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TizAIC (% B AT A8 HL AT A R BLH] . A SCLL 2 )2 0 B8 0 S B U, 4 11001350 C AL kM8 C 5
TiAl £ 4 19 FH I SO 2021, A5 B O AL 2R RAE 5 43 B, K I Ti,AIC 5 Ti;AIC 4 Bt B A TiC 2 5. i
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12501350 °C FLi =4l 8 R TiAIC + 4 Ti, AIC AR, J5 PRAE T 58 45 55 % S o AR & B A7 A6 52, ik
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N EETR, A5 6E 5 AR 7 43 RN Aok RT ik
ey 13161, iy F AR BRSS T2 B SR A L,
IR AR S i AR b TiC/ & AL KSR A0 S HL
il 7E A pe s 1 AR AT BEAS IS FH, SR AT B AT A
FE M ARG ™ A RN AL 25 5. — e, AT
TiC/ & ALJEARRE WA H, WAL o v s
PRI TiAL B4 A1 [ A A T R s A i LA
WO AL AE. R, AT UM B RE AR AL Y £
AT Ti,AIC 5 TizALC HH7E B ABE 4SS S5 WA b2
TR IR ML 25 5

BEXT FIRIAE, A SCLAZ R #4 (multilayer
graphene, MLG) Jikii, 5 TiAl /4 7E 1100—
1350 °C MY [EABeSs T 2R B E B itk A7 /e . —
JoT, A R SRR R SR AR Ti,ALC
5 Ti;AIC AHIYIE UL, o5 — 7 I, 38 5t RE
THEHERT [ A be gl i # H Ti, AIC 5 TisAIC [WIE
B

2 AR

MLG 5 TiAl A 4 i 5L 1f B L 3 4o i 55 B
Fhesh (spark plasma sintering, SPS) T. 2 5Z#E.
AHF 5T FT 4 F A TiAl & 4 4 Ti-48A1-2Nb-2Cr
B4, HERHALH -TiAl 505 o,-Ti; Al FH
AL MR Ti-48AL1-2Nb-2Cr & & WAHAS R, &
FintA e WA beSs T 2000 HEEE, B SPS L
PR 11001350 °C. TiAl &4 N MLG
Frit 5Ok 0.3%, R & A 3 N7 R
B o, SRR AR R MLG (%) 5 o 50—
£ 0.3%—0.6% N, 2% & EHA N RE1S S I L
I PERE I B T IR ikt S MLG 3, 485
BB 0.3% 54 MLG/TiAl 36 4 F R e i
FEEHG HIR, BEAE0N 0.3% B MLG A F| T34
=W ZRAE, 1T SPS T 2 B4t il b — A
5—10 min, A5 RIRST R A1 25 308 2 it 1R
MLG 1E R RN, Fifib i 2 AR RN C 23520
TR YIRRAE, 25575 1 SPS T 2w, LI A
55 MLG BA 20 nm (R, 85wt
¥ & BT HON 0.3% 1) MLG £ F T3S AR
N MLG 5 R =y te il i Ll 2 i, 38
1 HTHR S & B MLG )5 AR R AS 2 5 1 5 v
FEYIRR S, 55 DL BRI, A R A S i 45
FIYI AT 0.3% i MLG i AiFas .

ST R LAl 46 T2 A0 Ti-48AL-2Nb-
2Cr Ba AR MLG 78 L RErh £ 75 40 B, HLA
RELAEZ THRFERIREME. K 1(a) & MLG
5 TiAl B RIR A 5 B4 L+ W 485 (scanning
electron telescope, SEM) JE i, ¥ AR 3 Ifi (19 A5 14
N MLG, SRS T2 T MLG 78 TiAL FHA
RS K 1(c) S B S T B R (trans-
mission electron microscope, TEM) F MLG %]
WIEAL, RV MLG R AEE L i FL IR 55
BB, TREGMIARE SPS 2545 R €60 mm. x
15 mm AR, SPS T2 By 6E45 1 J1 08 50 MPa,
FHEHR A 100 K /min, Feepbeabii g a5k 1100,
1150, 1200, 1250, 1300, 1350 °C, JE-7Eft iR E T
PR 5 min. Syl G 25 0 HR ST BT AR ST
SPS I FHGLAESIRART 5 x 102 Pa [ FL25 51
T AT, AR EE T Bl fE rRE a2 LI H L B
FUOBUBE Y, SR F TEM X A1 &5 M A 7 R 1E, #
PEEIX TS (selected area electron diffraction,
SAED) IR S H LUHAT Y ARbR E . A RIESS
RAGUERRPE, X R T il & i 2 S RHE 3 1
ANFE BT, B TEM HEEZR D 3 M
EHATYIARRE .

