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Fig.1-1 Effect of Al concentration on stress-strain curves of Ti-Al alloys
deformed at room temperature.

1700

1600

1500

1400

1300

Temperature (°C)

1200

1100

1000

Al (at%)

Fig.1-2 Phase diagram of Ti-Al binary system.
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Fig.1-3 Typical lamellar structure in as-cast Ti-rich TiAl alloy.
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Fig.1-4 Crystal structures and atomic arrangement of TiAl (L1, structure)
and Ti,Al (DO, structure) alloys.
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Fig.2-3 Optical micrographs of lamellar structure in TiAl alloys, as cast.

Fig.2-4 Appearance of a unidirectionally solidified TiAI-PST crystal.
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Fig.2-5 Optical micrographs of lamellar in TiAl-PST crystals grown at 2.5mm/h.
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Fig.2-6 Optical micrographs of TiAl-PST crystals grown at Smm/h.
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Fig.2-7 Optical micrographs of y domains in TiAl-PST crystals.
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Fig.2-9 Results of analytical electron microscopy examinations of Ti-50.8at.%Al-PST crystal

grown at 2.5mm/h. (a) TEM image of lamellae, and (b) schematic figure of @ ,and y phases and
distribution of Al concentration across the lamellae.
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Fig.2-14 Stress-strain curves of Ti-50.8at.%Al-PST crystal deformed at room temperature.
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(a) ¢=0 (b) =90

type of domain slip domain

slip
system a b c system i

(119)ii0)| o0.267 | 0.136 | 0.267 (1i7)(ifo)| 0.267

(ihro1| o264 | 0280 | 0143 || (iT)101]| 0.264

(111)011] 0 0.415 | 0.407 (177)[019) 0

(111)[i12)| o0.152 | 0.400 | 0.316 (11)A12]} 0.152

(1inp1o)| 0.136 | 0.267 | 0.267 (i17)n10]) 0.267

@infot)| o0.41s 0 0.407 (111)io1) 0

(111)o71]] o0.280 | 0.264 | 0.143 (111)[011]] 0.264

(i)[i2)| o0.400 | 0.152 | 0.316 (111H)i2)] o.152

d i 0.403 | 0.403 0 (11npio) 0
(Fin[ioi]| o0.129 | 0.269 | 0.285 (in[ioi]} o.285

@dino11]| 0269 | 0.129 | 0285 ({inp11 | o.285

_..
Y

=
=
=

k=)

(iI11[12)] 0.081 0.081 | 0.329 (finp12)| o.329

Table 2-1 Schmid factors for possible slip and twinning systems in each y domain
indicated in Fig.2-13. (a) ¢7=0° ,(b) ¢=90
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Fig.2-17 Slip traces in y and « , phases of TiAl-PST crystals deformed at room temperature.
The arrow shows the « , phase. (A) Ti-49.1at.%Al-PST crystal with ¢ =0 ,
(B) Ti-50.8at.%Al-PST crystal with ¢ =90
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Fig.2-18 Electron micrographs of TiAl-PST crystals deformed at ¢ =0" . A and B region show « ,
and y phases, respectively. (a) g=2021 in « , phase, (b) g=0002 in « , phase.
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Fig.2-19 Variation of the stress-strain curves in TiAl-PST crystals deformed with ¢ =90°
at room temperature as a function of Al concentration and crystal growth rate.
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Fig.2-20 Yield stress of TiAl-PST crystals as a function of Al concentration. The stress was applied
perpendicular to the lamellar planes ( ¢ =90° ). Open and closed circles show the results of crystal
grown at 2.5mm/h and Smm/h, respectively.
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Fig.2-21 Yield stress of TiAl-PST crystals deformed at ¢ =45" as a function of Al concentration.
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Fig.2-22 Schematic drawings of constitutional supercooling.



