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Fig. 1 Cladding system and inclined cladding. (a) Laser cladding system with six-degree-of-freedom robotic arm; (b) inclined cladding
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Table 1 Main chemical composition of 45 steel

Element Mass fraction /%
C 0.5
Si 0.25
Ni 0.3
Mn 0.6
Fe Bal.
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Table 2 Main chemical composition of 3161 stainless steel

powder
Element Mass fraction /%

Cr 16-18

Ni 10-14

Mo 2-3

Mn 2

Si 1

Fe Bal.
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Fig. 3 Boundary conditions of cladding layer in inclined state
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Table 3 Physical variables used in the model

Parameter Value Unit
Liquidus density o 7600 kgem™*
Solidus temperature T, 1670 K
Liquidus temperature T, 1730 K
Sf;fjjggoiezsf —1.88X10°  J-kg-mol !
Dynamic viscosity p 0.005 Pa-s
Thermal conductivity £ 24 Wem '-K™'
Specific heat C, 700 Jkg K
Latent heat of fusion L 2.47X10° Jokg™
(/onvezglzgi?iia;t;ansfer 10 Wem K-
Stef"zﬁfﬁ?am 5.67X10°  Wem 2K
Radiation emissivity e 0.4
Universal gas constant R 8314.3 Jkg '+mol™
Laser efficiency 7 60%
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Fig. 4 Cladding layer morphologies at different tilting angles.
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Fig. 5 Distributions of velocity field and temperature field for remelting at different locations. (a) Remelting at the lower part of the

overlap zone; (b) remelting at the upper part of the overlap zone; (c) remelting at the middle of the overlap zone
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Fig. 6 Comparison of surface profiles of cladding layers after

remelting at different positions
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Fig. 7 Numerical simulation of macroscopic morphology of cladding layer before and after in-sizu remelting. (al)(a2) Morphology before

in-situ remelting; (b1)(b2) morphology after in-situ remelting
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Fig. 8 Macroscopic morphology of cladding layer before and after in-situ remelting. (a) Before in-situ remelting; (b) after in-situ

remelting
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Fig. 9 Microstructures of cladding layer before and after in-sizu remelting. (a)-(d) Before in-situ remelting; (e)-(h) after in-situ remelting
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Fig. 12 Three-dimensional wear morphologies before and after in-sizu remelting. (a) Before in-sizu remelting; (b) after in-situ remelting

o M, A HEAT H I 0 R B9 S R R 3.692 <
107" mm®/(N-m) , ifif B 057 5 45 I 10 330 RE 9 B8 461 R
0.875X 107" mm’/(N-m) , J& 5t &4 e 545w odl /N T
76.3% o X3 W JEA7 F A T DL I 25 U8/ s )2 )
R HIE AT R 0 13 B R, E AR R L
T Z T R AR . X T s S AR R e R
bR R A B2 22 AR X M Bl AE N 2R B4R
T 5 b A ) S R T e 2 A 1K) YA R BT R A
TE W) 95 78 2 M4 BL A V8 R 0 3 A8, LS 4R ML) 2
L S B 07 7 %) A R R o S R AR A DD
Vs 451 3k R TP A VA R R R o R R SRR A R A R R R
AT A BE L BE BR 5 0 7 2 AR T A B BE SR A, R
FEA R R )E R A AR BE R R S s R 2 )
R R LR 2 M B AT B
2R A T T R0 S i 1 T 5 2 T ) KL B, A
7 08 B 0F — 2 1

=~ 40} 3.602
351
3.0t
251
2.0f
15}
10}
05f

Wear rate /(10° mm® - N+ m

before in-situ remelting  after in-situ remelting
Cladding layer

P13 s )2 Do T 0 U 1 s 4 %
Fig. 13 Wear rate of cladding layer before and after in-situ

remelting

5 &4 #®

SR T IR DA TR X AR i A T )2 3 T Y
S B, T AR AR RE TR Y RO FE S R E X
PO AN ) E A 07 B Ao S I S MV 3, 5T T
Jir A7 L X 0 7 T2 W S0 B0 5 o O e i S 5 i 1
A T A8 TS B2 U U RE A A4

1) GRS (A R B0 3 2 T R R BRI

A 5 I A 1) U A ) g, g 2
M 22 I 32 BT O 45 1 s 7 )23 % BELEY 1 ) b B0 o
FEAA A} A EE /N T 90 W), iy i 0 AR 55 SR AR AR £ B
S, AR g i A7 U] 55 B AAAEAR) £ 5 BROE L 5 A R £
JE KT 90, 45 T2 35 M AS B, el JROAS ] T 3 5 1)
U 55 325 345 2 A Shy TG 3 Y0 %) AS KR 5, i L
AT ORIE,EEEA T

2) X AR L A 0 7 2 R AL A I 1 0 S B A
FE BE 37 B AT BUE RIS & B, DA T4 A0 e AR B
SR TR RS X PR O U A S AT A X
T E I SE TE W RCR B b, J1 065 i 1Y 2% T AN P
0.165, F 4 J5 W /N5 0.056 , 44 78 J2 10 22 W 5515 )
TREFHIBIE .

