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600 11 625 C, Shimozaki 25152 Ky fi (K 1b
KAED 73572 Nonaka 2521 Ko (A 1b Hig/h
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Table 1 Comparison of the growth kinetics of TiAl; phase formed through Ti/Al solid phase reaction in different studies

Diffusion couple (mass fraction) — Temperature/‘C Time/h¥ n Koo/m's™ (or Kog/m*s™) Ok (or Oka)/kJ'mol”  Refs.
99.6%T1/99.5%Al 525625 1/12—1 1 1.57x10° 195.75 [28]
99.6%Ti/99.0%Al 650 0.5-2 1 - - [29]
99.6%T1/99.5%Al 552 1.5-5 1 - - [31]
99.7%Ti/99.99%Al 580—640 2-20 1 3.95 179.50 [33]
99.5%Ti/99.5%Al 600—650 1-4 1 1.2x10° 295.8 [35]
99.7%Ti/99.5%Al 550—600 0-16 1 240.11 198.02 [36]
99.7%T1/99.5%Al 600—650 3-24 1 4.15x107® 57.52 [37]
99.6%Ti/99.5%Al 550—625 1-64 0.5 1.22x10™" 33.69 [28]
98.0%Ti/99.99%Al 530-630 1-4 0.5 2.28x107 105.1 [30]
TiA1/99.99%Al 516—640 2-25 0.5 1.30x107 95.0 [33]
99.7%T1/99.5%Al 550—600 3096 0.5 4.54 245.54 [36]
99%Ti/99.9%Al 560—630 6—46 0.5 2739A 260.87 A [38]
98.7%Ti/99.2%Al 500—630 1-25 0.5 3.5 237 [39]
99.5%T1i/99.99%A1 540—-650 4—64 0.5 1.96x10"" A 33.8 [40]
99.9%Ti/99.99%Al 550—625 0-96 0.33-0.55 - 33.1 [41]
99.9%Ti/99.99%Al 625-650 0-96 0.25-0.33 - 296.2 [41]
99.9%T1/99.6%Al 570-630 1-12.8 0.63—0.93 1.47x10%® 232.1 [32]
99.9%T1/99.6%Al 570-630 12.8-260 0.31-0.56 - 17.4 [32]
99.6%Ti/99.5%Al 552 36—100 0.48 - - [31]
99.9%Ti/99.9%Al 575 2-24 0.71 - - [34]
99.9%T1/99.9%Al 575 2448 3.78 - - [34]

% -because the annealing time is different at different annealing temperatures, the annealing time at the highest annealing temperature in these
studies is adopted uniformly. #-these values are recalculated using Eqgs.(1) and (3) when n=1 based on the k. values in Refs.[32] and [37],
respectively. A-these values are recalculated using Eqs.(1) and (3) when #=0.5 based on the k4 values in Refs.[38] and [40], respectively. Ko. and
Ok. are the pre-exponential factor and activation energy for chemical reaction-controlled growth (n=1), respectively, and Koq and Qg are the

pre-exponential factor and activation energy for diffusion-controlled growth (n=0.5), respectively
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Fig.1 Plot of InK; versus 1/T (a) and plot of InK4 versus 1/T (b) for TiAls phase formed through Ti/Al solid phase reaction obtained by

different researchers
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Fig.2 Schematic diagrams of Ti/Al solid phase reaction in the presence of oxide films: (a) initial contact between solid Ti and solid Al in the

presence of Al,O3 and TiO; oxide films; (b) the intermediate phase Ti.Al,O. which mainly includes TiO, Ti,Os, Ti3Al(O), TiAl3 and ALO;

phases, is formed through interfacial reactions, and the Ti(Al, O) solid solution is formed owing to the large solubility of Al and O in solid

Ti, which causes TiO, and Al,Os oxide films are consumed; (c) some intermediate phases, such as TiO, Ti>Os, Ti3Al(O) are transformed to

TiAl; and AL,O5 due to further reaction and diffusion, which causes TiO; oxide film is exhausted and Al,O; oxide film is further consumed;

(d) the TiAl; layer continues to thicken
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A ZME AT, X 0] A Zhang Z5EP8) S 48 FLAS B0 .
FESCRR[31-32] P 2 B LA B TR K 2 & 3, LR A T
et : (1) TVAl SR, Ti f1 Al J7R14E
TiO, M1 ALO; %A B Hh 9 B R E />, Bk, TiAL AH
MITEAZ S5 KRl (2) SCrkA i BLA TS 2 & 19F
AEH b TiAly AHFFEHT R, 2K A [FR K
BFIRAR I TiAL AHEE RSN (D 8 (2) HTH
MBI RN 1016, HSRPRMABEUGE—EER. —
SRR E AR RN K HZ AFERRZES (E 1a) BIRE
WEEL TVAl FEAFEANIEG . Flan, STHR33,37]
HHF K AR G SCHR[28]H 16 K E /MR 2, 1X T RE 2 RN AR
HCHEBARS 7 AL A Ti JEF 88, {675 TVAL OV AT
(1 TiAl AHMAE KA T R R NI, TR
PR A K o 7ESCHR[32,42] 70, 7E HAb 27 s b 2 1) (B
SAE s 1)) AR K B B i A K AR K B, TiAL
R A K B 2R3 K, XTI RF TiO, SR 13 2%
PAJ: ALO; SEACIE IR o [FIRE AL FE PR T 2k S5 RIRE )
B AT ff B Thiyaneshwaran 20473 3 (¥) TiAL AHTES
Bl AR KB B B (FE 550 A1 575 “C o510 4.24
3.78) KT 0.5 fSL¥45 5, B Thiyaneshwaran %554
S r BT EAR (A A ) AR A B S B Ak T R AL 2 R
it il 58 =1 i €l ISR N PO R Za N VTN
EY B d A KB B, BEE Tio, BRI LK
ALO; AR IR, R A7 1) ALOs B E T & 1E
HFHAS TiAl IR, (AP RE Sk HUE
SSTIPAE 22O CLIEYSEiN: GRS SR O EE=E 1PN
(B 1) I FZERE, w2z L TiAl AHE TR &R
~}'o Zhang A1 Liul M4 48 75 0 B2 T 25146 (1 Ti/Al B4

