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Bl 1 Ti45A1-6Nb-xCo & & 41411 SEM-BSE JES1
Fig.1 SEM-BSE images of Ti45A1-6Nb-xCo alloys: (a, a;) x=0, (b, by) x=0.5, (c, ¢1) x=1, (d, d\) x=2, and (e, e;) x=4
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Kl 2 Ti45A1-6Nb-xCo &4 414K XRD 3%
Fig.2 XRD patterns of Ti45A1-6Nb-xCo alloys

#1 E1RHABERDRN EDS KA SER
Table 1 Chemical composition of the typical phases marked in
Fig.1, determined by EDS analysis

Content/at%
Ti Al Nb Co
oty lamellar 472 47.1 5.7 /

Alloy Phase

Ti45A1-6Nb
B, 51.9 40.0 8.1 /
az+ty lamellar 46.3 47.8 56 0.3
Ti45A1-6Nb-0.5Co y-TiAl 45.5 492 51 0.2
B, 53.8 364 84 14
oty lamellar 46.4 463 63 1.0
Ti45A1-6Nb-1Co y-TiAl 45.7 482 53 0.8
B, 52.5 365 86 24
oty lamellar 472 457 59 1.2
Ti45Al-6Nb-2Co y-TiAl 46.1 47.7 53 0.9
B> 49.7 36.4 9.7 4.2
Co-rich Precipitates 45.6 36.4 2.6 15.4
y-TiAl 45.1 479 54 1.6
Ti45A1-6Nb-4Co B, 49.2 363 86 5.9

Co-rich Precipitates 45.9 34.8 2.5 16.8

W, A, E4hEHIT DR KOPRA L,

EDS [543 A A B, 33X S8t HOIR 20 R B0 AR T
JE(Ti+Nb):(Al+Co)=1:1; F& 55U 7R] I 45— s FEREH
T T Nb £E p-TiAl A ) Ay A28 m), 30 Nb 3= 246
T AT dE Ti kAL, 45638 1 T EDS B 43 B 4
R Ti-ALNb eI EIUTR 401, & 4 v B iR I 2 K
BHORALR Ny y. B 2 Th () XRD 43 Hr &5 R,
WS 0.5at% Co Ja, &4 y HIATH R —E T
Mo, MU SEZ K O PORA LR y. dRBEIE 0
Co &R lat%hl, H& )z A% —2a,

By AHFN y gk SL3 2 i) By AH R IRIBERE , I H 38
L S X BT UR A /b w4 /> B SR A BT B, (%
M i AH I H S0 T 40/, Teikdb AT HER Y EDS 1505343
Bro ME40 Co SR INAE 2at%i, y+a, ALUEI

HA N BT SRR S A s By AHALZURAG B s, 52 ORI
WOCLR 23 A, P RS B a2 2k XSS 1 €T H A B S 4 2 R
FHAG, XX 8 AT P EAT EDS B 0B, 45
KL Co HEmEIL 15.4at%1 Al S EBIK, FEN
B Co N HY). Co T ®mBINAE 4at%l, A&
LI aty BUAHZA L, 322t oK (R RAR By AHFTHR o
Mk, HAZUHAL I s By AH N FRIIA 21 IX 55 (1) & Co
T AR E— 20 14 2 AUk A

g AT L TR ZUESIATE 2 T XRD &
W, AL A, B Co EMBM, aty E 4L
LIRS AIML, B E SRS AR B AR y G &
& ENBE Co SNl B8 2, HAZUHML
W, R R R P R AT 5 45 S R — B
2.2 Co 3 TiAI-Nb A&/ BEME TR
221 AR KA F

K 3 45 T Tid5A1-6Nb-xCo & 47 1000 C 45/,
HAAL 10 F1 100 h G M ZEMTESL. WBLEH, 4 10h
)G, Tid5AI-6Nb £ G R A0 B B T B 2 9%
M Co A4 MR ALY LL i 2 e, R & AR B
FFRRMRERS . 4100 h %4k )5, Frailfes e T
ANTRIRE FE AR 7%, Hh NS Co & 4 I AL T2
WINPT F Co A& MR MA IR R E A1 % 5,
Co &0 0.5at% 1 1at%!I & 4 1f 3 4 A IR i, &
A 2at% Al dat% i AR R, B R, kg
UL, Co A&kt ik TiAl-Nb &4 1 mitAlk
PEREE I WBUR, (MBS Co B DMK,

