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Abstract Laser Additive Manufacturing (LAM) technology is very suitable for the near net forming of complex
integral components and the rapid repair of high value-added damaged parts. However, the complex dynamic
solidification process in the molten pool of LAM significantly affects the final microstructure of the formed parts, thereby
restricting its service performance. A multi-scale mathematical model that integrates a macro heat and mass transfer and a
multi-phase fields was established for the direct energy deposition by laser (DED-L) process of Inconel 718. The direct
coupling of the macro-micro temperature field of the molten pool is solved. The two-dimensional global quantitative

microstructure simulation of the molten pool is realized based on MPI parallel program design. The grain evolution

2021-07-29 Yk, 2021-08-30 3 H, 2021-08-31 M 44 hit Kk 3.
1) B & SRR (2020YFB2007600), 5% A S8 FFE R4 (51875190) FIJ AR A KRBT 57 55 B H FERIHFSY (2020A1515110635) % BITHH .
2) RALZE, F4%, FEWIRTT ) WOLR BeHIE . BOGHIE AR A0 . E-mail: ljsong@hnu.edu.cn

Xiao Wenjia, Xu Yuxiang, Song Lijun. Phase-field study on the evolution of microstructure of the molten pool for additive

manufacturing. Chinese Journal of Theoretical and Applied Mechanics, 2021, 53(12): 3252-3262



https://doi.org/10.6052/0459-1879-21-364

%12 P S PR T i) A T 32 ) e ot [ 4 A5 A R A I 5 3253

process in the solidification of the molten pool is studied. The results show that the simulated molten pool size and
solidification interface morphology are in good agreement with the experimental results. The morphology of
solidification interface and the preferred orientation of crystal are important factors affecting the grain evolution. On the
cross-section of the molten pool, the smaller the angle between the preferred orientation and the direction of temperature
gradient, the more dominant the grain growth, because the solidification process is mainly driven by the direction of
temperature gradient. On the longitudinal-section of the molten pool, the grain growth shows the characteristics of
bending growth and "upper triangle". The gradual change of temperature gradient leads to the grain bending, and the
competition behavior of adjacent grains determines the grain morphology. In this work, the mechanism of grain evolution
in metal LAM is elucidated, which helps to clarify the thermophysical, chemical and metallurgical processes of additive

manufacturing, and provides theoretical guidance for the prediction and control of microstructure. In addition, the multi-

scale mathematical model can also be applied to the LAM process of other metal materials.
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scale simulation

518§

WM BIEBAR DRI BIE R IR ¥
FHR RN R, B0E & 2 2% AR PR (K i vy
B AF R PRIE B S, AT ATR . RETR S ) 55 40
SR EAT ) PR P T S SR, <l R R AE R g
POC A5 TR PR A AL 5 v 20 it 9 A S F
W2 Lan il R, ) DR DX PR AR~ B g
I b A 0 A5 i L 8 A KR o i A A A O B A T,
IR E YRR B A U A rEREL. Dk, o T
SOGB4 ) 38 AL 21 8 B2 23R 2 Pk R 1
2, W ZBTIR AN AN Rt 1) ok ] 4 DAy 1k ] 21 2435 A%
e

HAl, 2 TR TR 2 s, — iR L2
SR (WOCTIA L PR FHE . e
5 IR B R M DT, s R SE LE . MR
RN 1Y SN BRI I NAe 2 00 R T i
Uy = VERE R MO, R ]S B A
PUR AR, SR, BRI RO BOC I A iliE T
SHR BN S A MRS O AR, W/ AL e

AR, B MO M A, ]IE T VF 20T
FE R [ IR ) 7k, WA ZCAMIRR T R
QU2 FFE R X3 el B BRI Iy i 2
T PRt RE T R v R L ARV A [
F A T LT Ak VA SR M T BBk B
1B H I RE el W2 WA 1t R IR0 T 22 LB, SO R
JE AT M LAGE 5t [ 2 2R 1) T RS RE AT 48 7 i B
ARRAEOL TR, F [ SR T M LA S BB R

laser additive manufacturing, nickel base superalloys, molten pool solidification, grain evolution, multi-

Tl R A SO O R 1 e SR . 5 Ik R
SIIG 1R 28 5% RN TR) Bl AR A . B TH LR
H 2k 2, BUERIUT AR IE D 1A 35 B AT BE A4
BEEER AT A, A R e b AT T2 2 B0k iU A )
TR0

H R, BT 55 R 1 ask F2 i B E AR, [ P 4h2
FIFRE T R ESY. Zhang 25001 il i £ ]S AL, i
FU T 5 [ 3 2 A R TR R ) OC R, R TR A st (1]
TR BT, A5 ] PR S I T PR 34, Ghost 2518
TE Ik AL A HC T ek [T S TR A PR 5T 0 A AR A A
9, IR Bt A g ] T 3 1 b, R R 2 i (1) T R
Mo R BRI BT T R AT Gl
FERRRE . BE[EE R . AENHE) HASURRE (B i
PR WA R A ISR, I B4
()P B FE b B0 AT 17 B ) . (E KR Sy BT B — H )
iR PRI FATO-221 717 7 HG A ) 32 e R v, e ) e ]
3 2 AR B AE F, AR AT 22 R TR B S 41
g