Q=q%+¥%?%emp%§ﬂ (2—-6)

TREND, TABHBRET 13, REH D SR E ADREEICET 5 — KRB TEM
THILETRDLIIZREN S,

T,=Ts+my-Cy (2-17)
ZOF, FREICBIT A BAHATORENREG LT 5 &,

e <[9) . (I
oz ), 9Z

[

Ehbh, 6\, BELRFHEEHRDIIE., FZEOREAEGIE, XX 2 WMEL 2T %
b7\, ‘

G<Gp (2-49)
DEXY, ko&th25Erh s,

G, . k-1 _

v > my C, ko DL ( 2 1 O )
L7205o T, BMEEREIERT 570103, BAREEEZELTH3L, I BEQR%

KELTBHIEERW, TDZ LT, Mﬁn B THBREEREDOR S EV2.5mm/hiZT
TIAI-PSTREDPBEZIIB/RON I EERVW—8E R L7z, E5I12, AR THW - FZEE:
ifﬂﬁ%%t?%ﬁﬁf%b FEICBVEREARZNINTE 22 L2 5 Bk n/Es

WL HETHILES 2 5,

Tz, BEME— ﬁﬁk%ﬂé%%tbki @ﬁkﬂ&?éﬁ%%ﬁﬁttmm%ﬁ
CTHY B2 INIER SR v, 20701213, BEEREORESER(G) & BEEEWV
Hid, BEOR ﬁméh5#WMHk%WMm@ﬁﬁ§$umﬂwlUﬁ%<\%ﬁ%
WET 5 ULENDH 50,

G _AH

» P
COFBEWMET S0, FZERAEN L HFETHALLEEZ S,

2—4—2 VEWBEHUEL o MOBRINZIONWT

ARHEFE TIE, TIAIPSTH R ICRON 2 EHBE DMV B EED FED, ERFESN
TE7, BREISTT 5y HANOERE— FIIMA T, o ,JAHDOERE— FORFHEIC
BHTLIEZHLPIIL, BB TR, BREAGHNTO y HOKR IR LY., 3+
DVHETHBH4OD{1DOADLIDIE, BFREICEATHIIC, 3o FmEICH L70.5°
DAREFRER > TXET b, L7cdS> T, BREICFATHEICERIETT 5 ¢ =45
@%ﬁfﬁ\ﬁmﬁ\%@ﬁ@4—9*%—F@“%ﬁf%&5@‘m&f‘Eﬁ@%ﬁ
Y5y D32 (111} ETERLSEITT S $=0" . 90° DOFPEAITIE, BT, KIEK D
N=FE—- FOEEKRERT,

L L2256, BIRHREZFHOTIAIOERICBWT, FONZERREDBEL L LD
X, IS TEHIEBCTELS ~V—E~FOERLIY, GLABERIZY T v 7 K.



0 1010

0001 (a) 2110

v phase =

a, phase

Ld
Ll
L d
Ld
L
®
L d
Ld
L
(4
[d
L4
L J
L4
L4
L4
Ld
®
[ J
L4
®
@

/|

/ /
a, phase * ()

00000000600t oetosOtOO

v phase

Fig.2-23 Compressive axis and slip planes in lamellar structure of TiAl. (a) a stereographic
projection of compressive axes A ( ¢ =90" )and B (¢ =0" ) of a, phase, (b) a schematic drawing
of slip planes at ¢ =90" , (c) a schematic drawing of slip planes at ¢ =0" .
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AFFET. $=0" TERLABE, o« ANICESHOBE TR, ¢§=90" TiE—
HAZSEE TR ROFEEIFEDO SNz 2D o ,ZJHRNTOTRY RIZOVT, y HADE
' — FepbeT, MAMIRL DD Fig2-23TH %, y HHICE L TIZBEICTable2-1T
RL72EIIC, WFRBBREEZELZ(11)<110>TRYV RN T2 3 v FRFDE <,
B FRE R Y o TEBIHETT 5,
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TREBETRY ROV 23y NEFH0433L 2% D REVH, §=90" Tk, HET
D, ERTN)ADOY 23y FEFERWTR0E2 Y, b THEETN)ROENH
0448 K& 75,

