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Several Important Findings of Studies on NiAl Alloys

GUO Jianting, ZHOU Lanzhang
(Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China)

Abstract: Supported by state “863” projects from “7" Five-Year” to “9" Five-Year” , four general projects of the
national natural science funds, one key program, one subproject of a major project, and key projects of national defense
and military industry during “9th Five-Year” and “10th Five-year” since 1988, the five main findings were achieved and
are introduced in this paper. (I) The superplasticity and its mechanisms of the NiAl alloys. More than ten NiAl alloys ex-
hibit superplasticity with the maximum elongation of 160% ~ 480% , which enables NiAl alloy to be used for fabricating
allowance-free parts with complicated morphologies. (2) Mechanisms of strengthening and toughening of nanocrystalline
NiAl and its excellent high temperature stability. Compared with that of coarse grain materials, both the strength and duc-
tility at room temperature and high temperature of nanocrystalline NiAl, NiAl alloy and NiAl composited materials are im-
proved obviously. Moreover, nanocrystalline NiAl maintains nanocrystalline microstructure during long-term annealing at
1 000 °C, which eliminates the doubt that the grains will grow up rapidly when the alloy is exposed at high temperature
and finally lose its excellent mechanical properties. ) Strengthening and toughening of in-situ particle-reinforced NiAl
composites and amorphous layer at interface. Existing at the interfaces of NiAl matrix and reinforced particle, the amor-
phous layer is beneficial to eliminating residual thermal stress, and future to improve the plasticity and ductility. @ Self-
lubrication wear-resistant behavior of NiAl alloys and its mechanism. NiAl alloy was found recently having good self-lubri-
cation property because of the appearance of glass and ceramic lubricating film in thickness of 1 ~3 um during high tem-
perature friction and wear. (B The effect of precipitate-strengthening of element Hf in NiAl eutectic alloy and develop-
ment of JJ-3 alloy. Dispersion scattered Ni, AIHf precipitates are found in matrix, at grain boundaries, and at phase interfaces

in Hf-doped NiAl eutectic alloy, which contributes to pre-

cipitation strengthening and interface strengthening. Based
Wi HEE: 2014 — 04 — 30 on this finding, recently JJ-3 alloy was developed, which

& EEBEAMEE. M. W 1938 4E4 . B, MR possesses excellent comprehensive properties and the
’ o N }:Zmail’ jtguo@ im;" ac cn\ ' ) strength at 1 100°C is better than nearly all of the equal-ax-

. is crystal superalloys.
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Table 1 Test data of superplasticity of monophase NiAl and NiAl-based alloys''”

iti ain si ¥ Strain re .
Com})g/ﬂsltlon Grjllri:llze Temp/e]éalure tjs : ]ate m,.. " 'Qr.m)l A% Ref.
Nig, Aly, 200 1273 -1373 1.67%x10°* -1.67 x10 " 0.34 220 210 [14]
NiAl-25Cr 3-5 1123 -1 223 2.2x107*-3.3x107?2 0. 60 131 480 [8]
NiAl-20Fe-Y , Ce 50 - 80 1223 -1253 1.04x107* -1.04 x10 2 0.45 216 233 [9]
NiAl-30Fe-Y 10 -30 1173 -1 253 1.67 x10 "% -3.34 x10? 0.52 224 467 [11]
NiAl-9 Mo 3-5 1323 -1373 5.5x10°% -1.1x10~* 0.56 180 180 [16]
NiAl-27Fe-3Nb DS 12231373 5.2x107% -1.04 x10 2 0.45 390 260 [17]
NiAl-25Cr DS 1123-1373 1.67x10°* -1.67 x10 2 0.27 397 170 [18]
NiAl-Cr-Mo-Hf DS 1323-1373 5.2x10 % -6.2x1073 0.46 413 160 [18]
NiAl-15Cr DS 1123 -1373 1.67x107* =1.67 x10 72 0.22 730 280 [19]
NiAl-31Cr-2. 9Mo —0. 1Dy 5 1273 -1373 5.2x107* -1.04 x10 2 0.79 113 387 [20]

Note: m strain rate sensitivity index, Q volume diffusion activation energy,

A elongation, and DS directional solidification
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Table 2 Predicted elongations and optimized chemical compositions of NiAl alloys

Alloy Optimized x SR/0~0.1s"" T/0 ~1500 K E/% m
NiAl-xP(x =1 ~2.4) 1 0.06 ~0. 1 >1 495 210 ~ 220 >0.42
NiAl-xMo(x =2 ~8) 2 0.012 ~0.1 >1 470 220 ~230 >0.30
NiAl-xFeYCe(x =8.4 ~24.4) 20 0-~0.1 >1110 235 ~245 >0.45
NiAl-xFe3Y (x =24 ~30) 30 <0.002 >1 400 500 ~ 550 >0.35
NiAl - 0~0.1 >1 400 223 ~238 >0.30
NiAl-xCr(x =10 ~25) 25 <5.8x107* >1 490 460 ~470 >0.25
NiAl-xFe3Nb(x =20 ~30) 30 <17 x10°* >1 480 230 ~240 >0. 40
NiAl-xMo0. 5Hf(x =5 ~9) 8 <0.008, 0.08 ~0.1 >1 450 110 ~ 120 >0.35
NiAl-7MoxHf(x =0.1 ~0.5) 0.1 0.07 -0.1 >1 470 125 ~130 >0.35

Note: SR
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NiAl-20% TiB, (B4 i = i 2 Pk g O a3 = 4 B
T o U 1 TR 2860 B R R T A4 P BB (L6 4) , i i HPES
2 £ 1 NiAl = 20% TiC (14 45 4 P BE o 0 T S ny #4 2
it & (RHIP) 34l %5 19 NiAl -20% TiB, £ 68, AEN
SR, A E R FEER ", 78 NiAl 642 5 kR
S AL SE R B T IR S — . R KR L NIAL-TIC
A NiAL-TiB, K BIHATH A .
4.1 SEMBMAFEEESEILNIE
411 FRIEGRERBM

3 O NiAL L& 4 o J S IR 72 HPES il #5 45 )
23t HIP 8 5 B K Ab G A % R E 45 v Re T Y
M3 AW, R —-MRET, 460k EREIR
SEEE . PR R RO 45 9 R B W] R b NGAL . 3 R
Mok HIP A LS , JmIR5E BE . B0 58 B B R 46 98 1
W FAAMAT Y, S &R kG, NiAl20% TiC
EAMRN IR E R MR B A, T NiAl20%
TiB, & & bHRE G 88 B K 98 PE 415 3 T AR KR R, NiAl
WO R BB AL, (BRGNS E T B
Mo RO 4N U, NiAl (09 7% 46 28 % 475 4% b NiAl-20% TiC
K. B4h, F8 HPES R A&, NIiALTiC & & # ki JE
4o 8 M SB M EL A B Lk NiAL-TiB, (¥ 7% ; 1fi 7 HPES +
HIPRZ, “HEHERIMEARAL, HEEKGT T
Ja#& o £ HPES + HT AR &, NIAL-TIC 9 JE 47 58 FE J ¥
P 57 B b NiAL-TiB, FI1K .

