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Double-Pass Laser Cladding Process for Small-Modulus Gear-Tooth Surface

Liu Gancheng”, Huang Bo
School of Mechanical Engineering, Hubei University of Technology, Wuhan, Hubei 430068, China

Abstract Laser cladding experiments on 1-mm-thick Ni60 alloy coatings on a small-modulus gear-tooth surface are
conducted using a continuous fiber laser. The analysis on the reason for causing cladding defects by the thin small-
modulus tooth top and single-pass laser concentrated in the middle of the gear is performed. A double-pass laser
processing method is proposed for the fabrication of nicked-based alloy coatings on the small-modulus gear-tooth
surface. Under the condition of constant laser energy input, the energy of the original single-pass laser is distributed
to two small spots according to a certain energy ratio scheme. The gear’s tooth top and bottom are then sequentially
processed. Results show that by using two 1-mm spots with an energy ratio of 4:6, the proposed method not only
reduces the ablation of the gear's tooth top, but also solves the problem of excessive energy being concentrated in
the middle of the gear. Additionally, the coatings’ dilution rate significantly reduces. Low precipitation of
crystalline austenite containing Fe and Ni is observed in the microstructure in contrast to the high precipitation of
granular cementite rich in Cr. The wear resistance and strength of the cladding layer are improved compared to those
of single-pass laser cladding. Overall, the double-pass laser cladding process significantly promotes the quality of the
nickel-based alloy coatings prepared on the small-modulus gear-tooth surface.

Key words laser technique; double-pass laser cladding; small-modulus gear; dilution rate; microstructure; process
parameters
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Table 1 Processing parameters of single-pass laser

cladding coatings on gear-tooth surface

Scanning speed / Power density /

Number
(mmes ) (kWesscm %)
1 0.75 21.2
2 0.70 22.7
3 0.65 24.4
4 0.60 26.5
5 0.55 28.9
6 0.50 31.8
7 0.45 35.3
8 0.40 39.7
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Table 2 Cross-sectional dimensions and dilution rates of
nickel-based alloy coatings on tooth surface at different

power densities

Power Cladding ~ Substrate  Coating
Number  density / maximum penetration  dilution
(kWesecm ?) height /um depth /um  rate /%
1 21.2 947.12 0
2 22.7 989.20 0
3 24.4 1109.84 257.03 23.16
4 26.5 1324.35 337.53 25.48
5 28.9 1537.51 447.65 29.12
6 31.8 1627.21 562.04 34.54
7 35.3 1725.61 648.37 37.57
8 39.7 1749.89 698.21 39.90

Laser power density /(KW - s - cm™)
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Fig. 3 Dilution rates of single-pass laser cladding coatings

on gear-tooth surface at different laser power densities

SR IEEE N E WIS AT LA I, S BO6 %
FREIRF] 39.7 kWeseem B, M H BT B B A i
JEBe i, B i R JE R R O 40060, B T U TR
BB B I TR 2 00 R0 B R N I AE — A B E
I, TEMRIERES &5 EMIE R R I 6 84550
H$E T, [A) B 2 o B A4 i 43 403 ) AT e A /N 0 20
S R 3 B A TN OGP % U Dy 244~
35.3 kWesecm 2,

J T B [ e B B T AT R R A
FEM IS TR R i O S 4 R[]
D29 BE T A 008 3 2 5 o G DX B 6 4 45
Bt B 3 1 2 2R A A A s R L O i T B )
(EDS) 73 Hr LV JC 2R 43 A1 16 0 itk — 2 i 52 )
R Z N OTR SR r e, AR
5 FE T A A A2 A R BT A B R N L A TR

M 4Ca) (b)) ] LLE H FEAR IO Ty R 4% B
IR K R R AR A A TR A A — SE A i AL
B, VR B 2 S B 2 ) A 45 B ORI 2, FE A2 B
Hh T3 s B 25 2 PR A 7 AR R B, T S BUR 2
TR, EE 4o (DHRTLUA T Y BOL ) 2%
KT 31.8 kWeseom™ *Hif . 165 78 J2 P FS 09 Tk B2 A6 52 bk
1o e B ) AL IS P A ) SRR AT R R Y
B kKM E It HIRZ R &4 60 K s
FEM Z 18 FLBRFE AT 2 I 7 2 5 B b 2 [R) Y &
BN E L T N A AR AN A )2 IR R 4
G XK LIRS Tl HaE I E G, B L
FE.E31.8 kWeseem *HC IR EE F . KEZE
1) BB SOR B H 5 A 25 G ROCR WA .