BRAE 600 A1 630 ‘CiR K. BRI, 7E 20~48 h I [A]5E
BRI PN, ZEAAAI 3R KIHTE], 630 “CIRKAF 3K TiAly #HJE
FE/NF 600 CiB KA EIH TiAl; #HEE, 600 CiE-k 20
F1 48 h 733 1) TiAL AP SRR RS589 1.5 um 245, T
630 ‘CIB K 20 F1 48 h 1521 TiAl; A B SRR S 43 31
3.6 F1 12.9 pm. Zhang F1 Liul*HA Ay i A4 807 TiAlL AH
o R AL, 630 C EARLL 600 C 1S TiAly #HH)
AREY BRI, ERN 630 C RERIME R
1) TiAly b ARG Y MR ER N, 2 TiAL &
LR B IR FAG 20 50 R B 5 e e ok T s et
HAMEY SR mer, WE 630 CiB K IHTE
600 ‘CiBK1FEIM TiAL AHEEH /N T R 16
AR FRER BN Ky LA Qg 12 F BRI R,
Zhang 250 Ky G HRAE Y BUR L Dy, WiEZ
R R AT R R R
(NTT:A13 _N"lfi )(N"Fi _N;iiAlg) Kd
DB = + - ’ TiAl
NTi _NTi ZANT; }
X, NN Ti AR TiAL A B R 08 N RN, 7
AN Ti(EE Ti-Al IMCYAL Y #UiH Ti (8¢ Ti-Al IMC)
AL LR Ti EER3E, ANSYS N Ti £E TiAlL A
(IR IEIBR . Dy AT Arrhenius SEHEFRIR, FIX B
POE REN A I BOMIE RS Qe BT NG™. NG. Ny Al
AN TE Ti/AL [ S G RE VS B P 3R A R 1E i, fat
(16) W&, K5 DgfaIE, Q4 Qpfaii%E. 1
BCHY BUREL Dy KN T A B R 5L D, M 5t
T RE Dy, MZRE TR, PTH T RER:

_q0
Dy ==7Dy +D, an

(16

X, g REBUAT TiAL siRIEARIE 7 6 /2 TiAlL fb
FIZMITEE; d J2& TiAly SRR . Dy, 1 D, [FIFER) ]
H Arrhenius &R, AHXT BRI BORGE B8 733 FH il 5
BT RS Qg FIERFE Y BUBIERE O, %o, i TiAL
FHIK) Qg [ FHHBS TNy OB 0.5 fiF. HEE (16)
A7) AIEH, SR BOR & HOT & L AN A2
SECRF SR Ky (B Q) AFERRZERIRRE . Wi
FEREAN IR IR ETE B P AR 3 B 4 R A, A AL
T BURE Dy 8L KB 2 8 K BUN, A R Hosos
e Op (BN Qg #EI s BB e Oy, 1 1b L 11
S RF A URRAE, D RT UONFELL T H ) TiAL AN
AT B A T AT s an SRR AN IR KR VG N R
T E AR AL, WA ST R D R HA B
TG RE Op BT BN T d S BUBUE A Qo Ferf SRR
d B ETH SRR, WIS RE Op (BR Q) /. &
1b FRZE TT A R SRE 45 AT & IRHAE, DRI nT AR
1T ) TIAL AH A S 8 4 32 22 .
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1.2 Ti( Ti-Al IMC)/Al E-& & M &h 115

X T Ti(EL Ti-Al IMC)/AL -3 = N8 775, AN[E )
WF 722 ORI AR [ (R 7 ot b AT Rk, il
FARLI TA)AE B (A TIAL) AR Z B x (m/s) B
PLE () A2 IS5 TiAL AHJEE x, (m/s) LK A R[]
TR Ti(EE Ti-Al IMC)JE FE xps(my/s ) (R xpiar ue(m/s ) Do
FHIRIX LEHIF TN G150 775 5 K AT DARH B4, il
¥ TiAly A 7E VAT T4 #7045 4] 3 B2 1)
(AWTIAL)HAH)Z TR 4 Se 5%, W x5 2
Fey B, Btetn, 7E Ti 7E Al VR ORI
N, BRI Ti AR TiAL A, W xn 5 x 2 H
294 1/3.73. 4, Bh15 K 8w AR B %
A, il T TE ORISR, BRI R VA R R R
xri (m/s) BLAL, 3 B A B 1] B A7 T ARV A 00 O
My Ckg/(m*.s)) 1547 S [ 2437 T AR 95 AR £ JBE /R %

my (mol/(m’.s)) 2%, IX8 L7 ] DU B,

2 NI E SR TVAL - N 3h 1%
S, A AN A SCHR ) B 70 5 KRR SR I R B
Nmise NE2A[EH, (AHTIAL)HHEEE. Ti K%
i 5P DA B A I TiAL AH )R8 5 38 R [T O JR 0
AHGEER BT L TER R (n=1) , BIL2E S N 5 i)
K. B 3 AAFRBAREREIN TiAL AR RS )
SHHU K BTG, FEA SCER[S8] Y Ti VA AR I 5 A 6k
R TiAL AR E . WK 3 ATEH, 78 700~900 Cif
FEVEE, AT TS B R R K, [ Z R IEA
K, Hr, f£800 °C, % K AA HAHAEH £eilL; £ 700 °C,
K KABLI NEN K AR 3.57 fiF5 £ 900 C, K K.
HL /N K AR 1.88 5.

