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ABSTRACT The spiral selector is the key part for producing single crystal (SX) blades and
ensures the integrity of crystal, which mainly includes starter block and spiral part. In this paper,
the influence of spiral part on the grain selection process was studied. Both of the metallography
results and EBSD results proved that the prior location and the special orientation of the second
dendrite arms were important for the grains competitive growth during the directional
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solidification process. Based on the experimental results, two geometrical restrict mechanisms of
grain selection were proposed. They were the competitive stimulating effect on the second
dendrite arms in horizontal direction, which was resulted from the spiral arc shape, and the
growing blocking effect on the primary dendrites in vertical direction, which was resulted from
the take-off angle of the spiral part. These models could successfully explain the grain selecting
effects of the spiral part. The modified cellular automaton (MCA) technology was used to simulate
the grains’ competitive growth in spiral part. The changes of grains structure and orientation as the
grain growing on were studied. The simulated and experimental results were compared and agreed
well. Based on the simulated and experimental results, Influences of structural parameters on the

grain selection behavior were proposed. The criteria for designing spiral part were also presented.

KEY WORDS numerical simulation, grain selection behavior, grain orientation, EBSD
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Table 1 Structural parameters of spiral
selectors (dw=5 mm)

Group hs, mm  ds, mm 0, deg
Gl 14 8 29.1

G2 10 8 21.7

Note: € can be calculated by formula (1)
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Fig.2 Molding pattern of the spiral selector
(a) Molding pattern (top view)
(b) picture of the wax pattern
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Table 2 Corresponding table of height (distance
between the top surface of starter block and the
position where the corresponding section was cut)

and sections in the spiral part (¢w=5 mm)

) Height, mm
Section

Gl G2

S1 1 1

S2 4 4
S3 7.5 6.5

S4 11 9
S5 14.5 11.5
S6 18 14
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Fig.3 Schematic of the sections’
positions of the spiral part (S1---S6: the
sections of different heights; h1---h6:
the corresponding heights of sections.)
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Fig.4 Experimental results of microstructures

at different sections in spiral part of G1
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Fig.5 EBSD grains’ orientation images of
different sections in spiral part of G2
(a)S1 (b)S2 (c)S3
(d)S4 (e)S5 (f)S6

1.2.2 SR AERARFAE AT
(1) SRR T RRRLEFAER

W TRE 126 i 2o 5 MR PR R S
ook, Wik 4 /s s, B 6 g N
Y RRRL U ) 47 K AR AR R R R U IR
B AHT[1001A1[0101 )7 [ 4 sk ALK, AN [R]H )
B AE O I A KK AN, BT
WL e P A KSR ] 6a T4, SRRL A
HIEERL B — 8 WY [100]77 1) [F) IR G
HW 2 OO f A AE— e A, LT 5E
Gr. B& bRk IC, IRIENER: 90° 25,
meREAE R LN I 6b o, BBIN, Aok A i
prckn B RS #AT T AR K. oRE AV ) — I
PR AR, TTHE[010] 5 ) () — R PR A
1, JFsed bl TIRIE BUY. AR B
(100775 1] — I 52 31 [ 9T 0] £ BH A5 17 452 1
AR HiK 6 TN, ARRL A SEITIRBE R U
W O, P BAT R A B R T
AroRL OB TR ARG, I AR B ST R E A
N, AN BAT 5 T e A



-
(=)
o
=y

ey

Upper edge

Lower edge

of spiral

of spiral

2. BRHEER BT S AR
WA LRSI AR, AR AT T 3 A

Inner side of spiral

Inner side of spiral

Lower edge of spiral

Upper edge of spiral

Lower edge of spiral

Upper edge of spiral

Bl 6 IRE MR kAR

|eJids Jo apis JaINO

|eJids jo apis a0

Fig.6 Extending growth at the lower

edge of spiral part
(a) S2
1 B3R 734, M<pAHsER: 45 R & EBSD
YR 1va) ol A5 5 SR PT SRJie B a ad 4i  25 i )
JUTRTE5 44, AR5 dihr — O A 7K1 7 18] 1)

s Y
o _la
1D
o

(b) S3

ReAFEAEAC, TR R 23 FoRL VR, 56
JRIE AR, LA SR MR L YRR T P
(1R AE 58 4P 2R KR BAT ORI AL B,
e T W AR h e & ) T A1 41
(2) BRTE b3 B R 38 SR

HIP 5 TG, WRIEE R AT A R B
SRAE AR PR IR A R — AN R (H
SEII AL, WRIE EUT I SRE H KR
Lot Ff P ARk T A B R B T R R AE A
Wi /1.

