includes the larger the better
(LTB, containing Ac, AwyH, ¢, and 77p), smaller the better (STB, containing A4z and /'\f) and
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nominal the better (NTB), and the SNR calculated results for each response are listed in

Table 5.
“10lo (1 ; 1) LTB
g n Z 2
i=1Yi
n
SNR = —1010g<71l )y yf) STB )
i=1
1¢ 2
—10log<n Y (yi—m) > NTB
i=1

where SNR is the signal-to-noise ratio of each response, 1 is the number of experiments per
group (n = 1), y; is the response value of experimenti (i=1,2,3... 25).

Table 5. SNR for each response.

SNR
No.
Ac Apaz Awia As He p

1# 8.432 —13.255 10.542 11.361 23.995 —6.395
2# 0.906 —11.504 12.396 7.900 18.968 —12.913
3# —1.012 —10.264 13.551 6.144 18.988 —14.104
44 —3.742 —7.495 10.473 5.161 17.842 —16.344
5# —3.479 —5.5751 10.973 1.887 19.444 —15.668
o# 11.029 —14.486 10.384 15.759 26.592 —5.056
7# 8.131 —12.987 11.008 12.072 26.193 —6.701
8# 4959 —11.411 13.028 9.069 24.959 —8.977
o# 3.046 —9.771 12.632 7.886 24.629 —10.343
10# —4.152 —9.8272 14.565 5.197 18.770 —11.855
11# 12.869 —15.148 9.683 18.223 28.432 —4.432
12# 9.799 —13.751 10.599 13.410 27.861 —6.072
13# 7.347 —12.34 12.108 11.178 27.347 —7.470
14# 1.656 —11.777 14.336 8.131 23.239 —7.242
15# 0.172 —12.234 13.229 7.657 23.095 —8.832
16# 14.469 —15.918 9.757 21.888 30.032 —3.752
17# 11.573 —14.551 10.978 14.793 29.635 —5.120
18# 6.361 —13.857 13.523 11.035 26.361 —4.063
19# 4.454 —13.103 13.759 10.054 26.038 —5.781
20# 2.345 —12.041 14.357 7.777 25.268 —7.725
21# 16.042 —17.183 9.216 17.196 31.605 —3.041
22# 9.911 —16.325 12.858 14.540 27.973 —2.363
23# 8.299 —15.208 13.725 13.534 28.299 —3.409
24# 5.711 —13.786 13.704 10.103 27.295 —5.665
25# 1.798 —12.609 14.410 8.354 24.721 —9.345

Based on the above Taguchi orthogonal experiment of Ly5(5%), the impact of process
parameters on each response result is further analyzed by adopting ANOVA [26-28], and
the confidence intervals for the following ANOVA are all 95% [14]. Table 6 shows the
ANOVA results for the cladding track cross-section area and the heat-affected zone area. It
can be seen that the p-value of each process parameter in the cladding track cross-section
area is all less than 0.05. Therefore, the laser power, scanning speed, and powder feeding
rate have a significant effect on the cladding track cross-section area [29], which is because
the laser power, scanning speed, and powder feeding rate determine the energy absorption
amount of the powder, the time of the powder absorbing energy and the melting number of
the powder. Similarly, the p-values for laser power and scanning speed in the heat-affected
zone area are both less than 0.05, as laser power and scanning speed are the main factors
influencing the amount of energy absorbed per unit of time in the substrate, followed by
the powder feeding rate. The rank order of the process parameters and main effect plots
are shown in Table 6 and Figure 11, and it can be concluded that the influence order of
each parameter on the cladding track cross-section area and the heat-affected zone area
are: Vo > P > Vf and P > Vg > Vf. Meanwhile, the largest layer cross-section area and
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the smallest heat-affected zone area can be obtained under the combination of process
parameters P5V;1V5 and P1V5V/5, respectively.

Table 6. ANOVA results of A; and Apaz-

Source

Ac AHaz

P

Vs

\Z; Error Total P Vs V¢ Error Total

DF
Seq SS
AdjSS
Adj MS
F-value
p-value

4
10.873
10.873

2.718
21.12
0.000

4

4 12 24 4 4 4 12 24

37.750 3.087 1.545 53.255 19.328 18.138 0.570 0.531 38.567
37.750 3.087 1.545 19.328 18.138 0.570 0.531

9.438

73.31

0.000

0.772 0.129 4.832 4.535 0.143 0.044
6.00 109.25 102.53 3.22
0.007 0.000 0.000 0.052

(a) SNR (4,) : LTB

~_~
(=3
~

SNR (4p47) : NTB
2

Mean of SNR
(o)}
S
b
K
N
Mean of SNR for Ap.z
AN
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Figure 11. Main effect plots for the SNR analysis of (a) Ac and (b) Agaz.

