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High temperature structural intermetallics and
their strengthening-softening mechanisms

GUO Jian-ting, ZHOU Lan-zhang, LI Gu-song

(Institute of Metal Research, Chinese Academy of Sciences, Shengyang 100016, China)

Abstract: This review summarizes the main research results of the studies on high temperature structural intermetallic
NiAl and its alloys, NizAl and its alloys, FeAl and its alloys, Fe;Al and its alloys, TiAl alloys, and environmental
embrittlement in intermetallics in the research group of superallloys and intermetallics (the author’s group) in the past 20
years since 1988. This paper introduces discovery of the superplasticity and its mechanisms of the NiAl alloys, selective
addition of rare earth to significantly improve room temperature ductility and high temperature oxidation resistance of
NiAl alloys, Brittle to ductile transition (BDT) and its mechanisms of the NiAl alloys, mechanisms of strengthening and
toughening of nanocrystalline NiAl and its nanocomposites, in-situ particle-reinforced NiAl composites and mechanisms
of strengthening and toughening, discovery of excellent high temperature friction and wear property of NiAl alloy and
self-lubrication mechanism, effect of alloying element and development of JJ-3 alloy, discovery of selective addition of
Zr to improve ductility of B-free NizAl alloys firstly in the world, discovery of improvement of strengthening and
toughening of Ni3Al with addition of B content to around solubility, discovery of anomalous yield peak in FeAl alloys
and its mechanism, selective addition of Mg to significantly improve room temperature ductility and its mechanism, the
microstructure, phase transition and interface microstructure of TiAl-W-Si alloy, discovery of environmental
embrittlement of intermetallics with its essence being hydrogen induced embrittlement, and investigation of

environmental embrittlement and its mechanism of L1, -type CosTi alloy with first principle method DVM firstly in the
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world.
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$0(0.5~0.9)ZL ), 1 HAA SR Aok AR, I
K om EBEEE ER . 8B AR T R O RE(OQ) 1]
DAy an FPR: 32K 0 SR K NiALL NiAl-
20Fe-Y. Ce 1 NiAl-30Fe-Y LA AR NiAl-27Fe-
3Nb. NiAl-25Cr Al NiAI-15Cr &40 Q. M 216~730
kJ/mol, FEUTECRKT NiAl (AT HOEAE 220~300
kJ/mol; Mg NERIAL NiAl-25Cr. NiAl-9Mo
Al NiAl-31Cr-2.9Mo-0.1Dy & 411 Q. b 110~180
kJ/mol, HPZy0h NiAl A9 BB REN) 1/3~2/3. $iW]
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Table 1 Test data of superplasticity of monophase NiAl and NiAl-based alloys!'”
Composition, Grain size/ Temperature/ Strain rate/ o/ Omax/
X% um K 57! Moo Ggmoly % Rer
NispAlsg 200 1273-1373 1.67x10*1.67x10™ 0.34 220 210 [14]
NiAl-25Cr 3-5 1123-1223 2.2x107%-3.3x1072 0.60 131 480 [8]
NiAl-20Fe-Y, Ce 50-80 1223-1253 1.04x10%-1.04x10%  0.45 216 233 [9]
NiAl-30Fe-Y 10-30 1173-1253 1.67x10*-3.34x10°  0.52 224 467 [11]
NiAl-9Mo 3-5 1323-1373 5.5x107°-1.1x107* 0.56 180 180 [16]
NiAl-27Fe-3Nb DS 1223-1373 5.2x10 *-1.04x1072 0.45 390 260 [17]
NiAl-25Cr DS 1123-1373 1.67x10*-1.67x10%  0.27 397 170 [18]
NiAl-Cr-Mo-Hf DS 1323-1373 5.2x107-6.2x107° 0.46 413 160 [18]
NiAl-15Cr DS 1123-1373 1.67x10*-1.67x10%  0.22 730 280 [19]
NiAl-31Cr-2.9Mo-0.1Dy 5 1273-1373 5.2x107%-1.04x107 0.79 113 387 [20]

m isstrain rate sensitivity; Q. is volume activation energy; Jis elongation; DS is directional solidification.
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Fig.4 Dislocations in NiAl phase pinned at interface
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Table 2  Indexes of oxidation kinetics equation and

corvelation coefficient (y) for NiAl- 30.9Cr-3Mo-0.1Dy"*)

Temperature/'C n' y
1027 0.224 0.967
1077 0.330 0.996
1127 0.353 0.967
1177 0.346 0.991
1227 0.530 0.992

n' is rate exponent, y is correlation coefficient
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Fig.7 Cyclic oxidation kinetics of three alloys at 1 127 "C1*
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S B EFIAMTHCh) FERIK, RS 4 e At
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TR, ST EAE S SRS ). B, 18 ALO,
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Fig.8 Surface morphologies of scales for NiAl-31Cr-3Mo
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UG AR IR R 980 °C, HIP+ W R Ab HE 41 21
mm%%imﬁﬁ%scoﬁ% 3 A AL (1) 53 W)
MR, 6 F 52 M EE NiAl-15Cr. NiAl-Cr(Zr) fll
NiAl-9Mo &4, NARHRSEm 2 NMER, P
WERR S 150 °C, 17 NiAl-Cr(Mo)-Hf & 4> I #) e i
AR KA 50 °Co

&3 NIAl G RPINEH A
Table 3 BDTT of NiAl alloys
BDTT/C
Alloy Condition
10*s" 107 s 1075
DS NiAI-15Cr As-cast 600 650 750
As-cast 930 — 980
DS NiAl-Cr(Mo)-Hf
HIP+aging 905 — 955

NiAl-Cr(Zr) As-cast+HIP 927 1072 1077

NiAl-90Mo As-cast+HIP 750 800 900

NiAl Polycrystalline  — 400 —

FEFINEHE A B B, BRYBIE R A SR AN, Wi
TESI R A BE AR BT 4 B G & CURAE, {F
PINaHAREE LR , B Matk AR SRR 2, A IRk
A pAHRIAREIRE A TR AR DL b, W73y
EEWTRR S
1.3.2  NiAl & &M AZHLE > HT

NiAl & & KA DI AL W E R R LT
Ak . IR LR, 240 NiAL TP i R
{001y {110}, WIENALEE S AR, HA 3 ANMALH
Bz, AHADERRL B AN, FeA N e, Yk
RAK . FIOFFTI 4 Bl NiAL L 5 & &5 A AN, AT A
F, BTFAAEMmMES C. O Ml N 2R FocR Hf
JRF R, MR GRS, Bk, TR Rk
MO EY R, & RAN 8. PR AR R
FEUAE, NiAl & PER S, P A A2
LT G Y IR TS BEHEAT 23 HT

e i, A2 HE RPN, M NiAl
B I Je e B N AR AR A T AR A, XU 4
AR T I Rt RS I 0o el TR (o)
WA S AR T N AR, IERE AR LA — S VAR
WA, Wik, 7 Arrhenius ATV

oy = Aexp[Q, /(RT)] (M

X A NHHG R ABEIRSWFEEG 00 N BahRE: T
AR o A i RN B0 B T R R A0k 2R
2 b, HERPRNBEREWAENBA L T2,
KR AT IR 2 Q10 XTSI AR Z
WASHARAT I, L, PIEH AR AR AL B th Ly [ Ak
AR, A