(@) Prism slip

loading direction
slip system - - -
$=0 $=45 $=90
(1700)[1120] | 0.433 0.188 0
(1010)[1210] 0 0 0
(0110)[2110] § 0.433 0.488 0

{b) Pyramidal slip

loading direction

$=0 ¢ =45 $=90

slip system

(1121)[1126] | 0.336 0.298 | 0.448
(1211)[1218) 0 0.253 0.448
(2111)[2116] | 0.336 0.298 0.448

(1127)[1126] | 0.336 0.079 | 0.448
a319)1216] | 0 0253 | 0.448

(2111)[2116] | 0.336 0.084 | 0.448

(c) Basal slip
loading direction
slip system :
$=0" $ =45 ¢ =90
(0001)[1120] 0 0.429 0
(0001)[1210] 0 0 0
(0001)[2110] 0 0.429 0

Table 2-2 Schmid factors for possible slip systems in « , phasg.
(a) for prism slip, (b) for pyramidal slip, and (c) for basal slip.
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Fig.2-24 Scanning electron fractographs of compressive fracture in Ti-51.6at.%Al-PST crystal
grown at 2.5mm/h. Stress was applied parallel to the lamellar planes. Chemical compositions of

areas and spots indicated by 1,2,3 and 4 were determined by energy dispersive X-ray analysis.
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°

(a) ¢=0

composition V TiAl | V Ti;Al | o,(MPa) o
Ti-48.1at.%Al(5mm/h) 0.85 0.15 404 240
Ti-49.1at.%Al(2.5mm/h) | 0.92 0.08 312 161
Ti-50.8at.%Al(2.5mm/h) | 0.98 0.02 226 123
(b) $=90°
composition V TiAl | V Ti;Al | o,(MPa) o
Ti-48.1at.%Al(2.5mm/h) 0.85 0.15 1272 907
Ti-48.1at.%Al(5mm/h) 0.85 0.15 772 435
Ti~-49.1at.%Al(2.5mm/h) 0.92 0.08 680 415
Ti-50.8at.%Al(2.5mm/h) 0.98 0.02 560 407

Table 2-3 Variation of volume fraction of y and « , phases, yield stress (o ) and « .
(@ ¢ =0" , (b) ¢ =90" .
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Fig.2-25 Variation of yield stress of TiAl-PST crystals as a function of volume fraction of
a , phase. The stress was applied perpendicular to the lamellar planes. Open and closed circles
show the measured and calculated values using equation (2-11), respectively.
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Fig.2-26 Yield stress of TiAl-PST crystals as a function of the reciprocal square root of average
lamellar spacing. The stress was applied parallel to the lamellar planes (¢ =0" ).
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Fig.2-27 Yield stress of TiAl-PST crystals as a function of the reciprocal square root of average
lamellar spacing. The stress was applied perpendicular to the lamellar planes ( ¢ =90° ). Open and
closed circles show the results of crystal grown at 2.5mm/h and Smm/h, respectively.
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Fig.2-29 Yield stress of TiAl-PST crystals deformed at ¢ =45" as a function of the reciprocal
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(@ ¢=0 K,=0.41 (MPa*m'?)