Table 7 shows the ANOVA results for the ratio of cladding track width to height and
fluctuation ratio. It can be clearly observed that the scanning speed is the leading parameter
affecting the ratio of cladding track width to height, followed by powder feeding rate, while
the laser power has the least on it as the p-value is far exceeding 0.05. It can be interpreted
that with the decrease in scanning speed, the range of energy absorbed by the molten pool
expanded, resulting in the widening of the cladding track width. Besides, the height of the
cladding track heightens due to more powder being melted at a faster powder feeding rate.
Therefore, the above reasons have a direct impact on the ratio of cladding track width to
height. In addition, it can be found from Table 7 that the laser power and scanning speed
have a significant effect on the fluctuation ratio, followed by the powder feeding rate. The
powder can melt more fully on account of the powder obtaining sufficient energy with the
increase of laser power and the decrease of scanning speed. As discussed above, the surface
smoothness of the cladding track can be efficiently improved. As analyzed in the case of
Table 7 and Figure 12, the effect order of each process parameter on the ratio of cladding
track width to height and fluctuation ratio is Vs > Vg>DP and Vs> P > V. The main effect
plot Figure 12 for SNR presents that the combination of the largest ratio of cladding track
width to height and the lowest fluctuation ratio is P5V;5V1 and P4V;1VA4, respectively.

Table 7. ANOVA results of Ay and Ay

Source

Ac AHaz

Vs

Vf Error Total P Vs Vf Error Total

DF
Seq SS
AdjSS

Adj MS
F-value
p-value

4
1.095
1.095
0.274

1.74
0.206

4
9.306
9.306
2.326
14.79
0.000

4 12 24 4 4 4 12 24
2.888 1.887 15.176 0.228 0.374 0.011 0.023 0.636
2.888 1.887 0.228 0.374 0.011 0.023
0.722 0.157 0.057 0.094 0.003 0.002
4.59 29.51 48.37 1.37
0.018 0.000 0.000 0.300
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Figure 12. Main effect plots for the SNR analysis of (a) Ay and (b) Ar.

Table 8 shows the ANOVA results for the cladding efficiency and powder utilization
rate, and it can be seen that the p-values of each process parameter in the cladding efficiency
are far less than 0.05. According to Equation (1), the cladding efficiency is positively
correlated with the cladding track cross-section area and the scanning speed. As above
discussed, the laser power, scanning speed, and powder feeding rate are the key factors
affecting the cladding track cross-section area. Additionally, it can be seen from Table 8
that the influence degree of laser power and scanning speed on powder utilization rate is
more remarkable than that of powder feeding rate. The powder utilization rate decrease is
because that is limited by laser energy and the unmelted powder increase is caused by a
larger powder feeding rate. From the analysis of Table 9 and Figure 13, it can be obtained
that the impact order of each process parameter on the cladding efficiency and powder
utilization rate is P > Vs > Vp. It can be observed from the main effect plot (Figure 13) that
the combination of process parameters for the highest cladding efficiency and powder
utilization are P5V1V/5 and P5V1V/1, respectively.

Table 8. ANOVA results of 7. and 7.

Ac Agaz
Source
P Vs Vs Error Total P Vs Vs Error Total
DF 4 4 4 12 24 4 4 4 12 24
Seq SS 789.85 505.38 126.54 33.30 1455.07 0.398 0.247 0.036 0.035 0.716
AdjSs 789.85 505.38 126.54 33.30 0.398 0.247 0.036 0.035
AdjMS 197.46 126.34 31.636 2.775 0.099 0.062 0.009 0.003
F-value 71.15 45.52 11.40 33.66 20.87 3.04
p-value 0.000 0.000 0.018 0.000 0.000 0.060
(a) SNR () : LTB (b) SNR (1) : LTB
P T, T 4 P T s
28 NN = .
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Figure 13. Main effect plots for the SNR analysis of (a) 7. and (b) 77p,.
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Table 9. Responses of SNR for A¢, Anaz, Awya, Af, fe, and 1.