3) 3 A % b A R A S A2 0 SO0 2 41 AR
R R G BB AR T LA IS )2
TP B B A s JL T 98 2%, DR T AR ASE A B 728 8 45 Bl o
AT AR, IG5 SR 2 0 & RN T 16.1%,
100 MRS BE PR AR T 69.5%0 , S A B $R T+ T2 70 HV,
JE 5 R A B T 76.3 %0, 5 B 2 2% T i S F)
TEKRET.

& % X W

(1] B EES, P, 0%, 4 BOLRE BLER L& 40 R S T2 40 &
PEREBTFEI]. BEHIOL, 2022, 42(2): 33-40.

Yang S R, Bai H Q, Bao J, et al. Single pass forming process of
laser cladding iron base alloy powder[J]. Applied Laser, 2022, 42
(2): 33-40.

[2]  Siddiqui A A, Dubey A K. Recent trends in laser cladding and
surface alloying[J]. Optics &. Laser Technology, 2021, 134:
106619.

[3] Zhu L D, Xue P S, Lan Q, et al. Recent research and
development status of laser cladding: a review[J]. Optics &. Laser
Technology, 2021, 138: 106915.

[4] LiuY N, Ding Y, Yang L J, et al. Research and progress of laser
cladding on engineering alloys: a review[J]. Journal of
Manufacturing Processes, 2021, 66: 341-363.

(6] EZEWG, TACHE, B2 WA RN PR R BT]. B
F#OE, 2023, 43(1): 109-118.

Wen JH, Ding Y C, Zhao Z L. Application status and prospect of
additive repair technology[J]. Applied Laser, 2023, 43(1): 109-118.

[6] LiXB, LiT, ShiB W, et al. The influence of substrate tilt angle
on the morphology of laser cladding layer[J]. Surface and Coatings
Technology, 2020, 391: 125706.

[7] HaoJ B, Yang S, L.e X W, et al. Bead morphology prediction of

coaxial laser cladding on inclined substrate using machine learning

1602203-9



(8]

(9]

[12]

(13]

Rt

[J]. Journal of Manufacturing Processes, 2023, 98: 159-172.

Alya S, Vundru C, Ankamreddy B, et al. Characterization and
modeling of deposition geometry in directed energy deposition over
inclined surfaces[J]. Procedia Manufacturing, 2019, 34: 695-703.
Zhu G X, Shi S H, Fu G Y, et al. The influence of the substrate-
inclined angle on the section size of laser cladding layers based on
robot with the inside-beam powder feeding[J]. The International
Journal of Advanced Manufacturing Technology, 2017, 88(5):
2163-2168.

Wang D, Li T, Shi B W, et al. An analytical model of bead
morphology on the inclined substrate in coaxial laser cladding[J].
Surface and Coatings Technology, 2021, 410: 126944.

Teimouri R, Sohrabpoor H, Grabowski M, et al. Simulation of
surface roughness evolution of additively manufactured material
fabricated by laser powder bed fusion and post-processed by
burnishing[J]. Journal of Manufacturing Processes, 2022, 84: 10-
27.

EoM, EE®, LRM, F.ROCEBN TCAKA 4 R MW
ALO-ZrO, BOGIE B2 TE S 41 8 2 43 A I 2L SUIBURE 14 52
[J]. 42 A , 2022, 51(12): 380-391.

Wang HZ, Wang Y L, Jiang F L., et al. Effect of laser remelting
on microstructure, element distribution and crack sensitivity of
Al1,0,-7r0, laser cladding layer on TC4 titanium alloy surface[J].
Surface Technology, 2022, 51(12): 380-391.

SR, BN, SRRT, AF . A5 MR O B 3161 0 A £ 2
if # b Cr ot % o0 A BL B 58 (0] b 1 Ok, 2023, 50(8):
0802204.

Zhang Y 7Z, Ge HH, Jin C Y, et al. Distribution mechanism of Cr
element during laser cladding overlapping process of 3161 powder
on 45 steel substrate[J]. Chinese Journal of Lasers, 2023, 50(8):
0802204.