£3 NAIESSHHESHIZTEGTHERES TR

Table 3 RT compressive properties of NiAl-based composites prepared by different technologies

[33-34]

HPES HPES + HIP HPES + HT
All
o R, Ro: e R, Ro: o R, Ro:
/MPa /MPa /MPa /MPa /MPa /MPa
NiAl 632 429 4 1050 465 10.5 906 420 10. 8
NiAl - 10% TiB, 923 739 8.7
NiAl -20% TiB, 1365 897 9 2 045 1409 11.8 2 051 1374 18.2
NiAl -20% TiC 1479 1121 14.5 2010 1450 14.8 1 486 1171 12.2

4.1.2 ZAMHEGHBENTA
%4WHTHWL@FMMM%WEE%Mﬂ%%
TRBLARPE RE R, B R 1,67 x 107 s
%4Tﬂ,ﬁﬂ£ BB B IR 58 8 0000, AE
%orww%MMﬂkﬁlﬁﬁﬁ,ﬁf%O%mw%%
WET 2145, FHh, NiAl20% TiC H. NiAl-20% TiB, =ik
SRR, (HIBPE LR T M. R 4 BT LA M, PR
A MELE 980 °C IR 4 3 J3E B 1L AE 900 °C i 42 5 o W]
I F 2 1A NiAL SR 36) , BRI A A B A 26 i 388 1l 3k

H. HPES T. 2 #1419 NiAl-20% TiB, E & 418, 5 RHIP
bERS R g O N I 7/ S 12 I A < 1 D[R AR 4 3 T/ O
800 °CJm R 5 HESR &5 T 25% , 900 C 42 73k 1 £, i H.
TEPFMR B LT, W7 IS4 26 = — 22, RHIP 346 4%
1) NiAl-TiB, 7€ 900 °C B /) Ji R 3 & e A< |- 5 HPES 2 il
%1 Ni-50Al 58 BEAH — 3. 7341, HPES #il 44 NiAl-20%
TiC, fESEMHALMIEL T, 8% b RHIP 3l 4 (1) NiAl-
20% TiB, $& & 15 HoA Wl ©, Bk, HPES T.Z A Xt F
RHIP 3 B A W 0 iy f .
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Table 4 High temperature tensile properties of the NiAl - based composites!* ~34]

4 NAEEAHROERE MRS

Materials Conditions T/°C R ,/MPa R, /MPa A/ % 7/ %
. 900 89 93 14.7 28. 4
Ni-50A1 HPES + HIP 930 59 55 16.5 64. 8
800 241 262 7.1 14
Ni-49. 5A1-20% TiB, HPES + HIP 900 162 169 8.5 14
980 152 169 11.1 16.
. . 900 178 201 5.3 9.0
00 T .
Ni-49A1-20% TiC HPES + HIP 930 156 173 7.7 16.3
. . 800 190 207 — 12.5
Ni-49A1-20% TiB
' o RHIP 900 86 99 — 9.4

4.2 EEMBMEAR/KERE

P HPES T 2l 45 B9 NiAl, NiAl-20% TiB, F1 NiAl-
20% TiC 3 3 Fr b4 RE9 S AH AL LR B, NiAL 1) 5ok B 42
710 ~300 pm, F3Jy 200 pm; NiAl-20% TiB, &k FL
%510 ~40 wm, FH%K 20 pm; NiAl ~20% TiC ki B
2095 ~30 pm, PN LS wm, BIR, BE AR NIALJE
A R L HAE NIAL 240 /NMT £

TiB, WK R T KZAE 0.5 ~3 pm Z[H], A5
WA T NIAL SR 2R ZHUE NN A7 B 88
FIBHOR S Hy, A D HOE L, JE I AR SRR AR 4 B
TiB, EGM BT, ARERGEWAELE, TiC Bk 547
H TiB, /v, RZAE0.2 ~1 pm Z [, TiC £ Hy 50 )7 B Bk
ARG, HEATHE A TiB, TREEE R

JE TIC 8 TiB, ki 5 NiAl AR B N AE A R, A
THESEWEINRK, B, fE—REHT, TiC 5 NiAl
B¢ TiB, 5 NiAl 2 [H] A £7 76 8 52 09 RS2 B0l 6 R . 4R
M, 7ER LR 0k & AT 8 /R W4 3 — 26 B A B 56 &
SCI R EE R E W, NIAL-TiB, 2/ 3 R 5

(a) [00017,, //[ T11], 5 (0110),, //(110),,

(b) [2110],, //[001 ]y, 5 (0110),, //(010)

(¢) [2110],, //[001]y,, 5 (0001),, //(110),,
NiAL-TiC 4G 3 AL M C & .

(a) [011],,,//[ T11], ; (022),.//(011),

(b) [011],,.//[001] . ; (200),,.//(100) .,

(¢) [100],,.//[100] ., ; (OZO)TiC//(Ol_l)M\l

T NLEE B AT A — 5 B 56 R AFTE , 7 B [ A 2
T ZA . NiAl A1 TiB, =% TiC &R 4k F A F F & 5 P 1%
NG B A iy 1, O FLR AT T A ST T 1
B 5 R g — A2 3 9 NIAL/TIC 5 1 9 B W HRTEM
1%, B BEikF£oR R, 70, NiA/TIC 5 14
HLOOEW, NEBENE TS, R bR AT

BS W& [011]Ti, J7 M WLEE M NiAl/TiC FLifi iy HRTEM & 1'%

Fig.5 HRTEM image of NiAl/TiC interfaces viewed along [011 ] (18]

KLY HRTEM UM Z KB, TiC 5 NiAl 5 TiB,
5 NiAl 9 R R ZHCR 00T =6 T B, WA R E
RIMIAEAE . SR, FE B A AT R B TiC 5 NiAl 5
TiB, 5 NiAl A FEEA ST ER., B6 4 H T NIAL/TIC F
WAFA—A RN 3 nm )27, e NIA/TIB,