Ac Agaz Awie
P 2 7 P v 7 P v 7
1 0.221 12.568 4.442 —-9.619 —15.198 —13.008 11.587 9917 13.165
2 4.603 8.064 4.972 —11.696 —13.823 —13.307 12.324 11.568 12.699
3 6.369 5.191 5.609 —13.050 —12.616 —12.845 11.991 13.187 12.451
4 7.841 2.225 5.457 —13.894 —11.186 —12.237 12.475 12.981 11.653
5 8.352 —0.663 6.906 —15.022 —10.457 —11.884 12.783 13.307 11.181
Delta 8.131 13.231 2.464 5.403 4.740 1.43 1.196 3.590 1.983
Rank 2 1 3 1 2 3 3 1 2
)\f e Mp
P Vs Vf P Vs Vf P Vs Vf
1 6.491 16.886 10.053 19.851 28.130 24.071 —13.085 —4.535 —6.384
2 9.997 12.543 10.981 24.230 26.132 24.602 —8.586 —6.634 —7.198
3 11.720 10.192 10.864 25.992 25.191 25.244 —6.810 —7.605 —7.726
4 13.110 8.267 11.577 27.470 23.813 25.086 —5.288 —9.075 —8.898
5 12.745 6.175 10.588 27.981 22.263 26.535 —4.765 —10.685 —8.329
Delta 6.619 10.711 1.524 8.130 5.867 2.464 8.320 6.150 2.515
Rank 2 1 3 1 2 3 1 2 3

From the ANOVA above results, it can be concluded that the Taguchi method is
only suitable for single-objective process optimization. As illustrated in Figures 11-13,
the optimal parameters combination of the largest Ac, the smallest AHAZ, the largest
Awyr, the lowest /\f, the highest 7. and 7,, are P5V1Vi5, P1Vs5V5, P5V5Vil, PAV1VA,
P5V51Vf5, and PSVslVfl, respectively. Furthermore, it is observed that the optimal results
corresponding to each response have significant differences. Therefore, in order to achieve
multi-objective process optimization, the grey relational analysis method is adopted to
further analyze the above optimization results [14,24,30].

3.2.2. The Grey Relational Analysis for Multi-Objective

Since each response has different evaluation angles on the cladding layer-forming
characteristics, it is necessary to carry out dimensionless processing. Firstly, the response re-
sults are normalization processed, which calculation method is as follows Equation (5) [31],
and the calculation results are shown in Table 10. Secondly, the grey correlation coefficient
(GRC) is calculated according to the normalized results, as shown in Equation (6) [13].
Finally, the grey relational coefficient of each response is integrated into the grey relational
grade (GRG) using Equation (7) [32], and the calculation results of GRC and GRG are listed
in Table 11. )

xl‘(k) _ yl(k) — mlnl./z(’f) (5)
maxyz(k) - mlnyz(k)

where x;(k) is the normalization value for response k (k=1,2, ..., 6) of experimenti (i=1,
2,...,25),y;(k) is the SNR for response k of experiment i, max y;(k) and min y;(k) are the
maximum and minimum SNR results of the response k for all experiments.

min; | x? — x;(k)| + Emax;|x? — x;(k)|
|2 — x;(k)| + Emax;|x) — x;(k)]

GRC;(k) = (6)

where GRC;(k) is the grey relational coefficient for response k of experiment i, x! is the ideal
normalization value of experiment 7, and ¢ represents the distinguishing coefficient, and
the value range is 0 < ¢ < 1. Considering GRC expresses the relationship between the actual
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normalization and the ideal value, and the stability of the experiment, x? =1,¢=0.5 are set
in this research.

m
GRG; = %Z GRC; (k) @)
k=1

where GRG; is the grey relational grade for response k of experiment i, m is the number of
responses, and m = 6 in this study.

Table 10. Results of Normalized calculation.