composition c,(MPa) d(um) a2
Ti-48.1at.%Al(2.5mm/h) 404 0.53 1.37
Ti-49.1at.%Al(2.5mm/h) 312 0.75 1.15
Ti-50.8at.%Al(2.5mm/h) 226 0.94 1.13
(b) $=45" K=0.27(MPa-m")
composition o,(MPa) d(um) d”
Ti-48.1at.%Al(2.5mm/h) 159 6.95 0.379
Ti-48.1at.%Al(5mm/h) 139 215 0.216
Ti-49.1at.%Al(2.5mm/h) 126 23.0 0.209
Ti-50.8at.%Al(2.5mm/h) 85 63.5 0.125
(c) $=90" K,=0.50(MPa*m'?)
composition o,(MPa) d(um) d'?
Ti-48.1at.%Al(5mm/h) 772 . 053 1.37
Ti-49.1at.%Al(2.5mm/h) 680 0.75 115
Ti--49.1at.%Al(5mm/h) 631 0.57 1.32
Ti-50.3at.%Al{2.5mm/h) 616 0.72 1.18
Ti-50.3at.%Al(5mm/h) 447 1.13 0.94
‘Ti-50.8at.%Al(2.5mm/h) 560 1.13 0.94
Ti-50.8at.%Al(5mm/h) 492 1.44 0.83
Ti-51.6at.%Al(2.5mm/h) 436 1.62 0.79
Ti-51.6at.%Al(5Smm/h) 400 1.78 0.75
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Fig.3-1 Optical micrographs of Ti-50.8at.%Al-PST crystals grown at 2.5mm/h.
(a) as grown, (b) annealed at 1100°C for 192h.

Fig.3-2 Electron micrograph of Ti-50.8at.%Al-PST crystals grown at 2.5mm/h
and then annealed at 1100°C for 192h.
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Fig.3-3 Yield stress of Ti-48.1at.%Al-PST crystal grown at Smm/h
as a function of temperature.
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Fig.3-5 Temperature dependence of the yield stress of TiAl-PST crystals. Stress was applied
perpendicular to the lamellar planes ( ¢ =90° ).
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Fig.3-6 Temperature dependence of the yield stress in TiAl single crystals
(Kawabata et al. (3-11)).
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900°C with ¢ =45" as a function of the reciprocal square root of domain size. The triangle and
open circle indicate the data at room temperature and 900°C, respectively.
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Fig.3-8 Yield stress of TiAl(48.1~50.8at.%Al1)-PST crystals deformed at 500 and 900°C
with ¢ =90" as a function of the reciprocal square root of lamellar spacing. The triangle
and open circle indicate the data at 500 and 900°C, respectively.
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Fig.4-1 Compressive axis of Ti-33.0at.% Al (A~D) and Ti-25.0at.%Al (a) single crystals.

slip system
stress axis . - - - —
{1010}<1210> | (0001)<1210> | {1121}<1126>
A 0 0 0.45
B 0.027 0.22 0.49
C 0.22 0.50 0.28
D 0.50 0 0.42

Table 4-1 Schmid factors for possible slip systems of Ti-33.0at.%Al (A~D) single crystals.
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Fig.4-2 Slip traces of Ti-33.0at.% Al single crystals deformed at room temperature.
(a) specimen A, (b) specimen B, (c) specimen C, (d) specimen D.
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Fig.4-3 Stress-strain curves of Ti,Al single crystals deformed at room temperature.
(A)-(D), Ti-33.0at.%Al; (a), Ti-25.0at. %Al
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Fig.4-4 Variation in CRSS of Ti,Al single crystals as a function of Al concentration.
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Fig.4-5 Electron micrograph of Ti-40.0at.%Al-PST crystal. The arrows indicate thin y plate and A
region shows « , matrix.
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Fig.4-6 Temperature dependence of the yield stress of Ti-33.0at.%Al single crystals
with various loading axes.
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Fig.4-7 CRSS for pyramidal slip of Ti,Al single crystals as a function of tested temperature.
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Fig.4-8 CRSS for prism slip of Ti,Al single crystals as a function of tested temperature.
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Fig.4-9 CRSS for basal slip of Ti,Al single crystals as a function of tested temperature.
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Schmid factor for various slip systems
composition || axis - - = - —
{1010}<1210> | (0001)<1210> | {1121}<1126>
E 0 0 0.45
F 0.06 0.34 0.48
Ti;Al-Nb
G 0.22 0.45 0.26
H 0.48 0 0.44
| 0 0 0.45
J 0.03 0.22 0.49
Ti,Al-Mo
K 0.22 0.50 0.28
L 0.50 0 0.42
M 0] 0 0.48
N 0.22 0.50 0.28
Ti,Al-V
0 0.40 0.26 0.37
P 0.50 0 0.42

Table 4-2 Schmid factors for possible slip systems of Ti,Al-Nb, Ti,Al-Mo,
and Ti,Al-V single crystals.
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Fig.4-11 Temperature dependence of the yield stress in Ti,Al-Nb (E~H) single crystals.

