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Fig. 1 Cracks in the coating of the emission short
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Fig. 2 Laser cladding experimental platform
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Tab.1 Chemical composition of 316L

%

SIS Bt o PIVES BT 43 H
C 0.080 Cr 16.000~18.000
Si 1.000 Mo 2.000~3.000

Mn 2.000 S <0.002
P 0.045 Fe Bal
Ni 12.000~~14.000
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Tab.2 Chemical composition of Ni60 alloy powder

%

JLR CargERsgid JLR b =q4Epigsd
C 0.8 B 3.0
Si 4.0 Cr 15.5
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MR VA 3N SHAE R R B E R E 4
AT, TR L16(3*,3 R 4 K8 ) BUE A R HAK
TR 16 H TS5, HAAr 2 L3R 3,
+=3 EXRESH
Tab.3 Orthogonal test parameters

45 WOCHIERP/W I V/(mms™)  EER Y (rmin )

Al 1400 3 0.4
A2 1400 4 0.6
A3 1400 5 0.8
A4 1400 6 1.0
A5 1 600 3 0.6
A6 1 600 4 0.4
A7 1 600 5 1.0
A8 1 600 6 0.8
A9 1 800 3 0.8
Al0 1 800 4 1.0
All 1 800 5 0.4
Al2 1 800 6 0.6
Al3 2000 3 1.0
Al4 2 000 4 0.8
AlS5 2000 5 0.6
Al6 2000 6 0.4
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Fig. 3 Coatings and crack penetration
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Tab.4 Cross section dimensions of single-layer single-pass Ni60 coatings

H5 LU R, /mm ! Y& {5 H/mm SR himm J& 9 Wimm BUE 75y TR 0/%
Al 0 0.86 0.33 3.26 9.88 27.7
A2 0.050 0.96 0.07 3.06 43.71 6.8
A3 0.050 0.93 0.10 2.79 27.90 9.7
A4 0.075 0.99 0.07 2.54 36.29 6.6
AS 0 1.18 0.34 3.52 10.35 22.4
A6 0 0.71 0.33 3.39 10.27 31.7
A7 0.050 1.12 0.13 3.02 23.23 10.4
A8 0.075 0.76 0.05 2.95 59.00 6.2
A9 0 1.42 0.37 3.65 9.86 20.7
A10 0.025 1.26 0.27 3.46 12.81 17.6
All 0 0.47 0.28 3.41 12.18 37.3
Al2 0 0.59 0.23 3.40 14.78 28.0
Al3 0 1.70 0.45 4.07 9.04 20.9
Al4 0 1.12 0.41 3.80 9.27 26.8
Al5 0 0.67 0.52 3.69 7.10 43.7
Al6 0 0.30 0.57 3.82 6.70 65.5

—1 mm
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Fig. 4 Cross sections of selected single-layer single-pass Ni60 coatings
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Fig. 5 Laser line energy and mass energy under different
process parameters
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Fig. 6 Longitudinal microhardness of selected coatings
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Fig. 7 Relationship between dilution rate and hardness of
coatings
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Fig. 9 Three sets of single-layer multi-pass coatings

ME 11 AT LLE Y, GL.G2.G3 I 7 2 5 R A 1
TN, 2563 3 IR N T T 22380 (36 3) b Al A& B0«
X 34 T2 B A AR TR] , MO PR A R

BRI RO AR S THOLRER, I KXk
SR T A A A, —F W T O
e SO ACR SR BE , DL S A RS B 2



308 TRER2ESH AR

%57 %

Gl ] % ;}2:

EOUR

10 mm
I

. lomm | " v e e ewes ] sn . Prrs lo.yr;l-rn
I jm—

El10 BEZEREERRGURD

Fig. 10 Crack penetrations of single-layer multi-pass coatings
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Fig. 12 Lateral microhardness of single-layer multi-pass
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Research on the Process of Ni60 Laser Cladding for Surface Strengthening of Nonmagnetic Drilling Tools
LIU Lilan', LI Sicong', YANG Fan', HAN feiyan®, WU Ziying'

(1.School of Mechanical and Precision Instrument Engineering, Xi’an University of Technology , Xi’an 710048, China;

2.School of Aeronautical Manufacturing Engineering, Xi’ an Aeronautical Polytechnic Institute, Xi’an 710089, China)

Abstract:

Objective The material of nonmagnetic drilling tools is 316L stainless steel. When operating underground, nonmagnetic drilling tools are prone

to wear and corrosion due to the poor wear and corrosion resistance of 316L stainless steel. Cladding a carbide alloy on the surface of
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nonmagnetic drilling tools serves as an effective method to enhance their wear and corrosion resistance. Ni60 alloy exhibits high hardness and
wear resistance; however, it also presents high crack sensitivity, which seriously restricts its engineering application. This study aims to determine
the optimal process parameters for preparing crack-free Ni60 alloy coatings on 316L stainless steel substrates to strengthen the surface of
nonmagnetic drilling tools.

