%49 % 55 8 10
2020 4 8 H

BAEEREMBISIRE
RARE METAL MATERIALS AND ENGINEERING

Vol.49, No.8
August 2020

Co $B2%3 y'-Ni; Al 4878 T 1 H M0 A 5 — 14 R IR A 53

FRA, HRAEFE, MHRF
CEMBLT Y IS (4 8 A T 5 A I R 505, Hl 22 730050)

B OE. RTHEZRISKT IS, WET RS T Co T BAXT y-NiAL S S M E MR W . &
Sl L B LA B LI S5 R LRI T e TESHL, T Co BT B2 G MM R G AR RER . B
Wl G A RE N T AR ARG B, HETT AT T MR AR R R R PR RRGE M . THERLERER ] Co JR T EAR AL T
BB S RS MERE ;. BTG E-10 eV BIORREHMIRAEH XK, Co. Ni 7/ 3d UGS Al TH) s. p $il
KAET RPN Z A, BRI R AT R R W B R, AR B A G AL S ROIC O P I s SR NI BT AL,
TEB AR BESARRE S AL Co JR AN AL J5U IR plo B vt 72389 . 38 A vl AR ELAR B0, T i) & iR R A P 4R

e B R A I I s 50 T B 4 R AT T KR
. B MEEE, M BTSN, RBRet
REESES: TG146.175 XEkFRIRAD: A

TEHS: 1002-185X(2020)08-2746-08

Y'-Ni; Al A Sl &2 bz —, 4
He y Mg EREIE 65%LL B, AT AR T H 4y
HULE p-Ni (feo) HeRrpabig il . BEEA S HA A
(1) e Tk 3 P R PG AR M 32 B R T T R S 1
WRAT g, AE 2 T P Tl A it R o 1 B it 3 T v ot
e R UTUE SR IO VE T o B A R A4 v AN A
FW A RE K, MR EE S i, i T A4
Fm PR . O T AR A S R R R R R e
PE, BHIF TAES RIT T RS B 1 50 SE I 5%
LE S BRI 5T 7 1T, i am s N9 T St Li X NisAl
H a1 PERERIRE I, A HUR BN Li RE4E S NisAl 1K
JIR I HLREWS 3% Ni;Al Sk, 2 E 7548 AP
WA A B B ) Ze N Niz AL, RIZ & 24
A e A A S 3R AT BB S S b i S A s 0%
T AP T Re S5 s A GG AR Ry
AHE mRAG R 52, 45 R B Re (R 1F p AHIG S L 7,
XoF B A 4 v Tk P A A . AR BRI S T
KA G AN A S0 5 13088 4 A IR o 41 21 46
P, HTgER ., SRR, DK IEE LR
JEAFR T Tz e B AP T Nb i T
£E NisAl R S BURAT b B A Gy, £ W Nb
T AR NBAL e vk, HILHBR B A T
6.25%~12.5%2 0] T 5% B4 NIOTUR A 35—k e B
T At Re. Ta 7EBLHE 1 0 w2 42y M 10

IF= HEA: 2019-08-25

BRI, g5 KW Re. Ta fH056 78 NizAl 1 Al
VA IUITIE TR SRR € oy SRS 1 YN
R MR T V B0 NisAl ) 22 i &
W E M0, RILV 33220 NisAl 124 M RER)
TR EEAEA RS ARSI
WL T Nb B2X) Ni B & o' —y A AR (5,
LERRW], NbBARIE 15.45 at%~16.34 at%iLH AN, '
AR A H AT HHAT I din b B, R R ARy —y AL
FE AR I BEAAT, ARy R KR EIN, y #H R AR 4
fRBEMINE K. &5 BRIk, SaMnT LU NisAl (1)
FVEREANAR E M, 10 M B SRR DRI SR T
G IGEXT NisAl B T 15 m

RS milR G a T, Co RAEAAMAEITHEMA
1. Co A& A AT RAF I il PERe, AT LARE W it 45
(A SRR ETE, 7 417 C LR fighs Kk A R 5 F 0
WA, il N RS JT S5 R, IR DR N U
Mo fEAGENITE, Co il F VRIS AL T y/AH
Al Ti FEA G AR ROV IR, (R T BRAL )
s [T Co 34 vy LA i A8 T 85 5 e il 25 <65 TR A 8
A A LU AR e Mok S IO T AR g
BAI% Ni-Cr-Co [l RIS 24 e, A= AR 2 11
HERZHE, M O B e & e, Rma4m
W . {1 Co #& MR HEA & AU e M /E R BL
F AN A o DR AT TR Y 58— 1M Jo B0 2 J 02 R B

