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Fig. 1. Crystal cell structure of Ni/NizAl interface under
two orientations: (a) (002) v//(001) 7' oriented interface
crystal cell structure; (b) (002) 7'//(001) 7 oriented inter-

face crystal cell structure.

3 WHEE®
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Fig. 2. Interface models of seven different occupation sites
in Ni/NizAl interface.

Ni i (cp-Ni). #1587 LR 7 A Ta i 78
Ze 0 1) PR R R AR, AR B R R E 1A
, IIMHE Ta JiEFBIRMERIEAE. 14 Ta i
T 7E Ni/NigALR SR &R o 2R AL 80 #%
Ni 5 i RE T Al
Er = ﬁ [E (Ni,Al,Ta;) — n - E(Ni)
—m - E(Al) — 1. E(Ta)], (1)

1> Re JAT1E Ni/NigAl AR £ P T AL R
To#H NiJE T mee A=l
Fy = ﬁ [E (Ni,Al,,Re;) — n - E(Ni)
—m-E(Al) — 1- E(Re)], (2)

H, E(NiyAl,Tay)fl E (NipAl,Re; )3 7R 1 2%
14> Ta JFok Re JE IR AR R SRR, E(Ni),
E(Al), E(Ta), E(Re)FEI/RHEA Ni JiF . Al i F .
Ta J5E T Re JL TIYRER, n il m FR Rk R b
Ni JF7, Al JRFHA5

Ta JFF 1 Re JEF 4B 2% 5 W SR R i
fRAESE AT 1, FE0IE 5, 6, 7T 4bB A% Ta Ji T
AL R BB R LT AN 2, AV 5 AR -
cpNi 2 1 4> Ta J5F7E Ni/NigAl AHA T H1$5
eIt 5 07, DL Ta JEF78 S A F i e
WIER 1.14%, 80k 3.81%. Re JR T & 2
b ) AR RE ARG, R R AR, AHOLE 2 b H -
AL 14 Re JEF7E Ni/NigAl A i 45 4%
B A7, DL Re J5 76 A A Z v A v i
H1.14%.

# 1 B4k Ni/Ni;AL-Ta % # Ni/Ni;Al-Re
S R RE TSR A R

Table 1.  Calculation results of interface dissolu-
tion energy of the Ni/NizAl-Ta and Ni/NizAl-Re in-

terface systems.

. Ni/NizAl-T Ni/NizAl-

b e i B
/(meV-atom ') /(meV-atom ')

1 YLNi -52.25 ~66.52

2 YAl -56.53 -66.65

3 v/7-Ni ~66.92 ~54.03

4 v-feNi ~74.27 —47.82

5 Y-cpNi ~76.44 ~46.00

6 7-feNi 76.53

7 Y-cpNi ~76.55 —
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BEERREME

T € Ta Fl Re JiE 16 Ni/NizAl AH A1
Hh [ I A AE B AR O RR E 628, 4% 11 Re 5t [
EJFHA Ta U T1E Ni/NigAl-Re B a5
. ARG 3.1 W AYZER, Re fiJ 5 H67E Ni/NigAl
i Y- AL, MR 4 Ta J7F 5 Re T AIXH &
AR, FEAN[E AR T AL 403 8 A Ta J5i (7T g
gz, QniEl 3 .

o | (001)y-NisAl

§— (002) /7'

o | (001)y-Ni

&l 3 Ni/NigALH #1845 Re Ji 0 X7 B A [H] (1
Ta Jii T i fir
Fig. 3. Eight Ta atom occupation sites with different rela-

tive positions from Re atom in Ni/NizAl interface.

WL B 8 AN Ni/NigAl-Re-Ta 1
TR R BV iR RE, EICRE Bt E A R, LA &
Ta J5UTHI Re I T3 FHBIAYRAUALE. Ni/NigAl-
Re-Ta SRR REMAETHR AT

—m - E(Al) — 1. E(Re)—1 - E(Ta)], (3)

Hrr E (Ni,Al,ReiTay) A#57% 1 4> Re JEFH1 14>
Ta J&FJ5 i Ni/NigAl-Re-Ta /R R EAEE, E(Ni),

E(Al), E(Re), E(Ta)3R/RHEA NiJi+ . AlJRF .