Kl 4 45 1 T Ti45A1-6Nb-xCo &4 4E 1000 ‘C %/
A SN ) 2 A 2 o JE T 904 ih 2 T 3k 1 1 k3
FEETTRENFE 2. AT WL, 5 Bl & Sk e 3 E AL FE
H ) SR AR S AR A I R PRSP AR R M G R
Y% 5 Bl G & AN 1 R SIS A, &4
MR FE S thy B dl. TR E 5 Fh a4,
Ti45A1-6Nb &< (1) 58 A I Pl 2 20 Bk v, 294
1.74x10" mg*em*h; Co & &N lat%IN 4 4 44k (13
WL R BURAL, 210 1.36x107 mg¥em*h, BAE
Co A& MA I L H HEMLL 1 M ED . 112 Co
TR T 2at%)a, B Co RN, A4 R
SRR, BRI 1at%1) Co % Ti45A1-6Nb £54x
reni AR PE R R R o B
222 AR LALLM AT

BT 3K 4 FE 2 T g T %, Tid5AlL-
6Nb-1Co & 4 H AT R i ik b A 1 e, BRIk 36 B i
B B A A AR — 8 i ] S gt TS B AE
1000 “CA S H 4 4L 10 AT 100 h Jim S 52 T A1 i 1)
SEM JEFiL. [ 6 45t T AL 1) XRD Kl
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Kl 3 Ti45Al-6Nb-xCo & 41 1000 C 7 P4 10 #1100 h J5 ¥ % MBS
Fig.3 Macroscopic appearance of Ti45A1-6Nb-xCo alloys after oxidation at 1000 °C in air for 10 h (a~e) and 100 h (a;~e;): (a, a1) x=0,
(b, by) x=0.5, (c, ¢1) x=1, (d, di) x=2, and (e, ;) x=4
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I @ Ti45Al-6Nb-0.5Co
A Ti45A1-6Nb-1Co
v Ti45Al1-6Nb-2Co
# Ti45A1-6Nb-4Co

-2
— N W kA N N0 0
T

Mass Change/mg-cm

012 3 456 7 891011

112, 112

Oxidation Time, ¢ /h

(=}

Bl 4 Ti45A1-6Nb-xCo & 41t 1000 C 7S %3] s 54
A i

Fig.4 Oxidation kinetics fitted curves of Ti45A1-6Nb-xCo alloys
at 1000 ‘C in air

I Sa il L, %46 10 h 5, S&MRIER T
PR B0 I A . WA A IR T EAT 1) XRD 43 #r
i (K 6) &W], HFLN Tio, M &1 ALO; IR
B RG FAGEE T EDS A4 (& 5a fxEg 1
Fias) a8k 71.10-26.7Ti-1.4A1-0.6Nb-0.2Co

(at%), ik B SA A 3228 Tio, &1 ALO;.
Sb A AR T TE S o, 4k 10 h SR
BT A JEZ 20 pm PIAALIE, PRI
B A AT /D 5 R L 2R . AR AR I P i TR A
(1) EDS Ji73 73 #r 45 B W], AU A0 B A R B e 2K £ AH
B M 71.20-27.6Ti-0.9A1-0.5Nb-0.3Co (at%), /b

% 2 [E 4% Tid5A1-6Nb-xCo § & 7E 1000 CESHFHIE L
NF&EFRMMY L REE L
Table 2 Fitted linear equation and parabolic rate constant k,
values (mg?/cm’h) of the Ti45A1-6Nb-xCo alloys at
1000 °C in air, according to the oxidation Kinetics
shown in Fig.4

. . Parabolic rate Correlation
Fitted linear

Specimen . constant, k,/  coefficient,
equation B 4y -1
mg-cm” h R

Ti45A1-6Nb  y=2.82+0.421  1.74x10 0.992

Ti45AI-6Nb-0.5Co y=1.32+0.217  4.29x10" 0.993
1/2 -2

Ti45A1-6Nb-1Co  y=1.09+0.12¢ 1.36x10 0.998
1/2 -2

Ti45A1-6Nb-2Co  y=1.17+0.17¢ 2.97x10 0.995
12 -2

Ti45A1-6Nb-4Co  y=1.40+0.26¢ 6.67x10 0.996

Note: y is the mass gain per unit area of the specimen (mg/cm?);
1" is the square root of oxidation time (h'?); k, is the parabolic

rate constant (mg*/cm*h) and R is the correlation coefficient

WEHAKEER SN 69.10-9.6Ti-20.9A1-0.4Nb
(at%), Zif XRD Z3 8745 W nl Ek K (i 12200
TiO,, RO FEH ALOy: — M B, ALO;
TE AL P 0 1 2 B L A0 X 3 i) 5 B v . AL
JEE 5 B BORE 2 AR IEAT EDS BT A BT IS R R
67.60-11.5Ti-1.9A1-0.2Nb-17.9Co (at%), wJ JLH =58
hE Co [MEALPIAR: X 2L TR A I PR AR 14
/N, EDS 3 M 45 I ANUER, Hal L EES %,
BEAL, AR A R AR AT Y (B AR <G 1 B DX )
AR Z NGB B B2, %4124 EDS B 7 B
ZE N 28.00-26.5Ti-16.3A1-19.8Nb-9.4Co (at%), £
WIH F 2 E Nb. Co MM AEMLIX, (HiZA A ALIX
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(Nb,Co)-rich oxides