3 N TREE oL B TR = B & S oA

31 AEHBAEHABEEBRENMLLE
SR E) TNV R R T A RS B IR )R

1002009-3



B4 AR T 6 & W E 2R B8,
(a) 24.4 kWesecm *;(b) 26.5 kWeseem “;(c) 31.8 kWesecm ?5(d) 35.8 kWesecm 2

Fig. 4 Microstructures of bottom of cladding layers at different power densities. (a) 24.4 kWesecm *;
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Fig. 5 Single-pass laser cladding coatings obtained with laser power density of 31.8 kWesscm *.
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(a) Cross-sectional morphology of coating; (b) microstructure of coating; (c¢) macroscopic morphologies of coatings

B b TR) AL, AT LA AR AR DRI SO B A RE
AR ST T F A B R RE B R — Y

A .

AER T HL 7 A0 e B BTSN BE AR Ti5 %8
B T AL A IR, B 6 W B, ~E, R ER

4

A

laser power density: E,=E,+FE,
processing area width: D,=D,+D,
tooth top position width: 7, <h,

total height of cladding layer: H,>H,
substrate alloying area: S, >S,
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Fig. 6 Schematic of double-pass laser processing and its expected effect of target improvement
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Fig. 7 Schematic of laser processing by using two 1-mm spots
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Table 3 Power-density ratio of double-pass laser cladding with two 1-mm spots and scanning speed of each laser

Double beam

Power density

Scanning speed per

Number Spot diameter /mm
energy ratio per beam /(kWesecm *) beam /(mmes ')
1 238 P,=6.36,P,=25.44 1 uy=5,u,=1.25
2 3:7 P,=9.54,P,=22.26 1 u; =3.33,u,=1.43
3 4:6 P,=12.72,P,=19.08 1 w1 =2.5u;, =1.67
4 5:5 P,=15.9,P,=15.9 1 ur=2,u;=2
£ 41 mm OGTET BUEBOGR B S5 SRR
Table 4 Experimental parameters of double-pass laser cladding with two 1-mm spots
Scanning speed per Double beam
Number Laser power /W Powder thickness /mm
beam /(mmes ') energy ratio
1 250 w1 =5,u,=1.25 1 2:8
2 250 u; =3.33,u,=1.43 1 3:7
3 250 uy=2.5u;,=1.67 1 4:6
4 250 UL =2,u;, =2 1 5:5
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Table 5 Cross-sectional morphology parameters of cladding layers under laser processing by using two 1-mm spots

Double beam Gear tip Cladding maximum Dilution rate Bottom edge width of
Number energy ratio height /pm height /pm of coating /% alloyed area /pm
1 2:8 517.37 1208.02 29.89 1564.62
2 3:7 485.64 1068.11 28.93 1779.50
3 4:6 460.61 961.72 27.28 1825.39
4 5:5 426.44 1127.61 29.32 1912.43
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processing idea:
cover entire tooth
surface width with
two 1.5 mm spots
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Fig. 8 Schematic of laser processing by using two 1.5-mm spots
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Table 6 Experimental parameters of double-pass laser cladding with 1.5-mm spots

Scanning speed

Powder Double beam Spot overlap

Number Laser power /W
per beam /(mmes ! thickness /mm energy ratio rate /%
1 250 u; =3.34,u,=0.83 1 2:8 30
2 250 w1 =2.22,u,=0.95 1 3:7 30
3 250 u; =1.67,u,=1.12 1 3:7 30
4 250 u;=1.33,u,=1.33 1 5:5 30
5 250 u;=3.34,u,=0.83 1 2:8 40
6 250 u,=2.22,u;=0.95 1 3:7 40
7 250 w1 =1.67,u,=1.12 1 3:7 40
8 250 u;=1.33,u,=1.33 1 5:5 40
9 250 u; =3.34,u,=0.83 1 2:8 50
10 250 u; =2.22,u;,=0.95 1 3:7 50
11 250 u, =1.67,u,=1.12 1 3:7 50
12 250 u;=1.33,u,=1.33 1 5:5 50

alloyed area
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Fig. 9 Cross-sectional morphologies of cladding layers under different processing techniques. (a) Large difference

between power densities of double-pass laser spots; (b) small difference between power densities of double-pass laser spots
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Fig. 10 Cross-sectional microstructures of alloy coatings under different process parameters. (a) Input laser power density

