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F 1 CREOER BT N A AR 18Cr2NiAWA B B P 900 45 R
Table 1 Single factor experiment results of femtosecond laser finishing face gear material 18Cr2Ni4dWA

No l;ox;v&; P;C(}Lf:}l;zy ica/n(r;llri -Zpele)d Sgiriilig /t;ar;k dislt);f:sl}sn/lfnm Depth /pm Roughness /pm
1 1.5 100 120 10 0 2.835 0.185
2 2 100 120 10 0 4. 362 0.243
3 3 100 120 10 0 5. 868 0. 328
4 4 100 120 10 0 6.175 0. 369
5 1.5 200 120 10 0 3.127 0.191
6 1.5 300 120 10 0 3.476 0.229
7 1.5 400 120 10 0 4.183 0.277
8 1.5 500 120 10 0 4,590 0. 362
9 1.5 100 50 10 0 5. 782 0.295
10 1.5 100 80 10 0 4.069 0.233
11 1.5 100 100 10 0 3.726 0.214
12 1.5 100 130 10 0 2.593 0.169
13 1.5 100 120 5 0 4.311 0.177
14 1.5 100 120 15 0 3.180 0. 244
15 1.5 100 120 20 0 3.419 0.365
16 1.5 100 120 10 —0.2 2.219 0.235
17 1.5 100 120 10 —0.1 2.313 0.221
18 1.5 100 120 10 0.1 2.181 0.206
19 1.5 100 120 10 0.2 1. 850 0.213
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Fig. 6 Ablation depth and tooth surface roughness of face

gear material 18Cr2NidWA versus femtosecond laser power
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Fig. 8 Ablation depth and tooth surface roughness of face
gear material 18Cr2Ni4dWA versus femtosecond laser

scanning speed
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Table 3 Orthogonal experimental design and result

o, Level Depth /' Roughness /
A B C D E pm pm
1 1 1 1 1 1 4.269 0.261
2 1 2 2 2 2 4.726 0. 285
3 1 3 3 3 3 4.077 0.228
4 1 4 4 4 1 3.211 0. 204
5 2 1 2 3 4 4. 007 0.267
6 2 2 1 4 3 4.926 0.293
7 2 3 4 1 2 4.267 0.252
8 2 4 3 2 1 3.625 0.229
9 3 1 3 4 2 5. 362 0.327
10 3 2 4 3 1 4.633 0.314
11 3 3 1 2 4 4. 301 0.319
12 3 4 2 1 3 4. 829 0. 370
13 4 1 4 2 3 5.426 0. 366
14 4 2 3 1 4 5. 227 0.341
15 4 3 2 4 1 6.029 0.373
16 4 4 1 3 2 6. 347 0.421

P /m] f/kHz v /(mmes ') L /pm J /mm
beve B c D E
1 1.5 250 65 10 —0.1
2 2 300 70 12 0
3 3 350 75 14 0.1
4 4 400 80 16 0.2
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Table 4 Range analysis table
Item Level average P /m] f /kHz v /(mmes ') L /pm J /mm
ky 4. 071 4.766 4.961 4. 648 1. 639
k, 4.206 4. 878 4. 898 4.520 5.176
ko, 4. 781 4.669 4.572 4.766 4.815
Ablation depth k, 5. 757 4.503 4. 384 4. 882 4.187
Range 1. 656 0.375 0.577 0. 362 0. 989
Preferred plan A,B,C,D,E,
Order of influence A>E>C>B>D
ky 0. 245 0. 305 0. 324 0. 306 0. 294
k, 0. 260 0. 308 0. 324 0. 300 0.321
k. 0.333 0.293 0. 281 0. 308 0.314
Roughness k, 0.375 0. 306 0.284 0.299 0. 283
Range 0.130 0.015 0.043 0.009 0.038
Preferred plan A, B,C,D,E,
Order of influence A>C>E>B>D
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Table 5 Variance analysis table
Ttem Source of variance Sum .of'squarcd Degree of Mean square F value Significance
deviations S freedom d sum S/d (M /M)
A 7.0563 3 2.3521 26.5474 AAA
B 0. 3031 3 0.1010 1. 1400 A
C 0.8917 3 0.2972 3.3544 A
Ablation depth D 0. 2908 3 0.0969 1.0937 A
E 2.0262 3 0.6754 7.6230 AAA
Random 1.0632 12 0. 0886
Sum 11.6313 15
A 0.04536 3 0.01512 10. 7552 AAA
B 0.00057 3 0.00019 0.1352 A
C 0.00674 3 0.00225 1. 5981 A
Roughness D 0.00022 3 0. 00007 0.0523 A
E 0.00378 3 0.00126 0.8963 A
Random 0.01687 12 0.00141
Sum 0.07354 15