Bl'5  Ti45A1-6Nb-1Co £ 4:4E 1000 CATHAAL 10 A1 100 h J&5 40 A6 2R i A ¥ SEM JE 3
Fig.5 SEM images of surface (a, ¢) and cross-section (b, d) of the Ti45A1-6Nb-1Co alloy after oxidation at 1000 ‘C

in air for 10 h (a, b) and 100 h (c, d)

1-TiO, 2-ALO, 3-TiAl 4
1
3 { |
= 1 1 1
£y - 20 j L _L 10h
.a -r
g
R 1
|
4
12 100 h
) 34 1, 1
1 1 1 1 1 1 1
20 40 60 80
20/(%)

Kl 6 Ti45A1-6Nb-1Co 4 7E 1000 CH {44k 10 #1100 h
JE AR ) XRD &%
Fig.6 XRD patterns of the scale surfaces of Ti45Al1-6Nb-1Co
alloy after oxidation at 1000 “C in air for 10 and 100 h
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WA

WK 5c fizs, Tid5A1-6Nb-1Co 4 {E4 4L 100 h
Jei (R T A AT LT B 2 T3R8 . R RIVR X 3
() EDS [ 4945 23 1 (B Se X3 2 FroR )45 5k 72.20
-25.3Ti-1.6A1-0.5Nb-0.4Co (at%), il A5 3254
TiO, Fl ALOs VR G, H& 5%k 10 h (%40 B

FHLE, AL 5 AT 380 . 3094 D sk b oK 0 40 /) B A 11
A, XX R AT EDS A (B 5c
R 3 BToR) 53R Oh 68.40-17.5Ti-7.9A1-4.4Nb-
0.8Co (at%), #J W, Al 1 Nb & 88w K 6 Eik
L2 1M i) XRD B3, 25 100 h AL )5 ALOs FRATH
VA 10 h A0S TE R, T RE A 1 A A AL AN 2
WHTEL. B 5d 451 T4 100 h AL S EAL IR #TR X 1
(IR SEM JE S o T ULAE 12 DX 35 1) o A G 4 3 1 0 7
ARG (BRI EAY)Z, AT O B A
PG 6T IR S PR A B A R OR
B4k, 5 10 h EACE AT AR L, 4046 100 h JE %40
JIR 5 3 A B 4 SR I IX SR K - Nby Co 4Rk X 4121
DAL, BITESE AR
223 it

TIAL A & 1 ik B A I B 5 R A R 45 1 %
PIEFR. B 741 T TiO, ALOs, Nb,Os Al CoO 7 A
ToLRE N AR UE R R AR G AT R AR T A R 4
F 7 A ISIGE Ti45A1-6Nb 442t TU/TIO Fl Al/ALO;
MY AT 43 s v S 45 S T 4, Ti/TIO Fil AVALOs %R
VAl 4y AR, 0 b TiO R A1,05 BT RS A5 5 A il
Aet AR BT, I Ti45A1-6Nb &4 7E sl 8 Ak i 7
H ot DLE e B A T O S B0 I IR B 1 ALO;,
M2 LD TiO, MlZb & ALO; T 5 41 B AL ) J= (Ti



* 3602 -

G E AL

%49 35

| —=—TiO —e—ALO,
—-200 | —*—Nb,0, —v—CoO

400} T
~600] M
—-800 -
1000 _ /.
200 460 6(I)0 8(I)0 1 OIOO 12I00
Temperature/'C

AG' KT

B 7 A E T Tio, ALOs, NbyOs Il CoO [#4RHE BE /R 7R i i
A f B 1 RE

Fig.7 Calculated free energy changes for Ti, Al, Nb and Co

acting with 1 mole oxygen to form their oxides at different

temperatures

5 1 mol 1) O, 7 1000 °C Jx N 42 1% TiO HI TiO, 1) 35 A1
W A T Be 2 WL h—842.25 M1-714.23 kI, I TESEAL
Y TiO W 5 T 5 56 B 1) . 1T TiO, B 41 R 45 R st
KBS, X O M EBHAS RN, HI8S T A& E bt
FALPERE. B 5 T Ti45A1-6Nb-1Co 4 4 8 AL 5% i
SR EDS B TR W, %A AR A P 2
TR TR Z M ALOs. 1F AT HkMG, ALO; 1E
A R B A e i B TiIAL & 4 A b ek
BRI ENFE . O el > PR, &SP RN
3 KJ0FE MW NI Co 55, BeWA AN Al AL 2
HEIL I AMAAG A, R m AL T ALOS I i
RS SN iR PR ERE . Co BB XE TIAIND &
S s TR ERE, EEM B EM TR Co A1 Nb
(P e 4 AR E T S8 A B P BB 2 11 ALOs. IE4E,
LEe A NTREM B, AR AR K R Ti 1
M EORA N s, B3 6 Ti (48 i
A SRR SN 4 (1 S P I R 3R, (AN g g T 4 In)
SR Y B " B S A AR R T T S
EDS 7 43 b4 Wi MR W, A 4 AR A BT R Ak
G AJE R T B ESE S Nby Co N ALIX, 1%
DX slo0] T B A LA G @ e R I8 BRI A a0 AL
T H A R .

