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Abstract: In order to improve the resistance to thermal fatigue and wear resistance of H13 hot-
working tool steel, a nickel-based composite coating was prepared on its surface by laser cladding
technology. The relationship was studied between the main processing parameters and the size of the
cladding layer such as height and width. Based on the orthogonal polynomial regression method, the
relationships were modeled mathematically between laser power, scanning speed, powder feeding
voltage and microhardness. This model was proved to be able to predict the laser power and powder
feeding voltage under 1100 Hv microhardness.

Keywords: laser cladding; nickel-based power; H13; microhardness; orthogonal polynomial regres-
sion method

1. Introduction

H13 steel is widely used for hot forging, hot-extrusion and die-casting [1-3]. Its surface
is subjected to very severe conditions of cyclical thermal and mechanical load, and chemical
and mechanical wear [4]. They cause thermal fatigue, corrosion, stress corrosion and
welding on the surface of H13 steel, and service life is reduced [5]. Various surface treatment
techniques are used to create a continuous compound layer and decrease the damage of
crack, corrosion and erosion, such as quenching, physical vapour deposition, chemical
vapor deposition process, laser cladding, etc. [4,6,7].

As one of the surface modification techniques, laser cladding provides thick protective
coatings with a high quality on substrates. It is clean, efficient and has high bonding
strength compared with others of thermal expansion and the melting point of the cladding
materials [8,9]. According to processing requirements, laser cladding can clad a variety
of metal powders selectively cladding small areas [10]. Self-fluxing powders are used
commonly in laser cladding such as Ni-based, Co-based and Fe-based mixing powder [11].
Ni-based alloy is widely used to improve the hardness, wear resistance and corrosion
resistance of parts at room temperature and high temperature [12-14].

Many researchers have carried out research studies on the geometric morphology and
structure properties of laser cladding for different materials, and analyzed their relationship
with laser cladding process parameters, in order to obtain accurate mathematical models
for better application in production and processing.

Fallah, V. [15] developed a transient finite element model to simulate the temporal
evolution of the melt-pool morphology and dimensions, and the geometry of the deposited
material is finely predicted without assuming any of the geometrical characteristics, such
as height, width, etc. The model presents a high accuracy in simulation of 3D melt-pool
morphology and geometry in deposition of Ti45Nb on Ti-6Al-4V. Kai-yun Lei [16] built
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a machine vision system to directly detect and measure the melt-pool morphology in
wide-track laser cladding by high-power diode laser with a rectangle beam spot and it
indicated that the width, length and area increased with increasing laser power, while
increasing scanning speed caused the decreasing of the melt pool size.

Bourahima [17] investigated the impact of the process parameters on the coating
geometry by using the method on analysis of variance, and it indicated the influence of
each process parameter on the coating geometry (width, height) and the bonding quality.
Chen [18] designed multi-track cladding experiments with L 27(313) orthogonal array by
Taguchi method, and a prediction model based on support vector machine (SVM) was
developed for the quality characteristics of the cladding coatings. GOODARZI [19] used
statistical analysis method to model the relationship between the laser cladding process
parameters and the clad layer geometry. CAIAZZO [20] used the artificial neural networks
to find the correlation between the laser metal deposition process parameters and the
output geometrical parameters of the deposited metal trace produced by laser direct metal
deposition on 5 mm thick 2024 aluminum alloy plates.

Zhu [21] analyzed the effect of process parameters on surface smoothness in laser
cladding, and the results indicated that the surface smoothness decreased with the increase
of laser power and powder mass flow rate and the reducing of scanning speed, the degree
of surface smoothness firstly increased then decreased with the growth of carrier gas flow
rates. Yu [22] used the gray correlation degree to analyze the correlation between the
quality of the cladding layer and the ideal cladding layer quality under different parameter
combinations, and the results show that the laser power and scanning speed are the main
factors affecting the morphology of the cladding layer. FAN [23] studied the optimal
parameters for the laser cladding process by taking the hardness and dilution rate of the
coatings as comprehensive indexes, and the mathematical model of the relationship was
established by regression analysis between the geometrical size of the cladding layers with
the process parameters.