&= Bexp[-0, (RT))] )

s & RENARE AR O JE WM, A2 5 v F A ) 2
AT RE s Ty A METE R PIVER AR L B R 4.
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WA, kit 0. — M, 0, il 0 KEL
AL, U BRI E R AR R — AN AR I R, IR
LSV SN

F2 (DR NIAI-15Cr A &R HE(Q)H N
486 kJ/mol, #%:0(Q2):K1H1) O, 18K 463 kI/Mol. HAth
G et RN O LR WK 4 Frdl. HE 4 7]
PLE !, NiAl-15Cr A1 NiA1-9Mo & < (B0 i 4 A B0
AE5 NiAl (A UM AE 220~300 kI/mol A1) £ 1
WA G S MPINEHASK T NIAL AR A d s
P, WG AR AR 2 NIAL AR BT #. 1
NiAI-Cr(Mo)-Hf Fll NiAI-Cr(Zr) & < I B Ife 16 A8 0% R
1E 463~640 kJ/mol yiu [, 2828 =1 NiAl (RS Hses
fE, XEZREMT Cr. Mo Ml Hf 5§, Zr [ [E 50401
Heusler MHEE Zr AHMUIHE L, KT HHE 31
BT, M TAS MBS RE" . B 11w, )
i 7 g N AR R ARAR KT Y., 1 Y AR A TR R
AR LA Bl AR A R R
AT, Al IR T W R 3 AN nE] 5 4,
MITARERE T B2 I SRS A 45 dhd R kA .

14 #AKE NAl EE&RESESMHRIBETL
BRACHA BB 27 7 H 1) W9 S B iy 77 T % 1)
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TG I Py £ R i I R N T e g S AR K
APHURRSEEHL s M — 71, BEmsa S, Ak E
B R @A R . HAr, i B gt
(W wtt ARST & s o OR[N E A 2 1P AN i S
BRI — T R . ZEGKRI R,
SISO L TT, B0 R I — SRR () P L
2 R 1% A T B NiAL A 4 8 R,
M 1993 FFTF4R, ABFFUABIFE T 90K A NiAl &4 &%
HE ARSI T E . A )2 tae.
141 gkl NiAl B R D) Pk e S5 e e 1k
FIFHUBR A S (MA) 5%, 1 i REER S HLH Bk
F LA N A ALK G A, W R4 e
AR B NIAL oK, P38 deoki RS ml Ik JLAN g
KU, BRI, EBEAIENHIESIERE NIAL 990K &k
AR K B AR R L. 7E 900~1 000 'C 23 MPa~

R4 NiAl G eAE IR R R AR LA e

3 GPa. 0.2~1 h [F#EZAE R, GEKRPUAR R Aok
RSFAE 25~40 nm 35 {42,

YK NiAL Hepdop k) a3 2 il 10 F 25 J IR i f
RS R W 12 Bl mE 12 i, ek
NIAL 1) %8t Jo JIR 5 e A5 A i 3 NHAL 1) 2 % A
b, & 500 CHMRFFZ P 700 “C Ji AR 5 5 1 5k B
I, HBHEA NIAL SR . 40K b NiAL 71400
NIRRT RN 5%, ELBEAHRLA NiAL2.8%) %
80%, il BEPERAT W] e M. 49K NiAl 53R
pi 1) NIALAHEG, SEEL T stk . @oKEUAREL 700°C
DR Jee JIR o B2 PO v el T doRc A, i S A0 2 v
L PA K a-ALO; P &R A7EAE, TSP st S
AR R ORAL AT DG, DRk 40 w34 AR T (1 3 5 1k A
SIS TR BE ) I T AR e, HEIR T
FRSE L, BN g R,

K i NiAl 253 1 000 “CIE-k 100 h, 4 RHKSE
FIA I A48 4%, ATk B-NiAl. B 13 iz F ) Scherrer
A FIAN [FIIE K ) R B AR AR AR, pi
13 WU e 7EIRKHII, SR EARIRIEE K, RS
KA HTAL /N IR KIS TREE] 30 h 1, Ak
2 MJEKRI 30 nm 3K FIZ) 55 nm; ML IR KA,
iR B LTS, AR ORFELE AR

K NIAL B34 8ok )] s] 508 K R) R 96 2R
A LARIR N

D-Dy=k'"> @ D°-Dj=k 3)

K Dy HIREGERLEAR; D At WZI Sk B AR &
NEHG 0 WERIKKRE T . KKET n=5, BT
TE A NiAl K (n=6), {HLLal4E ) HEAL
{H(n=2)m 132 . IX VLK &6 NiAl 75 1000 C LA T2
T

AR 53 4 20 5 AN [ 3R KL RE T 1 ks (- 35
FrEl g K SR KR G, R R MR T Lk
3R R e Q-
InG =InG, - Q/(RT) 4)

A Go M R B, T NYAXHEE . 2KE NiAl
ARHR SR R BE BE R 166.7 kI/mol. 492K NiAl
IR dokE K K0T i 5 NIALLE 650~1 000 “C )4 U0

Table 4 Activity energies of NiAl alloys within range of BDTT (kJ/mol)

NiAl-Cr(Mo)-Hf
(As-cast)

NiAl-Cr(Mo)-Hf

NiAl-15C
! r (HIP+aging)

NiAl-9Mo NiAl-9Mo

NiAl-Cr(Zr) NiAl

(As-cast) (HIP)

253 463—-486 596

640 263 327 118
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Table 5 Comparison of room temperature compressive

ductility of nanocomposites NisoAlso—,Cr, (x=5, 15, 25) and cast

alloys!'™
Sampl diti
Alloy Maximum amp’e condition
Technology : . and surface
compositron strain/% .
observation
Mecanical NisoAlysCrs 12 Broken
alloying+  NispAls5Crys >20 Small cracking
HIP NisoAlysCrys >20 Small cracking
Ni50Al45Cr5 4 Broken
As-cast Ni50A135Cr15 5.8 Broken
NispAlysCrys 6.4 Broken

1.43  NiAl 49K 5 2 AR )AL

WS AR SR E R & 2 S AR, A BT
i NiAL A BHE Sl il R AR TR J)  Hhabh, 5 AR
FLAEAEAR T LA s ST, sl dkr ok, 12
EA R RS E R, AR R RE A AR . il
7 NiAl BE S A PPR U 3 i NiAL PERE S A5 211
B HAT, WA S T2 CH K% NiAl ZE gk
HEMEL Boo M ARG BRES, IR SN A
NiAl AR AR o LR PR ROV A B 2 A Ak,
SR A SR S N AL IR o b SR A= e I s A A ER
LRSI sEAY A LA S L (1 S 1 45 R DA SRR 43 A
W eI K S SRR A A i P R