AT % 7R o NOIRIMATIE, %@CRSS FERINAT & FIERIC
LR T
Mot Vi buﬁ I2WT

HEMGMICE S>TE
L ZAD,

CRSS for {1121}<1126> slip (MPa)

a3y bOFERIZE L.
ﬁ:til/f:o
Z. BET Y RDCRSSIZY = 2 v P DEH]

1000

900

800

700

600

500

400

300

200

100

O Ti-33.0at%Al

AELM
0001
Vv Ti-25.0at%Al

OTi-29.1at%Al-3. 0at%Nb ¥
ATi-29.1at%Al-1.0at% Mo
DT 29. 1at%AI 3 Oat%V

] |

0
0

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig.4-12 Temperature dependence of the CRSS for {1121} <1126 > slip in Ti-25.0at.%Al,
Ti-33.0at.%Al, Ti,Al-Nb, Ti,Al-Mo and Ti,Al-V single crystals.
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Fig.4-13 Temperature dependence of the CRSS for {1010} <1210 > slip in Ti;Al-Nb(G, H),
Ti,Al-Mo(K, L) and Ti,Al-V(N ~P) single crystals.
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Fig.4-14 Slip traces of Ti,Al-Nb single crystals with orientation F deformed at various
temperatures. (a) R. T., (b) 350C, (c) 550C, (d) 700C, (¢) R. T., (f) 350°C.
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Fig.4-15 Compressive axis of Ti,Al (Q~S) single crystals.

slip system
stress axis - . - - —
{1010}<1210> | (0001)<1210> | {1121}<1126>
Q 0 0.07 0.48
R 0.09 0.39 0.45
S 0.50 0.07 0.44

Table 4-3 Schmid factors for possible slip systems of Ti,Al (Q~S) single crystals.
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Table4-412, AREMLLEIZ & b %) £ T <) ZTOCRSSDEALETTo &TY %
IHAEL T, CRSSICIZBEE ML RRO & Nrco $BET XY RIIEENT 5 AT T,
CRSSIIAHANMCAL B, 28IBBE EH Lize LA LS, EETDRIE, 4-3-21HT
O L 728912, APBZANF—DELZIZLAEZT RV Lrs, TOCRSSD
LERO1ODFERIZBESBOPEE ANICL 2HBEADEAIEIZ2DDTHLLEZ LN
%o FIRRDBRIIF-ALREBELEW THHE SN TV,

AFRIIRES 12 B

CRSS (MPa)
stress axis slip system
order disorder
Q {1121}<1126> 446 532
R (0001)<1210> 245 215
S {1010}<1210> 50.1 194

Table 4-4 Variation of CRSS for order and disorder state of different slip systems.
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Fig.4-16 Variation of the CRSS for different slip systems as a function of annealing time.
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Fig.4- 17 Dark field electron micrographs of Ti,Al single crystals annealed
at 700°C after quenching.
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Fig.4-18 Variation of the CRSS for {1010} <1210 > slip as a function of annealing time.
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Schmid factor ratio

stress axis . - (0001)<21 10>
{1010}<1210> | (0001)<2110> —
{1010}<2170>
T 0.27 0.49 0.81
U 0.50 0.03 0.04

Table 4-5 Schmid factors for possible slip systems of Ti,Al (T, U) single crystals.
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Fig.4-20 Stress-strain curves of Ti,Al single crystals deformed at various temperatures
with orientation U.