Zhang PR B Ti/AL -V N AR G TiAL AHN
— YIRS H Ti E AP RE TR 0 BRI R, K

%2 TREXETH TVAl E-RR s IFSH

Table 2 Kinetics parameters of Ti/Al solid-liquid reaction in different references

Study focus ~ Temperature/K Time/ks%  Diffusion couple (mass fraction) n Ko/m's™ O /kI-mol™ Refs.
(Al+TiAl) 948—-1023 0.3-2.7 99.6%T1/99.5%Al 1.23—-1.43 2.31x107 97.61 [57]
TiAl; 948-1023 0.3-2.7 99.6%T1/99.5%Al 0.98-1.09 5.0x10° 94.20 [57]

Ti 973-1193 9-14.4 99.75%T1/99.99%Al 1 9.6x10™ 92.4+8.4 [58]
(Al+TiAl) 973-1193 9-14.4 99.75%T1/99.99%Al 1 1.5x107 96.6+8.4 [58]
(Al+TiAly) 973—-1173 2.25-6.3 Ti/(Ti-saturated Al) 1 0.219¢ 123.46¢ [59]
TiAl; 973-1173 2.25-6.3 Ti/(Ti-saturated Al) 1 0.134¢ 126.79¢ [59]
TiAl3 973-1173 0.74-2.37 99.9%T1i/99.99%Al 1 9.45x10° A 39.16 A [60]

% -because the annealing time is different at different annealing temperatures, the annealing time at the highest annealing temperature in these

studies is adopted uniformly; @®-these values are recalculated using the data of Table 3 in Ref.[59]; A-these values are recalculated using the data

of Table 1 in Ref.[60]

-15.0¢
-15.5+
T -16.0}
&
g-16.5 r s
= —a— Ref.
— -17.0t —e—Ref.[60]
——Ref[59]
S17.5F —wRef[57]
-18.0

0.85 0.90 0.95 1.00 1.05
T/x103 K!

& 3 AR HESRE TI/AL B85S A TiAl #8 InK.
5 UTRA&
Fig.3 Plots of InK; versus 1/T for TiAl; phase formed through Ti/Al

solid-liquid reaction obtained by different researchers

Ti/Al [ -3 G S AR ) TiAL A A K SE E d/de FEL
& Ti F1 AL JETAE TIAL AP 8L Ti F1 AL AE2E OB
FER TiAly LA TiAl #H S RS i R 25 UK R

k! k" k
LS, . S S (18)
dt l+kcx 1+kc X pTiAlzqo V

KooK

o, kDR K 23 500 TiAL HIEE Ti/TiAL(DAT AL/TiALy(ID)
FTHI AN S N SR B ke A k43 BN TiAL AHTE S
[ 1AL I T A KO 8 x 2 TIAL AR ¢
FEIRKETA]; o) /& Ti 76 AL SRR S /2 TiAl A
5 Al R Vo2& ALTRIAR,  Pria, /2 TiAl
FIRE L o A& Ti 75 TiAl A I BE R 40 kA2 s
FEEA Bl (18) AIEH, TiAly AH I A s 5 B+
SRR AR G AT PRI ANV R 5 G e
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JEWD MZEH. 15 ALVBCRWAI, TiAly A5 —
BT ISR . Bk &k A1 S e fE, TiAl AHTE Al
WA AR IR T Ti JR T8 AL R TSRS e
AT VDA R [ - SR A] £ 7E o 1V — 52 BT
WU, LERE - RT3, TiAly AH3E Ak 2 S 0 A A
Jo BRI B AR AL, BT T BV FEE P UK T A
M TiAly &8l R/ AN, ] 5T 1
TiAlL MEFER/N; B -7 NN ¢ (ISR, TiAl,
AR AR Dok, SETHD TiALy AR A JE R Kl AR K
FEE U SNIT E] ¢ — @ WS BL T, ALBUARR VoA
BUBRRIE o iirm, T TiAL AR IEBEERTR, BZ M Ti
JE TV R 3 AL P S S50 -V ST L1 TiAL A JE 2 R/
BEBANLE WS Ti JEFLE ALEHIA R, TiAl; M
WS B AR, BB TiAl AHAAERKIE S 550 (18) 44
MBI IR E . —BAEOLT, BT TiAl SO RITE 3
Al WHIE(AHTIAL) A S HZ . S8 TYAL -5
[ E TIAL B% 2508, Bk, Ti M Al R FIRES Y
Bl TiAL B%)Z. %X (18) 1[HH, X TiAL R
F 2 x BN, TiAly A A 32 2 R Ak 25 s N 5 4
KRNk Y, B TiAlL AHPAE KR ERT Ti (A AR 51
5B K I EAEEL R R (=1 , £ 2 FIHKJLL
WA E SR EE BRI A R R Ao, FEAFRREE K
), A0 TiAl AHE(AHTiAL) P AH 2 AR R A [
AT H, MIALTIAL) P A 2 R 5 18 K (] 87
R R, SCRR[STIH FI(A+TIAL)HE AH 2 B3 11 #4551
n ZHTLART 1, £EA TiAlL AH7E(AI+TiAL) A 2 )
PRFR BOBEIR KB T E TR/ . 2 AL VORI R BB
TiAlL $0HE it 7% 2275 R 3, U] TiAL 5% 2 00 5 B 230
UGS Ti Al AL 778 TiAL AH B9 BOZ T R i A
AT, TiAL A A K R A 2 S REA5 B i A8 S s
i, (AWTIAL)PIAH)Z R AR ROl FE IR TR/, e 1ol
FESCHR[61]H . 4(A+TIAL)AHZAMIN T Al VAR
KR, FEJRS) Ti/AL -7 B2, (AFTIAL)FAH)Z R
JEANFARAL, {H(AHTIAL) AR JE H ) AL GEE— D4
¥, 15 TiAlL HIZE(AI+TIAL)H A2 IR FR 23 BZ i 14
I, AR BULE SCRR[62]H HH B

X Ti-AlLIMC/AL - B, 24 AR AT, S
SRR IRIFE JEBE ) TiAL AP VAR Ti-Al IMC )&
JEER T4 Ti RS, Arll Ti-Al IMC FIT8FEE KT
afi Ti (ISR, b Ti-Al IMC & Al#Z, THFEHE
FERER. 4 ALRWAS, TiALHRAK R 8) A1
RIPRIATH e, 5 TVAL R SRR, Toil R e aEds
Hil A KIC R HEEH A K Hr B, Ti-Al IMC/AL [ -7 [N
AR TiAL A FEFE KT Ti/AL -0 R A R TiAl A
PIEE, Ti-AlLIMC & Al S8R, TiAl AH AR KOE B H

K B K 8K FARFRR 204 m] 2 0L SCHR[43]