ERME, EPARAR . O T AR X R 3 R 2 AR AR N ) R 3 T 5T
HASE ] WO S AR, 2023, 60(7): 0714010.

Wang J S, Shu L S. Effect of laser remelting path on residual
stress and surface quality of remanufactured coatings[J]. Laser &.
Optoelectronics Progress, 2023, 60(7): 0714010.

Bukhari S M A, Husnain N, Siddiqui F A, et al. Effect of laser

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

£ 51% 5§ 16 H1/2024 £ 8 B/ EH*¢

surface remelting on microstructure, mechanical properties and
tribological properties of metals and alloys: a review[J]. Optics &.
Laser Technology, 2023, 165: 109588.

Cho M H, Lim Y C, Farson D F. Simulation of weld pool
dynamics in the stationary pulsed gas metal arc welding process and
final weld shape[J]. Welding Journal, 2006, 85(12): 271s-283s.
Cho J H, Farson D F, Milewski J O, et al. Weld pool flows
during initial stages of keyhole formation in laser welding[J].
Journal of Physics D: Applied Physics, 2009, 42(17): 175502.
Voller V. R, Prakash C. A fixed grid numerical modelling
methodology for convection-diffusion mushy region phase-change
problems[J]. International Journal of Heat and Mass Transfer,
1987, 30(8): 1709-1719.

Pinkerton A J. An analytical model of beam attenuation and
powder heating during coaxial laser direct metal deposition[J].
Journal of Physics D: Applied Physics, 2007, 40(23): 7323-
7334.

Chen L Y, Zhao Y, Song B X, et al. Modeling and simulation of
3D geometry prediction and dynamic solidification behavior of Fe-
based coatings by laser cladding[J]. Optics &. Laser Technology,
2021, 139: 107009.

Voller V R, Brent A D, Prakash C. The modelling of heat, mass
and solute transport in solidification systems[J]. International
Journal of Heat and Mass Transfer, 1989, 32(9): 1719-1731.

Saldi Z S, Kidess A, Kenjeres S, et al. Effect of enhanced heat
and mass transport and flow reversal during cool down on weld
pool shapes in laser spot welding of steel[J]. International Journal
of Heat and Mass Transfer, 2013, 66: 879-888.

EMEC, i, BRI S TR AR HOG R GHB536 K it
L5 B ST FET]. T IE O, 2021, 48(10): 1002121,
Wang P F, Yang K, Chen M Z,
experimental research on the GH3536 molten pool laser cladding
on inclined substrate[J]. Chinese Journal of Lasers, 2021, 48(10):
1002121.

Liu C M, Li C G, Zhang Z, et al. Modeling of thermal behavior
and microstructure evolution during laser cladding of AlISilOMg
alloys[J]. Optics & Laser Technology, 2020, 123: 105926.

et al. Simulation and

Simulation and Experimental Study of Effects of In-Situ Remelting on
Morphology Modification and Microstructure Evolution of Laser Cladding
Layer on Inclined Substrates

Hao Jingbin'?, Liu Hongren', Yang Shu', Liu Yiyang', LiuHao', Yang Haifeng'
'School of Mechanical and Electrical Engineering, China University of Mining and Technology, Xuzhou 221116,

Jiangsu, China;

*Jiangsu Collaborative Innovation Center of Intelligent Mining Equipment, Xuzhou 221116, Jiangsu, China

Abstract

Objective

Laser cladding technology offers an effective repair solution for turbine blades, aircraft landing gears, propellers, and

large gears. Typically, these workpieces are fixed to the worktable, after which surface repairs are carried out using the laser cladding

head. However, gravitational effects, complex material flow, vaporization, and thermo-physical processes within the melting pool

pose challenges in achieving desired shapes and properties, affecting the morphology of the cladding layer and the overall surface

quality. Laser remelting, which is a surface post-treatment method, can improve the performance and morphology of a surface without

changing the original equipment, thereby saving post-treatment time. This study aims to elucidate the modifications in the laser

cladding layer morphology at various tilting angles. Through finite element simulations, we simulate the impacts of substrate tilting
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angles on the resulting morphology of the laser cladding layer. Furthermore, our investigation aims to identify the optimal location for
in-situ remelting by analyzing the distribution of the molten pool velocity and temperature fields. This study involves conducting multi-
track experiments to compare the macro-morphology of the cladding layer before and after remelting. We aspire for our findings to
serve as a valuable reference guiding the understanding of how in-sizu remelting influences morphology modification and

microstructure evolution in laser cladding layer on inclined substrates.