B oof B Ta) i, SN GROGT aEORE ] 1) 5 4 i
FF e TR A IFT 2324, Wang 5025 I H R B 37159
B (P B L G LA S B[] 3 26 v ) gt il S o I )
2 TA) AR AR ) R B, ANTTRIE S T 5 3t J 30 10 V) o s 5
G, 37 T ioRLSE I R b A A AR KRR R I %2
Yu Fl Weil26! fay gt 1 M 515 5 B, W5 1 M it =38
1 [ 25y A PR BEAN L B, R I 5 0 P s 7 1) S A1 A
N RS 7 S A e AR A, IR B D B s LA
PR, TR BLAE KIS, SR, Toie 2 A H
A5t (1] 2 50y Sl ek R A T R, s gt it ST [ T



3254 | 2% &5 (4 2021 “E 5 53 %
P, AU ST o P o OB, T2 % DO | 0 ) = V- (2T
Yt A R IE AT S KA, o P
R E it A AU BT 9 B AT 418 . Acharya e; FoLop— 2. KV Tesa (r-1) &
SFPTRAF EImAR D) ) S A A, T (o
I R R PR A AR R (R %A 3oCoT)
F AN S I8 TR AR KT R TR TR S g Tu VCrD)=
RUSF, 20 T T2 MO0 K R L S B 4 dorr phACHT)
AiE AN VAV - ——+—, ©)
I LB SCRRAOIIT, PR FROCHMBIE 5 (1) < R (5) b, p MBI, oo A E,
TR B A, 322252 RTINS X 3k, ) PR K RARERE, @ Sl MM R R, o T R, £

T it e S X SBORH B Y ) R T R ABLAL, R = %)
Syt 2 ekt ] 20 28 A IR AN AR, BRI, AR S B
N HBEREE YU inconel 718 &4 MHFFT AT %, K
S AN 22 ROBEASLAUAT 45 G 10 J7 1, ST g ith A 3
I AH SV AGAERY. R A R R DX Bl Py ) i, SR FH
5L O 94 FE (message passing interface, MPI)
FAT TR v O e B 2SI I it A .
1111 25 it bor 5 4 AR K T P )RS AL, 48 7 4 ] 20 23 1) A
KAT Ry A SR BERL 45 SRAT B T L5 WO B9 A i
PP s RSk RR, A P A ] 2 2 ) i
RSN E s SR o

1 ZRERALSW

L1 EVUEHRERRE

A EEFLTREESE . TR STE. BT E
SE T R W0 38 b4 ) 3t 25 L B 25 A A% J A
20 2815 g ] 20 2 T4 f4t A6 B A 2 A
PR R .

R SR T R

dp
v =0
£y +V-(ou)

T Aded, fEx, y, z 3 N7 A @ ) &
J7 R, SRS Bk FEREAT SR AR, P i 1 B R
are.
x 75 ) By T R
0 (pu)
ot

(M

P
+V-(puu):V~(/1Vu)—ex~FG/L(9¢—£—%u )

y By ) Bl R
a(pv)

P
2 +V-(puv)=V~(/1Vv)—ey~FG/L6¢—a—§—%v 3)

BT R B R

IFTRL w, v, w3 x il y Al K 2 T i) BRSO
. 3 (2) ~ X (4) ZEMI WU R AR I, 5 —
TR R LI, A 2 35 Rk 09 o

U SYIRPR At PG ER S A R E AT TR s
VTR <o A AR ABE Sy v i o A s b2 v
AT DIWRST IO AR R ANy R ) e i Ao
RZA . RS S BN RER AR, R

q' = qan (D Adcosti|”? + g, —oe(T* = T}) - piL,J. (6)

For 6 P06 AR S i Ik 1 1K) A1, o A BOR
RN, e WM H, T, WAL, L, h 7K

P EIAHEAE AL RS WA ZBRSEER X
AL L i N AR B S B A
SIRHIRE

TR A B A R A AL A, W AR A i
PAE R S AR B BRS) ), 1710 S IR & AR RO
SO L. ARSI 2 A 15 4 it AL T Karmal®)
F Echebarria 5580 [F13& SEAH37 75 8 &K 1. 4
27 C-BE BE AT, e A e H R RN

1.2

Fg.e) =] |22 Mol +fateeD]|av )
R, o 4 SRR FREL, fulene,T) A E AT 53
MR B (3 o 0 3 R B, SRl 3 1 el o 8
ARGy, T LA B R 0 17 2 de s o 5 R
s R F %