Yadroitsev [24] used Greco-Latin square design to control geometrical characteristics of
the tracks, and analysis of variance (ANOVA) was used to establish a statistically significant
influence of the selective laser melting SLM process parameters on geometry of the single
laser-melted track. The behavior of individual tracks and their geometric characteristics
depend on the process parameters, and physical-chemical and granulo-morpho-metrical
properties of the powder. Li [25] studied micro-segregation of laser clad IN718 super-alloy
coatings fabricated under different atmosphere conditions, and the results indicated that
the type of carrier gas had certain effects on the morphology and microstructure of the
cladding layer, while type of shielding gas had no obvious effect. Huang [26] used artificial
neural network (ANN) to predict the laser cladding parameters and the characteristic and
performance of laser cladding layers, and the input parameters consisted of laser power,
scanning velocity, laser spot diameter, and coating proportion, and the output parameters
included the clad hardness, the clad width, and the clad height.

In the above studies, researchers used various algorithms to model the relationship
between laser processing parameters and morphology, but they seldom modeled the mi-
crostructure and microhardness of the cladding layer. This paper analyzed the relationship
between the laser processing parameters and the morphology of the nickel-based cladding
layer on the surface of H13 steel, and it mathematically modeled the relationship between
the laser processing parameters and the microhardness. It used the microhardness as the
input parameter to predict the reasonable range of processing parameters.

2. Materials and Methods

In this research, the main components of nickel-based powder are shown in Table 1.
Before doing the experiment, the powder was dried for at least 24 h, in order to reduce
the composition changes caused by powder oxidation and ensure that the powder cannot
stick to the inner wall of the powder feeding tube during the powder feeding process.
The adhesion of the tube wall will affect the powder rate. The substrate is H13 steel in
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the experiment, and its main components are shown in Table 2. In the experiment, the
substrate is 100 mm x 50 mm x 10 mm, and the surface should be rubbed smooth with
sandpaper to reduce the rust and impurities on the surface. In Figure 1, YLS-3000 fiber
laser and KUKA robot are used in the experiment. Ar is used as the powder feeding gas
and the protective gas in the laser cladding process to prevent the oxidation of molten pool
elements due to high temperature. The laser spot diameter was 2 mm, and the defocus was
15 mm. Coaxial powder feeding method is adopted. The particle size of nickel-based alloy
powder is 200 mesh.

Table 1. Main components of powder (%).

Element C Cr Si B Fe WC Ni
Value 0.4-0.9 13-17 3.2-4.8 2.5-4.0 <8.0 8.0 Bal.

Table 2. Main components of substrate (%).

Element C Si Mn Cr Mo A% P S Fe
Value 0.32-0.45 0.8-1.2 0.2-0.5 4.75-5.5 1.1-1.75 0.8-1.2 <0.03 <0.03 Bal.

Figure 1. Single pass laser cladding experiment.

Multi-pass cladding should not be used to clad the turning tool edge if single-pass
cladding can meet the processing. Multi-pass cladding not only consumes more material,
but also damages tool substrate and cladding layer easily due to long-time laser radiation.
This experiment designed an orthogonal test with 3 factors and 3 levels, and the levels of
each factor are shown in Table 3.

Table 3. Orthogonal experimental design of process parameters.

No. Feeding Voltage F/V Laser Power P/kW Scanning nged
Vs/mm-s
1 Fi=12 P; =09 Vi=1
2 F,=14 P =11 Vy=2

3 F;=16 P;=13 V5=3
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After cladding, the cladding specimen was cut by wire cutting along the direction
perpendicular to scanning, and the surface oxide scale was removed by sandpaper. The
section was polished by MP-2B polishing machine, and it was etched by a mixture of nitric
acid and hydrofluoric acid. The microhardness of the section of the laser cladding layer
was tested by HV-1000 Micro Hardness Tester.

3. Results
3.1. Effect of Process Parameters on the Morphology of Cladding Layer

After the cladding experiment, the cladding width W and the cladding height H were
measured. As shown in Figure 2, the microhardness was tested every 0.2 mm from the
top of the cladding layer to the H13 steel matrix along the direction perpendicular to the
cladding section. In practical application, the part lower than the substrate plane is not
processed, so the microhardness is calculated in the cladding layer higher than the substrate
surface, and the average value is taken as the microhardness value under each cladding
parameter according to the measured value of each point and the number of points taken.