(b)

Kl 1 MLG K TiAl & & B4 (a) MLG 5 TiAl ¥
IRA TG SEM JESR; (b) MLG K414 TEM JE 51

Fig. 1. Morphology of MLG and TiAl powders: (a) SEM
morphology of MLG mixed with TiAl powders; (b) original
morphology of MLG under TEM.
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Y10 AR R S B AR Ak ] 2 248 1100 °C
P4k 5 PR TEM 23R, S 42 B 208
1 MLG 5 TiAl Bk, #1421 ry MLG
ERGRE ) MLG PIRTE AR, 210 A F77E
HH S R, LS O 5 B T Y R B AR, U B 7
ZIRE T MLG 5 TiAl &4 AR KA W3 Fm v,
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R MLG 5 TiAl HAG BRI S S0 ]

Kl 3(a) Brn 2k 1150 °C Be4s 5 it AL 4 41
ZAL 2B R 2R MLG 12 A% AR
(R N P A B, BB IR MLG 5 TiAl &4 E
K AR RN, ABATY A ARV MLG B A7 i ad
] 3(b) B HL 177 58 B RE BT LB DA R = ) 21 41
i TiAl, Ti;Al 5 Ti,AIC = Fh A 41 5, HAE7E
TiAl(111)//Ti,A1C(0001)//Tiz A1(0001) , TiAl[lIO]//
Ti,AIC[1120]//Tis Al[1120]FsiIaeER. AHEET Ti,AlC
AT VAT ST LA, 1 3(b) P Ti,ALC 76 (%10)5&
MBS MORTIBE S, X AT Ti, AIC 1 TigAl #Y
TURATESOS TR, TEM RESARFM S, Ti,ALC
(1) SAED [R5 (5 510) AL BT, 3K 1203
Ti;, Al HH EH %2 5 TLAIC ML 8, & A4 0 5
JZ Wi A 2C + TiAl + TizAl — 2T, AIC . {HIRF =1
S, S A LA A A AR SO MLG, Ui B it
B} Tip AIC AH 1E AL FIE plad . RPAdan okt St v 21
LU I TiC BIFTHBER, X UL IET Ti, A1C
I R A TiC HWS 5, #HmiEY MLG 5
TiAL (4 [ AR B 45 1 B v Ti,ALC A Y AR A
HrE A TiC MIE AL, 5 AR BE 4, i & Al TiC
Hh R A A 6 i S g WL A7 7 22511,

TiAIZEfR

2 1100 °C Be& i R SN Y MLG 5 TiAl B4 41 %
B F T 2H 21

Fig. 2. Interface structure composed of unreacted MLG and
TiAl matrix sintered at 1100 C.

E 4(a) Ir7n i 1300 °C e Ja i A4l 21,
/DR 58 4 OV B9 MLG LA K B2 W 7 4 4 .
&l 4(b) UESZ iR BE T B vy =) 2k TisALC AH,
HAZ I TiC MWL, 158 1250—1350 °C 2
Mg FEHT MLG 5 TiAl &4 A TiC A4 E
B Ti;AIC, H Ti;AlC o TiAIC A EA H 5
(AT F A )

5 nm~
[

B’ 3 1150 C K455 MLG/TiAl R HLL  (a) TR
N MLG K& I 1 Ti,ALC; (b) Ti,AIC B SAED &I

Fig. 3. Interface structure of MLG/TiAl composite sintered
at 1150 °C: (a) Partly reacted MLG and formed Ti,AlC;
(b) SAED pattern of Ti,AlC.

Ti;AlC(111)"

. .
TizA1C(100)
TizAlC(011) (000)

5 nm~!
il

4 1300 C 455 MLG/TiAl (R TEHLL  (a) R
R MLG B4z 5% Tis AIC # TEM 45 (b) TisAIC £ SAED
P

Fig. 4. Interface structure of MLG/TiAl composite sintered
at 1300 °C: (a) TEM morphology of partly reacted MLG and
formed TizAlC; (b) SAED pattern of TizAlC.

T RS

WRPE A LUR FRAELE R, MLG 5 TiAl &4
[ AHBEAS LR 3 R 3 AN RO I BE X ] : 1150 °C LA
FILFEA KA ; 1150 C—1250 °C JE, Ti,AlC
HAE @, TiC HrE[4H; 1250 C—1350 °C FEIE
B TisAIC HLFFEAMAS TiC Hr B Al [ AL
i, TiL,AIC 5 Ti;AIC /A= AL 5 WA be 25
H L 4+ TiC—Ti,AIC(Ti;AIC) B4 S AL A7
FEZE0N. SR o BT AL B R ML 22 S R SEAR
P Ti-Al-C AH B9 25 5 AT SO0 i BT RE S AAAE
FAH LA K AT Rl & A B ST O . KR, i ER g
WL HIWT S N & A ) . fe i, R AU RE TR,
71 [ ARE 2 o A b ST B WAL AR A

