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ABSTRACT Using the thermodynamic model of the substituting atoms, the stacking fault energy
(SFE) of Ni-Al-Re(Ru) alloys have been calculated, and the influences of the elements and temperatures
on SFE of Ni-Al-Re (Ru) alloys have been analyzed. Results show that the SFE of Ni-6%Al-4%Re alloy
increases with the temperature in the linear feature. The fact that the SFE of Ni-6%Al-4%Ru alloy
increases with the temperature obeys the parabola regularity when is above 500 C, and obeys the linear
regularity when above 500 ‘C. The accumulated Gibbs free energy (AG7¢) of Ni-6%Al-4%Re (Ru) alloys
decreases with the increase of the Al content, so that promotes the formation of the v/—Ni3Al order phase,
this is a main reason of decreasing the SFE of the alloys. The atom Ru may decrease the accumulated Gibbs
free energy (AG? %) of the alloy to enhance the stability of 4'~Ni3Al order phase. Compared to Ni-Al-Re
alloy, Ni-Al-Ru alloy displays a higher free energy of the atom accumulated (AGY¢) when temperature
is enhanced to more than 500 C, which inhibits the accumulation of the atoms and precipitation of TCP
phase.

KEY WORDS foundational discipline in materials science, nickel-base alloy, thermodynamic calcula-
tion, accumulation free energy, stacking fault energy

B RSB A EEY PR M. 2 MR TR, B RE 8BS (AR 12 3 R Y]
AL 26 BN AT R S RE. IR RIAE
* [ EREREEES 50571070 AL EHE TS 20040004 % = iR BB A IR RN B A RE, WY R A8 A B R4,

BT SEKCRIARE SISy, 13T b TR RIR A
2007 9 10 71 15 RGN 2008 5 4 130 FUGHERCR. iy TEM 50k 7 EBIREG U0 R L, A

iﬁ%A EEI R 7& 3 ~ R N | =) &) PN
* R B S Fi IR LA AT L 2 S R R 9, R



516 BBk B

I 22%

EEEMICEXNGERERERE . WREARS
IR ETTEA ST TR X R R N, R
EERE S a EENHE SRR L.

Ni-Al REIEFR G SHHFEAICE, T Re. Ru
NREZGERPEHERLGEWERERITE. A
3% M1 6% JLEK Re, 23 A EHE —RRABE=ABEEF4
1 EE A RHE, W —R G SMRERE T2 5=
T 30 CTHI 60 C. ZEMA Re RYFERE L4 F70 3%
M 6% B Ru, 25U S AU &2 B
SHFFE, )54 7E 1100 CHlihl 137 MPa 254 F %
AFEE T 1000 hMU. AT, SEE Re fl Ru *t
TERESGEWERFAEREGEZENIEN. JLE Re
BRRTE Ni B G&0y ~ Bidr, IR i+
PR 1127131 RELRS S AR JA T A2 45 (032 30, B RUhR
BETEy v B HARReSsTHETRNY
B, TS o FRHEAALE K. Re i BEIMA SR
TCP M, BAKS SRR, & E&FMA
JCE Ru AR BT R o' /v WA B L, 40
il TCP M, NS & E&THEE TEN &S
WAREE, Fit—F B S S EiREs e Y. H
7= Ru &4 TCP AT IRE, LK Re. Ru
B X T R R IR 1 X Z 5 RE Y R 2 A
ANERE. I, ARSI Ni-AL-Re f
Ni-Al-Ru = 644 RZWZEERE, HF55C& Re, Ru i
FEHIARET Ni-Al-Re (Ru) & & 285RER0 2B
JCE Re, Ru W BEXT & 8 Hh 0 2 1R300 1 A s i 100 78
VIR oeER Ru A4 TCP A4t M JE A

1 Ni-Al-RefINi-Al-Ru=t4 4 E86e10i+E

Ni-Al-Re(Ru) ZJef& L AE OV F4EH, H
JREERERTR R N M

AG) 7T+ AGI ™+ AGn (1)

1
T = g van

HAr AGy ™" M AGY™e 535009 i B HUR T4 4
A H M E WA B B RE, AG. NG
HHIRE, 1T Re, Ru REEMYESAL, i AGw N
0.