B 7 g by DX 5 R R U Xk
{001} A I AR 1 X B &5 . AT LU HH, e
USRI 2R AR R AR, Bk S4 ki
I CLR A —AN AR TR TE b PR 2% i Vi
IR, MBE S6 A AR R —A
arckE. Jf Ho i & SERT %N, 20k Se #kmn, &
LRI T AL,

Hi B e] S, dRE B A e —E
A RESE AUV, U S 23k it R YA U T
N TR R

T, ™ iy
CIw TN A
& RO g RD[. _e. Jp
& ‘Tf \l\‘\b N '\- J "
| Ne | " A 4
D TD 1D
N P \\\ ’l/ ¥ \,\
- RD IRD | * RD
\ / ot /
\ / \
b \\\ b N _/7
S4 S5 S6

7 WRTE bV AR {001 } it T AR <]
Fig.7 Pole figures of {001} crystal face at upper edges and lower edges of spiral

W T P LB T I D RO R O K
R, FEER SRR SES TP REIR, SRk

5



SR T8 Y AR T A/ O ) o A K 52 3 R A
T30 23 B U 0B S50 A AT L 4,
B HH R 4 P 4 A 3 L.
2.1 @A )L RR i AR AL T S|
i IRy & e i

ARLIE N FIBRBE BN, LRI 2 7
o) CRRLT1RD) SRAAED, — BT 15°
31 gy 1h) LAl R SE AR KG9, I B

Section
D 270°

C 180°
B 90°

— A 0°

T EAE D S A LA B A 1 i g 1k —
DB SE 4 A, SEDLLE 6 5 ) H .
T U B KT 1) R R O 5
G MR, W ER e BT —HEIRAL
. 1B 8 IR B L I e A K
YPEBG 7R R, FErP TR Zers = 4 si ik
AT ) SR PAT AR b2k

Al Qe
I

Bl 8 Ui Bkl — OB SE 4 A K YRR s R

Fig.8 The 2D projected schematic diagram of grains second dendrite arm competition growth in

spiral part
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Cdw) , FLRRRS 7 Aty 555 20 0 e & MO AN B8 117 9 1)
AR TR T G gk A K, SR RO e g A K
g A T A BT AR RE O RST K, Wil 8b
o B TR,

B e[ AT, AR Ok, T A RL@ AR
K sg A A RLQO RN B I LA 2544 Fr PRS2k K2
L 8b T C LI, SR QL e A bR T e
ALy LN TR AN s SR 58 IS VT N
T 24 SR gk AR KOk & 8b i D g, Ak
Al RES YRR, T R AR AL

IR AL R T AR R T B i B 3l o B A KT
3 18] 1 [ A JLART B 4% 1 SR AR JE bt — Y 1)
S AR TR T AR R T U R Y
P AR AE 5 G AR AT LT3R, B2 5 T
TEBE S A K e 25 1 B AL 21

AR W AR R R A AT R i
B K [ 5K 45 P 30 2 5 i At i FE IR R 3%, 1A
e ELAT S0 45 T R 45 NS .



2.2 @A U PRI A KL TT—— R H 7 [\l B — K
& PR il

WEE I it A T R e T A e, HR O
B AR AR U AT BRI 45 2, SIEEIRE 8 23 oo () VR IR A
i, ARG (32 S AT R LT A o i i o 22,

] 9 Ay ANTR T # BBRE I i #4511 it R PR VR VK —
Yoz L USRI IR 6, 1, TERIFE AR K
mEH R, SROMGEROMEK. Wk 9b PR,
2Tk R 0, B, LERFER A K s H O, SR
@---©B P IR, AR ORISR, Y
THAWN K 05 1), LEFIFERAE K S5 H B, R @)
@YK, SROE K B Imd], R AR
el I 9c 1, MAEKEEENE A(h<H)IY,
AL @~6) LA VR, DA i RO B 4k 42 4=
IS