P 5(a) Al (b) 235 Ti-Al-C =JCHIEIZE 1000
F1 1250 C ARSI, TiC, Ti,AlC, TiAlC
PRI H5 435108 3140 4 90 °C, 1625 + 10 °C, 1580 +
10 °CO7. R AE 1100—1350 °C B 36 Bl N, TiC,
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Ti,AlC, TisAIC ¥4 0] G A = 4. AAF5T L5
i P2 A R B B9 TiAl S 4 4 Ti-48A1-2Nb-2Cr &
4, B 5(c) a4 oz ny Ti-ALAHIE, Hrp
LR Kim!® 7E 100 °C /min ¥ #13E R T R0
a/a+ ap P o/ + v AR, HIREEASES SPS
1 100 °C/min BYFHR# R ECN . M4 Ti-
Al FHE FIWZ A 4 1) B R4 2l -TiAl + Do
- Tig Al AR AL, o0 Rl y—oo A AR 55 A0 3R 2
A 1150 C F1 1250 C. HILAE 1150—1250 °C /Y

a ¢

(2) ) A\

/ \ TiCq_,+C+ALC;
7N\

TiCl,1+Ti2AlC+TiA13/ \

TiC, _ —a—L
e S=—Ll\ ALC,

?\\
TiCi_q +T12A10+T‘3AICA<\\\\\\\\\\\§<TQAIC
TiC;_,+TisAlC+aTi VRO S
S
v e A IR
iC1_otaTitp %/ N AN \
v ,{/yl\,l\\ N S

\/ TiCi_»+AlLC3+L

/RSN N
i ‘ i ‘ Al
lr;lTi o A/1cT ‘3A1\ TiAl, TiAlg\

TibAl Oy TiAL
TiAl+ TisAl+ TipAlc o BTG+ TiAl

(b) N
/A\
VAVAVAN
TiCy_ .+ TisAIC+TiAls / \

TiCi_»

TiC,_,+TisAIC+BTi

TiCy_,+pTi 7&
/
! I T

- T T
Ti BT TizAIC \ aTi \ TiAl Al
BTi+Ti,AlC+Ti;AIC  «Ti+TiAl+Ti;AlC

1600
C
(c) L
T
% a
1200
= 7\
= y
1000} ofatar
a2
as+y
800 F
1 1

30 35 40 45 50 55
HHOTR/ % Al

Bl 5 Ti-ALC ZITARE (a) 1000 °C %5 IR # i 07
(b) 1250 °C #8455 Ik BT A1 17 (c) Ti-Al —JCAH 19

Fig. 5. Ternary diagram of Ti-Al-C: (a) Section at 1000 °C['7};
(b) partial section at 1250 “CI'"; (c) Ti-Al binary diagram!l.

HEEEIX ], TiAl B &SR0y M + D& o ff,
£ 1250—1350 °C B9 EE X [H], TiAl 45 4 H Ak 4
U2 o A
£ 11501250 °C AR JE X E), AT LA (1) —
(3) Ay B B AR TiC, Ti,AlC, TiAIC AHEY
H Mg fk:
C(s)+1.5TiAl(s) — TiC(s)+0.5TiAlz (a), AG; (1)
C(s)+0.5TiAl(s)+0.5TizAl(a) > Ti, AIC(s), AGQ,@)
C (s) +TizAl (@) — TiAIC (s), AGs,  (3)
Horb TizAl(a) f1 TiAly(«) 4350 R f TigALFI
TiAly TE LAY o BVEIR. 12501350 °C 8 1 J2
R, TR (1) APy TiAl(s) Bl TiAl(o).
BB 53 3 e S g I S — PR SR R A
PeAfitt T Ti, Al C FrE s 2505 Wi is i B JR
A A HIBE, 7E 1100—1350 °C [ HIAE 5 IRE 1k
ST RIZE O R 12U HAEAE R 1 h o, H
TR XHIREE, A Ko BT (1) —
(3) =N BEIR SO ) HH fg:

AG; = 0.01447T—192.138, (4)
AGy = 0.01094T — 277.716, (5)
AGs = 0.10322T—473.7. (6)

PE—HEAR 1150 °C F11250 € F (1)—
(3) ARYEEIR RN [ HIBE, Z52RAER 2 thaili.

* 1 Ti-ALC EZALSYIMIEE /R A A i fE

Table 1. Molar free energy of formation of compounds
formed by Ti-Al-C.
&Y FEIRH A HBE AfGin /(kJ-mol 1)
TiAly 0.06522T — 289.37
TiAl 0.022247 - 91.078
TizAl 0.01678 T — 109.75
TiC 0.01522T — 189.07
Ti,AlC 0.030457 — 387.13
TizAlC 0.1208 T - 583.45

%2 C5 TIALMEEARRN F S AGn (kJmol 1)
Table 2. Molar free energy A;Gm of reaction between C
and TiAl (kJ-mol!).