e BT HEH Ni-Al-Re 54 25 CHI1 1040 C
HIRSERE S AL Re JRE B FIRIXR, WA 1 M
B 2 Brs. ATLAEH, fEEEM 1040 C, Ni-Al-Re
FERREREME Al Re STRAAMLEEAMF.
Al SENES, GEEHERIE ZRTHE
HRERUE, HHEE Al RIS EE AR R
REEECR. BEE Re SHIVIES, FEEHREEX,
1040 CEHFRERIGIIRBEECR. TEZ MR, Al BEARK
PR G R, HROH S Bt s, E R

400 ’V'\‘“
oty
s JOY SRR

Bl 1 =iREMHFT Ni-Al-Re & /E5MES Al Re Z
EESS

Fig.1 Relationship between the stacking fault energy
of Ni-Al-Re alloy and Al, Re content at RT

Bl 2 1040 CH&MHT Ni-Al-Re 54245885 Al Re
HRZERAR

Fig.2 Relationship between the stacking fault en-
ergy of Ni-Al-Re alloy and Al, Re content at
1040 C

B T Re MG 2BEHEMIEMNES. &
1040 C, Al FERE &2 HEREATEAIELSS, {2 Re 42
A R R B VR R,

TEER T M Ni-ALRu G2 E#EEYS
Al Ru ZRZERER, WA 3 fram. WA,
WEE Al SHEERE, SErZMIERIE. % Ru &
BES, F el RERAPIMLLES, 4 Al SR
T 3% (FED%) i, FEE Ru S RMER, &/
FEHERERER. 4 Al & T 3% I BEE Ru & &1
’m, FEelEHRERIG MER Al SRUEN, K
F Ru SHRIVER, GEZHEERIE BEHRIEA
HELTE AL, Ru & HH04 10% 4b.

7E 1040 C, Ni-Al-Ru A&/ E#HES Al Ru
FRZFSCRWAE 4 fra. wJLEH, E AL &
BHEE, G E0EAERE E Ru SEER



5 % FHEENi-Al-Re/Ru £ &HEEE 517

oo
g
, 58
1%
28
2.2

Y I mJ-m?
'%B

%

o
.
%

4

i

T
oo Er DR | {111
fiadiatcisl,  _mSgMNS i

ot NNNNST i
e N W

3 ZHEEZMT Ni-Al-Ru 5&/Z45 AL Ru &
= A PSS

Fig.3 Relationship between the stacking fault energy
of Ni-Al-Ru alloy and Al, Ru content at RT

4 1040 CE&MF T Ni-Al-Ru §4J245HE5 Al Ru
R EHRER

Fig.4 Relationship between the stacking fault en-
ergy of Ni-Al-Ru alloy and Al, Ru content at
1040 C

GEHEHRBIE KR, (B2 Al S EELR, & Ru
SRR, SRR RMIEEES Y Al &
RS, BE Ru SRR, EHERER IR
/)N

MW 5 FTAEH, 5 Ni-6%Al-4%Re &4 L,
TEARIE SR T Ni-6%AL-4%Ru & e A BN R H5EE,
MERBEWES, WEEWEERESELAL N
6%Al-4%Ru G4 1R HRE RS R R L 47 280
2, T Ni-6%Al-4%Re &4 2456 A S AR 28
PR, H& Ru G REREIMYIEE R TS Re
B E BRI MR, MEEALF 500 CH, Ni-
6%Al-4%Ru &5 B A BN ZHERE; Tm T 500 C
&, Ni-6%Al-4%Ru & & BA KR BERE, Hed
H 2 B RE W B TRLE 78 AL 48 SR B L RV G R R,
ER: P17 e

600

—0— Ni-6% Al-4% Re
300} —o— Ni-6% Al-4% Ru e}
O
e O
O/O O o—
o ok — 5—0—
S Q?g/
- o057
E o0t o0 o7
~ e
g O
-600 - /
O
-900 | /
@]
-1200 1 1 1 1 1 1
0 200 400 600 800 1000

Temperature /°C

B 5 EEX Ni-6%Al-4%Re/Ru &4 24566
Fig.5 Influence of temperatures on the stacking fault
energy of Ni-6%Al1-4%Re/Ru alloys

2 Ni-Al-RefINi-Al-Ru=t& 2 BE4tsen
PR
2.1 Al Re, Ru &8BX AG] ™%, AGI~ HIEIH
PR SRR, ALl Re Ml Ru JRFRA IR
FEXT Ni B 245 R B i sEm. ARMEA
(1), BeERe s AG] " (MEMFETFIEMNH hEed
1) f1 AGT ¢ (R mEFIEA B haeEik) B2,
I, it AG) " Ml AGY—° 7R R, Al —2
OGS BRI EE R &,
AGY™® Rl BERE TAR MR R H g X T
=A% A