; (b) input laser power density at tooth bottom of gear is greater
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Table 7 Cross-sectional morphology parameters of cladding layers under laser processing by using two 1.5-mm spots

Double beam power density Gear tip Cladding maximum  Dilution rate  Bottom edge width
Number ratio and spot overlap ratio height /pm height /pm of coating /% of alloyed area /pum
1 Energy ratio of 5:5, overlap of 30% 403.29 1408.31 32.77 1917.12
2 Energy ratio of 4:6, overlap of 40% 427.53 1366.44 31.48 1878.77
3 Energy ratio of 5:5, overlap of 40% 414,37 1402.73 32.45 1815.64
4 Energy ratio of 3:7, overlap of 50% 436.57 1446.28 32.51 1633.46
5 Energy ratio of 4:6, overlap of 50% 428.25 1493.69 32.87 1677.82
6 Energy ratio of 5:5, overlap of 50% 408.46 1520.81 33.59 1714.03

4 HESWNBEHOLCTZTHEEZ

Jo 18 X HE A AT
4.1 ETRMEEMRAERBERNXTLL S

B 11 Ca) S BT O T/ i )2 H# i B ok
M 1.6 mm; B 11(b) A MIE 1.5 mm BT
MR E®RmE. FEENREKRSER 1.3 mm;
11 NBMEE 1 mm BN TG E8E. BE
EMERREEN 0.9 mm,

11 AT LU R FOBGE RO T8 35 4
TR 2 — 7 T AT DA S5 AR O XoF 14 46 14 TOU8 7

1625.12 fim -

& 11

FEMF B8 1l L B FE R 14 3R i) R RGE #0'6
T T 25 5605 TR A7 69 56 3 1 340,84 pm 4331
HmE] 460.61 pm 1 427.53 pm) , 5 —J7 [ 1] LIRE
I AE B 05 A i, A A TR 2 1 s e 2% R DL
WM T T 2R, AR EAESRZNHBEEH
34.54 % 43 BIEAR B 27.28 % A1 31.48 %) , Bt B RLiH
WO X VR 2 R A AR A R e LA — e R ik
YEH .

T 1o 3% S (OB T L4 BT 2 3 )23 ROAS [ i T
ST WBGE G2 I A 200] Dk LA SR S
SR A B B 25 S AR 12 PR

961.72 jum

200 um

AT TETEEZREAEROXT L., (DBRE#CTESH.P=250 W,u=0.5 mm/s,D =2 mm; (b) Bk

1.5 mmEt T2 S8 P=250 W,u, =1.67 mm/s,u,=1.12 mm/s.D=1.5 mm,p=40%; () IGE 1 mm Ot T
258 . P=250 W,u,=2.5 mm/s,u,=1.67 mm/s,D=1 mm

Fig. 11

Comparison of penetration depths of cladding layers under different processing techniques. (a) Single-pass laser

process parameters: P=250 W, ©«=0.5 mm/s, D=2 mm; (b) double-pass 1.5-mm laser process parameters:

P=250 W, u;,=1.67 mm/s, u»=1.12 mm/s, D=1.5 mm, p=40%; (c) double-pass 1 mm-laser process

parameters: P=250 W, u;=2.5 mm/s, u,=1.67 mm/s, D=1 mm
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Fig. 12 Cross-sectional morphologies of nickel-based alloy cladding coatings under different processing techniques.

(a) Single-pass laser processing; (b) double-pass laser lap processing; (c) double-pass laser independent processing
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(a) Double-pass 1-mm laser spots; (b) double-pass 1.5-mm laser spots
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