JEE IR IS A BE e
1150 1250
AGy -3.72 -3.69
AGs ~5.52 -5.50
AGs ~6.88 -6.68
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R4 A BB AEEE R, AR X C 5 TiAl
A4 RN TiC, Ti,AIC BL K Ti;AIC AH E
ReAISAT . Al TiC, Ti,AlC LI TizAlC
A E R BEAR YR FRAIG, 156PH B 07 9 A B fii g >y TiC
< Ti,AIC < TizAIC #H, BIFE 1100—1350 °C B
JEVE RN TiC T B 1) S AIC, PRI s g RV 2
B TiC H R AH, TiC e 2475 23 56 48 hy Ti,AlC 5%
Ti; AIC A, X 5B I P L+ TiC—TLAIC
(TiALC) AL A0 N REAE I K EAT B G & — 301,
SR, AR A AEZE R, I ANREA & MM begh i 2
HOE AL TiC A A PT RE M, I 25 A If BE 19 £
JESE— 2 LA

B W T 1} 4 0 O | IR AT 7 e
2 HAE AR 22, o AR AR SRR A G, fhaeag
HAE R BRI T 5t bR 5 B R ) {2
ShAROL. X T EARAR A SRR I, 2ok A 5k
ks B 7R VAR B A Ak 28 AR BRI K/ A7
FEARR 22 5], X A% i, BTG A il 1 A0 R AH
AR SRR VE RS, i R 25 S H R
g, Rk 22 HAE T RE AT DL 20 L 25 iy AR
REMIVE R AR R AR TR R R 9 25 5, I AR fig ST
DL R T S B O 5 | r A% I AR g, LA KA

FORRR 22 55 R R S PE I AR BE . X T A LT it‘

K6 AR REAFAE FLIZE KT HOAR R 22 5 5 Ak 11 L4 1
ASRE, PRI S ST ) S A T RE 20 45 T AR HE O |
IR AR R, X T ARIAR B, S AE
THCE, BT AR SRR, RS R R AL 1
PR 22 5o R Ry SRR NS e, HL i TS AL A E R
T a5 S AR AL, Sk R BAE I REARE
W R T2 o AT, M A A O B A AT (R
BLJE <5%) FNAESLAR S (SETCIE >25%) 1Y 22 5%,
A LIS B REHEA T AU T

7E 1100—1350 °C Hif R # i, GBS AA7E
MBS Y 5 o A1, WTREA: U S TiC,
Ti,AIC DK TigAIC . FEAAH 5 SO0 =9 ] REIE
AR LSS R TiAl/TiC, TiAl/Ti,AlC, TizAlC/
o, TiAl/Ti;AlC 5 Ti,AIC/ /o BER o FHAYTC ) [H]
ARG AT o AHTESS A& fiim b 1 J5 7 HE A e LA
e, 1 AR RETCE B3, (HIR T o M
ov AFVA T B 5 A EL A A ) 199 R W DS 28 | FE B T i
AITE o FHAY ST R EATHE A5 th . Bk s
Wy i) fi AR S5 AR R S5 A BAETE I 6 FIEE 3 245t
M R S5 H 5 s B 4L, B2 TiAl/TiC, TiAl/
Ti,AlC, Ti;Al/Ti,AIC, TiAl/TizAlC, Ti;Al/ TisAIC
G =D Ve S EXIRVSE

TiAl(111) //TiC (111), TiAI[110]//TiC[110], TiAl[011]//TiC[011];

TiAl (111) //Ti,AlC (0001) , TiAl[110]//Ti,AIC[1120], TiAl[011]//Ti,AIC[2110];

TisAl (0001) //Ti, AIC (0001) , TisAl[1120]//Ti,AlC[1120], Ti;Al[1210]//Ti, AIC[2110];

TiAl(111) //Ti;AlC (111), TiAl[110]//TisAIC[110], TiAl[011]//TiAIC[011];

TisA1(0001)//TisAIC(111), TizAl[1120] //Ti; AIC[110], Ti;Al[1210]//TiAlC[011].

FIVIRETF, _EIRECA 1 o R BT B 43 1)
J 8.05%, 8.16%, 6.28%, 3.3% Fl 1.96%, ¥ k¥
ok ml A% B, JH e 2 A L i A B KA L R -

O AET & TIRT @CHET

|
oIS SR 5% RUERICRE LRR. A, bk
PiC & F 1 4 5 T RE R L AR N AR BEREA T A T
S 1V 78 BE B /N n] AR AL A 4 150 BR S R AT

K6 Shikgithm ZA

(d)

(a) TiAl; (b) TizAl; (c) TiC; (d) TizAlC; (e) Ti,AlC

Fig. 6. Schematic diagram of crystal structure: (a) TiAl; (b) TizAl; (c) TiC; (d) TizAlC; (e) Ti,AlC.
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%3
Table 3.

pounds.