Re J& ¥ Ta JR T M BEHE, n Fl m F/R Ni/NigAl-
Re-Ta & & Ni Jii7-, Al i F R4k

R (3) G SR RIFMRESS R T3k 2
W1, Ta JEFAENLE 4 AV FFRESAIN, AT Ni/Nig
Al-Re-Ta # MK R A2 E , V-cpNi fii 2 Ta J7F
£ Ni/NizAl-Re FHHIA R P SAR 7. 38 5 7
RETT AR ALY Ta 75 Re T AT 2 AH
[F{H Ta JFF T AL AH V- T AS [, ST 4A 2R 04 1 i

et AIA. ZILHIE T Re Ml Ta th5 AL 7E A
T H R ARG 5 A6, 4310 - AL 6 Fl y-cpNi iz, J&
S T4 ALE 0 Ni/Ni ALK B 22 PR
B R T UM R AR R 450, BLIE Ta JCE 1 Re
JC R FE SR Z i BT A B0 il 3.57%
3.68%.

* 2 ReJ5UTM Ta iy 3km & 05 S ms i ae it
4k

Table 2. Calculation results of interface dissolution energy

after co-alloying of Re atom and Ta atom.

TORT  on s PE

FITFEAL /(meV-atom )

/7N 1 2.48 55.89
2 4.30 53.68

3 4.30 47.17

¥-Ni 4 3.53 45.47

5 4.98 46.94

[§ 2.48 67.89

Y-Ni 7 2.48 67.64

8 4.30 66.15

3.3 Ni/Ni;Al 1B EHTHEE

ST A T AL B R AR A A R R R Y B
ARy, ANt HAERT I 242 (Griffith work),
s BRI W D A S U SR T
FRE R, I HL AT RATHE S i B i A3 I R 2 1)
FIZEME, B TIPS Ni/Nig AL S TR 25 5 3
Ni/NizAlFH 2 B 5 e Tl 5 < T A e A I —
T BB, R A R B 55 1Y X 88k PRIIE, Ni/NigAl
HH ST P T L5 — e R DAl ] SRAE BRI A
el A A A T AL

A% AT 2 A A =N

G = (Eysurface + Eyrsutace — Ey/yrsurface) /A, (4)

H By surtace F1 By surface 73278 7-Ni ATV -NizAl
FHISBE S, B/ suriace 278 Ni/NigAlAH A HIA £
SRR, A FORMRH A E A T Ni/NigAl AHA
TR RS AR A T AN [] ) B ) 56 222 (002) v/ /(001)
1 (002) 7'//(001) v, F A2 )\ Region 1 5§
# Region 2 Y7 E WL, Wi RN 4 fios, H
/A R 2 R Z TR AR SR X bR
PUH Region 1, v/v3ig i 725 v JEF R Z A
AR IX AR N Region 2. HE PRI X R T
Ta Jii 51 Re Jii 7 & 4 ALHT 5 B9A% FLAET W 2450,
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Region 1

(b)

Region 2 --71-&- & 3L

B 4 4l Ni/NigAl A A AR 6 R F B3R ER (a) M Region 1 4bHiZY; (b) M Region 2 4b Wi
Fig. 4. Two orientations and fracture diagram of pure Ni/NizAl interface: (a) Ni/NizAl interface breaks from Region 1; (b) Ni/NizAl

interface breaks from Region 2.

XFH AT AT Ta JiFF1 Re JiL T 1948 22 XF Ni/NigAl
A S T DT 284588 114 52

Ni/NizAlFH S A 48 AL TR RS B R B i 2
&5 A F 34k 3, 24 Ta i T 424 v-cpNi (i i,
T4 B, & 44k Ni/NigAl-Ta $Lfl Region 2
A ks LRI T 24D A S B 5, Ta S -7E -Ni A
B R T -Ni 15 v/l 2 2Z (8] ) 5 B
{HREAR T Region 1 AbWr Ly (% BLAE i 243,
BN T YA v/ IEFEZ AR5 B Region 1 4b
WrSLHEK T Region 2 AbWT2LEE, Ui A H7E Reg-
ion 1 Ab T ERIHE R H /D, F i E A S M Reg-
ion 1 AbWrZd.

