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NiCoCrAlY coatings are widely used in aerospace industries and gas turbines due to their exceptional resistance to
high-temperature oxidation and corrosion. Despite this significance, the quantitative analysis of the influence of laser
cladding process parameters on the geometrical characteristics of these coatings, particularly using sensitivity
analysis methods, remains a research gap. In this study, the effects of laser power, duty cycle, and scanning speed on
the coating height, width, angle, and dilution produced by laser cladding were investigated. For this purpose, a fiber
laser with a maximum power of 1 kW was utilized. RSM developed regression models, and ANOVA confirmed that
the models were significant, with a high R? and a non-significant lack of fit. The results of Sobel sensitivity analysis
revealed that scanning speed has a dominant effect on height, angle, and dilution, contributing more than 80%
(88.8%, 80.7%, and 81.8%, respectively). In contrast, laser power exhibited a minor to moderate influence (3.9%,
16.3%, and 13.3%, respectively), while the duty cycle, with contributions of 7.3%, 3%, and 4.9%, was the least
significant control parameter for these three output responses. For coating width, laser power (51.3%) was more than
twice as influential as duty cycle (25.8%) or scanning speed (22.9%). The complete consistency in the ranking of
effective factors between the Sobel method and RSM confirms the validity of the results. This study demonstrates
that Sobel sensitivity analysis, by quantitatively decomposing the contribution of each parameter, serves as a
powerful tool for the optimal design of the laser cladding process.

Keywords: Laser cladding, Superalloy, Response Surface Methodology, Sobol sensitivity analysis, Central
Composite Design
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Amdry 365 Balance 28-18 15-10 21-18 1-0.1 - - -

Hastelloy X Balance 8-4 25-20 3-1 12-8 15-12 12-10

L]

Powder flow

;
o sy W Sihen oo

_).uT)s Syiless (& (g o oslaswlsyge Hiud poat (&Y JSa
slagidsy jl B 69 PeSwssSae nyal (2 ok 65Uy,

‘3 SIBUESy Uhgy 4 oxdslyl
Fig. 1 (a) Image of the laser used in the study, (b) Schematic of the laser

cladding process, (c) Optical microscopy image of some of coatings
produced by the laser cladding.
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Table 2 Input variables for the laser cladding process with design levels.

Input
UPUE  cymbol Unit  -1.68 -1 0 1 1.68
parameter
Laser w 250 280 325 370 400
power
Dutycycle  DC % 70 76 85 94 100
Seanmi
canmng oy mgs 3 45 65 85 10
speed
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Table 3 Experimental design and experimental responses.

Input parameter Output response
Number scnningspeed  Dutycycle Laserpower  preight T Angle  Dillution
(mm/s) (%) w) (um) (um) (deg) (%)
1 4.5 76 280 340.3 814.7 110 26.7
2 4.5 76 370 452.6 10549 115 253
3 4.5 94 280 489.5 1047 114 21.07
4 4.5 94 370 510.7 1203.1 125 33.09
5 8.5 76 280 2174 7653 133 341
6 8.5 76 370 217.5 8884 139 422
7 8.5 94 280 212.4 874 129 416
8 8.5 94 370 210.3 1035 148  53.1
9 6.5 85 250 267.7 7674 118 317
10 6.5 85 400 297.7 1049 128 429
11 6.5 70 325 2614 8273 126 343
12 6.5 100 325 3121 10729 133 399
13 3 85 325 625.1 11227 109 205
14 10 85 325 180.3  893.4 148 475
15 6.5 85 325 283 962.1 131  36.6
16 6.5 85 325 2748  989.8 137 415
17 6.5 85 325 2885 9982 130 373
18 6.5 85 325 2659 956.8 135 403
19 6.5 85 325 282.9 961 133 371
20 6.5 85 825 280.2 1003.3 136 42.6
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Table 4 ANOVA results of the coating hight.

Sum of

Source df Mean Square F-value p-value
Squares
Model 2.651E+05 7 37877.52 394.38 <0.0001 significant
P 147551 1  1475.51 1536  0.0020
DC 4230.57 1  4230.57 44.05 <0.0001
A4 2.175E+05 1 2.175E+05 2264.84 <0.0001
P xDC 2221.11 1 222111 23.13 0.0004
PxV 3850.03 1  3850.03 40.09 <0.0001
DCxV 8417.53 1 8417.53 87.64 <0.0001
v? 27426.02 1 27426.02 28556 <0.0001
Residual 1152.51 12 96.04
Lack of Fit 840.65 7 120.09 1.93 0.2442 not significant
Pure Error 311.87 5 62.37
Cor Total 2.663E+05 19