X (k)
No.
Ac AHaz AwiH Ag flc p

1# 0.623 0.338 0.248 0.474 0.447 0.712
2# 0.251 0.489 0.594 0.301 0.082 0.245
3# 0.155 0.596 0.810 0.213 0.083 0.160
44 0.020 0.835 0.235 0.164 0.000 0.000
5# 0.033 1.000 0.328 0.000 0.116 0.048
(&id 0.752 0.232 0.218 0.694 0.636 0.807
7# 0.608 0.361 0.335 0.509 0.607 0.690
8# 0.451 0.497 0.713 0.359 0.517 0.527
o 0.356 0.639 0.639 0.300 0.493 0.429
10# 0.000 0.634 1.000 0.165 0.067 0.321
11# 0.843 0.175 0.087 0.817 0.769 0.852
12# 0.691 0.296 0.258 0.576 0.728 0.735
13# 0.569 0.417 0.541 0.465 0.691 0.635
144# 0.288 0.466 0.957 0.312 0.392 0.651
15# 0.214 0.426 0.750 0.288 0.382 0.537
16# 0.922 0.109 0.101 1.000 0.886 0.901
17# 0.779 0.227 0.329 0.645 0.857 0.803
18# 0.521 0.287 0.805 0.457 0.619 0.878
19# 0.426 0.351 0.849 0.408 0.596 0.756
20# 0.322 0.443 0.961 0.294 0.540 0.616
21# 1.000 0.000 0.000 0.765 1.000 0.952
22# 0.696 0.074 0.681 0.633 0.736 1.000
23# 0.617 0.170 0.843 0.582 0.760 0.925
244# 0.488 0.293 0.839 0.411 0.687 0.764
25# 0.295 0.394 0.971 0.323 0.500 0.501

In summary, the laser power and scanning speed are the most influential factors on
the grey relational grade in accordance with the p-value of ANOVA results, as listed in
Table 12, while the powder feeding rate has a weak effect on it. Furthermore, from the main
effect plot as shown in Figure 14 and the SNR response table for the grey relational grade
(Table 13), it is illustrated that the influence order of each process parameter on GRG value is:
P>V, > Vy. In addition, the GRG value rises sharply with the laser power increases. When
the scanning speed increases, the GRG value decreases rapidly and then slowly. While the
influence of the powder feeding rate on the GRG value remains at a basically stable level,
which is closely related to the laser energy density limiting the amount of effective powder
melting. Finally, the optimal combination of process parameters is obtained according to the
maximum mean of SNR for GRG, whichis P=2100 W, V, = 6 mm/s, and Vr=17.90 g/min.
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Table 11. Grey relational analysis for responses.

GRC GRG
No.
Ac AHaz AwiH Af e Mp Values SNR Rank
1# 0.570 0.430 0.613 0.487 0.475 0.634 0.535 —5.434 15
2# 0.400 0.495 0.552 0.417 0.353 0.399 0.436 —-7.214 24
3# 0.372 0.553 0.725 0.388 0.353 0.373 0.461 —6.731 23
4# 0.338 0.751 0.395 0.374 0.333 0.333 0.421 —7.516 25
5# 0.341 1.000 0.427 0.333 0.361 0.344 0.468 —6.599 22
o 0.668 0.394 0.390 0.620 0.579 0.722 0.562 —5.002 9
7# 0.561 0.439 0.429 0.505 0.560 0.617 0.518 —5.706 17
8# 0.477 0.499 0.635 0.438 0.509 0.514 0.512 —5.817 18
o# 0.437 0.580 0.580 0.417 0.497 0.467 0.496 —6.084 20
10# 0.333 0.577 1.000 0.375 0.349 0.424 0.510 —5.853 19
11# 0.761 0.377 0.354 0.732 0.684 0.772 0.613 —4.246 5
12# 0.618 0.415 0.403 0.541 0.648 0.653 0.546 —5.251 13
13# 0.537 0.462 0.521 0.483 0.618 0.578 0.533 —5.463 16
14# 0.412 0.483 0.921 0.421 0.451 0.589 0.546 —5.250 12
15# 0.389 0.466 0.667 0.413 0.447 0.519 0.483 —6.314 21
16# 0.865 0.359 0.357 1.000 0.814 0.834 0.705 —3.035 2
17# 0.693 0.393 0.427 0.585 0.777 0.717 0.599 —4.455 6
18# 0.511 0.412 0.720 0.480 0.568 0.804 0.582 —4.697 7
19# 0.466 0.435 0.768 0.458 0.553 0.672 0.559 —5.057 10
20# 0.424 0.473 0.928 0.415 0.521 0.566 0.554 —5.123 11
21# 1.000 0.333 0.333 0.681 1.000 0.912 0.710 —-2.977 1
22# 0.622 0.351 0.610 0.576 0.655 1.000 0.636 —3.935 3
23# 0.566 0.376 0.761 0.545 0.676 0.870 0.632 —3.983 4
244# 0.494 0.414 0.756 0.459 0.615 0.679 0.570 —4.888 8
25# 0415 0.452 0.945 0.425 0.500 0.500 0.540 —5.359 14
Table 12. ANOVA results of the GRG.
GRG
Source
P Vs Vs Error Total
DF 4 4 4 12 24
Seq SS 0.077 0.041 0.003 0.008 0.128
AdjSS 0.077 0.041 0.003 0.008
Adj MS 0.019 0.010 0.001 0.001
F-value 30.53 16.30 1.14
p-value 0.000 0.000 0.384
SNR (GRG) : LTB
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Figure 14. Main effect plot for the SNR analysis of the GRG.
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Table 13. Responses for SNR of the GRG.