\

Figure 2. Microhardness measurement points.

As shown in Table 4, scanning speed is the most important factor for both the width
and height of cladding. When the scanning speed increases, the laser energy irradiated on
the cladding layer decreases relatively. As a result, less powder is melted, so the width and
height of cladding are relatively reduced.

In the three parameters, the scanning speed has the greatest influence on the cladding
width, followed by the laser power and the powder feeding voltage. For cladding height,
scanning speed has the greatest influence, powder feeding voltage is the second, and laser
power has the least influence. The optimal process combination is C1B3Aj, the powder
feeding voltage is 14 V, the laser power is 1.3 kW, and the scanning speed is 1 mm/s. It is
6#, as shown in Figure 3b.

3.2. Modeling and Prediction of Microhardness of Cladding Layer
3.2.1. Effect of Process Parameters on the Microhardness of Cladding Layer

According to the microhardness analysis, the influence of the powder feeding voltage
and laser power on the hardness is greater than the scanning speed, and the powder
feeding voltage range is slightly greater than the laser power. The difference between
scanning speed R value and other parameters is too large, and it indicates that this factor
has little effect on microhardness.
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Table 4. Orthogonal experimental table and results.
Feeding Laser Power Scanning . Test Par.ameters ohard
N Voltage W) Speed Cla(.ldmg Clad.dmg Microhardness
o. W) (mm/s) Width Height D
W H (Hv)
A B C (mm) (mm)
1 1(12) 1(0.9) 1(1) 3.23 1.03 863
2 1 2 (1.1) 2(2) 3.27 091 1080
3 1 3(1.3) 3(3) 291 0.71 1017
4 2 (14) 1 2 2.99 0.91 1153
5 2 2 3 2.83 0.67 1310
6 2 3 1 4.89 1.39 1160
7 3 (16) 1 3 2.46 0.65 832
8 3 2 1 3.73 0.97 1137
9 3 3 2 3.67 0.85 904
. I 9.45 8.72 11.83 Relationship of factors:
Cladding 1l 10.69 9.81 9.93 CBA
width I 9.86 11.47 8.21 Best process parameter combination:
w R 122 2.79 3.62 Cy B3 Ay
I 2.67 2.61 3.42 Relationship of factors:
Cladding 1 2.98 2.59 2.64 CAB
height 111 2.51 2.97 2.03 Best process parameter combination:
H R 0.4 0.37 1.32 C; A, By
I -35 —150 164 Relationship of factors:
Microhardness I 626 531 141 ABC
D 111 —125 86 160 Best process parameter combination:
R 751 680 22 A, B, Cy

(a) 5¢ (b) 6#

Figure 3. Geometrical morphology of cladding layer.

The results show that the optimal process combination is A;B,Cy, where Cy is within
the value range. When the scanning speed was 3 mm/s, its microhardness is the maximum
value. 5# is as shown in Figure 3a. Its average microhardness was 1311 Hv, and it is
1.5 times more than the substrate.

In the regression fitting of the mean microhardness, the microhardness in Table 3 is
given in the form of (y;-1000), as shown in Table 5. The orthogonal polynomial regression
method is calculated as follows.

3.2.2. Orthogonal Polynomial Regression Modeling

Polynomial regression model [27,28]
yi = Bo+Pixi+Box? 4.+ Bux e, i=1,2,...,1 1)
Regression of y to x

y = BoPo(x) + B1Pr(x) + ...+ BmPu(x) +e ()



Processes 2021, 9, 408 6of 11

Table 5. The orthogonal test table and experimental result.