FALIE I AFTE SR IR Ti/AL - B 50 7)
o BT, — e U N E A A E TS L N I T/AL
[E] -8 S5 I S T A= B (1) 20 23 AR R AT T IR N T
%% . Harach #Il Vecchio®4 Ti/Al H& % E T KA HEE
R IER:, RERIRETEEN 653~668 C. WK
W, 1E TVAl EA MM LB ALO; HE; 78
TVAL [E-F NI, BT ALO; FALEAE % )8 18 BB 1
AL M Ti JF7 09 B BRIl TIAL AHITEAZ %, TiAl
FIFE TI/ALO; A K GE 2218, TiAly M5 ¥ 538 ki
B PR R, HAKBEZICN 0.06 pum/min, AN
AR 2 ALO; AR5 , Ti A AL VR B He 2 fil,
TiAlL EAKEER N, BT ALO; AL HE AN Al
W, BTN A EIER, TiAL Skt TiAlL 275 3]
Al I B(AFTIAL) ARSI Z: (AI+TIAL) S AH ST
2R 5B K A [FI RS G LM o R, HAE Kah 12t 8
9 1 pm/min, BB NG OSSR . Fadaeinia 1
Raiszadeh "} 5 &858 750140 TV/AL E&FEM =I5
HE] 700 CHAAFF— B BFFERBL, TiO, K=
) TiO M Ti)O AFBI K, BZAE Ti/Al FH1H R FEI 4 ALO,
A TiAl; #H . Fadaeinia 1 Raiszadeh*HA 4 Al JE-7- M ALO;
SRR SRR ALY U L, SRJE R TiO, FAb IR
&0 () ~ (100 Ky EL s N AE RS TiAL #1 ALO;,
[ TiO, #EIHFE, 1R ALO; FALE & AL B2 7 5 s
AL

TE AVE R DA B, B T AL TiO, KA S R S 4F
TiO, Il ALOs Ti 1 TiO, LA K Ti Ml ALO; Z IRl 4x K A4
SR L A5 U, TiO, AT AL O3 & AE T i Al o5 Ti.0505
AR ALTIOs AHY, Ti SYERIRE o-Ti #7450
B-Ti, p-Ti 5 ALO; 7E mrilid R A2 ST N A ) a-Ti(O, Al
Ti;Al(O)H1 TIAIO)ZE AR, 22 &A1 ARIBF AR, T LA
7f Fadaeinia f Raiszadeh*§ H (7EAEEALIE TiO, A
ALO; THHL NI TYAL [ -EUR SA BOLEE Rl b,
AEMWIEAELEN TYAL - SRR () 1
WA %, Ti Al AL FEAR AR ALO; FI/EE TiO, BA A
RIS TRRs (Bl 4a) o (b) 43Rk —Bkia,
Tiv Al 54 R AR A 2 8] R AR S AT B i % e
AR, U Ti;Al TiAls TiO. TiO3 F1 ALO, 254,
e SG—H TLALO, £ox (Bl 4b) o (o) BEA&IRKES
(AR, — e () AR A g — 25 S N T E,  f
AR RN TiAL A ALOs A, [RINRIAG ) ALO; %L i
JRER R A4S Ti A1 AL JR0CEL R o BB 1)
TiAL )2 (Bl 4c) o () BEEIRKINTRP)E— 22K, TiAls
WURL A TiAly ERIE R Al W TEAIFTIAL)FAHE
ALO; EAME A R A B I B AL (Bl 4d) « 5
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Ti(s) 1y - -

TiO,

Ti(s) A’f ______________

4

Tial0. . BN — — — — — — -

Ti(s) — — — Al — —

TiAlL;

Ti(s) — —

TiAl; _._lr C T ALGy. T T

B4 SULBAETERE LT Ti/AL [ -3 R R =
Fig4 Schematic diagrams of Ti/Al solid-liquid reaction in the presence of oxide films: (a) initial contact between solid Ti and liquid Al in the

presence of TiO; and AL,Os oxide films; (b) the intermediate phase Ti,Al,O. which mainly includes TiO, Ti,03, TiAl(O), Ti3Al(O), TiAl3

and ALOj; phases, is formed through interfacial reactions; (c) AL,O; oxide film ruptures and is expulsed into liquid Al in local regions

owing to the internal stress formed between TiAl; and Al,O3as well as the convection of liquid Al, which causes the liquid Al and TiAl;

phase contact and reaction directly; (d) (TiAls+Al) interfacial layer thickens continuously, and Al,O3 oxide film is peeled off and expulsed

into liquid Al

B EACEATAERE I T 1 Ti-Al IMC/AL A SRR,
4 [RIFEEH TH A ER LRI Ti-Al IMC/AL [#]-
TRSRE o AR LA _E 23 B Rl 50, 5 TiO, A AL IEFE R A ALO;
AR, AR AR AE 22O 2 ) Ti/AL 8-
LS J2 B AE KB J % o AESCHR[66-671H1, 1E 2 I T4k
JERIAELE, (AWTIAL)PIAHJZ R BV A R — B A
AR, SREJERE TR N, R TVAL - B S
THIJZ F0 AR LR B AN K )5 B P9 30 A mT A
1.3 Ti(8 Ti-Al IMC)/Ti-Al IMC B8R &1 115
HFF Ti(EE Ti-Al IMC)/Ti-Al IMC [ 4H s 3 5 18 4
FRAEKS) %, — St FFEEAT TR ABEFL . Van
Loo Al Rieck!®®"# Ti/TiAl;« Ti/TiAl. Ti;Al/TiAl . Ti/TiAlL-
Ti;AUTiAL A1 TiAUTIAL &4 #UBTE 700~972 CIEETE
(& Ti ¥ BUSETE 880 C LA R 1B KALEE. B F
RO, A FEYHUEA B Ti; Al TiAl f TiAL A5
BN 1R n A HUAE K BUERE O ISR, 315 HE 4
n 50N 0330 0.37 f10.42, ¥ EUAEKEBIEEE O N
82.35. 86.84 f1199.44 kl/mol, H4l, TUTiAL ¥ HiEiE
KA R P(Ti;AFTIATiAL) A 1H 2 B8 T 5258 50 n fly
BUAEKBEIERE O 37N 0.4 F1 82.06 kJ/mol. Van Loo
M Rieck®HAJy TisAl. TiAl 1 TiAl HEIZ) /15485 n
ZHTLI/NT 0.5, Rl Ty HBUE Ti;Al. TiAl M TiAL
A 4R E AT . Pan A1 Luzzi® 20453 B 4 1)

