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Table 1 Chemical compositions of 45 steel and 316L stainless steel powder

Mass fraction /%

Material

C Si Mn Cr Ni Mo Fe
45 steel 0.45 0.20 0.60 Bal.
316L stainless steel powder 0.02 0.55 1.55 16.00 10.00 2.08 Bal.

T FE T A SEEIE RO A (1100 W), 14
B (4 mmes ), XM (11.6 gemin "), 5} 2155 58
AL Y = B4R TF 0.86 mm. SEIZE RS, R LY
#0745 3 09 R 2 T O 7 DT L 15 2
AR B R I, TS O O m VI A B A 1 A
B, AT R AT WG A A I TR IR &
P VA VRIS Tt 60 s, I OIG 2% S 088 WL ¢ 3 A5 1 1R A 78
11 A AR R AR 1S (EDS) #E47 a5 5 4, 159 205
JZ YNBTH (1T 3R 53 A 4

3 RIS

30 HBEARESEEEFAFE

A SCHESE T — A2 T AR 23k 0 18- - =
Hos P BRE T A5 7R 3 o SRR A S e~ AR T A 2 S E T R
B P 5 B IR BT AE O B B 2 e R O AR R
H R U B A B BT B . B R R
ﬁnFZ

1) 7 A1 FHT ) R 5 3 AR 4% 1] [ P L %9

2) BRI G (f) V() (L) = A, B

1202205-2



2505 F 12 H1/2023 £ 6 B/ EHN:

FEAR B85 () AR R R4 B () AR R 2 50 (f)
MR LB+ 4 L= 1, R SO AR A

3) A ot b AR A L 4 T Ry 2 I R T R 4 Y A
R AA 5

4) 1B E By AR 42 TR LA ARIE 20 38 A o 5

5) B RE A 5 Ay WA A I R I A L A
F77E i TN 3l i 5 4t

6) B BG4 A IR I 50 43 A

7) 2 BE AR WA A AR (A

PSR EWN )

d .

Y (f1(01 )+ V‘(ﬁpluu )=—M,+M

9 (1)
i( 0 )=M ,
af ‘fr{or - le

S LM TR 22 D 0 R B L ek
A, Ao
ﬁﬁﬁ@ﬁMfng%wwazgﬂﬁ¢ﬂm
1A 45 504 TR T [ B 16 B2 B0 AL L A i
1725 L VL h 3 o OB A5 2 1 i T
M EE 5 0.0 EIAH 2 BE 5wy R VROMH IR 36 5 2 S s
i R

d
E (f;[()]ul)+ V'(flplu1®u1):*flvp+ V'Tl‘FﬁP]g* Ulc* U13+FM

b (2)

ad
E (fa/oaua)+ v'(ﬁ[onua®ua): 7ﬁvp+ V°Ta +][a{03g+ Ula+ Um

KA U U, U, = A8 B S B s R s,
AR 5 PN T 5 o 8 7, 43 591 Dk WORE 0 ASORE R - g
A8k s o, N UM B B s g T IR B L 3E R i
Navier-Stokes 7 & 3k 15 W& #H 1 < A0 (19 iz 2 3 B, %
Marangoni JJ1E & 2l & IR 5 F\, 2% 219 AH 19 3 & 57 8

L d ‘
ﬁﬁ¢n%W%¢ﬁﬁFwﬂU§%}@ﬁVﬁ%%ﬂ

%ﬁﬁﬁ%ﬁﬁﬁ&%%%%ﬁ%ﬁ%ﬁﬁ%ﬁo
g fF

d .
E (flplhl )+ V’(ﬁ[olulhl): V'(ﬁklle )* Q. — Qu + Q,
d .
E(ﬁpchc):v'(ﬁkchc)+ Q]ciQm+Qc ’ (3)

ad
Z (ﬁ{oaha)+ v'(f;{oaua/la): v'(fakavTa)+ Qla+ Q(‘a

Q. Qu AT Qo 2 = A 22 ] 1 B 1 R A S 5
2SR B 5 DS VRN M85 DS T AR 1R 5 A e SO A
SR R RO AT R b R A B R TR VA L
FE 5 T S8 AR L 5 T, 2 SAR TR 5 QR Q. 42 th AR B
Gy B0 SE B OGRS 5250 T O TR 7 T
6, T BT S 1 B AR o )R P LSO R
WO fil o 75 B 1 RS T 2 50 43 17
PR A Fe ik 5
qg(r)= , (4)

Tfrz
A PO BEOETIR s o A IEOGRE IR R e S 45
BRSO
TS E =]

d v . : .

