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Abstract: In order to solve the problem of poor surface quality consistency after the grinding of
nickel-cobalt-based functional gradient materials (NiCo-FGMs) prepared by laser-directed
energy deposition (L-DED) and forming process, the influence laws of the grinding process
parameters on the grinding force and surface roughness of NiCo—-FGMs were analyzed based on
the orthogonal experiments, and the corresponding prediction model was established. For the
different processing objectives of rough machining and finish machining, the multi-objective
grinding process parameter optimization was carried out and verified by using the second-
generation non-dominated sorting genetic algorithm (NSGA- Il ) and the entropy weight
technique for order preference by similarity to ideal solution (TOPSIS) method. The results
showed that the rough machining parameters are used a, = 53. 61 pm, v, = 29.99 m/s, v, =
311. 89 mm/min, and the finish machining parameters are used a, = 14. 96 pm, v, =29. 99 m/s,
v, = 300. 92 mm/min. After the two-stage machining, the standard deviation of surface roughness
is reduced from 0. 195 um to 0. 101 pum, which effectively improves the surface roughness
consistency of NiCo-FGMs.

Key words: nickel-cobalt-based functional gradient materials (NiCo-FGMs); laser-directed
energy deposition (L-DED) ; grinding force; surface roughness
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Table 1 Chemical composition of K447A and Stellite—6 powders (mass fraction) %
R C Si Mn Cr Mo Ti Fe Al Co Ni \ Ta Hf
K447A 0.14 0.03 0.01 8.69 0.72 1.16 0.12 5.58 10.33 Bal 10.31  3.11 1.58
Stellite-6  1.15 1.10 0.50 29.00 1.00 — 3.00 — Bal. 3.00 4.00 — —

#2 NiCo-FGMsittHl&F I E B4
Table 2 Preparation process parameters of the
NiCo—FGMs specimen
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Fig. 4 Tensile test results
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Fig. 5 SVWB80C-3D five-axis linkage increase/decrease composite machining center
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Table 3 Orthogonal experimental table

s a,/pm v/(m-s™) v,/(mm-min™)
1 10 15 300
2 10 20 500
3 10 25 700
4 10 30 900
5 25 15 500
6 25 20 300
7 25 25 900
8 25 30 700
9 40 15 700
10 40 20 900
11 40 25 300
12 40 30 500
13 55 15 900
14 55 20 700
15 55 25 500
16 55 30 300
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Table 4 Grinding force results N
T 0% K447A 25% K447A 50% K447A 75% K447A 100% K447A
F, F, F, F, F, F, F, F, F, F,
1 11.99 4.59 15. 05 8. 69 10. 12 5.75 11.12 5.99 23.37 12. 65
2 17.27 6.56 20.27 11.25 11. 87 6.29 16. 25 9.29 28.78 15.12
3 14.21 6. 46 19.30 10. 59 14. 96 7.82 18.43 9.63 20. 34 8. 46
4 7.96 4.23 16. 63 8. 06 13.78 6.78 17. 80 8.77 17.16 7.33
5 14. 00 5.60 39.51 23.75 23.86 13.53 31.22 16.39 66. 46 31.55
6 33.57 12. 86 33.41 19.12 19. 01 10. 37 28.05 15.98 44.33 21.39
7 39.60 16. 59 45.32 24. 14 31.15 15.70 45.71 23.22 60. 79 24. 60
8 34.59 11.74 36. 18 17. 49 30. 61 15. 40 37.57 18.21 56.95 23. 86
9 83. 87 36.24 65.22 38.67 39. 56 22.35 54.78 29.15 111. 60 50. 81