Ti/TiAl §BUBLE 700~900 C i FlE K 2~20 he BT
KIL, TUTIAL FHHIP) TisAl 22 pAH B8 112544850 n A1
BUSIERE O 24 0.5 19998 kI/mol, A 4 TisAl A1)
By EARBTEKTHSET B A%, Kk, Pan
Luzzi )\ H i Ay BUE TisAl AP 548 3 Eh 7. Oh
SO P 3L T 28 % 1 Ti/AL E SRR 1000 CIB K
HIR TUTIAL EAH, 285K TUTiAL & A HLE 800~1000 C
T EEFIR K 1~100 he AFFERIN, 7E TUTiAL S A R
1) Ti;Al. TiAl 1 TiAl, MIAE KB 1% E n £
800~1000 CE L MIIHN 0.5, ¥ BUBIERE O 75N
88.74 . 147.35 Ml 114.70 kJ/mol. Oh U\ Ny 17E
800~1000 °C 5./ & Bl N TisAl TiAl A1 TiAL M4 K+
Ty A 2 1) . Shimozaki 257 Ti/TiAL 9 B E
1000 ‘CiB-k 25~200 h. B7L &I, #£ 1000 C, TisAl.

TiAl 1 TiAlL £ AH B0 71243650 n 3529 0.5, TiAl #H
M HA HR S Hn sy BRI 2 1-3 MIESR, [F
FE TIAVH I B HURECS FL s 3 BUR B A 22 1 M
B4Vl L. Kk, Shimozaki Z5'MAA Ti;Al. TiAl #
TiAl, M RIAEK FZ RS AT i XK KK
Ti/TiAL ¥ BUHELE 630 750, 900. 1050 F1 1150 CiE -k
20 min~40 h. WFFCKRIL, 1E 630~900 CIRFEIEH, 7
Ti/TiAly S ZE & Tis AL TiAl Al TiAl, 2 3 FhAH, 7 1050
AT 1150 CMIA % TisAlL TiAls TiAl A Ti,Als 25 4 i ;
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fE 630, 750 900. 1050 F1 1150 ‘C, TiAl MIZEKH)
F1EEFR B n 43998 0.53 0.45. 0.50. 0.47 1 0.50, Tk
FHHEZ B3N 15485 n W30y 0.34, 0.35. 0.36. 0.38
H10.38; 1 630~1150 CiafEyulH, TiAl AHFLL G Z
B A KBOFE BE O 20 M 79.69 AT 79.22 kI /mol o X A R
Ny, HT TIAL ARS8 8 n 55T 0.5, Frbh
TIAL A A2 s 3 s, T TR R 2 AR K
IR BUNT 0.5, BT DU L2 04 KR S2 S g
B HI AN, IEAEAE S A . XEARTH I sz ah A FE 16 |
KA, RONLE 1050 11150 °C, 7E Ti/TiAly
M EAE A TisAl. TiAl. TiAL A1 TihAls 25 4 FhAH, WA
630, 750 A1 900 ‘C, 7 Ti/TiAly L BN A= % Tis Al

TiAl 1 TiAlL, %5 3 F#H, Hig L, 5 Ti-Al & Bk &
YA IO B R AN [E A6 TiAL MR K Bh Jy 2 A —
sE R, X Al BE S S BUE AN RS (630~
1150 C) RAFH TiAl AHEAEKBOE REFIELSCH L 3
IR EEVEE A (630~900 'C) RIGHAKIBIERE O 17
EES. 28R, BT TiAls AT TiAl, M8

I HHEY HARBENAKR, EFEmEHCEH. Chu
Wl R FI S URR 20 BIAE p-TiALRN ap-Tis AL 2 1 9% 78
Al i, SRR KA AL p-TiAVTiAL Fl a,-TisAUTiAlj
X 2 Ry, )5 p-TIAUTIAL AT a,-Ti;AUTiAL 3™
BB 3 HIFE 800~1000 ‘CAI 700~900 °C ik ¥ FEl N B
Ko FFFERIN, 1F ar-Ti;AUTIAL 3 #f8 d1, TiAl 1 TiAlL
A B E KB J1 e n ¥908 0.5, AKEIEEE O
W4 81.70 A1 73.95 kl/mol; £ y-TiAUTiAly; ¥ Hi %
W, TiAL 2B S AR KB 7 54850 n FIAEKOERE Ok
235179 0.5 F1 79.45 kJ/mol. Chu A1 Wul"* ) S I 23 16
A A, S ) A T AA Y U 7R IR kit
T pR T LA ) AR A B SR R A e . i, 7RISR
KA, TiAl #HE oo-Ti;AVUTiAL 37 B A ke B A
B RIS ARE T TiAL AH, B IR KB HIER, TiAl
FIFER, TiAl MHH ap-TisAVTiAL 3 HU0E [ AH 5 v A
Bo 48R, BT TiAl AHAT TiAL AR R BN, 3
BB AR KT TiIAL A A= K R FEma AR X /N

R 3N EREHAEER NS S HILA, H

=3 FEIXEAFHY Ti;Al. TiAl, TiAL & TiAls FHEE% KEHHZESH
Table 3 Kinetics parameters of Ti3;Al, TiAl, TiAl, and Ti,Als phases in various works

Diffusion couple ~ Temperature/C Time/h% Interfacial phase n Ow/kJ-mol™ Refs.
Ti/TiAl 768—880 6480 Ti;Al 0.33 82.35 [68]
TisAl 0.33 82.35
Ti/TiAl, 768—880 15-75 [68]
TiAl 0.37 86.84
TisAl/TiAlL 784-972 20-81 TiAl 0.37 86.84
TiAl/TiAly 784—958 20-81 TiAl, 0.42 99.44
[68]
Ti;Al-TiAl; 800—958 20-81 TiAl, 0.42 99.44
Ti/TiAls 700—875 2-100 TisAHTiAI+TiAlL 0.4 82.06
Ti/TiAl 700-900 2-8 TisAl 0.5 99.98¥ [69]
TisAl 0.5 88.74
Ti/TiAls 800—1000 0-12 TiAl 0.5 147.35 [70]
TiAl 0.5 114.70
TisAl 0.5 -
Ti/TiAl; 1000 25-200 TiAl 0.5 - [71]
TiAl 0.5 -
TiAl 0.5 79.69
Ti/TiAl; 630—1150 1-12 [72]
TisAH+TiAL+TiAl+(Ti,Als) ® 0.35 79.22
TiAl 0.5 73.95A
TisAUTiAl 700-900 1-5 [74]
TiAl 0.5 81.70 A
TiAl/TiAly 800—1000 1-5 TiAl, 0.5 79.45 A [74]