Loy g A -

Y e
6 NiAl/TiC % fidE & 2 f HRTEM % 38
Fig. 6 HRTEM image of an amorphous layer between NiAl

and TiC !
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%34 %

LN 1.5 nm IR 52 208 — 88 i H % 21 (9 Bl
SWREEZ 5, FEREALAA — A5 18 0 5 P
JZ, BEA RIS T AR B B AR BAONE Ty, AT AT A T
W UG IEPE R L o (H IR AR 2 R EAA R, SRR
FUEZE SR R, A AR R SR AR . R, B F
MR ARSI LG . FHE, BRI A
E, A RO A B R S, X R R R
BERE B 5 B T B S AR AR
4.3 EEMHMAEESENUNFHENEKR

HPES 1l & 1 = A AR, DR S0 e SR A N A T2
B, T LS AR AE R 2 B O T IR R — T F T
JGH e AR A ST, T L — B AR A o AR Y BT 4
BT WM B A, FUE P B A e
THG, SR DA — O B HE S foE, 52X
S AR AR, MR, XAl gh A A
SEA R B R, REART th T Bk A FR N Iy T B 1h RO
A1) , i LA S I Ak o e AT SREL

T IR R T 1 L, AR AT 31 0L/ e (A 5L T i T
WG, EELIIER 2O A AR R X BR T NiAl
e i RS, 3 5 S T 5 A IV ) A el A /N L K
ATLGE T NIAL Y T R i A5 2 — 5 R R RO K. I,
TR ) S TR 245 X v 5 R A AT T TR

TEFC AL AFAEAR S 2, AT LA 0 5 ThT DX 380 B AR L
Jy, BTN B S AR A A A A, (2 5
AP SR BE . P, Al A S A5 S R DL
g R G o8 £, A E—EBNERZ, XS
SEPPRHIG SR BIVE S LR S MERE KA 2 kb #h T 7E NiAY/
TiC Ft i bl g 24 2 M HL 2 2 2 F NIAVTIB, Fm,
JREL, B XE NIAL/TIC 52 & 4 8 B0 4 £ v 19 STk K T
NiAL/TiB, o {H AR5 JZ 09 52> B AL A 2, BT A
1) AN BE N 3t 42 1 A 2B B BB R A i 2 A RO R .

5 NAIGESEEEBRMEBITANALZIRAR
HENEHFR

AW A FHE BT 45 Rk B, NiAl & 4 76 = R
A BRI B BT B R R, R IR AT T AL
NIAL & 4 7% R OR 5 09 1 V0 90 T 8 4 B P M e, (I
T AL 25 AU R ST AR 00T 9 oL, Al R A e TR T S

NiAl-AL O,-TiC & G541 B 5 Ni 2 G &7 R T
fi B 4 B Pk B i <k ) 7 R, i T AT AL, 400 ~
600 °C & A 4Rk B 5 72 HIOM B 451 26 B 52 56 1 1 7
TG I, 600 °C R 48 R B M EE 4R 2 4 G 0.7 AN
11.2x10 "m’/m - N, & F Ni HE45410.27 F13.6 x
107" m’/m « N; Bl %5 BE 513 56 08 )% 7 8 81 700 C, H A&

AR 1 B R BORN B B R 2 I 3] 0.22 1 8.5 x
107" m’/m « Ny 8 451 358 56 38 J5F 4k 22 71 w5 %1 800 °C Al
900 °C, FEEERBEATEE 0.22 [, B 451 2 ] Bl R
B T W4 BN 9.9 x 10 “ 120 x 10 m’/m - N,
Ni 4 476 700 ~ 900 C T 114 B8 62 22 BOFN 5 451 2 43 51l Ry
0.30, 0.26, 0.25 f19.0 x 107" 18.1 x 107" 31.5 x
10" m’/m + Ny 7£ 700 ~900 °C T & &4k HA H
WPERE, BHRINT NS A, BEEARL T N
A4, BAN BRGSO EARITBEEER.

1.0 a
. 0.8 - —=— NiAI-AL,O,-TiC
& —e— Ni base alloy
S 06
Q
o
o
& 04t
5
fra

0.2

0 0 1 1 1 I 1 I 1 1 1 L 1

: 400 500 600 700 800 900

Temperature / C

40 IL
z
T @y =NiAI-AL,0,~TiC
B = Ni base alloy
€
s 20
=)
X
E’ 10 |
]
o
§ o
=

400 500 600 700 800 900
Temperature / °C
K7 NiAl-Al, 0, -TiC &5 #0 k2 Ni B4 4 A RNRE T
i P 52 5 451 1
Fig. 7  Friction coefficients (a) and wear rates (b) of NiAl-
Al, 05-TiC composite and Ni-base superalloy at differ-

ent temperaturCS'm]

FE4Z 700 ~ 900 °C il 400 ~ 600 °C 7 {1 JEE 452 J3% 451 1 ik
FIEESE RIS, W LLKR B, 700 ~900°C T M 8 4 1ij 4=
AR 1 D B A R P A O P A 0 R R
TEM WL 58 2 W1, I W TS b S A Ok I A K g R
(E8™ ), M T His I A M2 WA, ¥ BEE o BE A5 44 K
XA Ak SR AE7E, DSC ph £ (18 9) # W, W W I 7E
1 086°C A5 — A~ ] S0 0 ke #A 06 , 136 T 9k 90 M op 5 A I
KA, TEM 1 DSC i 52 B 25 S0E W, 3 B P A7 7R
—E H ] 9 AE S AR . NiAL-AL O, -TiC & 45 b4 kL 16 700 ~
900 °C T R4 L vy, PR A58 2 T A ARG P 0 T P — b B
SR LR . T B O AR B B R R, TR %
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FE B SIC M, Uk 36 b Y/ B 38 b e A EE OIS, PR
IR T EEE R B, X LM R Ni 36 4 19 28 58 2 B0FE 700 ~
900°C %3 0.25 ~0.30, {LHSE T NiAl & 4k R, X2l
F Ni A E&TEM N, Co, W HI Mo 78 & il T 7] DA%
A B NiO, CoO ., MoO, 1 WO, Z4 bWy, xet4 b
TE R I T B YA B AR T e AR T T R RE . B TR R R AL
AU B L AR T AR e R AR
TR B S A A A, NiAL-AL O, -TiC & & #4 k£ 700 ~
900 CFMEMEMT Ni H 4, o, AUFRHiREK
iF % W], NiAl-28Cr-5. 6Mo-0. 15Hf-0. 25Ho 3t & 4 4 &
NiAl-28Cr-6Mo-2S Jt i & 4 45 25 b 45 5 .