Feeding Voltage Laser Power Scanning

No. W) (kW) Speed (mm/s) Mlcry(:ﬁ%ro%ness
A B C Deviation (Hv)
1 1(12) 1(0.9) 1(1) 1 —137
2 1 2(1.1) 2(2) 2 80
3 1 3(1.3) 3(3) 3 17
4 2(14) 1 2 3 153
5 2 2 3 1 310
6 2 3 1 2 160
7 3(16) 1 3 2 —168
8 3 2 1 3 137
9 3 3 2 1 —96
I —36 —151 163 79
Microhardness IIIII ffg 6 5;50 ig(l) 37142 T =465
R 752 681 23

When designing the orthogonal experiment, for the quantitative factor A, if its value
is equally spaced, the main effect can be decomposed into the sum of the first-order term
and the second-order term of the orthogonal polynomial, i.e.,

y(A) :ﬂ0+a1P1(A)+...+IltA,1PtA,1(A) (3)

It submits the i-th level Al of factor A into Equation (3), and the following formula
can be obtained.

A 2
ag = ) u(A;) =0, 4)
i=1
A 1 fa .
al:mi ZP](Al)ylr]: 1,2,...,tA—1, (5)
Ia ) P2(A;) U=
i—1 /
; 2
2 1 4
Sy = Y Pi(A)yi| . fr=1 (6)
a = aj

j A
Ia Y. PH(A)
i=1

where yi is the sum of the i-th level data corresponding to A, [, is the repetition times of
each level, u(4;) is the i-th level effect of A.

(1) Effect function of powder feeding voltage A

Transform the three equidistant levels of factor A into standard equidistant points

At hpy— A 7A1‘—10i7

A ha 2

1,23 @)

where is the horizontal spacing of factor A.
The effect function is assumed to be quadratic orthogonal polynomials

‘u(A/) =ag+a1Py (A,) +ay P, (A/) (8)

According to Equation (4), aAo =0

According to Equation (5), 11/\1 = —15, a/\z = —236

According to Equation (6), S% = 1349, S2 = 111078
a

az
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(2) Effect function of laser power B
Transform the three equidistant levels of factor B into standard equidistant points

- 07
_Bith—B _B—-07, ., ©)

/
Bi hg 0.2

The effect function is assumed to be quadratic orthogonal polynomials

,’l/l(B/) =by+b1P; (B,) + bsz(B/) (10)

A
According to Equation (4), by =0

A A
According to Equation (5), by = 39, b, = —188

According to Equation (6), S% = 9283, S2 = 70438
by by
(3) Effect function of scanning speed C

Cl=Ci=1,273 (11)
The effect function is assumed to be quadratic orthogonal polynomials

y(C’) =co+c1P; (C’) + P (C/) (12)

According to Equation (4), cAo =0

According to Equation (5), cAl =—04, cAz =-7
According to Equation (6), S% = 0.7, S% = 108

(o5} (5]
The coefficients of each effect function and their sum of squares of deviation are
obtained, and the results are shown in Table 6.

Table 6. The coefficient of the effect function and the sum of its dispersion squared.

Feeding Voltage F Laser Power P Scanning Speed Vs
Effect function Sum of squares of Effect function Sum of squares of Effect function Sum of squares of

coefficient the deviation coefficient the deviation coefficient the deviation

A A A

ap =20 bp=0 =0

A
& =—15 s3 =1349 by = 39 sé = 9283 & =04 s3 =07
1 i 1
2y = —236 sjA = 111078 bg — _188 SZZ;A = 70438 & =7 sg =108
2 A 2

According to column D in Table 4, the sum of squares of error deviation 57 and degrees
of freedom f, are calculated:

) 792474243122 465
5= 3 9

fa=3-1=2 (14)

~ 12329 (13)

The sum of squares of the square deviation is as follows.

52
%0 129 i (15)

fa 2
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S%., 8% and S are all smaller than S3/ fs. These terms are incorporated into the error
ay C1 Co

term S2. Finally, its value and degree of freedom can be respectively obtained:

S2= 83 +8% +S2 +5% = 12,421.6 (16)
ay C1 C2
fe=2+1+1+1=5 (17)

The results of variance analysis are shown in Table 7.

Foos(1,5) = 6.61, Fyo1(1,5) = 16.3

Table 7. The analysis of variance.