LM A& 4 0 07 ¥ 208 5 & gl ok
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CA R SR IVAT VO UNL R SN 1 i A 4 SN S NP A
PN 8 R A3 AT R /0N T i A A 5 4 BELASH A7 5 1) ds
Bl1, WA R = T AR SR

NiAl-10HfC & A MRHEN AR K 1X107 s 1)
SRR R KA TR A 14%, 284 NiALT S
%, 500 CHFR4EA Bk 2] 20%, 800 CLA b E4H
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Fig.16 Relationship between Compressive yield stress and
temperature of nanocomposites NiAl(Co)-TiC, consolidated
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B 18 NiAUTIC FrifidF i)z i w2 H g
Fig.18 HREM image of amorphous layer between NiAl and
Tic!®

1.52  SEMEH DA PERE S i BIHL
1.5.2.1 i e nm s X v

% 6 PTHh NiALKE S G MRL K AR HPES il £
Mgt HIP 8 EliR KA HR 5 1) 2 00 4 v e 4
PE0, & 6 nI L, fER—FRE T, EAEME
R R . B R R 4 BRI I B LG NiAl
. 3 FbPRlZ HIP A5, ARG . HUHsRE
Jo R Y P B e AR ER T . 2 iR K
NiAI-20%TiC & & MRHK R SRR AT W] AR,
I NiAl-20%TiB, 5 &M BHR 5B S 315 2 T 1R
KAE iy, NiAL R B B B ARAL, (H 28 SR A
A3 TR . L, NiAl 8 AR L
NiAl-20%TiC [{%. 34b, 7 HPES IRZ, NiAl-TiC
AR Hs 4 o 5 S SRR IO Sl LG NiAIL-TiB, (1) 51
IMAE HPES+HIP ARAS, —FHHRAEMEREHM ZAK,
I EMS AT )54 /£ HPES+HT R4, NiAl-TiC ¥
J 458 1 A PRV T B A2 B NAAL-TiB, [F1IG .
1.52.2  HEMEHO B AT A

7 I T HIP ARFE 51 NiAl JE N A A M EHE

F 6 NIAUIEE AFHRHEAFN T 24 F 103000 R i 550

Table 6 RT compressive ductility of NiAl-based composites prepared by different technique

R R RERE, AR 1.67X 107 s 1,
B 7 W, PR G ADRI i IR AT h s
75 900 C¥JLLIEAM I & 1 5447, MidE 980 “C I
bR m T 2 5. 54, NiAl-20%TiC Lk
NiAl-20%TiB, it s A i, (HEE PR M. M
7 IERTLAE Y, WAL A4 R 980 °C I (1) it 5 2L
EEAE 900 °C IS iy BT W S (RHDXS 12844 NiAL SR i3t),
DAL E A A B i s A R . HPES T 241461
NiAl-20%TiB, & &AL, 5 RHIP 14 16 R R4 kL
AHEG, FEARIR N AR AR BL R, 800 °C JE o B2 £ i
T 25%, 900 CHEm TIL 1 4%, 17 HAE PRI 1% 0t
N, TR L, RHIP ¥4 (1) NiAlL-TiB, 7£
900 °C I 1y i I 9t JE AL A B 5 HPES il 4% 1
Ni-50A1 #% J& M — % . % 4, HPES i % &
NiAI-20%TiC(AFR 3 0), (EBIHEALIIELL T, o8
JE L RHIP 7275146 (1) NiAL-20%TiB, (1A 0 B0 3 w15
BOAWIE . DR, HPES T 2AMIX T RHIP v HA W
EAINE

1523 SEEMEFNS 20 )5 YERE IR &R

HPES VLl & MG ARE, DRI i 0 A A g Y
HTER, LS A R Z AL N s — AN
S T G R (0 ST 15— LAAE e ml ol LA
M 2s G R . N H s B, S
N EF R T2, S 2 A — Ok e HE i
fedutn, PEMLS AR, IMRASE, X
A2 S5 IR SR R 5 -G o BE A i, REHRT R T R A4
IS 3 T A S T 2R (R A6 o, BT DAAE S A oK e AT
gL,

FE i A ARARRE T 11, AR/ B0 /AL A S T
EFFIRG,  EZELABEARH R 2 A R, X
BR T NIAL ) il s S AR A, 35 FR TR A4 WY S A
MR DL R T DUERE NiAL i mfs 2] — e FE
PIRETBCA %o DAL, XM I I 45 G 0 s A
R B H DR

[55-56]

HPES HPES+HIP HPES+HT
Alloy
ob/MPa Go'z/MPa 0/% O'b/MPa JO.Q/MPa 0/% O'b/MPa 0'0'2/MP3 0/%
NiAl 632 429 4 1050 465 10.5 906 420 10.8
NiAl-10vol.%TiB, 923 739 8.7
NiAl-20vol.%TiB, 1365 897 9 2045 1409 11.8 2051 1374 18.2
NiAl-20vol.%TiC 1479 1121 14.5 2010 1452 14.8 1486 1171 12.2

Annealing technique is 1 400 ‘C, 48 h, in Ar.
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Table 7 High temperature tensile properties of NiAl-based composites by HIPES ¢!

Alloy Technique tC 0p»/MPa o,/MPa /% wl%

. 900 89 93 14.7 28.4
Ni-50Al HPES+HIP

980 52 55 16.5 64.8

800 241 262 7.1 14.1

Ni-49.5A1-20%TiB, HPES+HIP 900 162 169 8.5 14.8

980 152 169 11.1 16.9

. . 900 178 201 5.3 9.0
Ni-49A1-20%TiC HPES+HIP

980 156 173 7.7 16.3

. . 800 190 207 - 12.5

Ni-49A1-20%TiB, RHIP
900 86 99 - 9.4

FESALAEAE ARG 2, AT DAGERR F i DX Sk e aix
Ny, BRI s A AR BRI E A R, (H
M99 F A MR SR . Rk, A I&M S g & 0 LB
P St g & o £, e E AR,
O S B SIS LA PR R KA 2kt .
TAE NIAVUTIC Ftim BB RS2 Ml a2 T
NiAVTiB, FHiHi, Frik, &% NiAUTIC & &M
PEE I DT T NIAVTIB, o 1H AR 52 1 85y K
FHLHIATE R, BT DL BE A b s das il o) 28 52 G 6k
el 2 R SR
1.5.2.4 SEMEHREALT

HfFAb 2T R R A o0 NiAl, — s B
L 2 Pt H B I ) 5 R S B TG W S
b e LT =Bl e el 2 R N T PSP o | e
THE LG NIAL AR AR 20 A B4 FLARL 2 73 31K
MEJEPem . RS BRI RE AR B A7 280 25 40 2 o
L, X NiAL-20%TiBo( 74 B 4 #0) 1 5 A Ni-
(49.240.5)%AI(BE /R 7340, 10T NiAL-20%TiC(AF 73
O 5N Ni-(48.7£0.5)%Al(BE/R 0 %), Fibl, AR
MEs& R IaTse &, HAERESZ Sk R SR K
F% Hall-Petch v153 A8 W ) 1 23 2
oc=0c,+Kd™"? (5)
K g NS EEIE DT K ONEEG d iR E
2o KT NiAl-10%TiB, Fl NiAl-20%TiB,, T gk