Methods Laser coaxial powder feeding technology was utilized to clad Ni60 alloy powder on the surface of 316L stainless steel. The process
parameters, such as laser power, scanning speed, and powder feeding rate, were considered as influencing factors. First, orthogonal experiments
of single-layer single-pass laser cladding were conducted. Sixteen sets of single-layer single-pass cladding layers were obtained, and penetration
testing was employed to detect cracks in the cladding layers. An inverted metallographic microscope was then utilized to observe the
microstructures of the cross-sections of the cladding layers, and a Vickers hardness tester was utilized to measure the microhardness of the
cladding layers. The melting height, melting depth, and melting width of the 16 sets of single-layer single-pass cladding layers were measured to
calculate the crack density, dilution rate, and forming coefficient. Some cladding layers with no cracks and a low dilution rate were selected from
the 16 sets. Next, taking microhardness, dilution rate, and forming coefficient as quality indicators, a comprehensive weighted scoring method
was proposed to select three sets of cladding layers with the highest scores. The process parameters of the selected three sets of single-layer
single-pass cladding layers were then utilized to conduct single-layer multi-pass cladding tests with a 50% overlap rate. The microhardnesses and
microstructures of the single-layer multi-pass cladding layers were measured. Based on the thickness, microstructure, and microhardness of the
single-layer multi-channel cladding layers, the process parameters that met the requirements of the coatings for the nonmagnetic drilling tool
considered were finally determined.

Results and Discussions In the results of the single-layer single-pass cladding experiments, crack defects were found in the cladding layers of
A2, A3, A4, A7, A8, and A10. The laser energy analysis showed that their line energy and mass energy were low, which led to incomplete melting
of the alloy powder and also caused the microstructures of the layers to be uneven. In addition, the cladding layers of A15 and A16 were also
eliminated because their dilution rates were too high. The remaining eight sets of cladding layers, which exhibited no cracks or pores in their
cross-sections, were selected for further analysis. The hardness of the Ni60 alloy coating ranged from 528 to 788 HV, while the hardness of the
substrate ranged from 205 to 232 HV. Taking microhardness, dilution rate, and forming coefficient as quality evaluation indicators, with high
hardness, low dilution rate, and high forming coefficient considered optimal, the comprehensive weighted scores of the selected eight sets of
single-layer single-pass cladding layers were calculated. The three sets of cladding layers with the highest scores were AS, A9, and A1, and their
process parameters were utilized to conduct single-layer multi-channel experiments. Therefore, three sets of single-layer multi-channel cladding
layers, numbered G1, G2, and G3, were obtained. The crack penetration testing showed that there were no cracks in the cladding layers. The
thicknesses of the G1, G2, and G3 cladding layers gradually increased due to the corresponding increases in laser power and powder feeding rate.
The dilution rate of the G1 cladding layer remained between 17.8% and 20.7%, that of G2 remained between 15.3% and 18.9%, and that of G3
remained between 7.6% and 9.0%. The microhardness of the Ni60 alloy coating ranged from 638 to 882 HV, and the hardness of the substrate
ranged from 218 to 273 HV. The microstructures of the G1 and G2 cladding layers exhibited typical rapid solidification characteristics. From the
bonding zone to the surface of the cladding layers, the microstructures showed a transition from continuous planar crystals and dendritic crystals
to equiaxed crystals. This illustrated that the Ni60 alloy powder formed a dense metallurgical bond with the 316L stainless steel substrate.
However, no obvious and continuous planar crystal layer was found in the bonding zone of the G3 cladding layer, which was attributed to the low
dilution rate and uneven temperature variation.

Conclusions The Ni60 alloy coating of the G2 cladding layer meets the requirements of a 2.0~2.5 mm thickness and a 55~60 HRC hardness for
the nonmagnetic drilling tool. When the dilution rate is approximately 15%~20%, the microstructure of the single-layer multi-channel cladding
layer exhibits good formation without cracks or pores. The transverse microhardness of the single-layer multi-channel Ni60 alloy coatings ranges
from 588 to 889 HV. At the middle width of the single-layer multi-channel cladding layer, the longitudinal microhardness of the Ni60 alloy
coating ranges from 638 to 882 HV, while the longitudinal microhardness of the 316L substrate ranges from 218 to 273 HV. The microhardness of
the Ni60 alloy coating is approximately four times that of the 316L substrate. The optimal process parameters, determined through experiments
and analysis, are as follows: laser power of 1 600 W, scanning speed of 3 mm/s, powder feeding rate of 0.6 r/min, and overlap rate of 50%.

Key words: nonmagnetic drillings; Ni60 alloy; comprehensive weighted scoring; process optimization
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