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Microstructure Simulation and Experimental Validation of Ni-based

Superalloy during Directional Solidification

Xia Huxiang, Yang Cong, Xu Qingyan
(Key Laboratory of Advanced Forming Manufacturing, Ministry of Education,
School of Materials Science and Engineering, Tsinghua University)
Abstract: The calculation models of macroscopic temperature field and microstructure phase field of Ni-based sin-
gle crystal superalloy during directional solidification were established. The temperature fileld change of single
crystal rod during directional solidification was simulated. Based on the macroscopic temperature field, the growth
of microstructure was simulated. The microstructure of nickel-base single crystal superalloy was compared with
the simulation results to verify the accuracy of the calculation model. Both the simulation and experimental results
indicate that the dendrite morphology in different regions of single crystal rod after directional solidification has
significant difference. The dendrite under high cooling rate presents small primary dendrite arm spacing, while
that under low cooling rate is quite coarse, with well-developed primary and secondary dendrite arm as well as
large primary dendrite arm spacing.

Key Words: Superalloy, Directional Solidification, Numerical Simulation, Phase Field

BRI A e IR T A R A 2 LR E
ORI e 255 PR RE L 57 2 BUARAL 25 2 S WL AN

IR £ G O
LR

i A JEE B A AT sk A g T

TURR S EE AL AN P A QA g 0 PR A ) >R FH 7€ 1)
BE R 7 AU A 1o B B A R e B A B R 1) R i
B 5 F AN R DX VR BEAFAE 22 5 . NI STV 10
R JRE 2 1 B R S AN ML 25 ot Bk R B
2L A5 A S B T AR B X A B i LA RS

1 il < () B [T A 58 R LIS T 03 ik
R J7 R AR Tk . R RS e AR B St
BT LT FERE 2RO R L T BB B
ARy — FPARAEFE | o R A R I I BF 5 07 2 FE R

Y75 B H5:2021-04-02

ELLIOTT A J % i KERMANPUR A % 4y
SRS T o S [ v A 4 ¥ 9k W R 2 1) 35 [
T8 IR H TRy TA N TR, T
ZEUO AT BR JC Al Pandat ?&mﬁ%iﬁﬁ}%@jTi
Bl R ] B ] 3 R 1) BOBARE AR, S R [R) 20 B
Hé@%lﬁlﬁ?‘l‘%ﬂiﬂE@ﬁfﬁ%\*ﬁﬂk&%ﬁﬂ%ﬁ&ﬁaa_ﬁ\’%lﬂﬁﬁ
AT T FL L BESE T SR A TR B B R AR L TR A R
A .

AR BE BB AR AE S — R e T H B i

E4TH: HEREEREHETH (2017-V-0003-0073,2017-[-0008-0101)

FE—IEEH

N EHEA L5 .1996 4 A AR A4 . b 5T (100084) , E-mail : xiahx18(@ mails. tsinghua.edu.cn

BEEE FRE.B 1971 £ A 404% . dL 52 (100084) , E-mail : scjxqy@ mail. tsinghua.edu.cn

SIS M A B R IR BRI B ki T 4 1 5 [T OV AR S e S TE L) . Rl 85 3 AT (43 42,2021, 41(11) + 1 334-1 338.
XIA H X, YANG C, XU Q Y. Microstructure simulation and experimental validation of Ni-based superalloy during directional solidification
[J]. Special Casting & Nonferrous Alloys, 2021, 41(11):1 334-1 338.

1334



R B R TR B T B [ O SR S e S e R SF

TP B KRR — S G L SR . D SOUZA N
SEUURI PANG H T 45U %) CMSX-10K 888 i il 4 4
AT T IR B 5 A DU i 18] L1 247 A6 P RT3 - 4l /D
() 7 /7 V2R ARLCH " h . T X o L B i ] 2 2
AT BSE 1 -5 5 (76 AU P ) BN S Y, AN [] °7 3 Fid
TARM BB, PANG H T % fil HECKL A %0
g J Ry 3% RORE, T D7 SOUZA N A A
TERNER M 4 W T AR A9 50 0L A 2% S B 3
P AL SN I REAE . YANG C %517 5 i AR S 16 115
Boa IS A B QUL G R h oy A B T AR
BLR EPUE T HA A IR AU 3t i A 41

A VR F 5 1 A 1 56 i e v A B R
HEAT 2 ORI 5 5 10 B0k . R L R
A3 % LR BE G AU 41 HOAS T DX i 2 i i [) 22 £k
AN HORH LV A o SR 5 (Ol 2 A
TR AD IO PB4 I R i HE AT S 10 56 i 1 Xf
B R 3 A7 DK R AR O3 B A5 B LR TR 41808
B B E TSR B HE B L O 1 BRI R R S