Fig.4-2012, HETXYRDL 2 Iy MEFIPIRKE L BUANMNTEHBER LB O,
BRARED ERIZE D IR —OFAMBOEIE R, BB HIZBREDO LR L LD
121100 C EF TRMICHAR L2, 1150CTIREEIET L2 & 512, 1100CT T,
FERERIICD KT T 2 SRBERBEESRD Sz, T2, ZOFMNTIILRERZE
CT20%Lh Ed DBBEFSTETH > 72,

3512, Figd-211213, MANTOT AEREIERBREAT o 2BOIRT) — O A O
2R, OFABEIL, 1.7x10% L 1.7x10%(s YD TR BB L &S 720 FDORER.
700 CEZETORBOHITIVOTARBEICIZLALEEELZZTT—ETho72DIZ X, B
EOERIZES BRI HO#EME L LI2, BHOUOTAERERZHIISE kol =
DI LI, 700CL1100CL DE T, AN OEEREITILL TWBH I LEEHRLTS
V. BRTORTEIEIEL 2HERMERICE VTR ENTWLI EEZRBLTY
Bo 1272, BRIB N ZEIET LA21150CTERd, ¥— 25 %2R T1100CLEH
BEOUVTARERGEE LR L, SO LIE, 1100C L 1150CTI>BRIEHIT A XL
BBb500, FUAEECERBIZL VEVESIFITREINTVEI EE2RBRL TV,



150
A i=1.7x10"1.7x10™
1010 { E=1.7x10°1.7x10° ot 1106°C
" ¥
100 — 0001 270 at 1000°C
g Y
s at 900°C Y {
2 at 700'C Y Y A b A
> v v A
5 v A
) ] i A
50 [ ) A7)
A
0

Strain (%)

Fig.4-21 Strain rate sensitivity on the stress-strain curves of Ti;Al single crystals
with orientation U deformed at various temperatures.
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Fig.4-22 Temperature dependence of the yield stress in Ti, Al (T, U) single crystals.
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Fig.4-23 Slip traces of Ti,Al single crystals with orientation U((a) ~(c)) and T((d)~(f))
deformed at various temperatures. (a) orientation U, 700°C, (b) orientation U, 900C,
(c) orientation U, 1100C, (d) orientation T, 700C,

(e) orientation T, 900C, (f) orientation T, 1100C.
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Fig.4-24 Variation of microstructure in Ti;Al single crystals with orientation U deformed
at various temperatures. (a) 700C, (b) 900C, (c) 1100C.
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Fig.4-25 Deformation microstructﬁre in Ti,Al single crystal with orientation T
deformed at 1100°C.
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fault fault
fault energy of fault Mg,Cd

plane vector
1/6[1210] | APB | {V,-3V,-2V+2V }/¥3a, 12

(0001) | 1/6[0170] | CSF | {V,-3V,~30u{rs)~daslrs) -2V} V33,
1/3[1100] | SISF | {~30a(rs)~dun(rs) +60ua(rs) +60aa{r)} V32,

(1070) 1/6[1210] | APB- 1 | {-2V,+8V,)/ac 4
1/6[1210] | APB-1l | {2V,-4V,+2V }Yac 21
(1210) | fio10] APB | {2V,~4V,+4V,+4V )Y 3ac 12

V= {daalrid +9ea(fid Y2 -das ()
Table 4-6 Energies of planar faults in the DO, structure.
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Fig.4-31 Temperature dependence of the activation volume for (1100)[1120] slip.
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Table 4-7 CRSS for {1010} <1210 > slip and {1121} < 1126 > slip, and the ratio of CRSS
for {1121} <1126 > slip to that for {I070} <1210 > slip at room temperature.
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Fig.4-32 Area maps of the activated slip systems for Ti,Al single crystals at various annealing time
in stereographic projections.
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Fig.5-1 Crystal structures and atomic arrangement on the (111) plane
in TiAl (L1, structure) alloy.
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Fig.5-2 Electron diffraction patterns (a) ~(e) and the corresponding schematic drawings of the
as-grown Ti-58.0at.% Al single crystal with different incident beams.
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Fig.5-3 A unit lattice of the ALTi,-type superstructure.
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(a)