— (fipic)+ Ve fipouci)=—C.+ C

dat
) (5)
a(ﬁpcci)ZC{c

A fLEC.Cr.Ni.Mo I Mn It & ; Cl I it i 76
VAR N E AH 22 18] B9 28 4 o, R CL ST oM, T

KIS Clo 55 T coeMcs of J2 WORH T8 o 4 ¥R L 5 oo g [
Ao T 7 B R E 5 C R b R UL T B B0 R 0
Jon ey P8

il e S5 5 B P = — AT AT SR 3 Xt 45 97 #
a

AEXT LA, Hei Lo R AR BE | A HRUGS St 1A%, o SR T
B o A FRIE YRR M P AU K s e T U
I 0 A 6 A ) E P R Y P> LI
L H X AR R s P R B E AR . S s
RS A B e KO w,,,, 8 3] 0.1 mes LA L, UHT P
KT 1, AR SO0 78 0 72 v, 5 o A% B 3 28 0 Ttk
32 YEENRITEIEET

AR AR SR 30 mm X 13 mm B9 4ERAE, -
712 54 B E AR K/ 0.2 mm X 0.1 mm, FJ7
Az 5EFOTE AR KA 0.2mmX0.5 mm, 1
IR A o3 A S AR 1 2 R Herp T, S AR R
WIRIREE  H i R 28, O Bih S e =2
MR P M S 3R 2 PR .

vl

1202205-3



£50% F 12 H1/2023 £ 6 B/ EHN:

pressure outlet

pressure outlet

N

x
substrate

£

g

lL ./z9

y I i T4=300 K
i H=10 W-m-s-2- K-
3 b4
x 30 mm

B2 R AR oA K B AR
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Table 2 Thermophysical parameters of materials used in simulation calculation™"!

Parameter Value
Reference density /(kg:m *) 8000
Specific heat /(Jkg “K ') 500
Melting point /K 1805.15
Thermal conductivity of solid /(W-m™-K™") 19.2
Effective thermal conductivity of liquid /(W-m K ') 209.2
Latent heat /(J-kg ") 250000
Viscosity /(kgem '-s™") 0.0042
Temperature coefficient of surface tension /(N-m K™ ') —4.3X107"
Volume heat-transfer coefficient /(N-m K ') 1.0 10’
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Fig. 3 Evolution of computational domain of multilayer laser cladding. (a) First layer; (b) second layer
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Fig. 4 Comparison between simulation and experimental results of first-layer molten pool morphology. (a) Molten pool morphology at

t=3.0 s; (b) size and internal flow field of molten pool; (c) metallography of laser cladding layer

(@)

Volume fraction of liquid phase /%

scanNing direCtion — ———

t=11.0 s

Volume fraction of liquid phase /%
| - |
0 1

A

] 1‘.(‘]1’\}11{17

E5 58 R MBS B S B A5 T T (a) = 11.0 s B (T 30 5 (D) K RS B N8 T 3 5 (o) s 768 2 4 A 8]

Fig. 5 Comparison between simulation and experiment results of second-layer molten pool morphology. (a) Molten pool morphology

at t=11.0 s; (b) size and internal flow field of molten pool; (¢) metallography of laser cladding layer
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Fig. 6 Comparison between simulation and experimental results of Cr element distribution after cladding. (a) Results for first layer;

(b) simulation result of Cr element mass fraction in first layer; (c) EDS point scanning positions in first layer; (d) results for

second layer; (e) simulation result of Cr element mass fraction in second layer; (f) EDS point scanning positions in second layer
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Fig. 9 Simulation results of Cr element distributions during multilayer laser cladding at different moments. (a) First layer; (b) second

layer; (c) third layer and local enlargement of third layer
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Abstract

