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ABSTRACT: Laser cladding is a new surface modification technology. It has the characteristics of fast cooling rate, small heat
affected zone, wide powder selection range and high degree of automation. Cladding parameters have a significant impact on the
geometric morphology and porosity of the cladding layer, which is an important factor affecting the quality of the cladding
layer. At present, the researches on laser cladding process parameters are mainly based on the experiments to improve the
mechanical properties of the cladding layer. However, there are few studies on optimizing the porosity and improving the
quality of cladding layer. Moreover, the statistical analysis is also needed. Therefore, in the present study, Taguchi-Grey relation
method was used to systematically analyze the effect of the cladding parameters, and the cladding parameters of Ni60+25%WC
were optimized.

The substrate (Q235) was cut into 100 mm x 100 mm % 10 mm square plates, and the MobiMRO fiber laser was used for
this study. After the experiment, the sample was cut with wire cutting and polished. Finally, the sample was corroded with aqua
regia. Taguchi method was used in the present study to design a three-factor and four-level orthogonal experiment, which greatly
reduced the number of the experiments (from 64 to 16) and reduced the experiment cost. At the same time, the cross section
geometry, porosity and microstructure of the cladding layer were observed by the optical microscope and scanning electron
microscope. The cladding width, the cladding height, the area of the cladding layer, the area of the cladding depth, the pore area
and the grain size of the cladding layer were measured by the VHXAnalyzer software and PhenomImageViewer software. With
the geometry (cladding width, cladding height, dilution ratio) and the porosity of the cladding layer as the response indexes, the
effects of the specific energy and the powder feeding rate on the cladding width, the cladding height, the dilution ratio and the
porosity were analyzed. Then, combined with the signal-to-noise ratio analysis, the effect degree of process parameters (laser
power, scanning speed, powder feeding rate) on different response indexes was explored. After that, the optimal combination of
process parameters was obtained through the grey relation analysis and verified by experiments. Finally, the microstructure of
different parts of the cladding layer was compared and analyzed.

The laser power had the greatest effect on the cladding width and the porosity of the cladding layer, and the scanning speed
had the greatest effect on the cladding height and the dilution ratio of the cladding layer. Increasing the energy input properly
could obtain larger molten pool and increase the existence time of the molten pool. It would increase the cladding width and
reduce the porosity. The optimized combination of laser cladding parameters included: the laser power of 1 100 W, the scanning
speed of 10 mm/s and the powder feeding rate of 7.6 g/min. At this time, the cladding layer was mainly cellular crystal and
formed a great metallurgical bond with the substrate. Moreover, the cladding layer had no obvious defects such as pores and
cracks, and the wetting angle was smaller than 70°, which met the optimization goal. Moreover, the cladding width increased by
22% (increased from 1 949 um to 2 383 pm). The dilution ratio is reduced by 58% (reduced from 24.42% to 10.33%), which
was closer to the ideal value of 10%. At the same time, the porosity also decreased from 0.329% to 0.306%, with a decrease of
7%. The experiment value (0.672 659) of grey correlation degree was in good agreement with the predicted value (0.626 553),
with an error of 7%. At the same time, the grain size of the lower part of the cladding layer was the smallest (3.64 um), followed
by that of upper part of the cladding layer (4.39 um), and the grain size in the middle of the cladding layer was the largest
(5.52 pm). Moreover, the increase of the laser power will cause more WC particles in the cladding layer to dissolve.

KEY WORDS: laser cladding; nickel based WC; parameter optimization; Taguchi-grey relation method; signal to noise ratio

analysis; geometric morphology; porosity
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Fig.1 Schematic diagram of laser cladding
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Tab.1 Chemical composition of the substrate

Elements C Mn Si S P Fe
Content/%  0.19 1.2 0.3 0.005 0.045 Bal.
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Tab.2 Chemical composition of powder

Elements C Cr Si B Fe
Content/% 0.8

WC Ni
16.5 4.00 4.00 <8.00 25 Bal
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Tab.3 Parameter level of laser cladding
orthogonal experiment

Laser Scanning Feeding
power/W  speed/(mm-s™)  rate/(g-min”")
Level 1 1 000 5 4.6
Level 2 1100 10 6.0
Level 3 1200 15 7.6
Level 4 1 300 20 9.1
< w
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Fig.2 Geometric dimension measurement
of cladding layer
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Tab.4 Cross sectional geometric dimension of cladding layer in single track laser cladding orthogonal experiment

No. Laser Scanning . Feedin.g . C.ladding Clgdding Dilption Porosity/%
power/W speed/(mm-s™) rate/(g-min ) width/pm height/um ratio/%
1 1 000 5 4.6 2292 733 18.646 1 0.634 04
2 1 000 10 6 2261 705 11.9105 0.268 48
3 1 000 15 7.6 2201 441 19.912 0 1.575 54
4 1 000 20 9.1 1931 400 26.852 7 1.934 79
5 1100 5 6 2362 689 28.369 1 1.381 44
6 1100 10 4.6 2372 718 14.5929 1.011 44
7 1100 15 9.1 2147 481 24.407 1 0.163 21
8 1100 20 7.6 1949 320 24.422°8 0.329 06
9 1200 5 7.6 2 533 776 22.724 5 1.314 21
10 1200 10 9.1 2 507 772 11.610 2 3.663 62
11 1200 15 4.6 2209 522 17.435 1 4.143 28
12 1200 20 6 2286 331 38.395 8 2.241 88
13 1300 5 9.1 2 852 916 21.8152 9.076 10
14 1300 10 7.6 2753 662 22.5050 4.537 01
15 1300 15 6 2388 561 19.4353 1.991 63
16 1300 20 4.6 2398 383 42371 4 0.587 95
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Fig.3 Effect of powder feeding rate and specific energy on the geometric dimension of
cladding layer: a) width; b) height; c) dilution ratio
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Tab.5 Signal to noiseratio analysis of response objective

