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Fig. 2 Freckle defects of the single crystal superalloy castings
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different nitrogen contents



2023 SFAHIET2E

(c) 0.005%, fHifi]

R TATTE EE A H
IHIEFRFT Founory [ =]

(d) 0.005%, %I

E4 TREESERRSESEHES MIFLER
Fig. 4 Morphologies of the micro-porosity in the as-cast state of the single crystal superalloys with different nitrogen contents
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Fig. 6 Dendrite micrograph in the as-cast state at longitudinal section of different alloy

HE; B, HERIYBEENTFREES.

HMENTERRINZ 0SS ERIRE RKgEE X
BXAN, B7TARREEE5EREREREXBDSCH
R, B2PRSEN0.000 2%0T, HERELREER
13756 C, EH&EEANL 3414 C, BREEREXEH
342 C; 52HAE2H0.005%0, HRIBLEEN
13715 C, EtEZIEE L 3405 C, REREXEH
31C,

ElBa nE AP EHREA R, NFEHTREA
LUBREL, MERENENREREIT, WEkpris(u
B, MRERENE RS DML OB RE
Fa. FfEEEERERGESEQREMRXELILESR
TE8h, BIIERRER, MEMKXAKRESIAK,
MRXEEERER, SHERENVERD TR,

134141

0.0F A lamsc
13405 ¢ 4 ¥,
~05F il 13156
]
= |
2T —N (0.0002% ) |
* _Lsk <N ( 0.005% ) I
=70 1
z I
“20F !
# i
225k
=3.0F
=35
1250 1 300 1 350 1 400 1450
BRI C

E7 TEaasEasiNgEEIREKXIE
Fig. 7 Solidification temperature ranges of the alloys with different
nitrogen contents

(b) 0.000 2%
e

(d) 0.005%

MIZEERD FEERE, [Z5EE XISt E Bt 7+
%, BTESTEESE, JLUSHUREERE«NE
FERRRIR RS, ISR SHNEREARA—H.
E9ahrEasE5AREMKXMIEAIE
MREZHWRNER. JUEE, MEMEEASH
EEE, ErEsa8asBBiNEE—cE5,
BR0.005%EEMFRELERE . EobNERTREE
HERNBHBAKE, I, TRESE5THIHE

S i

\HHHHHHW\WH!H\!HHH[HIHHIHHWHWHIf

(a) HEPFIEH A S

B P il EL

&

AR AR R AN R AR RN

(b) HWPARXELIZ,
E8 HHEhmFRESHIRXEIER
Fig. 8 Simulation results of the free surface of the castings and the
mushy zone



Lt -
s =a
11 9.0
0
10 ° m (1.000 2% = (.000 2%
. ® (.005% 8.5 . ® (0.005%
- L ] )
- LI -~ L] L[]
= W g prmimimiemm P
' S ; . "a
= . ' = s °
£ ", : E 80 ']
= t. I b e
B s ey & :
rr=4 ire -
=2 : “'h = ® . .
3' L]
| 15F
7+ 1 : "' " 1
Lai e e 'U'.
]
'...
6 1 '} I} L 'l L 1 "'.- ?_n 'l L 1 'l 'l L 1 L
1300 1320 1340 1360 1380 1400 1420 1440 1460 1 480 1 500 1340 1345 1350 1355 1360 1365 1370 1375 1380
HATEAR HEIE AN

(a) KEEZBENZZARAYES R

(b) &9 I HE P B R iR

E9 FEEBETSSMHE
Fig. 9 Viscosity of the superalloys versus temperature

B7E1 360 CHHEMEFARY R, RTZREN, 5
[ARECTMEEHESTREAGEHEER, 5T%
BENNER, EZEHEENR/)N, BIELED.

2.2 EBRIFEANEI R EZIMER

A rEREEasHHPERRGEM L THH
KL, XEEEMNARERE—S® 1. EO5R
BHREEIREEIRPAX ([E8) SRR, EE
EERENIREF, EHEERN, BELERENHEN
BRXIELRE, MRFEFFEENAREERNVE
RAEEE, BERBRNVEEIRRARQDER LHIA
KX, FEE ENRBERYR. 3—FH@E, AFE
BEE XA SE, SERPR X EE E XA & 8K
IREHIR X SR B I ANERED, #NMERIAREBEE
RS R B —/KFEE L5 E X i 555 E X it
SENZES, BifTIEERR, XA IMXIGHEES
SEPEFE" P, XFEHAR S LSS ERSEE
HRMNREB XIS AR REE, XYREERN
BRI AR ISR X A RHEH . SRR
Wi, FoRiE R, REERBNERMEN.