Adjusted R? = 0.993

R? = 0.995
Predicted R? = 0.978

Modares Mechanical Engineering

P: Laser power (W)
DC : Duty Cyele (%)
SS : Scanning Speed (mm/s)

Selected input
parameters

P:250-400 W Define range or

DC:76- 100 % distribution for each

SS : 310 mm/s input parameter
Define model

Y = f(x1,X2, .., Xn)
where xi are input variables

i=1,2 M
1 1 -

5 x Xy j=1,2,..N

samples ] e St

Ng=1024

Height = Height (i)
Width = Width (i)
Angle = Angle (i)
Dilution= Dilution (i)
i=i+1

Height
Width
Angle

Sensitivity analysis

ST=
[§T1,5T2,5T3 ...5Tn]

gl ol IS oS W S

Fig. 3 General algorithm of sensitivity analysis.
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Dilution = — 55.66 — 0.079 P — 0.24 DC + 10.35 V —
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able 5 ANOVA results of the coating width.

=

Model 2.515E+05 4 6286327 81.77 <0.0001 significant

DC 80551.70 1 80551.70 104.78 <0.0001

p? 8326.56 1  8326.56 10.83 0.0049

lackof  gic413 10 93541 215 02062 "%
Fit significant

Total 2.630E+05 19

Adeq Precision = 33.22

Udsy dusly peilyls Jul s # Joazr
Table 6 ANOVA results of the coating angle.

Model 2151.13 4 53778 40.05 <0.0001 significant

DC 69.34 1 69.34 5.16 0.0382

P2 176.50 1 176.50 13.14 0.0025

Lack of

Fit 162.09 10 16.21 2.06 0.2199  not significant

Total 235255 19

Adeq Precision = 21.57

iy (83 £ iy el 2 Y Sy
Table 7 ANOVA results of the dilution ratio.

Model 1187.55 4 296.89 28.10 <0.0001  significant

DC 65.80 1 65.80 6.23 0.0247

\& 55.53 1 55.53 5.25 0.0368

Lack of

Fit 125.67 10 12.57 191 0.2455 not significant

Total 1346.05 19

Adeq Precision = 19.06

Height = — 1739.62 + 531 P + 27.04 DC + 28.79 V

¢

—0.041 PxDC—024PxV—180DCxV+ 108V ®)

Width = — 1373.19 + 9.52 P + 853 DC — 34.51 V — )
0.011 P2

Angle = —137.37 + 1.2 P+ 0.25 DC + 5.51 V — 0.0017 1

o M
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Effect of Laser Power (W) on Coating Height

Effect of Duty Cycle (%) on Coating Height
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Effect of Scan Speed (mm/s) on Coating Height
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Fig. 4 Effect of laser power, duty cycle, and scanning speed on coating height.
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Effect of Laser Power (W) on Coating Width

Effect of Duty Cycle (%) on Coating Width
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Effect of Scan Speed (mm/s) on Coating Width
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Fig. 5 Effect of laser power, duty cycle, and scanning speed on coating width.

Effect of Laser Power (W) on Coating Angle

Effect of Duty Cycle (%) on Coating Angle
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Effect of Scan Speed (mm/s) on Coating Angle
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Fig. 6 Effect of laser power, duty cycle, and scanning speed on coating angle.

Effect of Laser Power (W) on Dilution

Effect of Duty Cycle (%) on Dilution
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Fig. 7 Effect of laser power, duty cycle, and scanning speed on dilution ratio.
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Percentage impact of input factors on clad height. Percentage impact of input factors on clad width.
B Scanning speed B Duty cycle B Laser power B Scanning speed B Duty cycle 8 Laser power

51.30%

88.80%
() (b)
Percentage impact of input factors on clad angle. Percentage impact of input factors on dilution ratio.
B Scanning speed B Duty cycle B Laser power B Scanning specd @ Duty cycle B Laser power

3.00%
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Fig. 8 Contribution of each input parameter to the output parameters: (a) Height, (b) Width, (c) Angle, (d) dilution rate.
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Table 8 Comparison of Sobel sensitivity and RSM.

Scanning speed
(mm/s)

Scanning speed

Sensitivity coefficient (%) (mmys)
mm/s

Duty cycle(%) Laser power (W)  Sensitivity coefficient (%) Duty cycle(%) Laser power (W)

Response Surface Methodology 96.6 55 2.8 Response Surface Methodology 24.7 30.6 40.2

Comparison of Sobel sensitivity coefficient and RSM in clad angle. Comparison of Sobel sensitivity coefficient and RSM in dilution ratio.

Sobel sensitivity method 80.7 3 16.3 Sobel sensitivity method 81.8 4.9 13.3

Erorr 10.2 0.1 59 Erorr 11.6 0.1 0.6
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