Kl 8  NiAl-AlL, 04-TiC & & # K 800 °C g 1% I i
TEM B 1 (a) Sk K HL T S 4ERE (b) 14

Fig. 8 TEM micrograph (a) and SAED pattern(b) of
lubricant film formed on the surface of NiAl-

Al,05-TiC composite worn at 700 °C (41)

T~

W\\,«/\\ ///

1086 %g/

<4—— Heat Flow

PR I [P IR [ R
500 600 700 800 900 1000 1100
Temperature / °C

K9 NiAl-Al,0,-TiC & & # %} 800 °C g ¥ Bify DSC i<k !
Fig. 9 DSC curve of lubricant film formed on the surface of NiAl-
Al, 04-TiC composite worn at 800 C (41l

NiAl-AL O, -TiC & & AR i 3 V5 5 2 A f Ak,
HE 10 AT IES, 700 CFE#HBERWN, ZAHH
MRS R B, B FEBRE B BEA T, BEHE R BOZ
FEAR, 10 min 7247 )5, PR R KRR 0.22 L, it
Ja, BEEESEIE SR B AT, BEE R MO E
800 C 1900 °C 1 & 5 R KL AL #5700 C AL, A
M, PEIEAREARE 0.22 fiiE)a, BLO0.22 s b
T,

0.6F
700C

0.4

0.2
—

€ 06

[0}

S 800°C

5 041

8 L
2 : . , , , , .
g 0.6fF T ¥ T T ¥ T t T + T T T
B 900°%C

0.4t

0 20 40 60 80 100 120
Time / min

B 10 AR BT NiAl-AL O5-TiC &2 & A4k i) e 452 22 B b i i) 1
B
Fig. 10 Relationship between friction coefficient and time for NiAl-

Al, 04-TiC composite at different temperatures ')

a8 25 R 7w 4y 8, NiAl-AL O,-TiC & & #1
. NiAl-28Cr-5. 6Mo-0. 15H{-0. 25H0"**" LI & NiAl-
28Cr-6Mo-28 L i & 4 #E 700 ~ 900 °C iR J& X [A] i =5
FEEER R, BEEREART 1~3 pm EHIE
Ve e W IR, PR AT IR R B T AR . %
WAL ) SiC SRR, TP B 3% 5 VK /3 B P 1 R
PORAS, B NIALA RS SiC 2 ) i B 34 . T
BRI R S BRI A EE R, YRR
BEIRE] Ni By R 20 4 0 IR BE R, 3ROE A9 NiAL B R R AR
Ni, Al, Cr 2845y Bk, If Bl 25 316 19 NiAl 41k 8
JETE SIC /MR ERET, WRPLAEBZ . #k A
A EACT R R Ni, Al, Cr&4& bR, Jf i@ e
AL 2 I 0 T B B W 8 Ve e R RE T BE MR R N, B
HRE M TR, NIAL KR FRTE M 58 B B AIC, W
JEE T IR, BER R TR . U W R IE AR R R
fif NiAL A4} 78 12 56 I8 B2 R i D8 SR 2 R E R & R
Ak, A R AL JURL T DL 4k ST R B R P .
T 1M1 450 DY J] A B 2 M i Y A IE R g R EE 4 O A At
FFER T RAMPEZTR, HANFERE ML, REEE
MM, RIET B E B ERMN A, 8
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o 34 %

900 °C, SiC fi™ H FE A I B, R 4 2R OBORN B B R
BB =

& F 700 CH, 76 SiC ™ sk Al, Cr 48 k4 i
BEH AL W AE T, NiAlL-AL O,-TiC 42 4 k& fl NiAl-
28Cr-5. 6Mo-0. 15Hf-0. 25Ho 3t 5 & 4 & A = 1 1 BB L
P, PR AR BRI B R . NiAL-28Cr-6Mo-2S
M AT Cr, S, 3L & R Ak & W kT A8 ek AL
£ 200 ~ 400 Cfy B B b, B Rk 40k Cr,S, A3t
il AR AL 0 R M BRI R S R I T T N S AR R R
Wi, HA BN YRR %0 L AT ) SiC 2 B A
WIS A4S SiC 2 M mEEE M. 110 CTF,
Cr, S, It G R 1L 5 4 R IBE i T R L, PR R BB o
500 °C f1 600 C &, Cr,S, 4k 5 & fk & 4 78 4%, SiC
o ek AL, Cr 401k By 150RE B B2 4 S 350 451 R A
JE R BT

NiAL-Al, O, -TiC & & bHRH i T HAT BL4F 5 I 10 0 1
fig, T3P E & WA FIE 1S (21200810012052.5)

6 NAIEXEEEPHIWNERLERAN X
Nk JJ-3 &

NiAl 3§ & 4 BA B0 0 0% 28 5 B 5 I8 22 90 1k 1Y
T, ATH-BUHLRGEN I FERE, EEE
E G A HE, Zr f Nb 2 4 & o0 £ 048 2 48
GaEMES S, THEERAMITERML, TR
R A4 RE A NIALCr( Mo) -Hf™ | NiAl-Cr-Zr'™' |
NiAl-Fe-Nb"'""V I NiAl-Mo-Nb™"* 25 o 7 i ] & T 2.
b, FEREAR A, FrdtsR ) NiALSE R & &R T %8
K + WS ELAPE T2 . i F HEX 22t RE
BRI R A, T wES NS NiAl-Cr(Mo) -Hf & 4 1
T E N
6.1 HIENA HXBESHHIER
6.1.1 NiAl-28Cr-5Mo-1Hf &4t 48 27 4 #) % Ni, AIHf 32 3%

&AL

AEMBERHLZ R B A0 NIAL(B) M A K A @
) Cr(Mo) MHA M ML BG4, EHALREDA
Ni, AIHf( Heusler) #, UL 11 ff =™ . Ni, AIHf (1 i
4 K. Al, 23.40%; Cr, 3.25%; Ni, 50.69% #i
Hf, 22.66% , K7 S5 ~100 pm Z [0, &4 %
HIP b5 BAR LB E LEWRZL, HEH
i FL BT BE BE 4r BT TN, NiAL Al Cr( Mo) #H A ib 19
Ni, ATH A5 %08 W1 5 sk 2>, i B2 56728 S HE A9 18 % 14,
Ho 4y k. HE, 87.18% ; Ni, 7.49% ; Cr, 4.15%
AL, 1.18% . 4 HIP b3 )5, B iFATHIRCA2E, 7E
il L AR TR T AR R 4l /N 1Y Heusler T UE,
UL 12 fF 7% HRTEM 2™, AT L& H, NiAl/Cr i

NiAL/Ni, AITi A 50 i 5 B 7 18] EL e 25 &, A7 AE AR
JEEH ML, U 1) n) LA ) A A LA
DXRR G A A T A R P

2 UALLITT

B 11 NiAl-28Cr-5Mo-1HI 4542 #5 45 20 41 B 15 5 vl 1% 1)

Fig. 11 SEM-BSE image of the as-cast NiAl-28 Cr-5Mo-1Hf alloy!**!