% -because the annealing time is different at different annealing temperatures, the annealing time at the highest annealing temperature in these

studies is adopted uniformly, and the annealing time is estimated roughly based on Fig.7, 10, 11, 14-16 and 20 in Ref.[68], respectively. ¥ -this

value is obtained using the data of Fig.2 in Ref.[69]. ®-the Ti,Als phase only occurs at 1050 and 1150 ‘C in Ref.[72]. A-these values of Qyare

obtained from the values of Ok in Ref.[74]
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LB 1S B A KA R Ok B S (5) #
BN O M 3 FIE 1, B Oh 75 21 TiAl 1 TiAl,
(AR KRG S O BER AL, FL B 78 19 301 Tiz Al TiAl
A TiAL AR A KBS RE O M BN . 76 Oh 257
fsierf, TUTiAL § BUBTEIR KHT &4 il — & B
M(Tis A+ TIAHTIAL) St 1H 2, Horh TiAl A2 B B9 46 )5
FEZIN 1 um, TisAl 1 TiAL 25 B BIWIEE 5 FE 43 31 41k
2.5 pm. Kk, Oh ZHERA WM F SR (19) K
3 Ti;Al. TiAl A1 TiAL MK R L &, 3RS
FHR A KIBIE BE O

x=x,+kt" (19)
o, x T o (B 29 53l S T 4 e TR Ak A5 0 D e 46 JE T
WILRIESE ;¢ NSEBriIR KAl . SZBr b, 76502 AF
ENEIE G OL T, KRR IR (200 K Ti;Al
TiAl F1 TiAly AH A A s 5 4 k oA B

x=x, =k[(t+1,)" —1,"] (20)
W, 0 N xo JEE & B AL &V R IR R . 28
JERE x G KT HIGE T FE xo I, BIFE SR KN [A] 1+ 12K
Tt bf, 2 AMEAREN kT TAHEE, (BE x [EM X
EMHZEABRMTEN T, RHERX (19 B3N k(W
/No #E Oh Z5UONysi6 b, TisAl. TiAl, F1 TiAl AHAE
1000 CiB‘K 4 h R &JEE /329 9+ 8.5 F1 5 um,
£ 800 ‘CiB 4K 100 h [ 2 JE BE 4372974 8.5.6 A1 2 pm.
ST S A e 2 )R RERNWIAG [ FEAR ZE AR, PRIk R A
250 (20) FHH Oh ZeU7O i A Kl 5 8 ke HEAT IS I,
B SRS Ti;Ale TiAl 1 TiAlL MK BGEEE O 75
N 95.11. 136.60 A1 107.17 kJ/mol, 5433/ TiAl Al
TiAL M EIE KBS fE O A EL Oh Z5EUOM iy [ 4 45 51 5 4
IR F ISR

K 5 AR R 7t % K TUTiAL 3 BB #E 1000 “CiB
KAER TiAl AHAN(Ti;Al+TiAITIAL) M 5T 2 5 5
BKEAISC R, Hok Oh 257N 5¢ & i 2 AR E ATk

BIEW k EIHAEIN. Hoh, B S Psegiss N
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PR AL 1) F A A K B ) 2 AR A AT B 1) R UL SR 56 45
o WE sa nlFH, TEAHFE IR K], ASEBF TS
F 1) TiAL MR BEAH 2 F-A K, SRR B 20 R i/ N FE )
2 fEk A, Ferp Oh ZEUOVRIXS R PRI 2 TiAL AH S &
BN, Shimozaki %5745 2 (K] TIAL AH JE 5 UIAH X 42
/N Shimozaki Z57 5L KB, 7E 1000 'C, TiAl A H
T BRI AR BUR B 2 1 MRS, R
TiAl AR AEKZ S AP Bz sl T OhlVRIRE AR
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Fig.5 Relationship between the TiAl layer thickness and annealing time (a) and the relationship between the total layer thickness and annealing

time (b) at 1000 “C obtained by different researchers
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(1) PR R BRI B BURE, NI A K3 2 4
kBK
1.4 HEREZEX Ti-Al RNEHHFEMN

BR T Ti-Al &)@ AP SR RS RS B

PAK Ti Al AL AL LLSE, e IR Xt Ti-Al 4
JEIL G KB D)5 AR5, a0 E St ER ORI
ki Ahdg (g, B sUB RS AR sREE
& HETRTRXITH KW RANAS RG8, % —
Se S DAt S 2%

141 & AFfRmEHE Ti-Al 25 Rey

AR FaFm
7E Ti(E{ Ti-Al IMC)/Al 5% Ti(k Ti-Al IMC)/Ti-

ALIMC § 8l R &5 Ti M1 AL R 724 e
G&otER, EEAMR MY HOd RS, X S8R Ti 58 Al
MBI EETESYS Tiv Al BT SAR AT HAE
F, AIfIEEMA Tiv Al JEF R 2S00 IERE IR T, 31 520
Ti-Al &@BREWIIERSN 2T, Fah, REUER
— SIS Tiv Al R T K& 0ER, i #iH] Ti-Al
SR EMEK . Tardy Al Tul S A MU 4%
T Ti/Al #1 Ti/Al-0.25at%Cu 5 HH-7E 400 ‘CiB K. 5
RIL, FEAHE IR KINE], 72 TV/AL FHEAE R TiAl
FHE 2N Ti/A1-0.25at%Cu 1 2E 5 TiAL A1 R 1)
2 f%. Tardy M Tu"MA Ny, Cu JRT7E TiAl A 545 T
4> Al R T B 3 H Cu JE 780 Ti 45 5202 eV)
KT Cufl Al R THZEARE (0.14 eV) , [k, Culi
TIH T Ti R TRY L. KealPEE OT4-1Ti &4