FLAR AN T 77 A TR A 3 BE AR TR U A2 . g 38 08 A
Aoy F Ao, , it P

-1/2 -1/2

= -1/2
Ao, dy'"—d,

(6)

[Xl HPES 1451 NiAl. NiAl-10%TiB,(1A54 2 %)

A1 NiAL-20%TiB, M) KL ELAE dov di H1 dy 5379124 200
40 #120 pm, FrEA, THEAGE Ao, /Aoy =175, XL
S WL B (1) 25 TGS ey — 26 o ARLDR] B S ) A
B EL NIALTIB, AR ARSEAEIE, 1 NiAl O
EAREE, FLL, FLBRA S AR RN S 2
—SERSM . IRIRET RN, NiAI-20%TiB, 7E HIP i}
PEEAR LS & 1 A5 2, (R0 HIP Ji5 L R4 42
w12 45,

DAL, iR ELAR AN AL B A LT 2 NiAL BEN B
MRHE I 1 2o AL IX PR HLR T LLAERR
P PIR(<0.5T) o il BB FARAE 1O 50% (B >
0.5Tw) 5> IRECRACHLE] E R B A PR T 2Rl
il

1.6 NiAl & & SR EZER K& B EENE
AR IR T ORI NiAL & A i
HA R (0 0 T B R Re . IR NS T HML
HRIOON NTAL A5 4 vt DR S5 (10 11 90 T B 43¢ 5 i
REAL I REAE AT S TR AU 20T IR N T, il 55 sy
U B A
NiAI-ALO;-TiC E &4 k5 B G S A0 A R
NI EE R B 2 B 19 iRt HH 19 T,
400~600 C I 5 AP RHID R4 DI KRN JE5 451 42 i 512 460 UL
JERTEENmG &, 600 “C T B D BUREE B %50 5l ok
0.7 1 11.2X 107" m’/(mN), B FEIEE4m 0.27
F13.6X 107 m*/(m:N); Bl ORI IR T £ 700
C, KA PR EE 5 DR AR B 453 % U IR 2 0.22 Al
8.5X 107" m’/(m-N); BER 6 i 15 4k 5T+ 15 E1) 800 C
1900 C, PEEENEFEATLELE 0.22 fiT. BEHZ N
B it S8 1) T e i o Sl & 9.9 <107 i 20107
m’/(mN)o BEHFEA GAE 700~900 C I (1) BEHE N HUR &
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%)
= — NiAl-ALO,-TiC
*— NiAl base alloy
=Y
206
=]
g
2
=
g 0.4
=
=
2
= 0.2
0 I I I I
400 500 600 700 800 900
Temperature/C
40
(b)
z
P 30T e NiAIFALOL-TIC
- *— NiAl base alloy
=)
E
3
&
g
e

0 L L L I
400 500 600 700 800 900
Temperature/'C

Bl 19 NiAl-ALOs-TiC E&ME LIS SAEAFRE
{1 P8 B 4 e )

Fig.19  Friction coefficients (a) and wear rates (b) of
NiAl-ALOs-TiC composite and Ni-base superalloy at different

temperatures[éz]

P4 0.30.0.26.0.25 F119.0X 1074.18.1X 107",
31.5X 107" m¥/(mN). 7 700~900 ‘C K E &Mk T
HA QM rERe, BRI T RS SN, HEE
REAR TR A S 0. MRER A SR EARITA
T 1 BE .

L A FEHE 700~900 FT 400~600 °C 1 [ JBE 45
PRI BE RN R AR I TS AT LA I, £E 700~900 'C
JEE R TH A S PR e Bt A2 G AR = A 1 T T s
REM TSR A . TEM W], T I b &A1 K
PR RL(LIE 2017 H AT B BT A,
JEE e R 4 oK it A SO R AT AA R . DSC il & (an &l
21 Fiom)RM, TEHTEAE 1 086 CH AN I s
U, AN VB R S AR AR . TEM AT DSC (15K
6 4 AR W W B b A7 AR — 8 EE B AR AR . A
700~900 ‘C N EESTL R, NiAl-ALO;-TIC E& 44

Bl 20 NiAl-ALOs-TiC 544Kl 800 Cilei By TEM 12
Fig.20 TEM micrograph(a) and EDS pattern (b) of lubricant
film formed on surface of NiAl-Al,O5-TiC composite worn at

800 Cte%

Heat flow

1086 C

500 600 700 800 900 1000 1100

Temperature/'C
21 NiAl-ALOLTIC 54 FHE}800 CHINIINY DSC £
Fig.21 DSC curve of lubricant film formed on surface of

NiAl-AlO5-TiC composite worn at 800 ‘C[6%

TRF R 0 A2 TR M A — P B B P B B o %
T oV e MR S o R A Hb e B 1) SiC R

TV S 3% g o) 5/ 3 s e 5 () R HOIR S, IR T LR A
Ho XA RHER I A £ 1 PR N UAE 700~900 C 2N
0.25~0.30, W&+ NiAl EEME. Xl THEES
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ST ) Nia Cow W T Mo 75 il Al LAEAR A 1%
NiO. CoO. MoO; fll WO, &5 MW, XL AT
reiL T D B ) s AR P AR W P e . HH T B RS P
HANMOREE S AR R AR e v . A iR
JE 1 B WA B AR A, AU NiAL-ALOS-TiC E &4
BHE 700~900°C T 1B 1 2K TR A A 4. b4t
A HE 9E 4 AR K I8 2R BH . NiAI-28Cr-5.6Mo-0.15Hf-
0.25Ho JLfh& 4 A NiAl-28Cr-6Mo-2S JLi &4k
BAgE R

NiAl-ALO;-TiC E&MEHY HEE R A RFA
PE, B 22T LUE EI, fE 700 C R EEER S,
SEME BB N =, B PR SR8,
BERBOZETRK, 29 10 min f5, PEEERZHKE 0.22
BT, MCJS, BEPEEREEHISCG IEEAT, PR AR A
TRIFARIE - 800 F1 900 °C Isf (1) EEHE K H Ak a3 5 700
CHIZREL, ANEIRE, AP B IR S 0.22
BTG, LL0.22 Ao B R,

0.6
041 700 °C
02}
=3
< 0.6
2
= 041 800 °C
L)
51
£
2 06
(&3
0.4 900 C
02}

0 20 40 60 80 100 120
Time/min
22 AN T NIAI-ALO;-TiC 545 B4k B R A b
1) 1 2 Al e 3002
Fig.22 Changing curves of friction coefficient with time for

NiAl- Al,05-TiC composite at different temperatures!®”!