P12 A8 NiAL JE K 77 /5 i) K ft Heusler A (a) F1ITJE 75
NiAl 5 5 K 381 Heusler fi%: (b) iy HRTEM {£['8
Fig. 12 HRTEM images of Heusler phase precipitated in the NiAl

base (a) and on grain boundaries (b) (18]

6.1.2 NiAl-28Cr-5Mo-1Hf 4444 A 3 M4t 5 Ni, AIHf #)
I FRAL

A4 = R R e 4 R s WA 13 7
AR 3 R 2 T AR AR 4 IR (HPES)
J5 ¥ 45 i NiAl-28Cr-6Mo & & W FE4H R B, DA L3R .
BAK, HE MM A4 & T NiAl-Cr(Mo) & 4 MR E, &
HIP AL PG AF R SR B2 T W Ay 8 &, i B, 6%
TR 2 HIP Ab B35 AR A9 58 B 3 . B, SR 48 HIP &b
P NiAl-28Cr-5Mo-1Hf 4 478 1 100 °C [ JE 45 i R 5 B
4 215 MPa, 1% HIP 4t H )5 ()6 ok JE 45 T8 IR 58 B N
453 MPa, LK% HIP RbBAY M RIB S T 1 5. 58
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NiAL-28 Cr-5Mo-1 HE £ 4 76 % A~ i 56 V6L 3 30 F P 38 3 )
P8, —HEEE T HE X NIAD JE g o 4 1R
T3 — & B A HEJE BT JRAEFE NiAlL Al Cr(Mo) 48
BB Ni, ATHE K= A2 (g UL 3E s AL /8 0, Brd, & Hf
) NiAl/Cr( Mo) & 4 19 3% FE L F HPES J7 ik il % 0
NiAl/Cr(Mo) &4 12 HIP 4 P 5 & 4 08 B § oF —
H R T NIALE R SRR T YR A
Ni, AIHE A, Py 58 4k 0 S m sk b /5 . 55 46, HIP
JE S R AR AT A b Y PR s B ps, WA AT A &R
42 =

1600

a NiAI-28Cr-5Mo-1Hf
v NiAl-28Cr-6Mo,HPES
= NiAI-28Cr-5Mo-1Hf,HIP

1200

800

400

Compressive Yield Strength / MPa

o

0 200 400 600 800 1000 1200

Temperature / C
13 NiAI-28Cr-5Mo-1 Hf & 4 11 % 5L 28 o5 U FE 45 g 1)
Fig. 13 Compressive properties of the NiAl-28 Cr-5Mo-1Hf alloy as a

function of temperature**’

6.2 JJ3 E&MTHE SR

BT IA HE G R FRE G 80720 Re, LU XAH4k
WL T 0. 2Hf F1 0. SHf Z R 7] HE 478 X% NiAl- Cr( Mo) 4t
M SRR S A M RE R , AT A R AR R
TRy AR R NIAL IR R A a, BDIIS A
&. BAEETHPEEWEFER" .
BERS N3 5&mLEmNs TES, SEHES
SR, -3 A& R R, A%HF Co, W, NbFI
Ta MK AN E BILER, B BBAEMNA.

®5 I3 AEHAERS(RFEHEH)

Table 5 Composition of the JJ-3 alloy (atomic percent) [
Cr Mo Hf Al Ni C Si
27 ~29 5-~5.8 0.2~1 32-~34 Bal. <0.06 <0.2
S P Pb B As Sn Sh

<0.008 <0.005 <0.0005 < 0.001 < 0.005 < 0.002 < 0.001

LtEge 103 AR 100 h %1k 5 i kR
F6, FEO I, JI-3 A 4TE 1000 ~1 200 CHy & it
AH ., SEFET I NiAl Fbir, R b & kb

AL, HMARTUESEmEAESITHR. FE®R

TR EMmEMEFENTAE SRS &7 1 100 ~
1200 CHAMLER, 5 113 G8#TXIL. BH
JI-3 44161100 C 4 1k 2 Ik GH4049 . GH2130
Fl GH2302 1y 4 fb 3 % (43 3 2 1.07, 1.13 A
1.21g/m* - h)fif, 45 EHAMERLL IS &4
M A e tEfe 2, BT RIAKK. I3 G850
FHMEEH A LB EN SRS SN, BE T
AAH . AR NIALRLR R E, W]t — 25 0% it
FALrERE, EALWERME - DR R T,
%6 1344100 h S E Wz

Table 6 Oxidation rate of the JJ-3 alloy after oxidation

for 100 h'*’
Temperature/C 1000 1050 1100 1150 1 200
Oxidizing rate/g » m =% - h ™! 0.19 0.66 0.91 0.54 0.27

NFERE  TREEXT JJ-3 & G A [ S b BEOAR 25 T 47 i 1 o
FERUBYER RS I L 7 Fu e 81, AL, 13 A A
il J MR 568 BE I 57 o J0-3 5 4B AE 980 ~ 1 100 °C Y 5 ik L ff
PEREIL 9™ . JJ-3 A4 HIP ARFIS T 1100 CHIHEA
F AR A I L 10,

®7 U3 G&ERERBEMEESREHEE]
Table 7 Compressive yield strength and ductility as a function of

temperature for JJ-3 alloy!*’

T/C RT 500 700 850 1000 1100
Rp,/MPa 1232 973 907 719 384 215
A/ % 5.1 >30 >30 >30 >30  >30

Note: Sample is prepared by as-cast + heat treatment at 1 500°C for 10 h

®8 BEMN3GSERERBEMBELOHIM
Table 8 Effect of temperature on compressive yield strength and

ductility of the JJ-3 4

T/°C RT 500 700 850 1000 1100
Ry » 1 420 1204 - 963 628 453
A/ % 14.3 >30 >30 >30 >30 >30

Note: Sample is prepared by as-cast + HIP treatment at 1 250 °C ,
200 MPa for 4. 5h

F9 U3 EEMERE MR
Table 9 High temperature tensile properties of the JJ-3 alloy !¢

T/ R,/MPa R, ,/MPa A/% 7/%
980 302 269 35.5 26.0
1000 292 253 15.0 50. 4
1100 193 161 13. 5 54.4
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R0 JJ3A£ 1100 CHatkpe
Table 10  Stress fracture properties of the JJ-3 alloy at 1 100 °C*!