Fig.5-4 Dark field images of Ti-58.0at. %Al single crystal. (a) as grown, Beam direction//[111],
g=1/4(TSZ), (b) annealed at 500C for 3.6ks, B//[111], g=1/4(514).
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Fig.5-5 Compressive axis of Ti-54.7at.%Al(A, B) and Ti-58.0at.% Al (C,D) single crystals.

stress axis
slip system
AC (201) B,D (210)

(111110 0.491 0.247
(111)[107] 0.243 0.488
(111)pT1] 0.243 0.244
(111)[112] 0 0.421
@in[iio] 0.172 0.247
(171)[101] 0.256 0.163
(1i9o11] 0.085 0.081
iz 0.196 0.047
d19H)110] 0.491 0.247
(11901 0.243 0.163
F11)oid] 0.243 0.081
({11)i12] 0 0.047
dinpioa 0.172 0.247
(dinriol) 0.256 0.488
dinpo11] 0.085 ©0.244
Jinaig 0.196 0.421

Table 5-1 Schmid factors for various slip and twinning systems in Ti-54.7at. % Al(A, B),
and Ti-58.0at. %Al (C,D) single crystals.
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Fig.5-6 Stress-strain curves of Ti-54.7at.%Al(A with [201]-axis and B with [210]-axis) and
Ti-58.0at.%Al (C with [201]-axis and D with [210]-axis) single crystals deformed at 500C.
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(e)
Fig.5-7 Electron micrographs of dislocations in specimen A deformed at 500°C with different
incident beams. (a) Beam direction B//[110], g=111, (b) B//[110], g=002, (c) B/[112], g= 220,
(d)B//[112],g=111, (e) B//[112], g=311.
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Fig.5-8 Electron micrographs of dislocations in specimen B deformed at 500C with different
incident beams. (a) Beam direction B//[110], g=111, (b) B/[110], g=002, (c) B//[110],g=111,
(d) B//[110], g=220, (¢) B//[112], g=11T, (f) B//[112], g=131,

(2) B/[112], g=311, (h) B/[011], g=311.
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Fig.5-9 Deformation substructure in specimen C deformed at S00C.
Beam direction//[1 10], g=220.
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Fig.5-10 Deformation substructure in specimen D deformed at 500C.
Beam direction//[01 1], g=200.
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with Al concentration of TiAl deformed at 500°C.
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Fig.5-12 Compressive axis of Ti-54.7at.%Al single crystals. Each axis corresponds to
that in ¥ domains of TiAl-PST crystals.
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Fig.5-13 Temperature dependence of the yield stress of Ti-54.7at.%Al single crystals
and Ti-50.8at.%Al-PST crystal.
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stress axis

slip system
a B \" 0
(1nit1o] | 0.434 | 0343 0 0
(11npoi] | 0.430 0 0.327 | 0.434
(111)[of 1) 0 0.339 | 0327 | 0.434