(1%~2.5% Al, 1% Mn, H4 4 Ti, Jii &5 O VT3-1Ti

(5.5% Al, 2% Mo, 2% Cr, 1% Fe, 0.2% Si, 4N Ti,
JRRDHD SERMETHE AL, AFIRK 1~20h.
SEIG AR OR, 7E 570 A1 600 'C, OT4-1Ti/Al [EAH [ B
ARG TiAL AR B K3 71 252 5 Ky 53 R 251 i
445 pum*h, T VT3-1Ti/Al BRI RN TiAl KK K,
51 3 A 11 pm’/he Krai®" %A A4/ Cr. Mo, Fe
A Si LR MAS T TiAL MIE K. Basuki” 5% A A
HBVEAE Ti-47A1-2Cr-2Nb-0.5Zr-0.5Y &R % 1
TiAl; 32, FFAE 800~1000 C i Yl Py iR K AL FE . Tt
FURI, Cry Nb. Zr MY 5E5E 0 1E 800 CHIHRIK
T FE Re % W35 PR AIK TiAL A2 A I AR KO, T AE
1000 CHIE mRSE, HT7E TiAlL A R 785 23,
Cr. Nb. Zr MY 56 &0 R0 AR TiAL AH B A K 2
MIPE BN iRV R A B S HE ML T 20 % T
Z )7 Ti/(AI-SIC) B &1, R HAE 650 TIRK. F7T
RKIL, SiC FURIHE Ti/(A1-SiC,)FHTH R NAE S TiAly AH
HEFF 2 TiAL/(AI-SICy) 5 1l M i Jm ¥ R %, (615
TiAL/(AL-SiC,) FHHIFIZ 1) Ti(Al Si)s AHAE KR AR,

Ti(Al, Si); MEEALMAK FERLEA, &5 FH
Ti(Al, Si); #HZE K421k . Ding 25UV 4l (o F1 & A
2vol% TiB, 1 Ti-6A1-4V & &k K57 5 TiAl &4
RKIEZE BT A S E, 7F 1250 CRbATH KL 1
R4 15 mino BFFE RN, 75 2vol% TiB, I Ti-6Al-4V/TiAl
SEMRIFEAE B TisAl FHEEEACH 35 um, TAE
ANE TiB, BRI Ti-6Al-4V/TiAl B &8k A B
TisAl AR JE 41255 100 pm. Ding 25580 Jy,
F TiB, 1 Ti N 2x4: % TiB ki, TiB, Ml TiB fikifH
37 Ti JEF P8, Al 7 TiAl M4 K.

XFF Ti(EL Ti-Al IMC)Y/AL [E-7 B, &4t R MR
P8 S ORL [ A 2 X6 T B Ti-ALIMC [R5 iR & Ti-Al &8
AL AW A K F 277 HE B0 . Mackowiak AT Shreir™®!
# Ti130 (99.75% Ti, JRE5%, FIE)D | Til40A (2% Cr.
2% Fe. 2% Mo H1 94% Ti) F1 Til50A (2% Cr. 2% Fe.
2% Mo M1 94% Ti) % Ti &4 540 Al (99.99%) A%
Rl TVAL 8L, SRJEAE 700~920 “C iR 3 Py k47 -
W NR Ko BRI, R 3 R Bl Ti A& miE
i 2R S EF ) 35 2R PE R R, HA, Til40A/Al F
Til50A/Al ¥ EUfH Ti A & MIEMEEEZ Til30/A1
Ti & &R MRE I 3~4 {5, Mackowiak 1 Shreir®* A A
KAHAHLLR 2 MRE: — /MR E S IURIE AL L
PV, D RA SRR TiAly A% HE Y
e Wu 2580 Ti/(AL-SIC) 2R E A M EHE 660 “CHEAT
[ - R BEIR K 5 min~3 ho BFFCRIL, Til(AL-SiC,)FtiH
() TiAL A1 B AE KA A 2R A K R HL R B KT Ti/AL
R A A RE A [FB KR R AR TiAL AH R
fE. Wu ZBS M, BT Si JEFIEA TiAL M E
S 4/ Ti(AL Si)s AH, T B8 - ST AT AL-SIC,
TR B A1/, 4l/N I Ti(AL Si)s BN HE 258 55 M
Ti(Al, Si); FHTHZH 75 2] AL-SiC, W, 343 [ -9 5 T
5% Ti(AL Si)y JZ 5, MTHE T Ti(Al Si); #IFI4:
K
142 5t Ti-Al & & Ao £ K3 ) 5 697

£ Ti(8k Ti-Al IMC)/Al 8% Ti(5{ Ti-Al IMC)/Ti-Al
IMC 55 [ A s Bk F2 Hh, W SRAE S 807 1) F it in
Y1, W Tiv Al JE-FAZRI 23 067 2068 T v v 17 A i AT
FEAEIER ), TR KNS IR RGE L, 158 7
) U B e - Hadg e S A, IR 2 AR E AR
TRFERERE, IRER 2 XT Tiv Al L TA% Je 2 AT
¥ 71, I AR ES X Ti-Al &8 LAY
AR AR . Sinchuk 2552 A R EE )N 50 um ¥ Ti
Al fHEER 1 mm EEER) TVAl E&%, £ 630 C/
25 MPa %4 AR ok, 18 Kk 3k i o it o ik 5 B 97 P
o BEFRIL, AE RNk B & B iR it m
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TiAL FHIAK TR, 76 Al B2 IEMIT Ti B0 B E
T Al BIERRIM Ti 42 5% 0 AR SO Rk o LR DA B
Al B2 ORI Ti 2 AR SRR bk FR A5 4 B R,
TiAL AH AR KSH BEAR RN, 40, FI SR BBk OR, TiAl,
FH B A K3 B K . Sinchuk 2552\ A HL 4R & TiAly A
M AR RS NN 3 AR (1) RN, B
773 TiAL AH 7 A2 1) L BH FAAE 75 SRR ¥ T/AL 51T s B i
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FL S RN . LA BB (2 E 7 4 M 5 5302 2h T T
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SHEE R FREMER .