R, /MPa /h A/ % 2/%
30 71.0 72.3 37.2
40 47.0 80. 0 35.0
50 25.0 85.0 42.6

JI-3 G &% 1000 ~1 100 °CF 9 5 48 375 B8
S 248 kJ/mol, EASR F1E 8 n Sl 6. 14, £ HIP 4b3f
JEi 1 % A8 3 B R B A8 1 ) 48 k4 B 307 kJ/mol
F3.10M7

J-3 A4 1100 C 25 i B b Bl AR 38 B LF L
S bR T R T A R RS e, RA
K4002 Ni J 45 35 2 0 A 4 thRE R 003 R4, X — A
155
AABEY I3 54 1100 CKYIBFAL 200 h, &4
P NiAL A, Cr(Mo) #F Heusler AHER R & A= 284k, 4
AREMRL, WA RKWEMAFEAAT B, 980 C B H)
PR ue g R, JirkaefaE" .
YIEBMERE X JI3 4 4 B0 AT PR RE MR AT L,
AOFEEE., FREBA. AR RE. WHRE.
PP BB R R B ISR DI BRI R L, NiAL
F 4 1T-3) B R b % IR LT A R B L
MRS

W3 GEMBEREN 6.271 g/em™ ™ | L)y Ni 35 i
BAEFER 2/3, NiAl JOH A &0 % B RAK, X454 R
IR RS . 5 1, a4 BOb R e L e,
BT FERULE HFRAE R R, B2, RERS AT
DAV BB, D0 ik A B TR SR A B0 B T, AT
WNRE RS, TS PR e > 30%
~40% . X TITE R R AL, 1R T AT
WAIE 50 kg 24T o BEF B I FEAR, B BB SRS M
o AV R A BT . RN I R 1A R AIG AR T REAIR
BT OB R, ARG N & S HL I I E e . P NGAL
30 56 5 1) I L T DL A R R 2 40% . 45 3, W LL4R
B S R S B G e, B s 0 v R BE
&, NTREAR R 1, R F . 565 4, 7T LLERLE
PR S A SRR, DT ke ey AR 1 VR LT B R
MRS . Bk, (R4 B NiAl & &4 78— R 5 77 1 &
S PR

W3 B4R EE 1440 €, B Ni SEEE A
475 100 ~ 150 °C . 5w, R kT IR . H
AT, Ni JEARTE 5 36 A 4 IR 35 950 ~ 1 000 °C, Ni 4

Pt v A A R TR B 1050 ~ 1100 °C, © kMR
205 95 RO LR 0.8 25 A7 o Q2R 113 B 4 it TR
FETEIE R 0.8 £, FAE IR B PRIk E) 1150 ¢, wf
FEBLA il & 425 100 ~ 150 CA 4. [ A H Rl
P Ni BE 55 38 il 5 8 T ml bR, i R O O
(SR U WA I B N i S N B I e g Pt E i)
J5 15 B 5 Y Co JHE 5 M4 4 K640 F1 5 5 75 6 & 4> DD-3
MR 100 °C o AT, JI-3 A 4 VRS ) e R HA Y
LB

PR A i RS B — A R
M B, TR A e 45 S5 ] DU i ™ A 5 1 IR G
i, JEP IR R AR R R A, R A, 13 B4
S, 7E20 ~1 200 C, H 29 ~47 W/m - K™,
Je— M NS IRG 2 2 ~4 f5. 113 & & R i SR
AR AR R A, RN R TE
R 32 AN ) 5 R B R RE I B, TR #R N g B
i, FTRABGE SO 95 YERE . A T JJ-3 & R A O i
Fowb RS g o, D) SR IR BE AT DLREAR, AT DA
SRR S K I3 A Al i SRR e
M SRS A A T L, R G R TR R AT L
FEfk 50 C o
TR R E s O R ORORS 9 e T i
W Z YRR, KT AE R 2, W
L 013 A A imE A, i 14 Rt

[ 14 013 & & T IR R MR
Fig. 14 Macrograph of turbine blade blank made of JJ-3 alloy''®’

(D) e Pr BB BUME T NiAL 45 4 HoAT i 81k
FIATE & B 10 Z /AR 20 (19 NiAL & < B 28 1k
XS BRI TP AL C A B 3 B, RIAL A S A
R EIAE AT R sh & B AL & s, [
PR BEAT A PR AZ AN R i 3l 25 01525 i A 5 O A2
K Aol 1 it SRR 530 2l



2

S, NIAl AR PRI EE LN 109

(2) WA B3 NIAL 440K i R JL &2 & Mk, NiAL g2k
i B AARE ) B R R o ) S A AR, AR B TSR IML B
B . NIAL Gk B AR RS NiAL 40k B0 e, o B8 F0 9
PESCHE— 20 4R R o AAOK A NIAT BRATRHFE 1 000 °C i i
KRR, BA R MR TR, X— LB
K fh NIALFE =5 o7 42 T 4K 4 o

(3) FAAE & R 40T /) HPES 35 1 Dy i 4 o 4R
WUk B iR NIALSE AT A bR, o B RN 0 M () B AR A 2
L R EEW R FEAS, X R B AL AT TR
ABESE, KR B R A A R Y R AR
i AR

(O FEEPR EE A NIAL G &4 SR AT RS0
Vi ¥ R, DR ILALRL AT T IR AR AR

(5) &3 HE 78 NiAl 2L & & b iyl vE sk Ak, B
il 2 NiAl/Cr(Mo) -Hf 54, #£ 1 100 °C [ = 5 50 B
HILTF A MEMHEREG 4, TP E LU E R
EAS
S EX#k References

[1] GuoJT,DuXH, Qi Y H, et al. The Investigation of Superplas-
ticity in NiAl Intermetallic Compounds [ C] // Tantawy M S. Ab-
stract Book of Fifth International Scientific Conference. Cairo E-
gypt: Al-Azhar University, 2003 27.

[2] GuoJT, Li GS, DuX H. Continuous Dynamic Recrystallization
of Extruded NiAl Polycrystals During Saperplastic Deformation
Process [ C] //Malayappan S. Proceedings of International Confer-
ence on Recent Advances in Meterial Processing Technology. New
Delhi; Allied Publishers PVT. Ltd, 2005: 529 -539.