TEZ R WM, 2, 1973 454, 4, BB, ZMBETREMEERR: S TRE2ERG, Bl 20 730050, HLiE: 0931-2976572, E-mail:

leeyamin@163.com



o558

P Co BN y'-Nis Al HIEE PERZM ) 5 — VL B 5%

« 2747

WIRTT, S ARBAA Co B ARG I y'-Ni AL i i 4514
BATBLUHSE, WA RIG She. sRrEw . %
Je 7253 F AT 8 E AR T T 73BT T Co JLE XS y-Niz Al
AR E YRR e, AR TR R 2R T Co Juz A
y'-Nis AL i 1 45 K 1 T A BOOEATL B, R P S 6 ) A
LG RBEAT TRk, DU B il & 6 1 & ek
PEPEHEEIR AR .
| ERHESER
1.1 HEFESRHERET

AHIEFER - 11 B M4 T V5 CASTEP #EEe i 47 7t
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BN Pm-3m, @iA%H 4 ai=bo=cp=0.35718 nm, o=p=
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¥ 950 'C/1 h, #¥%: 720 'C/8 h, LL50 C/h
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Fig.1 Schematic diagrams of supercell of NigAl, (1x1x2) (a) and
the supercell of NigAl, with Co atom doping in different
sites (b~d)
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Table 1 Occupation of Co atoms in NigAl, supercells

Formula Site of Co
NisAl, -
NisAlCo (£1/2, £172, 0)
NisALCo(I) (*1/2,0, 1/2)
NisAl,Co(II) 0,0,0)

WL 680 “C/500 he RAHLUIEINAfI5E BT
0.3~0.4 mm JEIHE F, 28 2004~100047K 10 483K 2041 B
B)EFEL R 50 pm, MBI E AR @3 mm E Fr, R
UG v i 0 ol 02 T 6 32 O P AR R, XU
10%HC104+90%C,HsOH, FLEZ N 25V, HAEEE N
o A N R AAH R SRR R E R L JEM-2010
RIE G B M52

2 FR5i1E
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N T AR b, g LT AL B 15 (4 25 1A AR 1)
ik S BTG N AL R XY AL, HEPTE %
s L 1A R B TR AL R S e, AR 3 BT
e M3 WULEH Co AR ERNB RS
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Table 2 Chemical composition of Inconel 718 alloys (/%)
Alloy Ni Cr Nb Mo Ti Al C Co Fe
No.1 52.00 18.40 5.40 3.05 1.05 1.25 <0.05 - Bal.
No.2 52.00 18.40 5.40 3.05 1.05 1.25 <0.05 1.00 Bal.
#3 HERBEHNTHREEH. BARMESEE
Table 3 Lattice parameters, formation enthalpy and cohesive energy of the supercells
al b/ c/ Vi Eof Formation enthalpy/  Cohesive energy/
Formula 0 o - 3 3 -1 -1
x10" nm x10" nm x10" nm x10™ nm eV eV-atom eV-atom
NisAl, 3.588 3.588 7.177 92.421 —8257.558 —0.4898 —8.6386
NicAlCo 3.555 3.555 7.129 90.099 —9243.751 -0.2144 -9.1589
NisAlCo(I) 3.614 3.573 7.121 91.974 —7945.313 —0.4459 -8.6571
NisAlL,Co(II) 3.563 3.563 7.237 91.886 —7945.356 —0.4513 —8.6625
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Table 4 Elastic constant C; of y'-Ni3Al system before and after doping (GPa)

Supercell Cl 1 Clz C13 C33 C44 C66
Ni;All'” 224.5 148.6 148.6 2245 124.4 124.4
NizAll'® 242.2 151.8 151.8 242.2 125.4 125.4
NisAl, 241.080 155.035 154.904 241.873 121.633 121.610
NisAlCo 248.908 161.642 164.846 275.781 119.835 123.183
NisAl,Co(I) 249.221 154.697 158.118 243.182 128.841 125.384
NisAl,Co(Il) 249.932 160.090 155.022 255.731 127.090 131.872
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T o Ay BRSSO, 0 W AR AL f i 3 sl ™)
ME 5 TTLUEH, %4 Co JRFHB MG, SIERITER
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TN BEAT R NisAL 44 & (R
2.3 BFSTE
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3d BUIE E R ADO ARG B 20 1 NisALCox(T)
(R BB H T A AE—11.5~12.2 eV, fE—1 eV b
T 1Ak, 22 i Ni 3d. Co 3d /b & Al 3p
HUB T ILFEI TTRRG, Co MIBZAIEM T Ni d g
(1) U 5 5 2d NisAl,Co(IT) ¥ 5% B HE 1 32 220 A F
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Bl TAEENRN, T BRI KR
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fEEEm AT, G80EN BT R