1 R

1 1 D4 2% 6519 85 — 17 3 3 S 1) B 0
il 2o AT S 1 e B T ) 7 R A
4L AU D7 v B R v 4 2 W 2K 1Y ol
GeiE i F ikt

Flig,) {00 =] flig) (e (D

Xt .o N o HIBARS A& C N o MR RIE ;Q K
TR Hh B R RE R R ALl E A b AR
BREL S (o) ) FIAL 2 H BB B R AL S (ol ) s
{et ) PR 2H -

S =" e )+ e s et ) (2)

‘ n n 4 N Zu
fln‘[({spﬂ} ) — 2 2 ﬂ<*L2B VSDu vﬁpﬁ +S0ﬂs0ﬁ>
a=1p=ot1 Top T
(3)
fl.hem({sou} ,{Cﬁ} ):E@afﬂ(?u) (4)
a=1

Xdn HAHM DB os 8 o M5 B AHZ ] FE 16 HE.
foCe) o FARIPRRA i BE % BE ok K. 15 2 Hi s 2
M.

T ZHZMEeRR RBERETIRR A e
T/ o M R BE I 1E] 9 A2 A R DL iR R A REZ
PR X A SR AE 73 15 5 -

9&:_2%(£_£> -

al’ B%a l Sgoﬂ SSDB

A M R R %50 R RS BT 25 A L

TR o 2L G 18 25 R 7 AR LE SRR y AT 30
BEIAT SRV . e O SO 0 A 280 e 4y
T g UL B T A AR, — 2 HUNT J DU 42t i I i
T AR L — R T T A I S T
b WA I R 5 1 S 4 B VA K 1L ¥8 B S R i
H R I 1 B A T o A T R %
PR . 16 R T AR TR0 e LA g T A2 85 B 5 0 o 14 1
Vo HE AT i 2 B30T 40 A e %

n Mo [ 1<AT—ATN” .
- ex — — |\
IAT ~ Jamar. PL 2 VAT,

Ko n AICAEEH s n e FECRIEAZEE s AT P
RV B AT, IR Ve B T7 22 . X X (6) 47 AR
Sr BRI AR B — i W B IR A H

I 1 (AT — AT\ 2
n(AT) = — J X [—f(w) }d(AT)
/27 AT, 70 2 AT,

%0,

ARVRER W Ry A TR
2 RIFH ik

Y g B e IR A R B TR AR e
] Bk 00 . 6 A DD6 B JE o & TR A 4 o 1) R [
T2 Ay v TR A W A U O KV R R ¥ H X
HAORE ST A e 2. s b, B IR
JER 1773 K RISERUARGREE y 1 773 K, ORI [E] 2y 10
min, fliH7 3 A 3 mm/min,

FE T1] 358 ] A5 DL L AT A5 B R IORE /R IR DL 1.
1] 56 [ 12 30 58 S A4 20 00 AR e 5 D i R 4 L R
Lao Xof B b el R A7 20 DD 310 23 ik, JBOXS 7 1) 51 B L B2
s B PP S AN B ey BE TR Y 3 AR E AT 20 A, DLIEL 1b

T > F
i. éiﬁ#l

=
(a) JUAT AL A (b)) BHEFEH
Bl #4586 BEMMERARREREA
Fig.1 Geometric model of directional solidification simulation
of single crystal superalloy and sampling diagram
XPRAE AT T B 5 4006 Ak B, 576 50 T T R Ak
iR (Kalling’s reagent,2.5 g — /K& 4L 41 + 30 mL £

1335



FERR I MR e 2021 4RSS 41 55 11 1Y)

MR 470 mL RS ) AT 1R B 4l 06 2 T R AT I L AR 5 1l
J1%£ 7] Axio Scope. A1 B~ B HUBEA JB fih e 19 1B
T HEAT WL

T E A WIS [A) DX Ak — YRR R T B £ 53 A il
R TR 92 ) A [ TR AR 18 — W i B ) B - 2 { R A7
i

A =cvA/N (8

AN WA A B ARG ¢ O R E R BUE
D 1o PN 8 IO e DX IR A R Y S BOR T 50, B
PRAUEZ5 R Y I

3 KB RAIT®

3.1 #mEYER
3.1 W A

N TR R R E 1) RE ] S AR R R B i AR A
DA B AN [a) DX 3587 556 ] X 8] P 8 4 0 A 1 22 WL L
JEGREAL . BEADLHR IR S B 85 1 ROF BEAT 1T 8 5 A R
TCIAR A o B P PR S RO L L LB L A
F R TmatPro $8 77 2 Kodls o 15 A 2 AR R
BOEFES BNk 3R BRI S RO 1.