P b3 o AT Rl A, BERE T AR B A 1 L AT B il 4

PHSIRE A S B BURH R L DL KR ELAR a BLEATOR

X BB SL, TR H>a stand, WRTETH IR LA BR
IR AR A 15 20 78 00 A A%, DA SR IRE B v i
AR (DRI B PR X SEbs =R 5, B
AL hs>H; AH S i IR A (R A 2R i DL
g 7] o a2 3 P 1B ARE A1 H 3 BIOAN [) A EE A o
PRI AT BT 22 5%, SEMIE R BOR. DT LA B
PEURER s HNIE K T dw «tan6, A Bei 2 ik
PEH R AR AL 2 551

@
1331,
i
HH
i

1
f
a

!
|

it
:l%
HH T

K 9 0,<0,<05 BT S (A BRI IR A HI 75
K
Fig.9 Schematic diagram of geometry
restricting and obsoleting effect of spiral
take-off angle (0, 6, 05---different take-off
angles; H---a certain growth height; 4---the
height that grains@---& were eliminated by
competition growth; a---the width of growth
passageway in 2D)
(a) Inclined growing channel with the angle of

0,
(b) inclined growing channel with the angle of
)
(c) inclined growing channel with the angle of
0
R T 1) PR — R L A 2 R T BB it B 5
G AN F NG SO AR RS TR e T A
(0) 5 WR B (hs) M MR TiE £k HLAR (dw) Z [H] R Z8 0 38 i 2%
RITFEMT; 45 H T AbL B A e A B (g
UTHETE N YR ERED) 2 dlREE 58 S Th A3 6 L 11
OB, B IR T L 5 5 7 IR SEE TR (R
Jié LV SoRE 3 AR AT AR AL
gr LRTIR, JKV-J7 ) B R S e dh A A
R T 75 T 87— R R A T i R 22 ot ) 7 A
TLAT PP, AR T IR e BLAE AP Iy i $ 1t
(I [o] 9TC &35 H) 26 PF00 Al it — RS S 4 PR A R e A
FH VA B A 186 B 5 o)L 3 o R e T 0 06 A o — IR
(P B S O P . S B T it #4579 A AL o6
Em, &RRHRE R INE R (ds) SIRTETH
()~ MRBH(hs). WRTELL ELAT (dw) 4 BLH 5 Wi R g 12
R

23 B TIREBR SR RS A KBS

JCHE B BHL(CA) 7k 2l & X — R VIEH
FII sz e 76 M 2 1] PR AR R, AN T ASEATA Tk
MA LA IS FE .

A TAERHEIER TR A SPLITEMCA), %
J b AR LA BRI AE AL T AIL, X R e A
R REREAT VS EE BLA.

MR T BB )z iV FH 322200 JUART G5 A BR A, XLt
P 24 18 P IOU A 2RI ) A% RS 7 5 2 fe ke 3
Tk ER AL OB, ok 1k R A ZH 284 CA AR
ATELCR A Q)R EAT ik
é/r{j‘k :Hgﬂy f (x:.j.k)x
fif%”(gﬂﬁmhwhﬂ—LLLmefﬂlJaneLJ%Aﬂ)

(2)

K, ¢ At BRIG j, k) H G &2 5 fE;

£ (x) eI E S BT AR A B; x! O ¢

20, j, k) RICH R LR, ATRE TORE),
ATCGRIEAZAL), CORIR), VIRB)AESE, IRRIN (A

7



VEISRR /N L, M, N R 23 BRI AN, 1, L, M,
N #R Ay I 35

XA RZESr (FD) EFEIEN AR TTAE N 7o
Jfa, AW AREG A RI4E R I 240

Y=L+M+N 3)

K, {7 <10, AAEHSECH von Neumann
KITOH; MW <20, dlReE 0N BRI Tt
;¥ <3, A SO A AT, cA A
M2 P R RGEHGZEH 1, i BAREH RE i
KB VR P e . € X ol ok B U e
)22 K, R BT 5 2% i P A7 48 3 oo i A H

(¥ <3) 150, WO AE R RE [ () 2 LR 4
1
I(v) <361 @)

[(#)< 4, ®)

Kb, A B — B . AR R by, 2%

JE LTSGR BRI 2 A T, JEHE A B RS ]SS2
R i e R A OB PR AU BROBLAE A S
VAT Y G W G RRESHTTR A VAR X v 2 S U DS

Slm Ay /3. S s 1k ] e o P34 T B

200 0.3 mmPY, AW EELFOTIRIE S 0.32
mm (&L 4 Bz ) . RIS Ul i a2k i ) LA PR A A=
KRR rh BT D K ST 49 107 m.