IR R AU, NiAI-ALO,-TIC 5 &4
¥l NiAl-28Cr-5.6Mo-0.15Hf-0.25Ho L& NiAl-28Cr-
6Mo-2S L A4 700~900 C FEE X A] (1 v el EE 4%
PEBR LR, BEERR TR T 1~3 um J5 ) B P
T, TR T SR I B R RE . 12T
nJn) SiC R RS, TV RIS P B/ 36 W e 1) R IR
A, TR NIAL MRS SIC 22 1) () A2l o 0 3 FE (1
TE R PR R TR B A O R . MR R IR Lk
FI NI LA I, SR TR NIAL AR B Ni

AL Cr S5 AP0k, 11 I 25 R T 1H) NiAL 4R} 5
75 SiC B RN, BIRPUR AW, AL FI5)
SEAMERK Niv Aly Cr 58 A, It B
A2 SN T S B3RS W R e A i e PR R 1T . B
RE TS, NIALAPRLRIE M R 1R 5 P PG, Y e
RTINS T . N BRI SRR R I
NIAL A4 AR R 560 ek 5 R e PRk 1 3 R4 R & 2R
Ak, AR A R AT DLk S B R s
TR TS DY Jo] 1) 38 e o 5 ¥ i JBE A 1 s ) AR PB4 ) ) 4
FFER R R AP, BAhERTE MY, B
TETE B, ORUE T I i B R R R A VE - B I 900 °C
I, SIC ™ A N R, PR DRI BORT 5 401 32 1) T

o

ilKT 700 “CHF, 75 SiC fl™AEL Al Cr A4
FRAHER T, NiAl-ALO;-TIC &K NiAl-
28Cr-5.6Mo-0.15Hf-0.25Ho i & 4 & A= 7™ o 1) B
VA, PR DA R R 40 5y« NiAL-28Cr-6Mo-2S 3L
e AR Cr,S, B3 SR G A ] AR B4k,
£ 200~400 CIBEHUERES, B HYIK Cr.S, B3t
s PRAX B 0 R S 258 e R D I 7 6 A R R
10, FA BN TERE . IR A ] ) SiC R,
MG 4 SIC Z M k. 7F 110 CHT,
Cr,S, B SR GRS AN, PEHE DR = o
£ 500 ‘CF1 600 ‘CI, Cr,S, AL AL AWK, SiC
O AR AL Cr S AL BURL 1) AL A FH 3 S B Al
JEE R E T

NiAl-ALOs-TiC E &M T BA R4 sl 5

ERe, O3k ER WL RINE B,

17 AERnENERS5 3 E8MAR

NiAL G 4 R Ik A o B2 15 B 4 ) 1k 2L A s
SR TS I i s A5 & T N il I A S 2 G P (=)
2R KA I HE Zr 1 Nb 254 4 c 5 oA 3t
mn o e A oY, SR A SR AT g sk . BIESE
AL &4 R 4H NiAl-Cr(Mo)-H!, NiAI-Cr-Zr'*Y,
NiAl-Fe-Nb!'"H1 NiAl-Mo-Nb!'™82% .y T a4k il % T
SIFBRACEA, BT NiAL 2 5 & 4R H T
WG PSR R AP T 2. BT HE XA
A, NI E A A NiAL-Cr(Mo)-Hf & 4 [IF9%
i,
1.7.1 NiAl-28Cr-5Mo-1Hf &4 4 21 45 1

GG EAZUEHEAT NIAIB)MHFK A6
1) Cr(Mo)AH 4L B 35 5 4, EA R RAE A B
Ni,AlHf(Heusler)fH, 1& 23 FrR1, Ni,AIHS (155
WR: Al, 23.40%; Cr, 3.25%; Ni, 50.69%; Hf,
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22.66%. AR E—RAE 5~100 pm 27, HE4
HIP 435 BARIL B A KA A, HE
i L BT BE IS > BT T 40, NiAL A1 Cr(Mo) A1 7 4k 11
NLAIHEAH £ = W] o8 b, i H O848 o HE ) [ 44,
HBr Wt : HE, 87.18%; Ni, 7.49%; Cr, 4.15%;
Al, 1.18%. &4% HIP AbHE 5, FH T RAbEE,
TEd SRR ST HAEH 4078 1) Heusler YTUE,
e 24 FoRt™, ma B EER Y, NiAl/Cr #
NiAUNLAITI AHF 2R W EHEEE S, AMrfedEs
JEBE A, T )R] LA B S A AT HE
X IR T B S N

23 NiAl-28Cr-5Mo-1Hf & 474 A4y SEM (%1
Fig.23 SEM image of cast NiAl-28Cr-5Mo-1Hf alloy'®”

24 NiAl SR EAE (1) Heusler AHAIUIELE NiAL i FHX
BRI Heusler Fikit's!
Fig.24 Heusler phase precipitated in NiAl base(a) and on

grain boundaries(b)!'®)

1.7.2  NiAl-28Cr-5Mo- 1Hf &4 181 13- Pk fig

B4 FWR R R R A P BRI s s i 25
RO, LA, B 25 A4S T R B
Ny B (HPES) J7 75 il £ 1) NiAL-28Cr-6Mo £ 4x 1 i
goRfE . AR, Hf FIIMARREE T NiAl-Cr(Mo) & 411
PREE, 2 HIP AFE S RIS T Wit m, 1
H, frmd NZ HIP ALBE 5 PP RHE SR s . filan,
K2 HIP ZLFH ) NiAl-28Cr-5Mo-1Hf &4 1 100 C
(R RS 45 St AR SRS 4 215 MPa, 148 HIP AbFE 5 (AR
JE45 8 RSB Ky 453 MPa, LKL HIP ALFE 44 Rl 51
JEHEE T 1 15% . #5745 NiAl-28Cr-5Mo- 1 Hf & 415 3%
ARG VG Py R B W R A, TR T HE
X NiAL FEARIEE A E R, 52 i
Hf B T B87E NiAl 1 Cr(Mo)AH 5 ¥ Ni, AIHT A
FEAEUTESRALAE - . IRk, 5 HE 18 NiAl/Cr(Mo) &
SR LA T HPES J7v4 145 1) NiALV/Cr(Mo) &4 : 1Ml
28 HIP Ab P 5 & <o B2 1k — P4 o iX 72 T NiAl
B SRR ST RO T NLAIHSE AH, A2 20T
JERRAL A S I RAVE T . 9 4h, HIP AbEEFE R A K
Hu T BR G R, AR A SRR .