F 3 BB SR T Ni/NigAl A H A 4L ETS 1)

1% HLAET W)
Table 3.  Griffith work before and after Ni/NizAl inter-

face alloying under two orientations.

& AR L / (J-m2)
SRR
Region 1 Region 2
Ni/NizAl 4.145 4.403
Ni/NizAl-Ta 4.099 4.571
Ni/NizAl-Re 4.574 4.323
Ni/NizAl-Re-Ta 4.557 4.518

M Re [ T 42 1E v'HH B9 Al 7B, Region 1
Ak W ST A LR i T 2L A L Tl A A P
K, Re7E Y-NiAL A 19 48 24 3% K T 7-NizAl
5 /YR 2 Z A 58 B Region 2 Ab Wy 246
4% RS 07 DRy 4 DIy R L T 40 5 T A AT s
T -Ni A0S v/ R )2 Z B AR B ST 2y A
Region 2 4bWr&d, #H Lt T 2 5 1 Wr 2447 B & A= o

A5, 4 Re JL 71 Ta JR FIL BT, A T2l 5t
Il Region 1 F1 Region 2 AbWrZdR (4% L AEHT 2L
ERA BRI, BRI S o/ TR R Z ] ik
FEARA Pt WiZd(v B Region 2 4b.

3.4 Ni/Ni;Al AR mHEREERE

ST Ta 1 Re 7675 Ni/Nig Al AFLHIAZR HRH
TN AE B SRR T, A5 115 Ni/NigAl A FLi
G aAET e FARE HERRZ A RE. IR Ui A 7 1)
FEI BT LIRS T B RE O T SO A AR
Yast , FeIRNE AT E HEVEZHEBE yus , HEBRJZ4H
REA A/ T4 i 2l AT 2L 2.

% Ni/NigAl AHF AR &6 K4 [110](001)
R, WAL T L [110](001)20220 350 SCHEDRE
JZHERE vose I, 7E [110](001) M 2R T #EBUATL
5 Ax5 Ax27.8 AWM, SR 6x6x1 [ k s A,
SR T B AR AR 2 A T Z I A BRI ER 10 A
EZS . | UHEVE R RE yose AT (5) 2 X

Yasr(u) = (E(u) — E(0))/A, (5)
Hrp BE(u) R\ RN uwif & Ni/NigAl A7 5
MR RMEER, E(0)FnATLIHBEES Ni/NisAl #
FHERRMGER, AN EERE. ZALIHE
T RAEEREHIG & SR RBERE 2, B X
HELRJR S RE.

PEHUIE % 2 [110](001) X} Ni/NigAl A5 &
M HEA TR, 75 BRI RE 10 Ni/NigAl AH S 4
R AR A& 5(a) . AR5 K Ni/NigAl#H
ST _E 2 v SN AL AH A R 2 43 ) 5 AN TR
TR, AL Ni/NigALAH A R 2 5 M v
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PRl & 5(b) W~ iz 5k MU [110] J7 ) ¥ R &
7 50% Bt AR AR

& &

&

& &

c [001] 0
& &

&

b 1o @

[110]  [110]

&
4
&
5 (a) [110)(001) ¥ 5 F By Ni/Nip Al A1 it I 1A
Fe (b) W 2%k kg 50% A (1 B A5

Fig. 5. (a) Ni/NizAl interface unit cell in [110](001) slip sys-
tem and (b) slip model when the slip vector is 50%.