Methods This study employed 45 steel substrates and 3161. powder materials. A finite element simulation software was used to
numerically simulate the laser cladding and in-sizu remelting process on inclined substrates. The laser cladding simulation was carried
out at different tilting angles, and a tilting angle of 30" was selected for the in-situ remelting simulation. The molten pool velocity and
temperature distribution across the three remelting positions were simulated and compared. Subsequently, practical in-situ remelting
experiments were performed on tilted laser cladding layers. The changes in the surface morphology of the molten cladding layer before
and after remelting were examined using an optical microscope. Mechanical properties were assessed using Vickers hardness testing,
friction and wear testing, and three-dimensional profilometry. These analyses were aimed at comprehending the microstructural

transformations induced by in-situ remelting.

Results and Discussions The morphology of the laser cladding layer on the inclined substrate is significantly affected by gravity.
After in-situ remelting, the molten pool tends to flow along the direction of gravity. When the substrate tilt angle is less than 90°, the
leading angle is inversely proportional to the substrate tilt angle, whereas the trailing angle is directly proportional. However, when
the substrate tilt angle exceeds 90°, the morphology of the molten pool becomes highly unstable. The regular downward-sliding
morphology gradually transforms into unpredictable irregular patterns, resulting in splattering and droplet formation (Fig. 4).
Numerical simulations of the molten pool velocity field and temperature field during the in-situ laser remelting of the tilted fused
cladding show that the optimal remelting position is in the middle of the overlapping region of the cladding tracks (Fig. 6). The primary
factor behind this phenomenon is that during remelting, not all the cladding layers on both sides of the laser are fully melted. As the
cladding layers on either side of the laser melt, they flow toward the center of the cladding structure. However, the flow of the molten
pool encounters resistance from gravity and the existing cladding layers. Consequently, the molten pool bulges upward. Additionally,
because of the impact of the laser and powder, a portion of the velocity field forms leftward vortices, whereas another portion of the
velocity field increases the height of the molten pool. After remelting, the central region between the two cladding layers exhibits
spherical bulges. This effect occurs primarily because a section of the cladding layer is remelted. As the grooves fill with the flowing
molten pool, any excess material moves toward the surface of the cladding layer owing to gravitational forces. Given the distance from
the center of the heat source, there is an increase in the temperature gradient, accompanied by vaporization of the excess solute. This
vaporization lifts the excess material, forming a mass that contracts and solidifies into uniformly sized liquid beads within the molten
pool (Fig. 8). The structural changes at the bottom of the cladding layer are minimal compared with the upper portion, where the laser
remelting significantly impacts the structure. Consequently, the heat-affected zone from laser remelting primarily concentrates in the
upper-middle region of the cladding layer. Observations reveal that the post-remelting dendritic structures at the top of the cladding
layer almost vanish. A substantial proportion of the dendritic structures fracture, transforming into equiaxed grains. Furthermore, the
grains at the top undergo noticeable refinement (Fig. 9). After laser remelting, an intensified temperature gradient occurs at the molten
pool interface, accelerating the crystallization rate. Elevated cooling rates impede grain growth while promoting heightened
nucleation, thereby refining the grain structure. Consequently, in-situ laser remelting densifies the cladding layer structure via these

mechanisms.

Conclusions Gravity has a significant impact on the morphology of the cladding layer, and as a result, the cladding layer tends to
flow along the direction of gravity after melting. When the tilt angle of the substrate is greater than 90°, the molten pool morphology is
extremely unstable. It transitions from the original downward-dripping regular morphology to an unpredictable irregular morphology,
often resulting in splashing or even dripping, which substantially damages the morphology of the cladding layer. In-situ remelting in
the overlap zone of the cladding channel brings about the most substantial improvement in the surface flatness of the cladding layer.
The surface unevenness is reduced significantly, from 0.165 to 0.056, because of remelting. Our results show that the in-sizu laser
remelting primarily affects the microstructure in the middle and upper parts of the cladding layer. The dendritic crystals at the top of
the layer nearly vanish, and a large number of dendritic crystals transform into isometric crystals. After remelting, the height of the
cladding layers reduces by 16.1% compared to their pre-melting state, and the roughness significantly decreases by 69.5%. The

surface hardness of the cladding layers increases by 70 HV after remelting, accompanied by a 76.3% reduction in wear rate.

Key words laser technique; in-situ remelting; inclined substrate; laser cladding topography; microstructure; numerical simulation
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