EEgRELRET, MaceEcsrHREaRI
IR AN, RN RERIARENAIBISIE
BRILAERE, Altt, ENEmMEEREE XS
BiE. HEARRSH. SRERETRE. #PKRXE
KRR ENIERAISIN .

PEeRASHSAELA AR RALN, —K
HREEFE—IRRE, BYXNMaFE, S5
TR SR ENE, BEENREEEA, £
FERREIENN. =% (0.005% ) &EHHELREIEN
(516 £12) pm, BHEXFEESESE (0.000 2% ) A%
ERIB)EE (462+8) um, (BEEEVAMEALLEIE, X
AR SR EEF AR B A BRI .

BE, PRASNEIRSFROMTRMES
EMDBIFREENRD, BRTEENRES, R
MROBIEN, REERARNAETZE£BEERE
210 MR XA RER B SRR RS,
IR BT RERR . ISR A, SR
ENiE. Saa2REIREXER3L C, MEES
ENEEIREXEHN34.2 €, 2882 PHERANS
N 1.58%~1.87%, NFREESESHHEARIRSE
(2.6%~35%) , XiiBEESRaEmMEESTRES
&, HEpRESEFARNMRET SR THREA
B, XARENEAMEEEN—NER .

EEEEITRRT, BREMRKERSS SEEI
BRMRXKE. ENREEE. HEKE. &%
BN ERESHERX, EFDarcyEERIFlemings/E
BT (2) B

ap=81 5% (2)
X APHRPRXERE; nAEERIEE; R
WHEER; LIMPREKKE; VABREIERR, Dok
BKE,; h—XxREE.

ERAELELHNREERRFFIALT, e
BEHHERBNENHMRXKEMIBEKEEAR—H
1, WWES., B&E% (0.005% ) — X EEIEN
(516 +12) um, {EE &S (0.000 2% ) AIFZ&EIES
(462+8) pm, FERNT (2) , ALUEL, 252K
HEATZHNBERT, 988PRKEDRE/NT
REEESHNEHEY, EREARTEENEZHITL
i®, BLfrERAER, WE4. XIRBEREMEEX
ToEMZERNEE . BHIERDREE, AHEE
MEEEBEENES, WE9,

EAREISRES, HRXKOEREKEERNEE
(E8) ., Eitt, HRIEDSCNENFEEEHEETTS



Vol.72 No.4 2023

} ‘i ., i3
rounore LIS

B, IHPRXRIBERE D >0.487, oIS LA
MEESHRXYNAREIREEARETL 360 CELH,
ZREFSMETHUNETS, INE9., #RX A
NEMNTFZEREU L, MMESIMEERER, I
B, MPRXPEREAR—, EMIRX TEEMAT1Z
BELLT, BILATREDE <0.487, SSHIHMERE
RETEWL, WE, SR52MEEREATES
BEHEE, BEEEERNHE—SETHK, HEE
K. SHUHESHEMRXERELX, ESEEE
FIRHMEBEERTFRESESTIIEHE . X
HENFENESE, SNE21ES 7KK TEBRIE .
IS EH A EREERSEIRE, BEEHFNESEN
B, RIMEERK, SRR NEE, BEE
LTSRS, WESa.