1 600

4+ — NiAl-28Cr-5Mo-1Hf
¥ — NiAl-28Cr-6Mo, HPES
=— NiAl-28Cr-5Mo-1 Hf, HIP

12007,

800

Yield stress/MPa

400+

07200 400 600 800 1000 1200
Temperature/'C

B 25 NiAl-28Cr-5Mo-1Hf #4521 Hs 45 1 g B, 11 A £ 1)
Fig.25 Compressive properties of NiAl-28Cr-5Mo-1Hf alloy
as function of temperature!®
1.7.3 113 M 5arkie . WEirERe b AL RE

BT HE A T3gmaa s hag, Ao
Y LAJE XAHARITFZE T 0.2HE R 0.5HE 55 A8 [f] HE 75 ¢
NiAl- Cr(Mo)3& iy & <o 4 2R 5 46 F1 ) S PERE ) 5% Wil
R T —Fh il s 22 R L5 0 NiAlL L dh & <,
B 33-3 &4re 1A 4 Lk R WL RIE-R
1.73.1 &85

-3 AR E B WA 817 il & 4 LU,
JI-3 oy AL L, AN5AT Cov W Nb A1 Ta 5%
g e ot aEIeR, A ERAMRAE.
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Table 8 Composition of JJ-3 alloy (mole fraction, %)!*”

10 IR R R i R
Table 10 Compressive yield strength and ductility as function

Cr Mo Hf Al Ni C Si of temperature!®”
27-29 5-58 02-1 32-34 Bal. <0.06 <0.2 t/'C 0p2/MPa &%
S P Pb B As Sn Sb RT 1232 5.1
<0.008 <0.005 <<0.0005 <0.001 <0.005 <0.002 <0.001 500 973 >30
700 907 >30
1732 fboAtkne 850 719 >30
11-3 BEAEANFNRE T4 100 h J5 A 1 000 384 >30
WLF 9N, WK 3 WL, J3-3 A 4:(E 1 000~1 200 CHy 1100 215 =30

JEBPUEMS . SR L NiAl bbig, RS 11-3 54
PUAMTEREAT TR, (R98R v] LAY sl & S AT L
Bo VEHAN T o TS MR T w4 T
1 100~1 200 Cr%EfZ, IF5 1J-3 G & EET
tbo KRN JI-3 444 1100 °CHISEALE K [ GH4049.
GH2130 F1 GH2302 (%A IE 26 (5 74 1.07 1.13 Al
1.21 g/(m™h))&. XA EPAMMPEREL 103 540
priatetEae 2, 8 TRbUEM S 113 e SITE
fib i 7 BB 1) il S 8 —FF, #E T HUE
R NIAL Gl iR =, WAk — P i 113 &40
PraaALTERE, A T B PR — A B

£ 9 13 444K 100 h 5 U RO
Table 9 Oxidation rate of JJ-3 alloy after being oxidized for
100 h*7

Temperature/’C 1000 1050 1100 1150 1200

Oxidation rate/

019 066 091 054 027
(gm*h™)

1.7.33  JieEtke

TP S AN[R) A BICIR 25 T0-3 A5 4 4 et R P R
MVERI S L 10 A0 1197, W[, J1-3 A4 eniiE
RS . J3-3 A4AE 980~1 100 °C il {1k
RE L 12170, J1-3 444 HIP A #J5 T 1100 CHIEE
G FIRE AP L3R 1317,

JI-3 B4aEAAE 1 000~1 100 °C R s A8 0TS B
4 248 kJ/mol, WEAZN JJHEH n K 6.14, 4 HIP b B
S R A T e R AR N, 7 FE 4043 124 307 kI/mol Al
3.1017),

JI-3 B4:AE 1 100 °CF (1 sk b A P e A e A s
JEE JUF B A R0 2 AR T U o B 458 Al s el 5 2 1
#mr, HUAT K4002 BIEE51E sl & e IvE R -3 &
SRS, KA

Treatment condition of sample is as-cast+(1 500 C, 10 h).

F AL RS JI-3 £ B4 R s SR B £ 5 )
Table 11  Effect of temperature on yield strength and ductility
of JJ-31%7

t/°C 0y2/MPa &%
RT 1420 14.3
500 1204 >30
700 - >30
850 963 >30
1 000 628 >30
1100 453 >30

Treatment condition of sample is as-cast +(1 250 C, 200 MPa,
4.5 h) HIP.

x 12 113 SenEiE b aee”

Table 12  High temperature tensile properties of JI-3 alloy!®”

t/'C oy/MPa 0po/MPa % o%
980 302 269 355 26.0
1 000 292 253 15.0 50.4
1100 193 161 13.5 54.4

£ 13 113441100 CHAMEREST

Table 13 Stress fracture properties of JJ-3 alloy at 1 100
l67)

o/MPa 7h % %

30 71.0 72.3 37.2

40 47.0 80.0 35.0

50 25.0 85.0 42.6
1.7.3.4 Faende

JI-3 446 1100 CKIARZL 200 h J5, A4+ 11
NiAl #, Cr(Mo)#i#1 Heusler AH#S A K441k, 21T
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P e RAF, B RIATEATHFEAIMNT . 980 “Clbk i
PRI S5 LW, JI-3 Ba 2 E R RE T,
1.7.3.5 BTk RE

XF J1-3 B AR AT ERE RE AT IR, ) AL FE
WIE. SRR, B RUZIKREL . P
HRE PRvERiE . DIRBIEANARALL, 133 A48N
Wy ERAE R R SRR Y A R (R R B R L A R
.,

V-3 BB 6.271 g/em’”, AV AL
GEHIEN 2/3, NiAl LA SR, 45
N BAT AR R . B, AT o i L
FE, XX FEMas R IR M, B, RN
W] DL TR, 980D it i 18 5 e g R 1) 500 Y
77, Ik NIRRT, ATl HEAN i e 1 1) o
> 30%~40% . XML RS R AP, R
BRI R T IA S0kg Aidi . 7 IR IBRAG, ERE
R S AR S R R Rl ) A o BRI T
(1) B AL ] BRI 1 IR BV o, AT B4 0 & s B
IRk . F NiAL & R e 3 m it ] DL ot
WY 40%. =, TR SR S ek
RAGHE, BEIAS O RER, BRI ), ZEK
A . SE0Y, W DR LR A R 4R s B ARSI,
NI G e 5 ARV BT ORI R B9% 57 . R, A%
W NIAL BaR A — R 5007 86 il g5 i R vk
HE o

113 S4 I 0k 1 440 °CL7, i Ni i
G4z 100~150 'Co sy, A IS AT DABE i o
HAT, S8 il & & RS 950~1 000°C,
BRI MR A S AR S 1 050~1 100 °C, &
IEAT R IR 0.8 AiAT . IR JI-3 A4l
FHUELE 2% FEAE IS 5 1) 0.8 5, A% FHIELRE nl Sk 3
1150°C, nJLbIAT sl & a2 i 100~150 ‘CA A . [H
P H TR A PR AR A 3 i B 4 3 i I AR
A DAL DAy L R, I e R A R . JT-3
B A5 AU H AT a5 B i H) Co 2k il & 42 K640 il
FL A4 DD-3 1iE s 100 C. AL, SR JI-3
B i 1 A S

PG AR RS [ B I — AN R
FESH R E T R LU | = 2R3 50 1)
WEE 3 A, IFB7 bR B B, S m i A
fire JI-3 A4 M SHORAE 20~1 200 TH, 4 29~
47 Wi(m-C)", e AREE il & 4210 2~4 fi5. JI-3
G & FHOER ARG AL S, B REE
BAIE . TR AN SEEMEROEL, B
WP 2P s P AR N PO T A B BTG, AT et

FAIRIETTVERE . 27T 10-3 S 4l as O i e i
AR Fy IR TR HH A, nT A <A
M PR E1 23S 5o B 133 A4l R I SR A 1
Bl A SR LR, AT TR IR I T LA BRI
50 C.
1.7.3.6  E{FH%

SR FH A T B 2 BN A M RORS  ats Jrvk,
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Fig.26 Macrography of turbine blade made of JJ-3 alloy!'®
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Table 14 Tensile properties at room temperature of boron-
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oy/MPa @o/MPa %
588 366 11.2
576 377 8.0
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Fig.27 Effect of Zr content on tensile properties of Ni;Al

plate at RTI*) (Heat treatment: 1 050 ‘C, 30 min, AC)
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Table 15 Characteristic parameters of positron life spectrum

of monocrystalline Ni;Al specimens’”?