& 6 7~ T7E[110](001) 5 &R T Ni/NigAl #H
S SR A AR ) CHEDR E A RE R RS R
i ou ARG £ R B4l Ni/NigAl A A A 4
AU ST TE 1 A% S R yase (B I K/ INAR Bt G 5%
I WIS KR, At MEPR R AT RE yus
MRS R w = 0.25b (b AR ) A H L.
IF HIg# 54 T S AR (18 A 2R i S T Y
LA 57 BN [R], 23 52 yose (H I KN,
10 A ST ) T R D Ak T D T P [ R
7 (BP u/b4bF 0—0.5 Z[8]) B, yose(HEEK; 2
A% F 18 TP A R D A T T L S
(BRI w/b = 0H10.5) B, yose fEH/. X2 A fR

1.2
1.0
o~ 0.8
)
=
é 0.6
~
& odf
& —=— Pure Ni/NizAl
0.2F —o— Doped Ta
—4— Doped Re
ol —v— Doped Ta+Re

(I) 011 0j2 0j3 0j4 015
u/b

B 6 4l Ni/NigAl A 5w f&-& 4 B 7E [110](001) ¥

B R T yasr F w2101l 26

Fig. 6. Variation of ygsp of pure Ni/NizAl interface and al-
loying interface with w in [110](001) slip system.

WRZS R AP E S fEAHA R AR R R, WA T4k
TEIRI T o i v 2 A R s 2 6, e AR S
5 SRR I 22 (AR, Bl yase (HAE K.

Ta R TBARHIIE, yusfHH 0.9753 J/m? #f &
1.0541 J/m2, 427+ 7T 8.08%; Re JELTFBA4HIIR, ~us
{4 2 1.0836 J/m?, 427 1 11.1%; Ta J5F#1 Re
JR TR, yus HHE % 1.0658 J/m?, 27+ T
9.28%, ULH Ta JFiF Ml Re Ji FRYB IR T
[110](001) #3#% & IF 3l B 5 2 A9 g 1, [110](001) i
BRI G I 8, B AT T A R i
3, BRI R TR R A A R R

3.5 Ni/Ni;Al tHSEEAP =881

4 J& v 1) S TR R T L A Shy AL T A 0 AR A
Wit R AR 452 S RE ), X RS T 3.3 715
HR R BT 45 Ao . 4 A R I 7 S0 ) S v Ak
P48 T 3o 2 AR T TR b i 5 S 0 L, 5T
X Ni/NigAlAH AT 2S5 (NiJE 3 Y
), PSS —MEHLE A CINEB Fik, 48707
PR RE R NEEE, UIERR A Skt E Ta Ml
Re 4B 24X} Ni/NigAl A A1 H 28 67 9 5 52,
HEMHRSE Ta, Re A4 AR AR PERE A M.

R S AR AR, BRI B S AT
Ni/NizAl 7 AR IR A&, %07 B W] DL i
I R TR 2 . 25 I B RE B R 2
Ni/NigAl FHFE 1 AL & — A~ 23 0 B 5 1R 2R 19 B
5T R R AR 2, AR T 00 TE
RZ R E T, FikXaT Fs:

Ef,v = Et‘:)ic’Ni + Egclym - Eton (6)
Horp BRSO NFOR A — 230 Ni/NigAl A FL i
RMBRER, Eo BN EESNINA R s H A4
L FHR R BB AR, Ehon 2554 Ni JEF 1078

FA4 ARSI Ni 230057 8 197

BT IR HE

Table 4. Vacancy formation energy of different Ni

positions at pure interface and alloying interface.

NIz (VA7
SRR
Y-Ni  ¥/7-Ni  7-fcNi  Y-cpNi
Ni/NizAl 1.288  1.376 1.360 1.321
Ni/NizAl-Ta 1.322 1.342 1.355 1.467
Ni/NizAl-Re 1.375  1.475 1.407  1.233

Ni/NizAl-Ta-Re 1.489  1.563 1.460 1.511
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. NiJEFI H 3 HOE W AR S R AR L2
6], WO T Ni/NigALAHF o 4 B[R] Ni A7
Mz BOELRE, THARA5 R ANER 4 fr).