4 TS ) 5
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RYEFE 3 Y IF A2 S 5 51 L 5% A (a0 4 e
PEAT TN A3 A7 o 6B oK B A DT o A TR AT
L
T=F « P« fPoy’ Lo ], (9
Kb T HEHGE LR EE A s MRS E R, 6N
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Table 6 Multiple regression analysis results of scanning track ablation depth
Regression statistics
Multiple R 0.9020
R’ 0. 8135
Adjusted R* 0.7203
Standard error 0.4439
Observations 16

Variance analysis

Parameter Degree of freedom  Sum of squares Mean squares F value Significance
Return 5 8. 5980 1.7195 8. 7260 0. 00205
Residual 10 1.9705 0.1971
Total 15 10. 5685
Regression parameter
Parameter Coefficient Standard error ¢t statistic P value Lower 95%
Intercept 6.0212 1.7352 3. 4700 0. 0060 2. 1550
a 0.6782 0.1556 5.8672 1.5x10°" 0.4206
8 —0.0020 0. 0020 —1. 0059 0. 3382 —0. 0064
6 —0.0411 0.0199 —2.0700 0. 0653 —0.8532
¢ 0.0474 0.0496 0. 9556 0.3618 —0.0632
% —1.1718 0. 9930 —1.7313 0.1141 —3.9302
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Table 7 Multiple regression analysis results of tooth surface roughness
Regression statistics
Multiple R 0. 9419
R’ 0.8871
Adjusted R* 0. 8306
Standard error 0.0253
Observations 16

Variance analysis

Parameter Degree of freedom Sum of squares Mean squares F value Significance
Return S 0.0503 0.0101 15. 7127 1.8X10 "
Residual 10 0.0064 0. 0006
Total 15 0. 0567
Regression parameters
Parameter Coefficient Standard error ¢t statistic P value Lower 95%
Intercept 0.4108 0.0989 4.1543 0. 0020 0.1905
a 0. 0551 0. 0067 8. 3560 §X10°° 0.0404
B —2.6X10° 0.0001 —0.2298 0.8228 —2.78Xx10""
—0.0032 0.0011 —2. 8465 0.0174 —0. 0057
€ —0. 0006 0.0028 —0. 2210 0. 8295 —0.0069
Y —0. 0415 0.0566 —0.7337 0. 4800 —0.1675
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Table 8 Material characteristics and laser parameters
Parameter Symbol and unit Numerical value Parameter Symbol Numerical value

Absorption coefficient b /m! 4,97 %107 Waist radius w,/pm 23. 14
Absorption rate B 20% Frequency f /kHz 300
Laser power P /W 3 Energy density F,/(Jeem™) 1.59
Pulse width r,/fs 828 Wavelength A /nm 1030

Scanning speed v /(mmes ") 65 Scanning track pitch AL /pm 16

Depth to material surface /um
© 0 N TR W N = O

0 5 10 15 20 25 30 35
Distance from spot center /um

PELT T LA o M ) T A S

Fig. 11 Profile of ablation pits on tooth surface
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Fig. 12 SEM images of scanning track under optimized parameters
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Fig. 13 Three-dimensional super-depth of field microscopy image of scanning track
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Fig. 14 Ablation depth values measured in different positions with ultra-depth of field microscope
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Fig. 15 Hommel T8000 profilometer measurement results. (a) Original contour; (b) roughness profile
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Table 9 Predicted and experimental scanning track ablation depth and tooth surface roughness of
face gear material 18Cr2NidWA unit: pm
Parameter Regression prediction value Simulation value Experimental value
Scanning track ablation depth 5.83 5.682 5.376
Tooth surface roughness 0.554 0.506
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Experimental Research on Optimizing Process Parameters of
Femtosecond Laser Finishing of Face Gear

Ming Xingzu, Fan Binrui , Li Chuying, Yuan Lei, Wu Tao, Ming Rui

School of Mechanical Engineering, Hunan University of Technology, Zhuzhow 412007, Hunan, China

Abstract

Objective Face gears have complex tooth profiles, are difficult to manufacture, demand a high level of technical
expertise, and traditional machining accuracy cannot meet production requirements. Therefore, femtosecond laser fine
correction face gear was proposed as a new processing technology. In this study, we investigated the multifactor
optimization of laser and correction parameters during the femtosecond laser ablation of face gear and presented
theoretical guidance for the production field.