AGg_)E = quOG;Y—NS + Jﬁj AOG;Y_)E—F
2R AYG T + AGECT)

Heft oz, oz, o K i .k B FHIBERAEL
A'GTTE, AUG}*E\ A'GYT CHAERETERS T A4
TRE v — ¢ AN B AGTOTY HEAH
W A, MIE Chou AL 1% WM = T44
BAHB Gibbs [ HAE (AGET ™), K f it
WS H0E Chk [16]. RAISCH [17.18] FEyI Ik,
HEma SR, B ESE. HrkeE 2
BB, SRS ERE Ay, BT
Re, Ru, Ni #FRn B ICE, B EIR & ERUaR
FH 2% P=14.1 V-lem2(d.u.) "3, R=0, a=0.04.

AGT™ g% H h A, Hrh R TE RS K R
B AL AGT ™ A =3 1.

AG"ZHE - AGchm + AGsur + AGels (3>

/E\:EP AGchm j@%@*’fﬁ%%l@% ﬁ Hﬂﬁﬁ’j@f{h AGsur
N i TR RN R B X R TR BN R] 7 AR 3R T H
RE, AGas A TETRAAR B R 3#E A b AE.

(2)



518 - 22%

0 PR EEER T s, WEETS

&R ES AR BN T B e/, B, R FREEs 18001 ag, 1

BT 8 (AGuur) FISEEE 8 (AGu) T -

A . WE_ 600 1-- Ni-x% Al-4% Re
Ni-z%Al-4%Ru fl Ni-z%Al-4%Re 44 2 2= Nix% Al-4% Ru

AGYeL AGIT {15 Al F BRI 6 PR, o °f . |

DI, BEE AL SRR, FaS AGT T P

Fm, i AGT™° MR, LS Ru 44 AGT ol ;

EREACEIEER K. Ni-6%Al-z%Re fl Ni-6%Al- : 1 . - : - -

z%Ru EE&H AG) ", AGI ¢ {H5 Re(Ru) &K
REWME 7 Fis. mE 7R, FEE Re & HEWIER,
HEM AG) T, AGY T IR, (HZREARM R B
o TiBER R & BREGHEE, &80 AGT, AGI—
FRARBIEBEROR, Frale AGY ™ [HER LA
%, &8 Ru T A AGY ™ (HRYZWE N E 2%
2.2 GEEXM AG]TC. AGY T B9Fm

K 8 K, HEERENISE, Ni6%Al-4%Re
5 Ni-6%Al-4%Ru & &N EHE 31 A b
REEAL (AG) ™) Ml FmETIEN B B aEE
(AGY™*) ¥R, HPWMGEW AG) " HEE
T AR AL SRR BEAE ], {2 AGY— by
AR, & Re G&H AG ™ HHFRENTTRA
PEHIE R, T Ru G4 AGY ™ HEFREES
EPYLREIE K. ZEMLT 500 CHRREE X ], & Ru
FEr AGY ™ AR, ¥EE S T 500 CHE, & Ru &
SR AGYC HER. AT, BRFRES R
H B (AGY ) X & BB
BIER, ERENTI&S Ru &R G KEET
T2, BT TCP AHMT Hi.

3 i #

HIE 6 "4, FEE Al SRR, HERETF
FIERMGEH M (AG)T) K, RHEGEHEM
B FREILSRERE. HEH T Al HF=E Y
MEMITR, BE Al SR, HETFRETIER
HHBE (AGY ™) RRAK, HFEARRIHR R, XRH,
Al FF5 TIREBIER L1, S5 +'-NisAl HFAH,
Ri-&a e iee B iR KA S 2, BEE Al
SRR, o -Niz Al FFAHEERG M. e
WE Al SEMNES, 5eZHEaeE R EE2EEE
GEHEM T o -Niz Al HFAH. B ' -NizAl ¥
R FRIEFRS G NEER, TSR G E0Z50
E. 24 Al SR 6% (RS E) I, fet o HE
BRI, Ho ' iy BIARZLEN. JnREEE Al
SERES, KRR EHRE (AGI™) BRIRAT{E
i ' -Niz Al FFAHBTEA, W& Ru G4/ AGI
EREARIR BRI K, RUITTR Ru Wi +/ NisAl &