S ik

Ti-Al-C A3 4 RS B
Crystal structure data of Ti-Al-C com-

23 (Al
Pm3m

A% AL

a a=b=40051 A, c=4.0707 A
b TiAl P63/mme a=b=5764 A, c = 4.664 A

¢ TiC Fm3m a=b=c=4.328A

d TiBAIC  Pm3m a=b=c=415 A

e TiLAIC P63/mmec a=0b=3.063 A, c=13.668 A

TiAl

L, R SRR AT A T G 2R WO AH A 1T
F18) S TET BE A YR T Fh At A i K2 S T 2 IS S
e, S ASTC Y RE I ] DL RICHTERC & Sl BRI
JEV P 0 AL 1 10 A R 20, RIS ARy, o A
5 TiC, Ti,AlC, TizALC HHEC A Al 18 Y I [H] B,
PARAHSCHTE S, DAL RE R A TR R UG
TR R AL LA 1 AT BE.

€ 7 A TiAl/TizAl/ Ti,AIC/TiAIC BL A
T )57~ B, BCA T A fee B hep 4541
Ji - R T X T A A A A SR T B AR
A RN B, Be& fhTE N AN EC S T 43 5hie o [y
ko Wla//[h Ky blg B[Ry Ky bla//he Ky Bl [h Ky
L] [hy ky ) D5 1) bR TR EEAE & 7 vh g3 L
dy Bl dy FoR. [y Ky U, [ Ky Bla, [ Ky U, (B
ky bl el R TR BN daq, das, dgi, dpo
[hy Ky bl A [y Ky blas [l Ky b B[Ry By blg
JSHICH Op1o T Opyo. XF 25 HET AR & 1Y fec BY
hep FIA, 0510 = Op1o 60°.

e E NGV R G 3 5 N1} 2
me S RETH 2R, 51 ALK R B0 S o A
ST IE:

dar = dar x [1+ aa(T —298.15)], (7)
dpy = dps % [1+ aa(T — 298.15)], (8)
dgir = dp; x [1+ ag(T — 298.15)], (9)
dpy = dpy % [1 4+ ap(T —298.15)],  (10)

Horp T 2y R A= ST S OE B0 48 % IS, B K

e o © © e © o o
o, ° [1120]
;0 © o ©
2
¢ d [ﬁgﬂ 4
1 o 1 c
.. % 4 o110)
© © Q @ < (*] (=] [#]
B 7 AR HE R

(c) ©

days dag, dpy, dpo 23 IR EE T F WY )5 (] BE.
TIRUNIEERIFE Ny A1 Ny € SCR [hy Ky L] R [hy Ky )
D7l BAERR A RN, BERS A AT B AHBY ST T 58
G, B AR N AR RIS - [ B OR
HYAH 22 Y — > F 1
A1 =n x max(day,dgr) = (n + 1)min(day/, dp1),
(11)
A2 = n X max(dagr, dpy) = (n+ 1) min(dag, dpar ).
(12)
TE [hy ky 4] T51a) A KRBEEFN [hy ky ) D7) Ay
J3E 19 S THD DX I P R B 22 T BB [hy Ry L) D [hy Ry
b) 77 W) b — A TN BRI 58 R . BRI )
AU N AR e

E =E, + E.. (13)

(13) Kb, B RAEE O X BYRER, —UNT

BRBHEL B 1/10, T LLZW . A B 1Y) S 1 AR RE
E.H

Gb?
E, = m In
Horh, GORPRHR BT OIS, b AR RS YK,
v AR LG, RSN 1 5 i RAE A2, 7]
BUMO0.5N; ro=b.

HI T FLEAL A /B PIRH B s 77 7R e 2
AT BRI B T A0 A 57 ] B /IR ) 1 0 B
B, SO 5t (R B R AR Y B TT B . i
B A/B PARE O S mwAE R R STRK, DUIE . f
JI RIS A8 A8 RE AP R (ELAE S 51 7] BB A7 5 )

R

o (14)
To

AR RE:
1
Eapr = i(EAl + Egy), (15)
1
Epp = §(EA2 + Ep), (16)

(15) 1 (16) Xt Eyp, M1 Eap2 43 % i AB 5t T
[hy by L) TR [hy Ry B) J7 fia) B A RE ) T4 5