Objective In the laser cladding process, a multi-cladding layer with a large thickness is required to satisfy the requirements of
industrial production. To improve the performance of the cladding layer, the powder metal is different from the matrix, and therefore,
the elements in the cladding layer need to change from matrix to powder elemental composition. The properties of the cladding layer
are affected by the distributions of elements. The faster the cladding elements change from matrix elements to powder elements, the
more metal powder elements are contained in the cladding layer, which has better abrasion resistance. Therefore, it is of great
significance to analyze the transient changes in the temperature field, flow field, and element distribution by numerical simulation of
the laser cladding 3161 powder multilayer stacking process as well as study the distribution mechanism of Cr elements in the cladding

layer, providing a theoretical basis for the cladding layer to contain a higher proportion of powder elements and fewer matrix elements.

Methods The multilayer laser cladding process of 3161 powder on a 45-steel matrix is studied using a three-phase melting and
solidification model based on the volume averaging method. The distribution mechanism of elements in the process of cladding layer
stacking is clarified by comparing and analyzing the changes of temperature field, flow field, and solute field in the first three layers.

The simulation results are verified from four aspects: the geometric morphologies and Cr concentrations of the first and second
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cladding layers.

Results and Discussions The geometric morphologies of the molten pool and element distributions of the cladding layers are
verified by comparing the experimental and simulation results of the first and second cladding layers in the stacking process (Figs. 4,
5, and 6). The Cr element is used as a tracer element to analyze the distribution mechanism of the cladding layer element (Fig. 10).
The simulation results show that the molten pool morphologies and Cr element distributions of the first three layers are highly similar
to the experimental results. During laser cladding, the matrix and powder continuously absorb energy, leading to a rapid increase in
temperature and the formation of a small molten pool. As the laser beam moves, the molten pool continues to increase and becomes
stable after a certain period (Fig. 7). Under the influence of heat accumulation, a W-shaped temperature field distribution is formed
during the cladding of the second and third layers, forming longer and deeper molten pools (Fig. 8). The maximum flow velocity in
the molten pool appears on the upper surface of the molten pool and decreases in the cladding process of the second and third layers.
When cladding the second and third layers, the original cladding layer is partially remelted (Fig. 9), and the matrix elements in the
remelted area enter the molten pool under the force of Marangoni and mix with powder elements. As the molten pool moves, the
powder is continuously sent into the molten pool, leaving a stable area with a higher Cr concentration at the back end of the molten

pool.

Conclusions To study the element distribution mechanism in the cladding process of the first three layers, combined with
experimental verification, we simulate the stacking process of multilayer laser cladding, and achieve an accurate prediction of element
distribution after cladding layer stacking. The technological parameters to form the elements of the cladding layer similar to the metal
powder elements with a minimum layer number can be subsequently studied. This provides a theoretical basis for the repair of high-
end parts. The main conclusions are as follows. The reliability of the model is verified by comparing the molten pool morphologies
and Cr element distribution results of the first and second layers obtained by simulation and experiment. The results indicate that the
melting height error of the first layer is 5.81% , the melting depth error of the first layer is 3.23%, the melting height error of the
second layer is 2.33%, and the melting depth error of the second layer is 3.23%. The slight errors in the molten pool morphology and
the Cr distributions in the cladding layer obtained by the experiment and simulation are consistent, which proves that the current
numerical model is reliable. In the first three layers during multilayer laser cladding, clockwise vortices exist in the front of the pool
and counterclockwise vortices exist in the back of the pool, caused by the Marangoni effect in each layer. The length and depth of a
molten pool increase because of heat accumulation. For the first three layers, the temperature gradients in the molten pool on the
upper surface are G,>>G,~>G,. The decrease of the temperature change rate leads to the decrease of the maximum velocity. The
original cladding layer partially remelts for the second and third layers, and the matrix elements in the remelting area enter the molten
pool and are diluted by powder elements. Therefore, the cladding layer elements further transition from matrix elements to powder
elements. After selecting Cr element as the tracer element of powder element, we find that the mass fraction of Cr element
progressively increases with the height in the cladding layer, approximately 0.004 for each layer. Cr is easily enriched near the
interface between the remelting and nonremelting areas, and the mass fraction of Cr increases by approximately 0.002 in the

enrichment area.

Key words laser technique; multilayer laser cladding; element distribution; numerical simulation
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