G AR S L R SR B VI G XA
SRR Y, TiAl 4R ARSI AT 1 o 2 S
3 TIO, fEAAAMIE N DR TE B, /NS5 73 A 1) o AR
AN TE I A1,05, X T H mild Préd fo e se 7
aio FHE 1T H B HT A&, W0 Co {43 TIAL-Nb & 4>
HHIRRE K ) ooty J2 L ELB W A8 Ry 217N ap+y 155

B, X0 T EAMIE N1 ALO; Bt s il
Pt RE A fi. UBAN, WSIN Co A 2R T y-TiAl
AHFE Nb. Co ) Bo AHIEHG, FEIK T oo-Tis Al AHEI
. Rahmel ZRF7XHA N, Ti f1 Al B E AT
WAE oo-TisAl XA p-TiAl FIXAEAEW] B 225 TiO,
EE Ti 1 Ti; Al AHF LS, 1 ALOs fE& Al 1 y
X AR E, Htaarh p-TiAl HHEE 0. a,-TisAl
WX m PR RE & . S — T, & Nb. Co
() By A BE S A5 — e F2 5 LA Tio, B KIS, X
—ILBAE T ARSI R S 4 R AR B T AR AW
AT Tid5A1-6Nb-1Co £ 4 (148 40 5 45 44 R4 AL 3))
AR UE I ZIN S . 2, Co FrEidmaks
SN arty JZIALHIEE, AF Co SRAEM
LGRS s BRI, 4 Co EIEIT 2at%
o, A EEEIBM NN By AR R, Wil 1 FIER 1
iR o Gil ZPWRIHFFURIL, 4 TiAl & &AL
(W AR SR, i S TR AR R ) TiO,,
M g5 L =il i e fe, X TR A E T Co i
I 2at% Ji , Lyl BT R 2 B ) T R A

3 & it

1) H4/n Ti45A1-6Nb &4 Co M &AW 4l fk
ooty WIZE ARBEIE R y A By AH, (R I H046] as AH
TR H Co ST 2at%)5, G444 Bk,
] I 1Bl 5 Co AAAT H

2) Co % il 1at%I X Tid5A1-6Nb 4 4 i Ji 4
ATk RE R S35 ORI o B, BN S S A A I 2
R E LN 136107 mg*/em*h, B Tid5A1-Nb &4
K4 1 MRS 1 Co FrRMd 2at%)n, Bl Co &
RN, A SR E R B3 g

3) Co 3% TiAI-Nb & 4 e i o 840 1k RE 1 DS 2% ]
HEF: © Codifh THEM arty WIZALL #m T
y AL By AR 2, AT EE T 4L h ALO; IR JE Bt
@ TEA /B A G G (R Y B R IE SR (15 Nb Co 1)
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Effects of Co on Microstructure and High Temperature
Oxidation Resistance of As-cast TiAlI-Nb Alloy

Tian Jin'?, Zhang Conghuil, Tian Wei?, Li Xuan®
(1. Xi’an University of Architecture and Technology, Xi’an 710055, China)
(2. China United Northwest Institute for Engineering Design and Research Corporation, Xi’an 710077, China)

(3. Sichuan University of Science and Engineering, Zigong 643000, China)

Abstract: Ti45A1-6Nb-xCo (x=0, 0.5, 1, 2, 4, at%) alloys were prepared using non-consumable arc melting method by three times of
remelts. The microstructure and high temperature oxidation resistance of the alloys with different Co contents were investigated. The
results show that increase of Co content in the alloy can significantly refine the a,+y lamellaer, promote the formation of y and B, phases
while inhibit the formation of a, phase. Co-rich phase precipitates and microstructure coarsening are observed when the content of Co is
higher than 2at% in the alloy. The static oxidation results at 1000 °C in air show that the oxidation resistance of TiAl-Nb alloy has been
remarkably improved by appropriate Co alloying. The oxidation parabolic rate constant of the Ti45A1-6Nb-1Co alloy is about 1.36x107
mg*/cm*h, lower than that of the Ti45A1-Nb alloy by about one order of magnitude. However, once the content of Co exceeds 2at%,
increase of Co content in the alloy leads to an increase of the oxidation rate of the alloy.

Key words: TiAl alloy; Co alloying; microstructure; high temperature oxidation
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