No. SNR of /Ny SNR of S/Ny SNR of S/N; SNR of §/N,

1 67.204292 -57.30208 -14.58826 43.957 648
2 67.086011 -56.963 78 -18.4814  51.421 809
3 66.852401 —52.88877 -14.01771 36.051 436
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Fig.5 Effect of different process parameters on the cladding layer width: a) laser power; b) scanning speed; ¢) feeding rate
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Fig.6 Effect of different process parameters on the cladding layer height: a) laser power; b) scanning speed; c) feeding rate
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Fig.7 Effect of different process parameters on the dilution ratio: a) laser power; b) scanning speed; c) feeding rate
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Fig.8 Effect of different process parameters on the porosity: a) laser power; b) scanning speed; c) feeding rate
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Tab.6 Standardization processing results of response objective

No. Standardizationof S/Ny Standardizationof S/Ny Standardizationof S/N, Standardizationof S/N,,
1 0.439 473 0.2119156 0.634 0519 0.337 722
2 0.404 554 5 0.248 949 0.980 2724 0.123 868 8
3 0.3355889 0.695041 1 0.583 3128 0.564 240 1
4 0 0.787 824 9 0.352 3169 0.6153557
5 0.516 614 8 0.270 777 2 0.309 8829 0.5315228
6 0.527 448 0.2315754 0.823 376 0.453 943 2
7 0.271 893 0.612 486 4 0.426 0797 0
8 0.023 7919 1 0.425 5834 0.174 499 3
9 0.695 842 4 0.157 7109 0.481 2546 0.519 108
10 0.669 386 0.162 624 9 1 0.774 239 4
11 0.344 892 2 0.534 706 9 0.685919 6 0.804 857 7
12 0.432 7516 0.96786 3 9 0.076 1059 0.652 016 3
13 1 0 0.512 801 4 1
14 0.909 408 0.308 7879 0.488 754 8 0.827 448 8
15 0.544 686 5 0.466 195 3 0.602 028 2 0.622 561 8
16 0.555 402 0.829 1197 0 0.318 9397
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Tab.7 Calculation result of grey correlation degree
No. GRG of S/Ny GRG of §/Ny GRG of S/N, GRG of S/N, GRG
1 0.471 463 7 0.388 173 324 0.577 401 779 0.430 189 665 0.466 807 1
2 0.456 435 3 0.399 663 978 0.962 042 398 0.363 337 461 0.545 369 8
3 0.429 401 6 0.621 149 713 0.545 442 356 0.534 325 102 0.5325797
4 0.333 3333 0.702 074 55 0.435 660 343 0.565 198 885 0.509 066 8
5 0.508 447 7 0.406 761 075 0.420 126 711 0.516 274 401 0.462 902 5
6 0.514 1113 0.394 189 775 0.738 962 838 0.477 985 515 0.5313124
7 0.407 1307 0.563 371 639 0.465 583 895 0.333 333 333 0.442 354 9
8 0.338 705 6 1 0.465 368 852 0.377 215 941 0.545 3226
9 0.621 768 7 0.372 498 002 0.490 799 775 0.509 740 101 0.498 701 6
10 0.601 964 3 0.373866678 1 0.688 932 442 0.666190 9
11 0.432 86 0.517977393 0.614 189 958 0.719 277 154 0.571 076 1
12 0.468 494 5 0.939 609 26 0.351 149 706 0.589 633 982 0.587 2219
13 1 0.333 333 333 0.506 483 724 1 0.709 954 3
14 0.846 608 2 0.419 740 533 0.494 439 909 0.743 437 835 0.626 056 6
15 0.523 388 4 0.483 650 355 0.556 810 376 0.569 840 705 0.5334225
16 0.529 3257 0.745 289 464 0.333 333 333 0.423 348 422 0.507 824 2
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Tab.8 Response of grey relation method
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Fig.9 Effect of different process parameters on the grey correlation degree: a) laser power; b) scanning speed; ¢) feeding rate
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Tab.9 Forecast results and verification results

Response objective  Forecast results Verification results

Cladding width — 2383
Cladding height — 702
Dilution rate — 10.33%
Porosity — 0.31%
GRG 0.626 553 0.672 659
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Fig.10 Cross section morphology of cladding layer with optimum parameters
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Fig.11 Microstructure of different parts of the cladding layer under the optimal
parameters: a) lower part; b) middle part; c) upper part
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Tab.10 Chemical composition of the
Ni60+25% WC cladding layer
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Fig.14 Morphology of different parts of the cladding layer under 1 300 W: a) lower part;
b) middle part; ¢) upper part
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