Sample
No.

2 1025 185 1465 709 278 1432 0

n/ps  wlps  wlps L/%  L/%  dps x(B)%

3 104.6 180 1464 775 21.1 1391 0.52

N

1103 184 183.6 879 11.6 127.1 1.37

N

110.0 181 1456 848 139 137.7 222
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Table 16 Characteristic parameters of positron life spectrum of polycrystalline NizAl specimens[79]
Sample 7/ps /ps B/ps L/% L/% 7/ps x(B)/%
2 110.0 209.6 1261 74.1 24.7 148.0 0
3 108.2 205.3 1461 84.4 14.7 135.4 0.52
4 117.7 211.4 1471 82.2 6.5 131.1 1.37
6 119 340.1 1643 96.5 25.9 138.3 222
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B2 TAEE ) 22608, B HATCRE T 5 =X TiAl
A4, WA 17, 1995 AFERM NI L) TiAL-W-Si &
&, v SR E A EASEHEI TIAL S SR RA
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Table 17 Development of y-TiAl alloys
Era Composition, mole fraction/% Technique Investigator
First Ti-48A1-1V-0.3C Laboratory M.Blackman
Ti-47Al1-2(Cr,Mn)-2Nb Cast alloy GE
Ti-(45-47)Al-2Nb-2Mo+0.8%(volume fraction)TiB, Cast XD Howmet
Second Ti-47A1-3.5(Nb,Cr,Mn)-0.8(Si1,B) Cast alloy CKSS
Ti-47A1-2W-0.5Si1 Cast alloy ABB
Ti-46.2A1-2Cr-3Nb-0.2W(K5) Cast alloy Y.W.Kim
Ti-47A1-5(Cr,Nb,Ta) Cast alloy GE
Third Ti-(45-47)Al-(1-2)Cr-(1-5Nb)-(0-2)(W, Ta,Hf,Mo,Zr)- Cast alloy YW Kim

(0-0.2)B-(0.03-0.3)C-(0.03-0.2)Si-(0.1-0.25)0

1) TIAI-W-Si & & [ ZH 21

28 HIP FIHUL T 5 (155 1E Ti-47A1-2W-0.5Si A4
TR Ry SRR oy 2R AR IR RS S A
MR, ZRALRENRIES: —MoE Bz R,
JZRRIEEZ1 2 0.6 pum, y 2 BAT A1) 428 S i
MFRRFR: PO AU Z Fr, Lk 2
um. IR I R A, FEE R gt b
AT A0 /N R STARRIRE .

W AMEE—Fi i) g AR E %, i HHEATR
SRIAPAAER, G S ek, BRRA 4k m)
B2 45H4 B-Ti(Al, W) FEEEHUR Ti(AL W)H g AT
H p-TIAL AHFIAE/NORCIR I TisSis AH. 3 FiAHB G R
HILR KR

E-TisSis PURAR F AR SR b, G
J2 FORA R aofy SRR T B ARSI o TisSiz AHE
TN T5 Si (W o F1 B AH—M, KR IR A FE
THE Si [fen Fi1 g AR,

2) TIAI-W-Si & &M A8

X} Ti-47A1-2W-0.5S1 5 4 12 R A 235 1 bl
M HT R, A ARkt yIE g X, P=4E
T 2 RRA] R )2 IR ZH 2R i

A LA TR, G485 1 400 C A
IR o AR, 650 1 800 C KW UG A& pa
o~ B2 Hl TisSi; S AH RS

R, BN y Mo MIAFRPUR.
BRRAANEIR B2 GIPH, WHES W &4, WA
B K T milh g AR, 37242 T 8L R p+8s aotytBs
HAHIX

A 4 g O AR A A I R . LoL+p—
atf— a—atytf’, mAE WK, y, B TisSi; 4
QR[9I]O

3) TIAL-W-Si £ 4 H1 ¥ S RS 40 4514

® TisSiz 5 p-TiAl FEAAR [A]AFAE P PP 2 R ) O
%, B ORI([011],// [4150] -+ (111),//(0001)2) 1
OR2([011],// [2T10] (A B (111),7/ (0110) ). Hrf,
OR2 J&—Mulr rEL N K &R . FEIXHAE R C &R T,
TisSi; #571 TiAL (1 {111} RTERZ AR, {H TisSis 730 LA
AFI TS TiAl AHE, 1T H, OR1 H (kL ik
GT () DS ACAE B L OR2 HH 4

@ #H— it ERY, ORL (¥ 5t (B
(111),7/(0001) )Lt OR2 1k A Hi(RA(111),/7 (0110) )
FI LT RENR, ZRWT TisSis 5 2% 5 LA(000 1) I iy AS A& LA
(01710) HifE TiAl (FIDEBZ KA, By T8
Tl 1) X R 7 S0 6 v A/ ol O 5 ) (1 S DR

@ B 5 &R 1 TisSi; Wk 5 TiAl FAA K
S = Ay R 41 R B 41(b)H SR kb
T VRN UBLSS AL o A W AR dr A S5 M IR 22001
(RIL G IR 1 o X PR ST R BT 450 TisSis
R —AMEA I TitSt 1, AR —Aal Ti MR T
M5 p-TiAl SR AR S5 A o TisSis/y AL R AIULHL S &
X G0 4 IR AR ) T AN BRI T 2 M2 )

AR, SEHIFIT T TisSis 5 B2 AHHL ) 56 2 A1 AL T
27 (LA N

5 EREEYEYIRIMEEE

51 #RERLEMINERMERER

& B AL G TP A TR IR JCE (U ALAT T, 1
TEAAAEIREINGYE, 401 MI(FeAl, FesAl F NisAl 25) i
Sy IR E T . %2 Al S48 K, ATV
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W, & mi SR LS Y RIS 29

: {-TisAl,
0.233 nm

41 TisSiy/TiAl FHI 0 0 HHG @) ISR TisSis/TiAl
FRIHT 4 53 5. (b)

Fig.41 HREM image of TisSis/TiAl interface viewed along
[4150] s/ [011] fa) and higher magnification image of
interface(b) (Image treated using Fourier filter method to
reduce noise. Configuration of interface is labeled for

subsequent comparison with simulated images®)