BN AZRE, Eaq Ml Egy, Exo Fl Egy 435120 AB FLif
©c_o @“e © © e
[011] (1120]
©4, { ¢ © © © Al
¢ ; (110] dﬁu o
1 [170 © & © ;
© o 4 12110) © AT
@ L¥] L+ o o © [ ®

(a) TiAl(111); (b) TizA1(0001); (c) Ti;AlC(111); (d) Ti,AIC(0001)

Fig. 7. Schematic diagram of atoms arrayed in crystal plane: (a) TiAl(111); (b) TizA1(0001); (c) TizAIC(111); (d) Ti,AIC(0001).
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(hy Ky L) J7 0 AAHFNT B A, [hy ky b) J7 1 A AHFN
B AN TI B N AR RE. AB ST Y S
BE o 55T [hy ky L) 71 A K EER [hy ky b) 519
Ao 1 BE T AE) J B P-4 U 320 T DX 3l N A5 T AR 7T A
LR SN AR R, B
oo EABI.)\Q EABZ.)\l _ EA.BI EA.BZ . an
AAgsind  AjAgsinf  Aysind A sind
4 Fon R (17) 2O MR AEREITRE Y TiAl
TizAl, TiC, Ti,AlC, Ti;A1C AH 5 Hy 3 2 %5 24301,
IR ERBIT AR EELL o AT o ARG AR DG AT
RE, o HHTEFE AR S o A FF IR BPER & 5
TEFERLRE Z [ X DG AR Y (18) g i BU:
Vitly = 5o /oY (18)
Horrm Ry SRS, Op WEFEREE, h A% B e
i,k NBURZE S EE, ro NIETRIEE, Y OB
. o5 o M vmbp 435 4 2680 Al 313561
A ICE A2 o 15 o AHBTDIRR G Fl Gy YRS
WG AR

Ga ~ 1.37G,. (19)

HAIBIER 11501350 C F TiAl/TiC, TiAl/
Ti,AlC, o/Ti,AlC, TiAl/TizAlC LA & «o/TigAlC
ﬁ*ﬁﬁﬁ Oy/TiC» Oy/H, Oa/H, Oy/P oo Eﬁﬁ‘ﬁgﬁ
Wk 5 fis. JERE TiC, Ti,AlC, TiAlC fiF 5 iR
FIALIIRE > 20 1.2, 0.87 F10.39 J-m2, i MR
THI RE SIS £ B2 S il ] TiC< Ti,A1C<TizAlC,
BIgE A B Ti,AIC 5 TisAlC BEAS 2242 i TiC Hha]
AH. AR, TS5 R R W [R) — ST 45+ i) A T e
X AR AU, B[R] — A= S o AR A
e BN T 5 v MR AR R, X ULEH TiAl &4
W o A EEIIE R, X TisALC AR HEVE FHEH
7T Ti,AIC, Bl TisAIC A1 A9 B SE 4K # T TiAl
BaH o FR A RIIEATLIAS S, 76 1150—1350 °C
AR be s (%) A S N R, B R AR i 1k

F* 4 TiAl, TizAl, TiC, Ti,AlC, TiAlC By FEA

WS Ry 20

Table 4. Basic physical parameters of TiAl, TizAl,
TiC, Ti,AIC and TizA1C[24-30,

AH TiAl  TizAl  TiC TiAlC Ti;AlC
PR

G/GPa 70 56 182 115 83
HEL /NI 2 0.23 0.28 0.228 0.164 0.25
i
’kﬁfﬁfﬁﬁ 12—14.512—14.5 7.74  9.62  10.1

SR o Ry AR A o AR A8 S RS2 e 55t T8 s i
. 1150 C 5 1250 C 435X T ag—a Fly—a
AR L AR, 11501250 °C N o A& 3 AH v )
SR B AR, R TiL,AIC 2 R =9 i
1250 °C LIRS, TiAl SR LT85 45k TizAlC
A, A TisA1C AR KT IE At 25 1.

#* 5  TiAl/TiC, TiAl/Ti,AlC, o/Ti,AlC, TiAl/

Ti; AICH! o/ Ti;AIC B FLHIAE

Table 5.  Interfacial energy of TiAl/TiC, TiAl/
Ti,AIC, o/ Ti,AlC, TiAl/Ti;AIC and o/ Ti,AIC.

BE/ oymc/  oym/  owm/  oymp/  ouw/
C (J-m?) (J-m?) (J-m?) (Jm?)  (Jm?)