Al %

B6 AG) "/ AGI" 5 Al §HEIRR
Fig.6 Relationship between Al content and AG] ¢/

AG;YHE
1
1800 -
AG,
1200} 2
' ‘

- eo0 L 1 -- Ni-6% Al-x% Re
e 2 - Ni-6% Al-x% Ru
o -

s 0 1
-600 -
2 AG
-1200 -
1
0 1 2 3 4
Re, Ru/ %

Bl 7 Re/Ru 5 AG]7°/ AGY° H%A&
Fig.7 Relationship between Re/Ru content and
AGY™¢) AGI ™

2700 | 1

AG,
2
1800 - /

€ 1 - Ni-6% Al-4% Re
2 %o0r 2 - Ni-6% Al-4% Ru
©
< 0 1
AG,
-900 | 2

1 1 1 1 1 1
0 200 400 600 800 1000 1200

Tempetature / °C

B8 BERX AGY 7/ AGY ™ EiyEMm
Fig.8 Influence of temperature on AG] ° / AG7™¢

PR

A 7 mIH, 2655 Re G4, HEH Re SHES,
FEN AGY" M AGI™ [HERAW B, HETE
# Ru 5&%, lE Ru SHEIERS AG) [HRFK
HIIRBERU/I, T AGY ™ BRRIRERCR. XRW: i1



5 % FHEENi-Al-Re/Ru £ &HEEE 519

G FTERE XS, HE A BRI TR
vy BIAHRTEESRL Y, H Re EEE ST v 3k
AR LA RF R B SAFAE. X 0] B AR AL Y
ZEIMEEICRMY G 5 N G S S REE
i1 (HIE Re & Bl 5, 7ERE Re [ T-5 T
JERL TCP M A% A &1 I AR e RE. IATER
Ru H[BRRMER ICRAE Ni- 54 /v WA 85
BLELAE, $EEXEATRTE ' /Y PiAET Ry & e bR,
FEH TCP AHRIHT H, TR T 7 458 K B b R 1 5 4
F L AR T R

FRIEXTE 8 Hy4MHT, B 1R LA T, Ni-6%Al-
4%Re A1 Ni-6%Al-4%Ru &4 i1 E# 7 F5ER
HHBE (AGY 7)) £Rhsbhn, HoH iy i B A R A
M. XEH, HEEAGERERXEFE BER
R, Ni-6%Al-4%Re A& F H R T MB35 1EM
HHBE (AGY™°) &AL, M4\ EMKT 500 CHY, &
Ru &40 RFmE A h ek, Bov e (H2k
BERE T EmE H A (AGY~°) R &y
b, ELXEME R KR, Al 4R E & T 500 ClE
& Ru 5426 HE Re & F SR RE H MG
(AGY™9). X RWAEREFEHFAS, & Ru 52K
THIRB G/ E bR, e, MERE
{7, JTEE Ru FIH0H& & R T L& TCP
FREHT Y 20,

4 & i

L. Ni-Al-Re G a8 EHREREH IR e mekn:
B, \EALT 500 CHY, HEE R E R Ni-Al-Ru
FENEHREEM LM I 15T 500 CTHE,
W B AR R SR RE ARG . e T Ni-AL-
Ru & &H 2K Ni-Al Re & &1 2566

2. JTE Al 1] BERHL Ni-Al-Re/Ru 5402
Hifg, Al KEWERHEEGETE T WEH DRE
(AGY™%) FEAR, 1&2E +' A R AR R R iy 3 i,
e REREM EEER; W Ru JH RIS S
HImEE B B RE, AR o ARG

3. BEEREM TR S Ru Ara a1 5%
HHRE (AGI™®) ¥R HEEST 500 CHf, 5
Ni-Al-Re 44 HH, & Ru #&FESHRE T RE
HHIBE (AGY™7), AERAEF T, £ Ru AT
il TCP FHAIAT .

& £ X
1 RONG Yonghua, MENG Qingping, HE Gang, XU Zuyao,
Calculation of the stacking fault energies of Fe-Mn al-
loys by embedded atom method, Journal of Shanghai Jiao
Tong University, 37(2), 171(2003)

(Hwkde, TR, fif NI, AR, Fe-Mn && R ABMIRAR
FIR, RS RSFEH, 37(2), 171(2003))

2 D.M.Knowles, Q.Z.Chen, Superlattice stacking fault for-
mation and twinning during creep in «/7’ single crystal
superalloy CMSX-4, Materials Science and Engineering,
A 340, 88(2003)

3 M.Legros, N.Cle’ment, P.Caron, In-situ observation of
deformation micromechanisms in a rafted v/4’ superal-
loy at 850 C, Materials Science and Engineering, A337,
160(2002)