F1 EWREHEDSH

Tab.1 Simulation parameters of macroscopic temperature field

JRE 3% B 8 R £ ik R B 30 I i RE TS R R R A R 2L X
S PR A YRR UG (8] I R i 17 DR R v A 3 B0 E T BRI 4%
URE 2 5 URE 3 75 [ 80RH 2R 18] B9 il 2R R A AT 3R 1
BE/IN S 0 B Ve A X B

2 NIFEAS W RS AR R v B e K E L F 1
{H I /IME AR BE RS BZ - 2 (. AURE 1 2R 3. °F
P N 0.44 K/s Mg A 5 0.04 K/s. 5 Z X B H)
SR RS M 8.81 K/mm J/ME| 0.81 K/mm,

R2 TEBERBNCEEEERE
Tab.2 The cooling rate and temperature gradient at

different sampling region

HORE PR/ RREE/  RANRE/ FIEREME/
(Kes™h) (Kes™) (Kes™h) (K mm™1)
1 0.44 0.56 0.25 8.81
2 0.16 0.24 0.11 3.16
3 0.04 0.11 0.03 0.81

X B HKE DRl MR/ HAESER REAER

BE/K 4fEE/K /K (mme+min D) $/(Wem 2K 1)

1773 293 1773 3 10 000

B SRS KRR B RRER B A58

HEE/ (W - R/ (W - /(W - I BE L Lt

m2e«K1 m 'K m ! «K™D LR IR IS
600 401 2.5 0.8 0.6

TR G AT A [ g T DX v ) R I A
JE AR E W EE S SR T & 1 AR 3 AR A 3 2
2. P 2 0 3 A URE 8 B I A v il T I b B I IR]
ARl T LA 3 AN IRURE i R i 4 A B oA B I 2
Sio BURE 1A IELBE A RO AR L DAL R B R,

18731

L TR
R . P TP

1673R--

4
#1473
= % W3
A B2
1273 "

1073 ——— . .
0 20 40 60 80
LA []/min
B2 BESEY R 1~3 PR E IR e 6 T

Fig.2 The temperature variation of the sampling point

with drawing time during the solidification

1336

3.1.2 RO LR

I B RE 1~ 3 Y PG 7 B AT T OBE [ G AR A
A3 AR A R AL, H A% o B B B T
Bl 2 BSOS 2 B v 0 i R BE AR A B I
S WORS B H g 1 024X 024, X 1) 49 B R /N 24
820 X820 pm® , AL IR 1 R N A R R H
— B B 0, HABTHA S HOLE 3. MBI+,
BB T B AR S AR 2l A B I 1 596.4
K5 MH o 07 T A A5 B A RO AN o Al 19 30 5 Ak ot
17y WIB A% .

R3 BEAERE-HREESHAEUSHRE

Tab.3 Parameter setting of multiphase field simulation

for dendritic-eutectic solidification of superalloy

Mfs  EWA L ERSEET [ [&5] 5 T A [#] ¥ 5t
KA/ HTE "B/ BE/(m! - KA/ (m! - TH fiE
pm E/Vm pm Jles ™ JlesH (Jem %)
0.8 3.2 3.2 1.5x10 1! 8.0X10716 0.161
[ [ S ghs YPEE v EHEE BE I 8]
THI fiE o 5 1 [EFoRs WET O BEE/ B/
(J+m™%) %7 /K %/K m! s
0.025 0.2 5 1 410" 9.75X 107

Bl 3 AR E 3 AN B B IE R U Kol
Fito FEINKE 1A v AR o A0 0 sl o A 1]
BEHG R . B A KA AU -y A RO 0 R
TN » fieJm A5 21 85 HL R A A il AR o [ 36 21 20
FEARKE 2 W ik — AP AR iy T A 9 e B AN (R A
A B — Bl AU . B B BLR R R K
I PR — YR T R it B AR IR AN K i i TE B TR
TR T BRI S v M. 1R R 3 h P 308
FEARE] 0.04 K/s o H 80 FUB 8 — A A - #0015 2]
1 it FLAT R 35 ) — R R AR R R R D A
Roer k.



R B R TR B T B [ O SR S e S e R SF

(e) XA 2,1638.7 K

() X4 3,1 638.7 K (j) X4 3,1 596.4 K (k) X4 3,1 570.5 K (D XA 3.1522.2 K

B3 $78FNGGLHKEERARREAN RN, LEH ¥4, REH v 40

Fig.3 Dendrite and eutectic structure of superalloy by multiphase field simulation
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