3. BEREE AL A KV BUER I R
3.1 BRBEBR A R 5 SER R EE

AHIF TR 5 I8 126 ot 45 7 1D iy A A A BEAT TR
PITHE, THEEE R 10 Fros. SR 2 o0
R Sk, b 2 R 3 RS 56 RSE 4 0.6 mm
X 0.6 mm X 0.6 mm, ML ZRTHER A A% 570 R
S0 0.15 mm X 0.15 mm X 0.15 mm. #48}y [E 74
AR i S < DD6. BRI B A Stk
3 P

% 3 DD6 A4 PE SR> )
Tab. 3 The thermophysical parameters of DD6

superalloy[zs’ 3]
Parameters Value
Liquidus , K 1672

Solidus , K 1615
Specific heat, kJ/(kg * K) 0.773
Density , kg/m3 8780
Latent heat , kl/kg 99

B 10 D R BEAN [F) A 4B T FR) il s 45 A4 BRI 2
R B R TE S R R S A A LA R AR
BN T IS AR RE D i 45 B HEA— B 25
T BRTE T WY SR TE A SR K AE G, TR A
ZiERS

Kl 10 G1 ZH I i@ B A [ A8 T P R 45 AL AU
2R S
Fig.10 Simulation results of grain structure of
different sections in spiral part of G1
(a)S1 (b)S2 (c)S3
(d)S4 (e)S5 () S6
LS FIE 10 i LA H, BEAUEE RIEA S e T
S B R A i AR e B S AR IR, S 46
AT DL I S e B R TE S0 B Tl BRI, [
I REAE LS — I O sk AR AL AT S RE
T T B RAN [ R PR 58 4 20T, PRI RLAE IR T )L
] BRI 254 T B &S A KRR
SIVEPSENEIELY AR TP5'E: S I N L
A, AR NI JEBON, ARE[0011H 5 oz T
AN T 150, AN AL E S KT 14.5 mm

8



I, KAOEHET 0°, Mk S oRLIR R 75 5 2L
BN

P 11 R BB AT ) B[00 1T HR 1] 5 2
PALPSELIEPEAE S

Fig.11 Simulation results of angles

between [001] orientation and z
direction of some sections in spiral
part

@Sl  ()S3 (c)S5
3.2 RN S L0 1 B R AR KR IR 5T

SR IS AU 5 A 6] W5 e 45 74 2 30 5 30k it A FH 3
A0S, Bl 10 A 11 AT, HENBRTE B ) R
HHEZ, HARLN0011HR S 2 J5 e (BRRs
D) A 15° LA, ik dbas st 2k A
s (DIAF AR ELR 5 2 7 WA/ N T 15° 5 (2)
AT BEABER R (M 1--2 5 hs LA .
XF ()R, BATSCo BRI A R T A,
e 58 ] 2% A1 I, N R B ) Al R AT S b
E. 2[00 1 THL [ L 45 AF I, [010]F1[100177 1) )
U AT R SR S R R OB, L EREE T
AT H LA B

R4 BT PR EE fn s S5 S HOGR
Tab.4 The structure parameters of spiral selectors for

simulation calculation (dw=5 mm, hs=14 mm)

Group ds,mm 6, deg
M1 8 29.1
M2 10 24.7
M3 12 20.4
M4 14 17.7
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Fig.15 The simulation results of directional
solidification microstructure growth of spiral
selector with different parameters
(a) ds=8 mm (b) ds=10 mm
(¢) ds=12mm (d) ds=14 mm
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Fig.16 The height of single crystal formed

Other parameters

hs=14 mm
dw=5 mm
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Fig.17 Relationship chart between ds and the
single crystal average appearing height
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