[3] GuoJT,DuYH, QiYH, etal. The Investigation of Superplas-
ticity in NiAl Intermetallic Compounds [ C] // Chandra T, Torralba
J M, Sakai T, Proceedings of International Conference on Process-
ing & Manufacturing of Advanced Materials. Switzerland: Trans
Tech Publications LTD, 2003 : 1 625 -1 636.

[4] GuoJT, DuY H. Large Tensile Elongation Behavior of Extruded
NiAl Polycrystals with Stoichiometric Composition [ C] // Chen G
L, Liu CT, Yang R, et al. Proceedings of International Workshop
on Ordered Intermetallics and Advanced Metallic Materials,
Namely, Intermetallics, 2005, 13. 257 -261.

[5] GuolJT, DuX H. Superplasticity of Stoichiometric NiAl and NiAl-
Base Intermetallic Alloys [ C] / Huang B Y, Liu C T, Sass S,
et al, Proceedings of The 4" International Workshop on Ordered In-
termetallic Compounds and Advanced Materials. Changsha; Cen-
tral South University Press, 2002, 15 -20.

[6] Chen Rongshi ([E%47), Guo Jianting( #8745 ), Yin Weimin
(AR, et al. NiAL B Z A4 8 WAL & W1 M 2,
WPERISE [J]). Acta Metallurgica Sinica (43 )& 223%), 1998,
34(11). 1121 -1 125.

[7] Chen RS, GuoJ T, Yin W M, et al. Superplasticity of a Multi-
phase Ni-25A1-25Cr Intermetallic Alloy [ J]. Scripta Mater,
1999, 40. 209 -215.

[8] GuoJT, Chen RS, Zhou W L. Superplasticity of NiAl-Based In-
termetallic Alloys [ C] // The Fifth IUMRS International Conference
on Advanced Materials. Beijing, 1999, 13 —18.

[9] CuoJ T, Zhou W L, Li G S, et al. Superplastic Deformation of
NiAl Intermetallic Compound Macroalloyed with Fe [ C] // Vin-
cenzini P, Buscaglia V, Technasrl, F. Mass and Charge Transport
in Inorganic Materials, Fundamentals to Devices, Part B, Vene-
zia: 2000 1 191 -1 197.

[10] Zhou W L, Cuo J T, Chen R S, et al. Superplasticity in NiAl In-
termetallic Macroalloyed with lron[ J]. Materials Letters, 2001,
47, 30 -34.

[11] Cuo J T, Zhou W L, Li G S, et al. Superplastic Behavior of
Multi-Phase Ni-20at. % Al-30at. % Fe [ C] // Zhang D L, Picker-
ing K L, Xiong X Y. Proceedings of 1st International Conference on
Advanced Materials Processing. Rotorua: Instute of Materials Engi-
neering Australasia Ltd, 2000; 495 —-499.

[12] Zhou W L, Cuo J T, Chen R S, et al. Investigation of Superplas-
ticity in a Nisy Aly, Fey, Intermetallic Compound [ J]. Materials
Letters, 2001, 51 . 342 -346.

[13] Du Xinghao (#24#) , Guo Jianting( 3822 ) , Zhou Bide  J&
). FHETFI NAl ZRE S BBETTALT]. Aca Metal-
lurgica Sinica (4J&24R), 2001, 37(2): 144 - 146.

[14] Du X H, Cuo J T, Zhou B D. Superplasticity of Stoichiometric
NiAl with Large Grains [J]. Scripta Mater, 2001, 45. 69 -74.

[15] Guo Jianting( 5 #E=2) . &)@ LAY NiAl fRFIE R[], J
Cent South Univ; Science and Technology ( R K24k : HR
Bl hR) , 2007, 38(6): 1013 -1 027.

[16] Cuo JT, DuX H, Zhou L Z. Superplasticity in NiAl and Its alloys
[1]. Journal of Materials Research, 2002, 17 (9), 2 346 —
2 356.

[17 ] Qi Y H, Cuo J T, Cui CY, et al. Superplasticity of a Direction-
ally Solidified NiAl-Fe(Nb) Alloy at High Temperature [ J]. Ma-
terials Letters, 2002, 57 . 552 —557.

[18] Guo Jianting( ¥8@Z2) . Ordered Intermerallics NiAl Alloy (45 ¥ 4>
R [M].

[19] Guo Jianting (28 @ =), Zhang Guangye (Kt k), Zhou Jian
(J fd). & mEER NiAl-15Cr & 4 B9 O 4 21 5 8 98 A

Beijing: Science Press, 2003.

AR J]. Acta Metallurgica Sinica (4 J&2# 4k ), 2004, 40
(5): 494 -499.

[20] Guo J T, Du X H, Li G S. Superplastic Deformation and Mecha-
nism of Extruded Eutectic NiAl/Cr( Mo) Alloy Doped With Dy
[ C] // Proceedings of the 8" Licge Conference Part 11 Materials for
Advanced Power Engineering. Liege: Forschungszentrum Jiilich
GmbH, 2006 819 —828.

[21] Hou Jieshan(f#41li), Zhou Lanzhang( J& 2% ), Guo Jianting
(ESE), et al. NIAl G HBIBIEMANTHEMETMLT].



110

[ b A R

o 34 %

[22]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

[33]

[34]

[35]

Acta Metallurgica Sinica ( 4 J& % #it ), 2013, 49 (11):
1 333 -1 338

LiuZ G, GuoJ T, Hu Z Q. Mechanical Alloying of Ni-A1(M) (M
=Ti, Fe) System [ ]J].
-582.

Mate Sci Eng A, 1995, 192/193: 577

Xia Dongsheng( 5 %<4 ) , Guo jianting (25 #22) | Li Bo (2
), et al. NiAl(Co) RHLM G S WFFR[T]. Acta Metal-
lurgica Sinica (4xJB2E4), 1999, 35(3): 320 -324.

Yang Fubao(#74§52) , Guo Jianting( 3 #2252 ) | Li Gusong( 2548
¥), et al. NiAL(Cr) R AL A L[],
Sinica (4B H), 2000, 36(8): 883 —888
Guo Jianting( 38% 25 ) | Zhou Lanzhang( {223 ) , Li Gusong( 2%
ARN) . DA & Al & NIiALTIC 2 A bR 41 8UR1 F % 1
f8[J]. Acta Metallurgica Sinica ( 45 &2 4% ), 1999, 35(8):
846 —850.