X F Ti(ER Ti-Al IMC)/AL & -3 80, R R 76 ik
Wkt Al WA SR B B R L e — SR, TGS
Ti-Al &)@ AL AP E KB T2 A 540, Lin 255 0R H
Ti BrFIZE Al VENIERL, SR FH R 75 i 0 b 1 e A
SRR 2 Fhor SH T IRAL A AR TiAL BRI 55
Al ZESTEPRE. DRI, 87 I B AH Ll i S
PEAE TR TV/AL BB BEERE . Liu P HA X ay
T LA 2 AR (1) H T v s e i e i A o 7= A2
S B R R S, AR TiAL BORLA R B2
R, FEC TiAL RNZ R, Mmigm 79
Wi (2) R A IS AR AL A
PN A R =R i A, E— e R R T AL
T ECREL
143  anhskiaxt Ti-Al &3 1L £ K3h /) F 6935h

Ti(2% Ti-Al IMC)/Al 5% Ti(&% Ti-Al IMC)/Ti-Al IMC
B 0 S5 R a0 SR 52 AR T B RS TR R R A, )
SR NFR P KRB AL IR R 7 kb 7%
PR AN G SRR, T I B b A PR AR R, R
TRFRERERIRE, 5 FBkER, 75 RNy Hod f2
SINGE Ti-Al &8 Ak S IE K . Wiecinski 25™1% H
FRET IR TA2 Ti BRIEERRGT 65 um 44k R
200 nm, R JE KB AT G A 2 Bl TiASCR FH g2 0 TR
5um ) ALY, EESTRY N 600 CiRBK 1 he #f
FORIL, AHECT K B Ti B, 49K 550 Ti AR AL 2
N B B TiAL AHEE & . Romankov 25576 Ti #¢
I ASAPURERIE T 7 um BE ALBZE, RERA
60 keV (¥ Ti 1IE 8 TREAT 585 F4E4T, A A= N 10" em™,
BB TSR TVAL EAHRAE 900 CHIE TSR
HIB K 5 he BRI, AERSTHRM 0 AL RN Ti OB AR B
Ti;Al #1 TiAl AH, 1 & T4 5 00 AL Ti RBAR TisAl
A, B~ TisAl AH A8 TiAlL 5 Ti S FE R, BT BAATA
NETHRESAE Ti AL IR 2E IS FhERFE SRR T Al
A Ti B GEE . Xu 2508 L RE 359 175 pum () Ti A

Al B BB AR 17 210 TiAl 2 2R AR Ti &
55, £ 600 CiBK 5 min JE7EFLHL DA A R 1 4L
HIE A, BJEE 600 ‘CIBK She ALK, 51%. 61%
A 73%%L AT BRI Ti/Al EA5HBER K H TiAl 4
B IR 43 3008 5.0 5.7 A1 6.2 um, ¥ETEARIE BEOK,
TiAl ZE BB . Xu YIS TRAE Al
AT Ak P = A 11 v 5 FE AL S BRI (2 2 T TiAL AH
4K

2 HFip5RE

Ti-Al &8 GV M EEMERHER TR A T
SORESEMURAA RIFHR AT, Hobl s f e & 3
Z PP Ti-Al NP BT FE . R, ST Ti-Al )RS EHL
R 3 75 R Z BT B T S A e A 7 2k A T
o A CF) RGHXS & Ti-Al ¥ 8RB /)21
17185 e HE SIS R

1) 72 ARG T, @i Ti(EL Ti-Al IMC)/Al
AR S SAN A2 B TiAL A TiAL AHAE K — & 2 E
WL A B O A A R BRI O A I AR K
DL BSR4 K 4 M B, T Ti(EL Ti-Al IMC)/AL
TR R & T G SR K T ZAE, 4 ANFr
B B B ) Rl 2 BT AN ) EAG 2 I N4zl AR
BrEe, Ti fi Al AR 1S TiAL A KIEFERRDN, B
B A KB B, TiAL AH R TR A R 5 AR K3
JIEPR AR KR, (E TiAly dichigl/Ne, 5 A3 B
HAKIE R S8 EE AL .

2) fE AL RIS T, 8 Ti(EL Ti-Al IMC)/Al
[P - Y80S 8L P T (A TIAL) AR S HZ S (A+TiAL)FIAH
FHHEWTE G B TiAl AH BV fE . ALRT Ti R T4 5
ASRE A K TiAly RIORLFRI I 7 S50 s A8 SR I FE ARG
/s AR, T Ti 78 AL ISR,
Al W esifag i, ek, ALFD Ti SR T8 B8O N
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2RI, Ti(E Ti-Al IMC) & 4 V8 fif J5 1 5 3%
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B Ti;Al. TiAl. TiAl 1 TiAls ZEAH () — R LR, %
A5 Ti-Al Z6AEMHEMXN; Ti;Al. TiAl il TiAl,
FHIAEACAE 1000 C R LR F 20 & 4 Bz i), 20 /1%
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Research Progress of Ti-Al Reaction Diffusion Mechanism and Kinetics (Part II)

Zhang J ianyu'?, Chen Yayu'?, Yang Guogiang', Lv Zhengl, Liu Hongjiz, Ma Penghui’, Zeng Hongtaol, Li Hezong'?
(1. School of Mechanical and Equipment Engineering, Hebei University of Engineering, Handan 056038, China)
(2. Key Laboratory of Intelligent Industrial Equipment Technology of Hebei Province, Hebei University of Engineering, Handan 056038, China)
(3. School of Materials Science and Engineering, Hebei University of Engineering, Handan 056038, China)

Abstract: The Ti-Al system intermetallic compounds and composites fabricated from Ti and Al, such as TiAls, y-TiAl and a,-TizAl intermetallic
compounds, and Ti/Al, Ti/a,-TizAl, Ti/y-TiAl, Ti/TiAls, Ti/TiAls/Al and Al/TiAl; metal-metal and metal-intermetallic compound composites, have
good application prospects in aerospace, automotive and other fields owing to their excellent physical, chemical and mechanical properties. The
preparation of the above materials involves a variety of Ti-Al reaction diffusion processes. Therefore, an in-depth understanding of Ti-Al reaction
diffusion mechanism and kinetics will help to prepare Ti-Al intermetallic compounds and composites reasonably and efficiently. At present, Ti-Al
reaction diffusion mechanism and kinetics have been extensively studied, but there are still many divergences on some conclusions. In part II of
this paper, the research progress of Ti-Al reaction diffusion kinetics involved in the preparation of Ti-Al intermetallic compounds and composites
was reviewed, and the future research direction of Ti-Al reaction diffusion kinetics was prospected.
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