EMSRENSIET, #PRX AR BRI TREIE
KEFEERAEOLE (CBARERE) RHEZRES
@ EAERS, XM A O LENEERNRESE
ERFEAENERME, EETESEERIEREL
BEYE, BRALRBAEBEI (Ra) EESTED
TR, FBER, NIEEDTH A IR it ige,
PR X BB HRATHAN (3) &

Ra:gh—K-ﬁ (3)
av P,

LH: gABENBH WIMRKRSE,; KAFEE
SEWA:

=, ﬁ—f\%j@i% aJTRIARAT BEEL, /IR o

FHEZBER—IREEEGX, ERMEER
—RKEREEEEHRFATK, MRKKSEMERE,

%&%%ﬁa&%fﬁ&%ﬁ—f%ﬁ%—ﬁﬁg, RGBS E

SR ERIAEEr. BIEAT(ERE, BRPEN X
HRESRESTEHMXIE™ ), XA REHI
TERREEMRXEEFR . Eit, TIAREEIE
F1 360 CAIMPRX TEBRUKET(MER . thES, &8
0.005% & =HILEBESTE250.000 2%EHIE,

BHEEEMNERE, MENZERZHTETX. REARL
(3) o7, EEsERRBERERNEBHETER
SEMFEY, XESHEMRXAREREREE

AOTERRBENZEST, BRR T e BTERFGAITZAIRIG]
3 e
(1) BHYTERESE (0.0002%) , S5

(0.005% ) REEEHEBEAMNGEIRSS;
(2) HEXFEEEE (0.0002%) , #PRKXHS

HESHBEAE (0.005%) BRAESTHISER
RE;

(3) SR8 (0.005%) BREEF, BSHY
MARFLERSS T I RIERIERENRR, R T =0T
B ARIE) o

[1] BEH. EnRENERRSRESHEPINERER ). EEFIR, 2016, 52 (4) : 426-436.

[2] SfEs. &iEX, BR4s, £

S aAERHHPNENAR ] FHENREEeASE, 2021, 41 (11) .

1345-1349.

[8] &7, XK, &=, £ RERESRSEGSTERMARIHEE [J]. 51&, 2009, 58 (9) : 918-924.

[4] HAN D Y, JIANG W G, XIAO J H, et al. Investigation on freckle formation and evolution of single-crystal nickel-based superalloy
specimens with different thicknesses and abrupt cross-section changes [J]. Journal of Alloy and Compounds, 2019, 805: 218-228.

[5] GUJP, BECKERMANN C, GIAMEI A F. Motion and remelting of dendrite fragments during directional solidification of a nickel-base
superalloy [J]. Metallurgical and Materials Transactions A, 1997, 28A: 1533-1542.

[6] MAD, WU Q, BUHRIG-POLACZEK A. Some new observations on freckle formation in directionally solidified superalloy components [J].
Metallurgical and Materials Transactions B, 2011, 43 (2) . 344-353.

[71 AUBURTIN P, WANG T, COCKCROFT S L, et al. Freckle formation and freckle criterion in superalloy castings [J]. Metallurgical and

Materials Transactions B, 2000, 31B: 801-811.

[8] TINS, POLLPCK T M, MURPHY W. Stabilization of thermosolutal convective instabilities in Ni-based single-crystal superalloys-carbon
additions and freckle formation [J]. Metallurgical and Materials Transactions A, 2001, 32A: 1743-1753.
[9] TIN' S, POLLOCK T M. Predicting freckle formation in single crystal Ni-base superalloys [J]. Journal of Materials Science, 2004, 39:

7199-7205.

[10] WANG F, MAD X, ZHANG J, etal. Investigation of segregation and density profiles in the mushy zone of CMSX-4 superalloys solidified
during downward and upward directional solidification processes [J]. Journal of Alloy and Compounds, 2015, 620: 24-30
[11] REEDR C, TAO T, WARNKEN N. Alloys-by-design: spplication to nickel-based single crystal superalloys [J]. Acta Materialia, 2009,

57. 5898-5913.

[12] =485, EF, XVORI, % HRSHILMCIZME={EEE

(9) : 656-662.

Rmna=DD3BPRHFLEINE [J]. AR SIR, 2014, 28

[13] BAE, XK, BEXN, & RESEELAMEESBESEQERE RN [J]. 51, 2009, 58 (9) : 910-917.
[14] HONGJP, MAD X, WANG J, etal. Geometrical effect of freckle formation on directionally solidified superalloy CM247 LC components

[J]. Journal of Alloys and Compounds, 2015, 648: 1076-1082



S = ‘Et
20234 BAET2E iIEIA5R Founore

[15] LI Q D, SHENJ, QIN L, etal. Investigation on local cooling in reducing freckles for directionally solidified superalloy specimens with
abruptly varying cross-sections [J]. Materials Characterization, 2017, 130: 139-148.