4R 4 AR MEETAESR, KIG 8T
Ta Ml Re (Y4B A4 232 = Ft w19 =5 67 iBE. 1 T
Ni Z 0 G BTy A, s AL ny e 4G 1 1,
X T4l Ni/NigAl AH S TS 4216 Re (9 Ni/NigAl
FASI, v-cpNi A7 B A 1Y 25 A0IE BURB AL, S22 L
IR 0 2 05 30 5, -feNi b 10 23 7 8 i RE AR T
v/ R BT BURE, 25 LA AT RESE M epNi (i i F5 F
feNi o, FFIEH B /v 4b 58 s A e AL E /YT
#. FIH] CI-NEB J5 %73 5l 15541 Ni/NigAl A 5t
T A4k Re 19 Ni/NigAl FH B 1 Ni 2347 A -
cpNi B 7-feNi([&l 7(a)) F1y-cpNi #]v/7" (Bl 7(b))
TR, KIS AEER AR DL v/ v 2 S 1 hE
X 0 N3 ISR VAL SR 7)Y o VA A €|
T8 /=N B E, R v/ TS 2
(001)y" M A9 Ni fir. FrAFESE Ni/NigAl AH S Al
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441k Re i Ni/Nis Al A B b, 23 0 B i 12
Hy-cpNi — v/ +/-Ni — +/-Ni (#%%k 1), JFTHE2 N7
My/y-Ni B E] v-Ni iRE &, T AR aE 7(d)
Fi7R.

T4k Ta i Ni/NigAl H AR N Ta Fil
Re FL[al & 41 Ni/NigAl AH L, -feNi fi7 & 2%
PrERE R GG A, BT 25 S0 FE y-cpNi 7 B AL Y
T RCRE RS T2 AP AE v/ -Ni AR JRBE, FIFLA Ni 4%
57 I -feNi 7 B TR S RE BN A v/ -Ni fi7
B, BT B R y-feNi — v/9'-Ni — ~/-Ni (%
2 2), MR M RE LS R ANE] 7(c) FIEL 7(d).

4RO 7(a) MR 7(d), URERLR 1, 4l T
e N 2.26 eV, Re A HESR N 2.45 eV, Re
524Xt s R BB 2248 & T 8.41%, R
Re X} 23 (LB % U BHASVE HT, X 5 2 2L R s Ak A
H, BWASHHTEARAT Frigsm. 25614 7(c) M 7(d),
WAL 2, Ta BAHER T v M B v/ B2 iE

ap Vit N ap vy,
HIRE2R, W/ T /v BI YR IE R RE 2R, BiW] Ta
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® 06
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5 04f
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Fig. 7. Vacancy migration energy barriers at pure interface and alloying interface: (a) Vacancy migration barriers from ¥-cpNi to

/7" at pure interface and Re alloying interface; (b) vacancy migration barriers from 7-cpNi to 7- fcNi at pure interface and Re

alloying interface; (c) vacancy migration barrier from V- fcNi to 7/7-Ni at Ta alloying interface and Ta, Re co-alloying interface;

(d) vacancy migration barriers from v/7-Ni to 7-Ni at 4 interfaces.
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FE oy AH BB AT v M s AR B 22, (H AR 1Y)
MBE AW EA P, M 2.13 eV 8K F] 2.35 eV,
PR T 10.33%, SN Ay FHE) v AH RS
TP BELASE . Ta Fl Re de[F3B24mf, Fim b
MR RESR N 2.61 eV, ML T A SR AY 2.13 eV
F 22.54% B R, BB Ta Fl Re [RNHB 42t 2s
) BH AR B 5.

B SR A AR A PR I B e A
FHEITCERLE /YA LR sRIEVER, A A
T SR /Y P AT E T S R, XA AR
B T 5 A 2 6 R SR, 2 o A 3
T — 0 1) o — MRS, R0 s 5 % 8, M il
WEREZ W 77 A5 A5 I . Re Fl Ta BB 4242 T
T s AR RS R B g BEAS T 25 6 19 Kk S R
W, e T A A AR RE ).