Acta Metallurgica

Zhou L Z, Cuo J T, Fan G J. Systhesis of NiAl-TiC Nanocompos-
ite by Mechanical Alloying Elemental Powders [ J]. Material Sci-
ence & Engineering A, 1998, 249(1/2): 103 - 108.

Yang Fubao( #4545 ) , Guo Jianting( Z8 & =), Zhou Jiyang ( J&
Ykt ). HIC ORI IR NiAl SR E &M EHHLI & &1 5
S MEGE [ J]. Joumal of Material Engineering ( #1 ¥t T. 72 ) ,
2001, (7): 7 -10.

Yang F B, Cuo J T, Zhou J Y. Reactive Milling and Mechanical
Properties of NiAl Composite With HfC Dispersoids [J]. J Mater
Sci Technol, 2002, 19(1) : 59 -62.

Yang Fubao(##85 ), Guo Jianting ( 8 @ 5% ), Zhou Jiyang ( J&
44). PLOLE S G NIALVHIB, &5 M RIS T #
fie[J]. Acta Metallurgica Sinica ( 43 J& 4% ), 2001, 37(5):
483 —487.

Yang F B, Cuo J T, Li G S, et al. Mechanically Synthesis, Micro-
structure and Mechanical Properties of NiAl-based Composites [ C] //
Hanada S, Zhong. Z, Nam, S W. et al. The Forth Pacific Rim Inter-
national Conference on Advanced Materials and Processing ( PRICM-
4). Sendai: The Japan Institute of Metals, 2001 835 —839.

Zhou L Z, Cuo J T. Grain Growth and Kinetics for Nanocrystalline
NiAl [J]. Scripta Metallurgica, 1999, 42(2) : 139 - 144.

Yang Xiaoyun(# ¢ z) , He Lianlong( %% J¢) , Zhou Lanzhang
(J2E5), et al. $AJE NIALGOK SR B ENG HREM WL4¢ K
EDS 4387 J]. Acta Metallurgica Sinica( 43 J& 4% ), 2000, 36
(9): 907 -912.

Cuo J T, Xiang Z P. Investigation of NiAl-TiB, in situcomposites
[J]. J Mater Res, 1997, 12. 1 083 -1 090.

Xing Z P. Cuo J T, Han Y F, et al. Microstructure and Mechani-
cal Behavior of the NiAl-TiC in Situ Composite [ J]. Metall Mater
Trans, 1997, 28An(4): 1079 -1 087.

Jiang D T, Cuo J T. Elevated Temperature Compressive Behavior

of in-Situ Multiphase Composites NiAl /Cr(Mo)-TiC [J]. Mater

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Sci Eng A, 1998, 255. 154 - 161.

Jiang Dongtao( ZE 4 ¥ ) , Guo Jianting (@ 4 ), Li Gusong( 2=
BN, et al. JEAL N £ H 24 BB (NiAL28Cr-6Mo ) -TiC
WIE 12547k [J]. Acta Metallurgica Sinica (43 )& ¢4 ) ,
1998. 34(11). 1143 -1 148.

Jiang D T, Cuo J T, Shi C X, et al, Microstructure and Compres-
sive Properties of in Situ Composite ( Ni-40Al-10Ti)-(0.20% ) TiC
[J]. J Mater Sci Lett, 2000, 19 115 - 117.

YuL G, DaiJ Y, Xing Z P, et al, High Resolution Electron Mi-
croscopy Observation of Interfacial Structures in NiAl-Matrix in Situ
Composites Reinforced by TiC Particulate [ J]. J Mater Res,
1997, 12; 1790 - 1795.

Guo Jianting (2% 8 =) , Xing Zhanping (Ji| i %), Wang Shuhe
(FEWA), et al. A In-Situ TiC Dispersion Strengthened NiAl
Based Alloy(— Fi N A4 B A0 Bk 9F i 38 AL B 40 JE 5 4 )« CN
96115292.3[P]. 1996 - 05 -08

Guo J T, Wang Z S, Sheng L Y, et al. Wear Properties of NiAl
Based Materials[ J]. Progress in Natural Science: Materials Inter-
national , 2012, 22(5) . 414 -415

Wang Zhensheng( F ¥4 ), Zhou Lanzhang( J& 2% ), Guo Jiant-
ing(SBAT) , et al. JEALALE NiAL-A, O5-TiC 11 & RS #5274 fig
[J]. Tribology( E#E=£4) , 2008, 20(6): 497 -501.

Wang Zhensheng ( F 4 42 ), Guo Jianting ( 3f & 5 ), Zhou
Lanzhang ( J& 22 &) NiAl-Cr( Mo) -Ho-Hf 3£ 54 & 4 0 &

= , etal.
Acta Metallurgica Sinica ( 43 J& £ ), 2009,

B BREELT].
45(3): 297 -301.

Zhou Lanzhang ( J& 2% %), Wang Zhensheng ( £ ¥ 4£ ), Guo
Jianting (38 & 22 ) | e al. Application of NiAl Based Composite
used as High Temperature Self-Lubrication Wear-Resisting Material
(—Fh B AR 2 A bR AE O i 0 T T B B ORE 9 1T )
CNZ1.200810012052. 5[ P]. 2010 -08 - 11

Cui Chuanyong ( # 14 5 ), Guo Jianting (38 75 ). NiAl-28Cr-
SMo-1Hf Z A4 J& ) AL & ¥ 19 B S 2L g A PERE 9T [T ]
Acta Metallurgica Sinica ( 43 J& 2 it ), 1999, 35 (5). 477
-468.

Guo Jianting (5@ 5> ), Cui Chuanyong (1% 5 ), Qi Yihui( 5%
X WE), et al. A Heusler Phased Strengthened NiAl Eutectic Alloy
- il 222 ST A O A A B AR S
Je HoAfil #5771k ) . CN00114844.3[P]. 2006 -02 - 15.

Guo Jianting ( ¥8 7 52 ) , Zhou Lanzhang ( J& > #&
Properties of JJ-3 Alloy(JJ-3 &4 J12¢PEGE) [ R]. Shenyang:

and Its Preparation Process (

. Mechanical

Institute of Metal Research, Chinese Academy of Sciences, 2003.
Guo J T, Xu C M. Effect of NiAl Microcrystalline Coating on
the High Temperature Oxidation Behavior of NiAl-28 Cr-15Mo-
1Hf Alloy [ J]. Oxidation of Metals, 2002, 58 (5/6) : 457 -
468.

(4. H#al)