[16] LIQD, SHENJ, QINL, etal. Investigation on freckles in directionally solidified CMSX-4 superalloy specimens with abrupt cross section
variation [J]. Journal of Alloys and Compounds, 2017, 691: 997-1004.

[17] LIQ D, SHENJ, XIONGY L, etal. Prediction of freckle formation in directionally solidified CMSX-4 superalloy [J]. Materials Letters,
2018, 228. 281-284.

[18] CUTLER ER, WASSON AJ, FUCHS G E. Effect of minor alloying additions on the solidification of single-crystal Ni-base superalloys [J].
Journal of Crystal Growth, 2009, 311 (14) : 3753-3760.

[19] WANG L, WANG D, LIUT, etal. Effect of minor carbon additions on the high-temperature creep behavior of a single-crystal nickel-based
superalloy [J]. Materials Characterization, 2015, 104, : 81-85.

[20] HUANG X B, ZHANG Y, HU Z Q. Effect of small amounts of nitrogen on properties of a Ni-based superalloy [J]. Metallurgical and
Materials Transactions A, 1999, 30A: 1775-1761.

[21] GUO X L, YUJB, LI XF, etal. Effect of nitrogen content on the microstructure and mechanical properties of a cast nickel-base
superalloy [J]. Ironmaking & Steelmaking, 2016, 45 (3) : 215-223.

[22] MITCHELL A. Nitrogen in superalloys [J]. High Temperature Materials and Processes, 2005, 24 (2) : 101-109

[23] XIAO J, JIANG W, HAN D, et al. Evolution of crystallographic orientation and microstructure in the triangular adapter of grain
continuator of a 3rd-generation single crystal superalloy casting during directional solidification [J]. Journal of Alloys and Compounds,
2022, 898: 1-12.

[24] SCHNEIDER M C, GU JP, BECKERMANN C, et al. Modeling of micro- and macrosegregation and freckle formation in single-crystal
nickel-base superalloy directional solidification [J]. Metallurgical and Materials Transactions A, 1997, 28A: 1517-1531.

[25] NICK A'S, FREDRISSON H. On the relationship between inclusions and pores, part Il: dendritic structure, pressure drop in the liquid
and pore precipitation [J]. Materials Science Forum, 2014, 790-791: 302-307.

[26] BECKERMANN C, GUJP, BOETTINGER W J. Development of a freckle predictor via rayleigh number method for single-crystal nickel-
base superalloy castings [J]. Metallurgical and Materials Transactions A, 2000, 31A: 2545-2557.

[27] HOBBS R A, TIN S, RAE C M F. A castability model based on elemental solid-liquid partitioning in advanced nickel-base single-crystal
superalloys [J]. Metallurgical and Materials Transactions A, 2005, 36A: 2761-2773.

[28] HAN D Y, JIANG W G, XIAO J H, et al. Influence of geometric structrue and feeding behavior of casting on freckle formation during
directional solidification of a Ni-based single-crystal superalloy [J]. Crystal Research and Technology, 2021, 56 (5) : 1-11.

Effect of Trace Nitrogen on Formation Tendency of Freckle of a Single
Crystal Superalloy DD33
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Yu-zhang®, LI Qiang"?
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Abstract:

The effects of different nitrogen contents (0.000 2% and 0.005%) on formation tendency of freckle of single
crystal superalloy DD33 were investigated by scanning electron microscopy (SEM), electron dispersion
spectroscopy (EDS) and differential scanning calorimetry (DSC) technology. ProCAST and JMatPro
software were employed to simulate the mushy zone shape and the viscosity of melt liquid, respectively.
The experimental results showed that the primary dendritic arm spacing and mushy zone fluidity viscosity
increased with the increasing of the nitrogen content. On the contrary, the solidification temperature range and
the volume fraction of interdendritic eutectic phases decreased with the increasing of the nitrogen content. The
increasing of the fluidity viscosity weakened the intensity of the mushy zone thermal solution convection and
the feeding flow of the interdendritic liquid along radical direction, resulting in the low formation tendency of
the freckle during the directional solidification.
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single crystal superalloy; microporosity; mushy zone; viscosity; freckle
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