4 S.Gourdet, F.Montheillet, Effects of dynamic grain bound-
ary migration during the hotcompression of high stacking
fault energy metals, Acta Materialia, 50, 2801(2002)

5 H.P.Karnthaler, E.Muechlbacher, C.Rentenberger, The in-
fluence of the fault energies on the anomalous mechanical
behaviour of Ni3Al alloys, Acta Materialia, 44, 547(1996)

6 ZHANG Jianmin, WU Xijun, HUANG Yuhong, En-
ergy calculation of the stacking fault in fcc metals by
embedded-atom method, Acta Physica Sinica, 55(1),
387(2006)

(k#R, REE, BEL, fcc BB EAM BHHE. 9
H224R, 55(1), 387(2006))

7 LIU Xiangjun, LIN Xinyuan, CHEN Shiyin, Stacking fault
energy calculation of two kinds of stacking iron based
shape memory alloys, Acta Metallurgica Sinica, 34(9),
903(1998)

(K%, sfEm, W, MRARSESRERRITIZ G EEMHEmN
HE, SRFEM, 34(9), 903(1998))

8 HE Gang, XU Erdong, RONG Yonghua, On the determi-
nation of the stack ing-fault probability by X-ray diffract
ion in Fe-M n-Si shape memory alloy, Functional Materi-
als, 30(2), 155(1999)

(far R, P4, Bk, X STRATHHENZE FeoMnoSi JEARIC
12E&& B ILENTE, TIfEsEL 30(2), 155(1999))

9 HE Gang, ZHAO Hengbei, RONG Yonghua, Peak-shift
method on stacking fault probability determination and
its application on Fe-Mn-Si alloys, Journal of Shanghai
Jiaotong University, 33(7), 765(1999)

(far W, AR 1EL, ok, JZ4E T LERIGAFEIN 21k K AE Feo MnoSi
BEFHEA, EESCEKREEM, 33(7), 765 (1999))

10 WAN Jianfeng, CHEN Shipu, XU Zuyao, Thermodynam-
ical calculation of the stacking fault energy in Fe-30Mn-
6Si-xN shape memory alloys, Acta Metallurgica Sinica,
36, 679(2000)

(7 V%, BRULAD, FRAHR, Fe-30Mn-6Si-xN JEARICIL & & B4
BRI, &%, 36, 679(2000))

11 K.Yutaka, K.Toshiharu, Y.Tadaharu, Development of
next-generation Ni-base single crystal superalloys, In:
K.A.Green, T.M.Pollock, H.Harada, Superalloy 2004
(Champion, TMS, 2004) p.35

12 K.Wander, U.Glatzel, Chemical composition measure-
ments of nickel-base superalloy by atom probe field mi-
croscopy, Mater. Sci. Eng., A203, 69(1995)

13 R.Darolia, D.F.Lahrman, R.D.Field, Formation of topo-
logically closed packed phases in nickel base single crys-
tal superalloys, In: S.Reichman, D.N.Duhl, G.Maurer,
S.Antolovich, C.Lund, Superalloy 1988 (Champion, TMS,
1988) p.255

14 T.Ericsson, On the Suzuki effect and spinodal decomposi-
tion, Acta Metall., 14, 1073(1966)



520 R I ¢ 22%
15 A.T.Dinsdale, SGTE data for pure elements, Calphad, 15, 18 A.R.Miedema, P.F.Chatel, F.R.Boer, Cohesion in alloy-
317(1991) fundamentals of a semi-empirical model, Physica, 100b,
16 K.C.Chou, W.C.Li, F.S.Li, Formalism of new ternary 1(1980)
model expressed in terms of binary regular-solution type 19 XU Zuyao, LI Lin, The Thermodynamics of Material (Bei-
parameters, Calphad, 20, 395(1996) jing, Science Publish Corporation, 2001) p.44
17 LU Guimin, LE Qizhi, CUI Jianzhong, Thermodynamic (M, 2= BB M % (Jba, Bl HREE, 2001) p.44)
Properties of Binary alloys of Zn-Mn and Zn-Till, The 20 R.Burgel, J.Grossmann, Development of a new alloy for

Chinese Journal of Nonferrous Metals, 11, 95(2001)
(BB, SRR, EEE, Zn-Mn Ml Zn-Ti Z5o& S
B, PEAESRFR 11, 95(2001))

directional solidification of large industrial gas turbine
blades, in: K.A.Green, T.M.Pollock, H.Harada, Superal-
loys 2004 (Champion, TMS, 2004) p.25