Level P Vs \Z;
1 —6.699 —4.139 —5.034
2 —5.692 —5.312 —5.514
3 —5.305 —5.338 —5.339
4 —4.437 —5.759 —5.396
5 —4.228 —5.850 —5.116
Delta 2.470 1.711 0.480
Rank 1 2 3

3.3. Experimental Verification

The optimal parameter combination P5V1V/1 obtained by the above grey relational
analysis is not included in the Ly5(5%) Taguchi orthogonal experiment scheme. Therefore,
additional experimental verification of the parameter combination is required. The calcula-
tion method of the grey correlation grade predicted value GRG,, is shown in Equation (8).

4 .
GRG, = GRG; + Y (GRG; — GRG;) )
j=1

where GRGP is the predicted value of GRG; GRG is the total average value of GRG; GRG]- is
the total average value of GRG at the optimal level of each process parameterj (j = 1, 2, 3);
g represents the number of process parameters studied as 3. After calculation, the GRG,
value of the optimal process parameter combination is 0.706.

The experimental results show that the GRG value of the optimal process parameter
combination P5V,1Vylis 0.681, as shown in Table 14. The prediction accuracy is 96%, which
is 0.260 higher than that of the initial parameter combination P1V;5V/5. The morphology
of the optimal cladding track is shown in Figure 15. The surface of the cladding track is
smooth without cracks, holes, and other obvious defects, which dramatically improves the
surface forming quality compared with the initial parameters. Combined with Table 14
and Figure 15, the variations of grey correlation coefficients of the initial and optimal
parameters can be compared more intuitively. The increase of heat affected zone area of
the cladding track after optimization is caused by the increment of heat transferred from
the laser beam and molten pool to the substrate caused by the increasing laser power
and the decreasing scanning speed. The cross-section area, the ratio of width to height,
cladding efficiency, and powder utilization rate of the optimal cladding track increased by
4.065 mm?, 1.031, 19.032, and 70.3%, respectively, and the fluctuation ratio decreased by
60.9%. After optimization, the forming quality, processing efficiency, and cost economy of
the cladding track are expected to be improved, which verifies the feasibility of combining
the optimal process window with the grey correlation analysis method to optimize the
process parameters of manufacturing the Co-based alloy cladding layer.

Table 14. Grey relational grades analysis of the initial and optimal parameters.

Optimal Parameters

Evaluation Items Initial Parameters 5 .

Experiment Prediction
P1Vs5V5 (5#) P5Vs1Vil P5Vs1Vil

Ac (mm?) 0.65 4.735 -

Apaz (mm?) 2.37 7.282 -

Aw/H 3.34 4.568 -

As (%) 0.552 0.196 -

fc (mm3/s) 7.80 28.41 -

1p (%) 0.152 0.868

GRG 0.421 0.681 0.706
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Figure 15. Redar chart of the optimal parameters P5V1V/1 and initial parameters P1V5V5(5#).

Figure 16 shows the microstructure morphology of the single cladding track fabricated
by the optimal parameter combination (P = 2100 W, Vs =6 mm/s, Vy=17.90 g/min). In
Figure 16a, the dendrite evolution from the substrate to the top of the cladding layer is
plane crystal, cellular crystal, columnar crystal, dendrite crystal, and equiaxed crystal. As
shown in Figure 16b, a white-bright fusion zone with a thickness of about 2-3 pum is formed
at the interface, indicating that the substrate and cladding layer achieve good metallurgical
bonding. The temperature gradient G at the interface is maximum and the solidification
rate R of the molten pool is almost zero, resulting in an extremely high value of G/R, thus
the white-bright zone is composed of planar crystals. The temperature gradient G decreases
gradually along the solidification direction of the molten pool, the solidification rate R
increases, the G/R decreases gradually, and the formation of cellular crystal begins. It can
be seen from Figure 16¢ that the middle of the cladding layer is composed of columnar
crystals and dendrites growing perpendicular to the substrate. With the upward movement
of the solidification interface, the temperature gradient decreases gradually, resulting in the
transition from planar crystals to columnar crystals. The microstructure of the upper middle
region is shown in Figure 16d, the solidification rate R is accelerated via the increasing heat
dissipation in the surrounding atmosphere [31], and the massive fine equiaxed crystals are
induced. The G/R decreases and the preceding melt supercooling increases gradually as
the crystallization proceeds to the top of the cladding layer. The supercooling of columnar
crystals is higher than the nucleation cooling rate, so the solidification interface grows in
the form of dendrites. The crystals grow freely in the undercooled melt via the nucleation
that occurs in front of the solid-liquid interface and finally form anisotropic equiaxial
dendrites [33]. The microstructure of the cladding layer is dense, the crystals are uniformly
distributed, and there are no obvious defects such as pores and cracks inside, which proves
that the optimized internal cladding layer has good forming quality.