Koy 7R AN R, WBRETE AR 2N RGP RS SR RGETE . B T EEAL T 10 eV
BMEEE. 20 Co ¥ 3d4s’s Ni Ry BIPOREEGAL, HEZ M7 TRARRE R, o
3d%4s’s Al LTI 373p MLy, ey A, SR A B AR A R R, AR

AT, G ITTERE S ALNL R 7R ZeRE.
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TE T DTHR IR, IX 3 4008 A A 19 A B 8 KR oK e
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Table 5 Bulk modulus B, shear modulus G, B/G and Young's
modulus E of y’-NizAl system before and after doping

Fase vk KU, Sl X S SR T
By DU O AR Sk I A 4 S AL A )
Fa g ME B =R, $1 4 NigAl. NigAlCo. NisALCo(I).
NisALCo(INTE-10 eV | 2K G g b 1) pl Bt i+ 50 o
Wk 8.25. 9.01. 8.13 1 8.14, F£H] Co Jil FHUL Al
JL ] R N, O AR B G R, TR
i Y485 A R RSE PRy, 3K T 4 BE IR 23 A 4
S
2.4 ENHBEEE

3 24 Co J& THUR Ni Al Al AL E /TS (100) TH
(2= 5y M far 25 FE B, AN 3 0] DU H D e H i

Supercell B/GPa  G/GPa B/G E/GPa I H AR 8] 3 A, S DB R s T 45 J 1 1)
NiAl'"™ 174 7 226 202 Wot. B3 o E R TR, EEIRETECE,
- AlI8]

NisAl 182 § o 20 2 L3 AT LU HE Co (b4 A [ o 8 5 1) 2 43 A 2

NisAl 183.747 90254  2.035  232.669 e

NisAlCo 195.141 91388 2,135  237.144 EIRZUAR, BAEEAFALE R (1000 1 11
NisALCo(I)  187.054  94.659  1.976  242.987 Ni. Al Fl Co Jit7 A B tHIL T dag i B, a8 B2 W far
NisAlL,Co(I)  188.429  96.241  1.957  246.719 DI IR Ni AT Co i 3-o MBI 3a WTRLA H, R
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Fig.2 Partial and total electronic density of states of the systems with Co doping in NigAl, supercell model:

(a) NigAl, (b) NisAlCo, (c) NisALCo(I), and (d) NisAL,Co(II)

- 1.718e1
- 1.325e-1
- 9.315e2
- 5.383e2
- 145182

- -2.4828-2

- £.414e2

B3 Co 5% NigAly AN[FI A7 B il J& 28 45 (100) I ) % 73 Wi fif 25 1 1]
Fig.3 Distribution of charge density difference of the systems with Co doping in NicAl, along (100) plane:
(a) NigAly, (b) NigAlCo, (c) NisAl,Co(I), and (d) NisAl,Co(1l)
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Bl 4 bRy S R I I 304 Inconel 718 & 4: y'#l y"#1 TEM JE S
Fig.4 TEM morphologies of y’ and y” precipitates of standard heat treated (a, b) and long-term aged (c, d) Inconel 718 alloys:
(a, ¢) without Co and (b, d) with 1.00% Co
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Fig.5 Schematic diagrams of y’-Ni, y’-Ni3Al and y”-Ni;Nb stacking modes of supercells: (a) y’-Ni3Al (2x2x2) and (b) y"-NisNb (2x2x1)
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Effect of Co-Doping on the Stability of y’-Ni;Al: A First-Principles Study

Li Yamin, Chen Yinping, Liu Hongjun
(State Key Laboratory of Advanced Processing and Recycling of Non-ferrous Metals,
Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: The effect of Co-doping on the stability of y’-Ni3Al was investigated by first-principles density functional theory. The optimal
parameters were determined by comparing the simulations and experimental results. Based on the plane wave pseudopotential method, the
crystal structure, total energy, formation enthalpy, cohesive energy, electronic density of states and electron density difference of y’-NisAl
phases were calculated, which were used to analyze the stability and bonding characteristics of the crystal structure. The results indicate
that the structure of unit cell is more stable after the Al atom is replaced by Co atom. In the range from —10 eV to Fermi energy, the orbital
hybridization among Co (Ni) 3d electrons and Al s, p electrons occurs, and the charge transfer among atoms increases obviously, which
enhances the covalent bonding in doped y’ phases. When the Co atom replaces the Al atom instead of the Ni atom, the number of bonding
electrons increases at low Fermi energy, and surrounding valence electron interactions are enhanced, so the stability y’-Ni3Al phase will be
improved. Finally, the simulation results were confirmed by long time aging heat treatment experiments of Inconel 718 alloy.

Key words: first-principles; y' phase; electronic structure; stability
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