1150 1.243 0.879 0.831 0.396 0.308
1200 1.230 0.872 0.827 0.390 0.303
1250 1.223 0.868 0.821 0.385 0.288
1300 1.220 0.866 0.819 0.384 0.288

1350 1.217 0.864 0.819 0.383 0.287

SR B SN SRR SRR R AL, LA
H H1 B8 -5 5 1f A X T L 1w S N e i sk, BT
C 1] TiAl A4 BCR £k L Ti 1 AL T W C —il
PR 1—2 DR R P, I E AR i A
T S 7 B T[] B - C 38 sk A 1 7= 4 )2 ) ) B
POH B S A )7 S TIAL R B
SEARWIE B %5 BRI B —A~ C JiF )2 B Xt
IO ST, 28 D3 ) RE et A8 AR S Fh S 43 2 R
—A CJF 2 X5 i L 77 e S A i Be A2 4k
AGy, VL BGHIE A1 5 B 2 8] () 5 1 fig A2 1k
AEBuw , A C T2 A i S Be e el
AE=AG+AEjy,. (20)
WA R BN S, AR B ~F I J 2L I
7 R Be A b T AR HEA, L MLG /RS iR IR
SRl AT LRI RS C )2 TiC, TiAlC,
Ti;AIC %R MLG Y1t n
25
T TT X100 Ny
(21) P4 FAIEUE 2 1CR A A BIH ST
W& C RFECH, 15.77 x 10 20 R FHA C
FNTCATEAR, Ny A BTARIEES & 4. i, (1)—
(3) PR RIE AL H)ZE C JRFEXFI TiC, TiAlC,
Ti;AlC 1 [ AL AG: 1, AG, FIAG: 3K
AG.; =n-AG;, i=1,2,3. (22)

(21)
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(22) 2 AG; PR (4)—(6) X2, AG,,
B kJ. FHIRRES A RE R

Alaint,i =5- O, 1= 17 273 (23)

3 (22) Hoo; BB (17) 20536 5 345
i C 5 TiAl ZEFHIRVIERL TiC, Ti,AlC,
Ti;AIC B A AR S A RER SRR A8 L. 1150 C
11250 C T SREEAIHHALIRTESR 6 holh. L
SV RE AR A A ST B A AR [l S AR B
Ti;AIC AL i 1] >Ti, AIC>TiC, PRI I AH 2
I fB ] T AR R 2 T AN AR B TiC Hr ) A,
XS AR R RS 2 0 SN e — B0, BB
T RE Y 2 AN 2352 M SO0 3904 7 0 e 244 v, 55 A
B AL b SN ML AR B, [EIARE 2, B T S 213k
RS BAMIRI B, B AR RER AR e
T RS LR SN AR Y 2 S

# 6 MLG 5 TiAl & WA BH CJEFIZM TiC,
Ti,AlC, Ti;AlC By fER 71k
Table 6.

between MLG and TiAl with the formation of TiC, Ti,AlC,
Ti3AlC per C atom layer.

Total energy change of the interface reaction

TiC (1) 24778 24675
Ti,AlC (2) -4.6418 -4.6325
Ti;AlC (3) 6.5729 6.3925

ZEA LA LAYHT, SRS HO IR AR R4S A E A e 2 i
Firp Ti,AIC 5 Ti;AIC A BUHLAH B9 22 5, 78] 8
(%) Ti-Al-C AHEDG S B A2 TRl 18] 8(a) 103
H T 5T C 38 7% B9 Ti-Al-C WOAH B4 o 72 5 i AL
il, EAAEE ALK C JTERS Ti JEAL TiC A,
TiC HF- 55 AVEAIE M Ti,AIC 8¢ TizA1CH-12;
MAEE AL i b, T & AVBIRR AR,
C JCRICEFTHMEE, $LZ TiC MBS, Ti,AlC
5 TizALC 19 AE B 838 2 it 4% 1) [81AR  AR JR 2E
&l 8(b) JEARTEA AT M4 A5 ) 1150—1250 C
AR Be &k A0 S SR s A8, TiAl A 4 % R P4l
LUy + i o ML, 1150—1250 C BT oy
FHEEAR Sy o A, 1R R B SR REREAR, S o B B dnd
PEFE, (R BE S v A G 48 34K, Ti,AIC FHAYIE
B A W T TisALC; & 8(c) J& 1250—1350 °C
ARBRLE A LT R R R, 1250 °C DL FE 4R ik

HHy MILT- 58 56748 0 o M, (0K 5 A T REREAIS,
T Ti;ALC MRIE B . TR TiC 75
BLrE MR S AL TR, PILTE Ti,ALC M5 TisAlC
FHA AR, BIRIE AL TiC Rl

(a) ¢

\ — TiCi-,+C+ALCs

TiCi_»+Ti;AIC+TiAls
Al,Cs

TiCy . +AlLC3+L

/

Ti | I TN\
. . I TizAl \

pTi oTi TisAIC 3 \
TiAl4+TizAl+Ti AIC

/

TiCy_,+Ti;AlIC+TiAly /

Al

YA \
TiAlL | TiAls|

TisAls  L4+TiC,_,+TiAl;

C

(b)