In Figure 17, the distribution of elements from the cladding layer to the substrate was
characterized by EDS. The surface scanning results of EDS in Figure 17d—g show that the
cladding layer is rich in Co, Cr, and W elements, and the substrate is mainly composed
of Fe elements, with uniform distribution of elements and no segregation. Co and Cr
are mainly distributed in the cladding layer, and all elements have a certain degree of
interfacial diffusion, among which the diffusion of the W element is evident. The energy
spectrum analysis results in Figure 17¢ showing that the Fe element accounts for the largest
proportion of 51.6%, followed by Co and Cr elements. During the transition from the
cladding layer to the substrate, the contents of Co and Fe decreased and increased sharply,
respectively, while the content of Cr decreased rapidly, as shown in Figure 17h, which
is closely related to the high cooling rate of the laser cladding process to minimize the
diffusion between elements [34].
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Figure 16. Microstructure characteristics of cladding layer with optimal parameter P5Vs1V/1: (a) Mi-
crostructure evolution; (b—d): Crystal characteristics from bottom to top of cladding layer.
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Figure 17. EDS results of the cladding layer to substrate: (a) SEM image; (b) EDS layered image;

(c) Elemental composition; (d-g) Corresponding elements distribution of Fe, Co, Cr, and W; (h) Line
scanning element changes.

The XRD pattern presents the phase composition of the Co-based alloy cladding
layer, as shown in Figure 18. The laser beam irradiation melts the Co-based powder, and
a series of chemical reactions occur between the elements resulting in the formation of
Cr;Cs, CoCy, fcc-Co, and WC phases. The presence of Ni in the cladding powder plays
a role in stabilizing the face-centered cubic lattice structure and the cooling rate of the
cladding layer is extremely fast, which mutually restricts the fcc-Co transformation of the
face-centered cubic structure and increases the toughness and corrosion resistance of the
cladding layer [35]. Meanwhile, the hard carbide phases such as Cr;C3, CoCx, and WC are
formed, which effectively improves the hardness of the cladding layer [36].
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Figure 18. XRD pattern of Co-base alloy cladding layer.

4. Conclusions

)

@)

®G)

Considering the cross-section area of the cladding track, cladding efficiency, and
powder utilization rate, the optimal process window of the Co-based alloy cladding
layer was constructed. The optimal process parameter interval was determined as:
P =1300-2100 W, V, = 6-14 mm/s and Vf =17.90-29.84 g/min. The ANOVA results
showed that the cross-section area and cladding efficiency were correlated with laser
power, scanning speed, and powder feeding rate. The powder feeding rate had an
inconspicuous effect on the fluctuation ratio, powder utilization rate, and heat-affected
zone area. The scanning speed and powder feeding rate had a significant influence on
the ratio of cladding track width to height.

The optimal process parameters were determined by grey correlation analysis as
follows: P =2100 W, Vs = 6 mm/s and Vf =17.90 g/min. It was concluded that
the influence order of laser process parameters on the forming characteristics of the
cladding track is: P > Vs > Vy. The GRG value of the optimal process parameter
combination P5Vs1V/1 was 0.681, and the prediction accuracy was 96%, which was
0.260 higher than that of the initial parameter combination P1V5V/5.

The cross-section area, the ratio of cladding track width to height, cladding efficiency,
and powder utilization rate of the optimal cladding track increased by 4.065 mm?,
1.031, 19.032, and 70.3%, respectively, and the fluctuation ratio decreased by 60.9%.
The forming characteristics of the optimized cladding track were favorable, and the
metallurgical bonding was formed with the substrate. The elements were evenly
distributed without segregation, and the reinforcing phases of Cr;C3, CoCx, and WC
were precipitated from the cladding layer. The forming quality, processing efficiency,
and cost economy of the optimized cladding track have been expected to improve
effectively.
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