Methods FemtoYL-100 all-fiber laser produced an 828 fs femtosecond laser to ablate 18Cr2Ni4WA, a three-dimensional
digital video microscope observed the depth of ablation pits, and Hommel profiler—-Hommel T8000 detected tooth surface
roughness. First, a single-factor femtosecond laser right-angle S-type scanning was performed to machine the face gear
material, and the influence degree and trend of laser correction parameters on the scanning track ablation depth and tooth
surface roughness were obtained by combining the theoretical and experimental results. Based on the results, we analyzed
and selected the value range of each factor and designed a factor-level table. According to the factor-level table, we
performed multiple orthogonal experiments and tested the results of scanning track ablation depth and tooth surface
roughness. The results were extremely poor. Furthermore, in the analysis of variance, after combining the two methods,
the optimal laser parameters and combination of correction parameters were selected. A regression analysis model was
established using the results of orthogonal experiments, and the power function was selected as the criterion model for
modeling. After substituting the optimized parameter combination, the prediction results of the scanning track ablation
depth and tooth surface roughness were obtained. A simulation model based on the ablation threshold and energy
accumulation was established, and the predicted value of the scanning track ablation depth was obtained using MATLAB to
solve the problem. Using optimized parameter combination to process the opposite gear material, measuring the scanning
track ablation depth and tooth surface roughness, and comparing them with the regression and simulation models’ results,
the maximum relative error was within a reasonable range, verifying the feasibility of the orthogonal result.

Results and Discussions  According to single-factor experiments, the influence trends of laser power, repetition
frequency, scanning speed, scanning track spacing, and defocusing distance on scanning track ablation depth and tooth
surface roughness are obtained, and the parameter range is reduced. The results show that the energy density of the
material increases and gradually reaches the ablation threshold as the laser power increases. Part of the material is
vaporized, and the continuous decrease in temperature causes the material to melt into a liquid state, resulting in a
pressure difference at the pit bottom, and the liquid material is difficult to discharge from the pit. The ablation depth and
tooth surface roughness continue to increase (Fig. 6). As the repetition frequency increases, the number of times the
pulsed laser acts on the material surface increases, the energy absorbed by the material increases, and the ablation depth
and tooth surface roughness increase (Fig. 7). As the scanning speed increases, the spot overlap rate decreases, the
contact between the femtosecond laser and material per unit area decreases, the energy obtained from the material
decreases, and the ablation depth and tooth surface roughness decrease (Fig. 8). As the scanning track spacing increases,
the lateral cumulative effect of the laser within a certain range intensifies, the ablation depth decreases, the scanning
track spacing continues to increase, the energy accumulation degree is greater than the lateral accumulation, the ablation
depth approaches linear growth, and the tooth surface roughness continues to increase (Fig. 9). An increase or decrease
in the defocus will cause laser scattering, which will reduce the scanning track ablation depth, and the ablation will be
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incomplete, so when the defocus is 0, the tooth surface roughness is the smallest, and as the defocus amount increases or
decreases, the tooth surface roughness will increase (Fig. 10). According to the single-factor results, we narrowed the
range of parameters, designed orthogonal experiments (Tables 2 and 3), and used range and variance analyses to obtain
optimal parameter combinations ( Tables 4 and 5). We established a regression analysis model, used the least-squares
method to calculate the orthogonal results, obtained the regression expressions (Tables 6 and 7), and substituted the
optimal parameter combination to predict the value of scan channel ablation depth and tooth surface roughness. We also

* according to the empirical

established a simulation model, calculated a material ablation threshold value of 0.1189 cm"™
formula, and used MATLAB to predict the value of scan channel ablation depth after substituting the optimal parameter
combination. Experiments were performed according to the optimal parameter combination, and the experimental values
of the scanning track ablation depth and tooth surface roughness were obtained. The maximum relative errors of ablation
depth and tooth surface roughness from predicted value of regression model were 8.4% and 9.5%, whereas the maximum
relative error of ablation depth from predicted value of simulation model was 5. 7%, indicating the feasibility of the

optimized results within a reasonable range.

Conclusions The influence trend and degree of laser correction parameters on the ablation depth and tooth surface
roughness of a scanning track are determined, and an orthogonal analysis table is established to obtain the optimal
parameter combination. We establish a regression model, substitute the optimal parameters to predict the scan channel
ablation depth and tooth surface roughness. We also established a simulation model, and use MATLAB to predict the
experimental values of the scanning track ablation depth. The optimized parameter combination processing experiment is
performed, and the maximum relative errors obtained after comparing the experimental value with predicted values of
regression and simulation models are within a reasonable range, proving the rationality of the parameter optimization.

Key words laser technique; femtosecond laser; process parameters; orthogonal experiment; regression model;
simulation analysis; tooth surface profile
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