4 % @

ARSI 2 T B 1 R B 10 2 — R B 7 %
MIRTF- i 7 | TSR | HE B2 A RE AN ZS (B
T, BF5E T & 44k ICR Ta Fl Re X3 Ni/NizAl
FHS AR FR S 2E PR RE RS IR 3B 5 Ta S f1
Re J5L 77 & S8 MR 22 6] o 07 19 75 F BEAS 1
Ta T8 5E 5 8 Ni AHH B9 TS Nifi (9-cpNi),
Re J& 7156 & 4 NigALAHH R ALGE (v-Al), Re
JEF A Ta Ji T35 &L BHB 280 B AR & A o
AR XA Z S BLAEIT W) R LE R I, Ta i
TFBLT R E /YIS ETFRSYETZEZ
() P A A DX 3 ) 5 e S, AL T B 5 DAy /'3
¥ 5 F )2 5 IR T2 2 ) A DX I Ak 7
Re JEF B 22T I3 &5 v/ 248 I 72 5 v 5T
JZ 22 T] F R A DX 3 g A v W i R, B I R ) A
v/ IR SR TR v JE T2 2 R A S X R
XF [110](001) 185 R B AT E HERZHE BE yus O3 T
BEREIR, Ta 7 M Re T 198 22 B i 15 7
T 4 yus 3600, 6575 [110](001) 5 RAS1F A 5
TEal, B B A7 4542 2 (1) R ) A5 2 35, I
PR IR A S WA SR B o Rl 2
Re J5 7 520 AR, B yus (EIG I T 11.1%, %t
R 3R I AR i B A AR A Sl R AR A oI A
LT EG, TR AR TS TR B AR
REL I, 151 Ta Il Re JR TS i
1925 0T LR, B T A B fE R # A,

Horh Re Ji+ BB 426 S PN () 3 #2 fig 220 T
Pem, WELIEKAE LR T 8.41%,
Ta Ji T BB ARG K T v Wi 2 A1 fg
BEER2HEE T 10.33%, Ta Fl Re H:[A]45 4t 25 ]
TR RE 22 L Fai A A 22.54% W, £ 6E
2L BT T 25 00 A SRR, SEIT P G 4
HIIEARRE T . A SCOULAA FE e T IR & 44T
FNTF Ni/NigAl AH A A FR J7 28R 052 e K
HUMEIVE VLB, 25180 LIRSS 4 127 PERE)
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Effect of Ta and Re on the fracture strength and creep
strength of Ni/NizAl interface’
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Abstract

The first principle method based on density functional theory and generalized gradient approximation is
used to investigate the interaction of Ta and Re elements at Ni/NizAl interface and their influence on the
interface strength. According to the calculations of the dissolution energy of these two alloying elements at 7
different positions, it can be concluded that in most of the stoichiometric ranges, Ta atoms preferentially occupy
Ni sites in the 7 phase, while Re atoms occupy preferentially Al sites in ' phase. The doping positions do not
change when these two atoms are co-alloyed. The calculation of Griffith fracture work of Ni/NizAl interface
system shows that the doping of Ta atoms can improve the interface fracture strength of the phase boundary
region between the /7' coherent atomic layer and < atomic layer. The interface is easier to fracture in the
phase boundary area between /7' coherent atomic layer and 7' atomic layer after Ta atoms have been doped.
The doping of Re atoms can improve the interface fracture strength of the phase boundary region between /7'
coherent atomic layer and 7' atomic layer. The interface is easier to break in the phase boundary area between
/7" coherent atomic layer and 7 atomic layer. The calculation results of the unstable stacking fault energy
under the interface slip system [110](001) before and after Ta and Re alloying show that the doping of these two
types of atoms increases the value of the unstable stacking fault energy of the interface, and the slip system
[110](001) becomes difficult to start, which enhances the ability of the interface to block the movement of
dislocations, thus enhancing the creep strength of the nickel base superalloy. When doping Re atoms, the effect
is greater, and the unstable stacking fault energy of the interface increases by 11.1%, which is better for
improving the creep strength of the system. By studying the influence of alloying atoms on the path of vacancy
migration and the energy barrier, it is concluded that the doping of Ta and Re atoms can increase the vacancy
formation energy and the potential barrier of vacancy migration at the interface. The doping of Re atoms
increases the migration energy barriers on both sides of the interface, and the doping of Ta atoms increases the
migration energy barriers of ¥ phase. The increase of the migration barrier hinders the emission and absorption

of vacancies, thereby improving the creep capability of the alloy.

Keywords: first-principles, Ni/NizAl interface, alloying elements Ta and Re, interface strength
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