10 37.79 14.75 57.70 30. 67 40. 84 21.29 53.94 25.83 66. 84 27.45
11 48.25 20. 82 40. 30 21.90 28.98 15.22 43.17 23.79 88.03 37.27
12 62. 60 23.83 53.58 25.58 41.72 21.28 58.75 27.38 89. 41 34.74
13 96. 26 41.87 88. 00 51.26 67.95 37.15 73.17 39.61 145.20 63. 06
14 59.92 24.46 75. 86 40.76 57.34 29. 60 69. 44 35.44 110. 56 43.23
15 72.37 30.43 55.15 29. 66 39.34 19.79 57.13 30. 64 112.42 43.83

16 72.50 28.17 58.48 28.21 44.33 23.28 67.05 31.23 104. 82 40.91
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Fig. 6 Range of influence of the grinding parameters on the grinding force of materials with different gradients
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Fig. 7 Impact trend of the grinding parameters on the grinding force in different gradient materials
(a)—0% K447A; (b)—25% K447A; (¢)—50% K447A 5 (d)—75% K447A ; (¢)—100% K447A.
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Table 5 Roughness measurement results pm
R,
FF 0% 25% 50% 75% 100% Pk 22 FEE
K447A K447A K447A K447A K447A
1 1.38 0.75 2.01 1.24 1. 09 0. 464 1.29
2 1.17 0.74 1. 68 0.98 1.03 0. 349 1.12
3 0.71 0. 66 1.34 0.92 1. 00 0.272 0.93
4 0.57 0.73 0.99 0.79 0.98 0.177 0. 81
5 1.26 0. 80 2.09 1. 14 1. 11 0.484 1.28
6 0.94 0. 81 1.68 0.95 1. 14 0.343 1.10
7 0. 68 0. 67 1.17 0. 88 0.91 0.207 0. 84
8 0. 46 0.63 0. 85 0.71 0.96 0.195 0.72
9 0. 85 0. 88 2.04 1.24 1. 15 0.483 1.23
10 0.68 0.78 2.01 1. 16 1.18 0.523 1. 16
11 0.63 0.77 1.07 0.99 0.94 0.178 0. 88
12 0.51 0. 67 0. 88 0.72 0.97 0.179 0.75
13 0.79 0.95 2.20 1.58 1.16 0.567 1.34
14 0.88 0.75 1. 47 0.95 1. 04 0.274 1.02
15 0. 66 0.70 1.01 0.91 0. 89 0. 148 0. 83
16 0.51 0. 67 0.93 0. 84 0.93 0.183 0.77
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Fig. 8 Range of influence of the grinding parameters
on the surface roughness of materials with
different gradients
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Fig. 9 Impact trend of the grinding parameters on the surface roughness of materials with different gradients
(a)—0% K447A; (b)—25% K447A; (¢)—50% K447A; (d)—75% K447A ; (e)—100% K447A.
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force prediction model
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Table 7 ANOVA of the roughness standard deviation
prediction model
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Fig. 10 Comparison of predicted and experimental values
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Fig. 11 Pareto front solution set
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Table 8 Relative closeness between each scheme and ideal solution in rough machining
PIES TEFRAR b i B UBLS AHXS WG 3T B HEF
76 0.383 065 0.538 008 0.584 110 1
121 0.383 110 0.537 717 0. 583 950 2
9 0.389 791 0. 545 486 0.583 235 3
43 0. 460 695 0.291 348 0.387 408 200
*9 HBNI&ARSEEHEZ EKEXINGEE
Table 9 Relative closeness between each scheme and ideal solution in finish machining
VES 1E PRAR iR B B i B AFRT I 305 HEy
65 0. 229 899 0.612 230 0. 727 003 1
126 0. 235 464 0. 621 043 0. 725 088 2
15 0.230 347 0. 602 385 0.723 384 3
190 0.616914 0.267 685 0.302 606 200
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Table 10  Grinding experiment results

T a,/um v/(m-s™") v, /(mm-min™) F /N o/pm Z J(mm®-s™)
AL T 54 30 311. 89 59.78 0.195 1979.6
iyl I 15 30 300. 92 20. 58 0. 101 173.17
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Fig. 12 Surface topography of the grinding process
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