ERFER A s S tEER 7, G, 5k
Fatk o ARMX R —FG T @M ML, WA EEE
o ASTHEZZELE 1991 4F 6 H A I L m 4
G A BRURER T BN 4R R4 A FeAl
SURIPHERWTR W7 2R, IR ALE FAE
10 Atk 24k o Ik, AWFsedife FE e b
T 5 FHAS AL R Hp bz A6 45 5 w8 202 vh AR 5
25 BT LI T AIE ] T FeAl F Fes Al [F3A55 i M 52
TR R S 1992 45 [ Py S R (R A 127
FZRUTEIIIT T Ni;AHB A4 A BETE, EmIIL
S Al A

IRIGIRBEN Fe-40Al J2bERERIRm s 18
figl. 18 nf L, St BT FeAl & &K
FH 2.24%, HAEHEN 3.17%. EAA SIS FAT A
FEGER, VLIS E AN S IR BE it . 6 S B
IR BRAG 50%, RILH W2 A FREEAEYE, 1alee ffig
REJE, FeAl A4 bW BTN, HMEESS
TR, B HOEIREEREME R TX, SR KRS

E4N AL EF ROV H R, ZENRFER SR
EUlfE, AE SR R R X R
UEW] TR FeAl I A 5 ot b Sl e

%18 RIGIFEEXT Fe-40A1 )25 B 1 s %)
Table 18
properties of Fe-40Al alloy

Effect of testing environment on mechenical
[95]

Atmosphere  oy,/MPa  o,/MPa % I%
Air 498 518 1.60 1.20
High vacuum 495 544 3.17 2.24
H, 501 521 1.57 1.27
0, 494 533 3.17 2.32

H T AR R AR AR I BRI A &
BORIRL I H 5, HCCE R DI PY dtobir ) A PR K
KRB, A A SR T 1 1A 20K 22 0 57 R A B
doREe H ST U () R EE N IR, BRI
R PR BRI AL, Ao T AR T 8 — 3 o7 i) 5K 2R ) b
HKE[100] 58 MR, HfE RGN, dhkiA
TR Z . ARG, AR T
NS0 27 N D v e Koy ST R RS2 A P = i
HI TR, ARG KN ), W iR EUR
SR L, AR AR A SO, A T
HPTEL

52 #HERLEXEAE—REEAEZOVM)HAR L
B Co,Ti IMEREM
A A SO 8 — SR B T I (DVMBE ST T &
4 J0% Fe. AL A1 B X} Ll, CosTi SAEINEMEMI M,
HRUNHT TBERE. TOKAE. BEGL. REERTME. &
R AR, B NG G R, H BRACA S 4
AHeOLE 42), MFRE EUEWT CosTi (MBIt

s+ — GB+H
*— GB
=— GB+B

Binding energy/(eV -atom™)
o
(3%

40 42 44 46 48 50 52
ala.u.

B 42 B I H X} CosTi dh SH45 & fik 5z )
Fig.42 Binding energy curves of GB, GB doped with B
(GB+B) and doped with H (GB+H)"®
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A SR MESGETE: Fe A1 AL I CosTi H,
PG A LKA, A0 I A LIRS S ) L7 e A
A K RN ATE R (WK 43); Co—B B FIfA AL
VLI B X G S LT (IR 19).

3 GB GB*Fe GBTAIGBB H,0
. — GB(0.S.)

1+ — = =

af = = = —

=z = — = =

2 p— = = =

8 -3 = = =E = =

5] e — i — N

= — — —_— —] —

54 — . %_-_E — =
SspTTETZD = =
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-9 — — f— -

E 43 Fe. Al. B, Co M HO XI5t 8 Kt g sy

Fig.43 Energy levels diagram of GB, GB doped with Fe
(GB+Fe), Al (GB+Al), B (GB+B), Co(OS) and H,O molecule
(Fermi levets are designated by arrows. For case of H,O
molecule, only LUMO and HOMO are shown in figure, arrow

between two levels designates Fermi level®)

%‘% 19 CO()Ti3B D(]%El:éﬁpg]
Table 19 Bond order results of CoTi;B®

Orbital Bood ordet
Co-Ti 3.89
Co-Tids 0.44
Co-Tidp 0.61
Co-Ti3d 2.84
Co-B -0.21
Co-B2s -0.36
Co-B2p 0.41
Co-B3s —0.26
Ti-B 0.97
Ti-B2s 0.28
Ti-B2p 0.59
Ti-B3s 0.09
:l: 3
7 zl:l T?:J:'

1) fEEBr B e RBUEYE NiAl &< A B %
Pho HATCABL 10 ZRAF BT K NiAl £ 4 2 AT
AP, XS B IETEAE LB L 3 B, BIAL
FHE R RS RN AE T I Bh A R AN 45 s i i

W), R R 0 LR AL A K8l A R
i BT B B9 TR i SRR ST 35 o

2) MEEMF IR NiAl G4 TME 41k,
AT IR 0 NIAL A 41 & i 8 I, T FLd ] i 2 4
NiAl &4 iR, FER RS SR Lo Rw M E
S NIAL LA S L i g i, 2R R,
FEZ . W Lo T RS, fEmah gy
HI1: KA AR, b

3) NiAl & @ PINEE AR IR T4 22 15y« AHER R,
RGN ZR . PN ARRBLLUT, 2 5 NiAl 713
(RS 23520 (001) {110}, W] BhALE % BEEAIG, AT
3 AT R, AHAR SRR AN, AN
e, WMYERAR. eV ARIRAE VL b, e
RIS R X Dy AT, di A XSO R 3
AREIE] 5 A, RSk T B R )AL AR
KA.

4) BIFRIACE NiAL 40K LOLE SRR NiAL 44
K a B R 5 B R ] I B AR, A B T R
L HI . NiAl 29K S G MEHS NiAL 99K BRLHEEL,
SR RUBE AR . AR NIAL Bkt B
1000 C i KRR, BA RAFISSRL R AR 1k,
AR NiAL 75 Sl Y PR T 4kl

5) F EATHEEN ) HPES 6 i 0 i 46 H o A ks 4
5 NIAL B AA0RL, oo EE R PE R SR A4 o, 3R
o [ R B ARIESS, IR B ML T T IR AT,
RIS EAEAERT GG S R R db A

6) 7 HEFr EsE R NIAL & 478 i B i =
() T B PE AR, R AT T IRA L.

7) WHEIRL) NiAl/Cr(Mo)-Hf &4, 75 1 100 ‘CIf]
L R R I LT A AR R iR S 4, ek
Fl & BB RHIEH(200114844.3)

8) fElHfr EE ek MiEE Zr WML NisAl
Hh, RN T Ze MEMEALEE. RS T B
TN BT NisAL 42345 KR 24 R
eI BEFURIL, W& 1% VERE% IR, NBAL &
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9) fEEPr b kI FeAl & 4 HAT SCH i i
W, FH 375 S PSRRI 9 8 AR T S T IR e ) R B
BTSRRI A R . R E Mg 1] FeAl
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