Sources of

Variable Sum Degrees of Average Variable

Variance of Squares Freedom Sum of Squares F Significance
aAz 111,078 1 111,078 41 0.5
by 9283 1 9283 3
é\z 70,438 1 70,438 26 0.5
error 13,685 5 2737

Finally, the effect functions of powder feeding voltage (factor A) and laser power
(factor B) are respectively obtained.

142
A 5 1) 157 (18)

H(A) = —236 x (

10B — 112

1u(B) = —188 x ( ) +124 (19)

The polynomial regression equation is as follows.

A—1472

10B — 11.2
) —188 X (————

) 4333 (20)

Y =7+ p(A) +u(B) = —236 x (

where ¥ is the total mean.
y=T/n=1464/9 ~ 52 (21)

where T is the sum and 7 is the number of data.

According to the significance analysis, the scanning speed (factor C) can be approxi-
mated as 0. In Table 6, the optimal condition is A;B,Cy, which is consistent with the results
of range analysis. The predicted value of microhardness under the optimal production
condition is as follows. N

Yopt = § + i(Az) + p(Bp) = 333 (22)

The forecast error is as follows.

7573 + 9283
28y =2x\[ = ~ 106 (23)

The actual microhardness formula is as follows.

y; = 1 + 1000 (24)
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There is the comparison between calculated values and measured values from orthog-
onal multiple regression curves in Table 8.

Table 8. Comparison of the calculated value with the measured value.

y,'-].OOO (HV)
No. 1 2 3 4 5 6 7 8 9
Calculated value —90.05 95.121 —90.612 144.95 332.789 145.985 —90.456 99.011 —88.654
measured value —137 80 17 153 310 160 —168 137 —96

It can be seen from Table 7 that the third group of data has a big difference, but it is
also within the range of error. It shows that the regression function can accurately reflect
the relationship between the feeding voltage, laser power and the average microhardness.

3.2.3. Microhardness Prediction and Control

According to the requirements, the cladding layer should have a higher microhardness.
Under the optimal hardness process parameters, the microhardness range can be predicted
as follows.

When the powder feeding voltage is 14 V and the laser power is 1.1 kW, the calculated

value of microhardness (y;-1000) is estimated, on = 333. When the significance level « is
0.05, the confidence interval for the microhardness yy is as follows.

A A
Yo — 25y <yo < yo +2Sy (25)

It is [227,439] The microhardness is basically at the maximum, and the microhardness
is predicted to be between 1227 and 1439 Hv.

To obtain the microhardness above 1100 Hv, that is, the calculated value is above
100 Hv, and the powder feeding voltage (factor A) is selected between 12 and 16 V, and the
laser power (factor B) is selected between 0.9 and 1.3 kW, and the powder feeding voltage
is determined, the range of laser power control is

A—1472 10B — 11 .2
5 ) —188><(0T) +333 > 100 (26)

—236 x (

Powder feeding voltage and laser power should be in the ellipse with boundary
conditions. According to the above equation, the boundary conditions are as follows.

B=11 A =12.0lorA =15.99

B 11-4/233-59% (A—14)% 11+1/233-59% (A—14)°
= 10 / 10 27)

12.01 < A < 13.130r14.87 < A < 15.99
B€[09,13] 1313< A <1487

If the values of factor A and factor B are selected within the boundary condition area,
there is generally more than 95% chance that the average microhardness is greater than
1100 Hv. The selected values of the powder feeding voltage (factor A) and laser power
(factor B) are inside the curve, as shown in Figure 4.
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Figure 4. Range of laser power and powder feeding voltage.

4. Conclusions

In this paper, laser cladding technology was used to prepare a nickel-based coating on
the surface of H13 steel. The surface morphology and microhardness of the cladding layer
were tested and analyzed under different process parameters. Based on the results of this
investigation, the following could be concluded from this work.

(1) The scanning speed is the most important factor for the width and height of the
cladding layer, compared to the laser power and powder feeding voltage. The width and
height of the cladding layer are relatively reduced when the scanning speed is gradually
increased.

(2) A mathematical model can be obtained between the microhardness of the cladding
layer and the laser power and powder feeding voltage through the nonlinear regression
method. It can predict the numerical range of laser power and powder feeding voltage at
a microhardness of 1100 Hv, with a confidence level of 0.95.
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