[1- —k)U]a?(?D% =V-|a@Vei]-

A1-02) (U+0)+pi-¢+

dag(n)
0 (ax‘pi)

da (n)
d(0ye)

s [wmzas(ﬁ) ]+8y [IVso,-Izas(ﬁ)

®)



912 3 P S FPYASE T o) HE A TR 1) v ] 2 2 AR R AR 0T 5 3255
1+k 1-k <& oU F 1 BAEEEEETH Inconel 718 TZEH
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1-— .
B ; ¥ laser power, P/'W 600
V-|D — VU +J |+
2 laser scan speed, V/(mm-s™") 6
laser beam diameter, d;/mm 1
n
F] Z ®i powder feed rate, F/(g-min ") 9
l 5201 [1+(1-k)U] (9) shielding gas (Ar), sg/(L-min’l) 6
2 t
delivering gas (Ar), ng/(L-min™") 15
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MRBLII L, DACRICENY HARLL, ARG SHRY,
U N WAL, rIRoR

2ck/coo

U= -1

/(1 -k (10)

n

1+ =10 ¢
i=1

X, coo ATCTTIAR ) Nb W SE, B . To i
PRI 6 T R7R A
0=k(T =To)/lImlce (1 -K)] (11)

To NS5 WL a,(n) 2 db MRS 10 A 1 &% ) Sk, W]
as(n) = 1+ ecos[4(a+06;)] (12)

S, g i RO 1A 5 TR R R R 7 T 1 S £
B F)EY. T FR3 SV AL, TT 6 4
0> i
[1+(-kU] ;“p 2
“T w2 ot Vel

7t Inconel 718 & &x it il i, J5 & & Nb T %
X 3k 2 Hr HH fE P Laves 4H, 1 Laves A4 i 25 FE 1%
FIFRIZRG D1 R RE. 2 T IX — 308, A £ o)
Inconel 718 & 4xfAiHth Ni-Nb . 04 4 Ab 21 32341,
TR B PR () ) 3R 38 226 30K (21, 32].
1.3 KIgiiE

eI K% HCX60 WO E & ifilit R4 EIT R
HEZAEE DR Inconel 718 & 4555, 1B 1FAZ SL5,
A I T 2S5k 1 Pros. TES A &£
VIR T Bk, B, kS S AR IR IR
PG £ Al RS S e 1 o101
RIS RS SRR IR A

(13)

1.4 HEKETIE

FIH Fortran i 5 % 5 F2 15 76 WK R %5 &%
(12 #% 24 £:F%, 4% 2.1 HGz, W AF 64 GB, 1£4i# 18 TB)
SN 2 RO AR IR PR B VT S T e A A R AR
RABKS MBS I i3 o0 A, 43 31 (R A
(v-z ~F 1) FHGAARTHD (-2 ~F-1HD) Wb 2 37 18647 TG = A A
L, PR3 TC AN T 0 BE I TR A5 4k, I A AH I AR
R @ IR AR AR 7 S s 7 BRI U i )
e, SRS SRLARTR 7> 50 o MV IR EE ¢ BN TW] 22
b, BpRSKAEEFE QI 1 Pros.

1 - BHIAE S

Fig. 1 Macro and micro simulation framework diagram

5L AL Bl RN 5, SR F AT BRAR AR
L, 7ECRAERE B RIS R, O T T T R, SR A
AR5 A R 43, 0O I RN 45 755 )2 DX B
P, LAt DX 318 B B A (1] 1), 85 9 A 1 2 ) 20
K4 0.05 mm, B PSP KN 0.3 mm. 32 AH I 15
UM &, RS WL 5y, K L8 0.058 pm.
Inconel 718 &4 WISk 2 .

U 7 2 1R v A A A U TR DA S T
D G 1 ) s i P 9 b e 0. AR b 0 R L 0k
TSR IA 0 1) FvRE A 2. T 3l oKg 127 ThT A T 2 e [
(¢ =600 ms) &5 A EEE (¢ =795 ms) MRS B



3256 i 2

Eitd 2021 4F 55 53 %

%% 2 Inconel 718 & €4S H 2

Table 2 Physical property parameters for Inconel 718 alloy??!!

Variables Value
liquidus temperature'l, 7, /K 1609
solidus temperature®!l, T,, /K 1533
dendsity, p/(kg'm™) 8190
partition coefficient®3, k 0.48
alloy composition, c. /Wt% 5.08
Gibbs—Thomson coefficient™, - /(K-m) 3.65x 1077
anisotropy®, & 0.02
liquidus slopel®, m /(K-wt%) -10.5
thermal conductivity of solid, k, /(J-m™'-s'-K™") 114
thermal conductivity of liquid, & /(J-m™'-s™ "K' 283
specific heat, ¢,/(J-kg”"-K™) 435/720
latent heat’®3), 1 /(J-kg™) 2.95 x 10°
chemical capillary length®*, d/m 6.4 %107
liquid diffusion coefficient’®}], D; /(m?-s™") 3x107
laser absorption ratel?!), A, 0.26
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