\\ TiC_,+C+ALCs

TiCi - ST

< =L\ AL,
Ticl,£+Ti2Alc+Ti3Alcjf\, NIRRT )
Tip AIC )
! ) . \\\\\ SV \/T101,1+A1403+L
TnCl,T+T1;;A1C+aT1]-—r\ X \\\\\
TiC,_, +aTitTi /f | /‘\ ‘\\\\\\\
- / \
///5/ | /// \\\§\ N \\
/ N
/SN BN Vi
. I | \ I
i | Ti;al\ ( Al

\ \ \
TiAl, \ TiAl; \

BTi oTi
TizAIC TIAI4+TizAl4+TiAIC \ 1,4 TiC,_, +TiAly
TibAl; ) '

TiCi—o

TiC_,+TizAIC+BTi

TiCy_,+BTi \/

T T T A:IC T T\] ‘ Al
- . i 1.5. |,y \TiAl
pTi+TiAIC+TizAIC aTi+TiAl+Ti,AlC

B8 CHTIAIE&EWRNMBERE (a) WAHELS S H
TiC & A4 W ; (b) 1150—1250 °C [B 4 e 45 51
M Ti,ALC; (¢) 1250—1350 °C & AH B2 45 51 f2 v I
A TizAlC

Fig. 8. Reaction paths of C and TiAl alloy: (a) peritectic re-
action via TiC during liquid-phase sintering; (b) Ti,AlC
formed at 1150—1250 °C by solid-state sintering interface
reaction; (¢) TizAlC formed at 1250—1350 °C by solid-state

sintering interface reaction.
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XF MLG 5 TiAl A4:7F 1100—1350 °C [EH
a2t o R Y ST S N, e ] 4R AEHE /R Ti,ALC
5 Ti;AIC AHMIE B AL, I8 2ok A Re T8 o0 dr
FHE =PI SAILE], 4522 FES e 1) Bk TiC
Fb B4R R Ti,ALC 5 TiALC AH 7 5 7 IR 3 Y
S RE, POt AR Be 4 ik B v Ti,AIC 5 TizAlC
HARZ TiC WhlEA, B C 5 TiAl 45k g4
A 2) BELE IR T TiAl A 4 3R oy M
5y MM o M AR AR, S B =4 Ti,ALC
55 TigA1C AH M A= 5 H ], TisALC AH B TE B AT 1)
B o AH AR AIBE IR . 1150 °C AR ap—a
A AR o 1 o ST s R Y & AR, H 1150 —
1250 °C LAy A8 32, Ti,AIC FHEA 5 &1
JE R ] 5 1250 °C LA b, AR L iR AR R
o AH, TisALC FHB A 3220 7 SO 4. LA LAt
FEER, 8 T MLG 5 TiAl &4 541 KW IE
Ti,AIC 5 TisAIC AH B HLHI, A3 2k [ AH e 45
= Ti,AIC 5 TizAIC M 7 & 58 TiAl & & ootk
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Formation mechanisms of Ti,AlC and Ti;AlC during solid-
state sintering between multilayer graphene and
TiAl alloy composite®
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Abstract

Ti,AlC and TizAlC formed by the reaction between C and TiAl alloy can improve the plasticity and
strength of TiAl alloy respectively. Generally, the peritectic reaction of L + TiC—Ti,AlC (TizAlC) occurs in
the process of liquid-phase sintering, but different formation mechanisms of Ti,AlC and TizAIC may exist in the
solid-state sintering. In this work, multilayer graphene is employed to fabricate the reaction interface with TiAl
alloy under 1100-1350 °C, which is the common solid-state sintering temperature of TiAl alloy. According to the
microstructure characterization and analysis, Ti,AlC and TizAlC are verified to contain no TiC. The interface
energy values of TiC/TiAl, Ti,AlC/TiAl and TizAlC/TiAl are calculated to be about 1.2, 0.87 and 0.39 J-m?
respectively, indicating that Ti,AlC and TizAlC can be formed directly without TiC mesophase. Besides, only
Ti,AlIC is observed to be formed at 1150-1250 °C, while the interface products at 1250-1350 °C change into
Ti3;AlC with a small amount of Ti,AlC. The mechanism that the sintering temperature affects the formation
tendency of Ti,AlC and TizAlC can be ascribed to the content of o phase. The TiAl alloy matrix is composed of
7 and a few o phases at 1150-1250°C, but almost completely transforms into a phase at 1250-1350 °C, and the
increase in the o content can promote the formation of Ti;AlC. The above results demonstrate the possibility of
regulating the relative content of Ti,AIC and TizAlC through controlling the sintering temperature, which
provides a promising method to improve the plasticity and strength of TiAl alloy.

Keywords: titanium aluminide, solid sintering, interface reaction, interfacial energy
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