(11ndi2] | o0.248 | 0.195 | 0.377 | 0.500

(111)[f21] | 0250 | 0.394 | 0.190 | 0.252

(111)[211] || 0.500 0.197 0.190 0.252

(111)[iio] § 0.343 0.049 0.100 | 0.093

1iDHpo1] | 0339 | 0079 | 0063 | 0.442

(111)[011] 0 0.030 0.037 | 0.350

(1101131 | 0.195 0.063 0.015 | 0.455

(11H[i21 | o.197 0.011 0.079 | 0.150

(11D@e11] | 0.395 0.074 0.094 | 0.310

(111)[110] 0.445 0.343 0.100 0.093

(11701} | 0.347 0 0.037 | 0.350

(111)[011] 0.094 0.339 0.063 0.442

(111H[112] || o0.146 0.195 0.015 | 0.455

(d1h)21] § 0.311 0.394 | 0.094 | 0.310

3112111 | 0.458 0.197 | 0.079 | 0.150

(3inifo] § 0.354 | 0.043 0 0

(1in[io] | 0.445 | 0.110 | 0434 | 0335

(I11[o11] | 0.095 0.068 0.434 | 0.335

i1z | 0311 | 0102 | 0500 | 0.385

(
(

—y
—i

11271 | o0.149 | 0.015 | 0252 | 0.195

—

11)[211] | 0.462 0.089 | 0.252 | 0.195

Table 5-2 Schmid factors for possible slip and twinning systems
in Ti-54.7at.%Al( « , 3, y, 0 ) single crystals.
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Fig.5-14 Atomic arrangement of the L1 structure(a)
and the ALT1i,-type superstructure(b) on (111) plane.
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Type of APB | Displacement vector APB energy
LA a/2<110] 1/S[2v"-8V, ?]
1A a<110] 1/S[4av"-gV_®]

WA 3a/2<710] 1/S[2V"-8V. )]
Rl a<101] 1/S[4V@-6V, ]
B 2a<107] 1/S[4V -8V @]
nB 3a<101] 1/S[4aV-4v@_gV @]
IC a/2<112] 1/[8V“’—4V‘2)—8Vc‘2)]
ne a<112] _ 1/S[-8V®@]
mc 3a/2<112] 1/S[4Vv@-8V @]

Table 5-3 The energies of APBs in the ALTi,-type superstructure.
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Fig.5-15 Weak-beam image of the groups of four ordinary dislocations in specimen C deformed at
room temperature. Beam direction//[110], g=1 11.
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Fig.6-1 Shape and size of tensile specimen used.
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Fig.6-2 Three different types of the (a ,+ v )/y phase bouhdary in the Ti-Al-X system.
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(b)

Specimen for Compression Test ($=0")

Fig.6-3 Optical micrographs of Ti-48.8at.%Al-1.2at.%Nb-PST crystal.

(a) as cast, (b) y ordered domain, (c) lamellar structure.
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Fig.6-4 Stress-strain curves of Ti-48.8at.%Al-1.2at.%Nb-PST crystals with various

angles ( ¢ ) between the compressive axis and lamellar planes.

- 113 -



@ ¢=0 (b) =45
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Fig.6-5 Slip traces of Ti-48.8at.%Al-1.2at.%Nb-PST crystals deformed at room temperature.
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Fig.6-6 Orientation dependence of the yield stress of Ti-48.8at.%Al-1.2at.%Nb-PST
and Ti-49.1at.%Al-PST crystals.
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Fig.6-7 Temperature dependence of the yield stress of Ti-48.8at.%Al-1.2at. %Nb-PST crystals
with various orientaions.
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Fig.6-8 Tensile stress-strain curves of Ti-48.75at.% Al-0.05at.%B and Ti-49.1at.%Al-PST crystals
deformed in air.
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ll TiAl-0.05at.%B

Table 6-1 Yield stress of Ti-49.1at.%Al and Ti-48.75at.%Al1-0.05at.%B-PST crystals deformed
in air at room temperature.
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Fig.6-9 Scanning electron fractographs of TiAl-PST crystals deformed in air.
(a) Ti-48.75at.%Al1-0.05at.%B, ¢ =0" , (b) Ti-48.75at.%Al-0.05at.%B, ¢ =45,
(c) Ti-49.1at.%Al, ¢ =0" , (d) Ti-49.1at.%Al, ¢ =45

=317 -



rEZLND, E5I2, BEMEy MCTOBHEEEORENE LTOATy 7R T I A%ZH
KLtze SHZ Eid, BEBRECORNEREIHT S 2 & T, #ERIIZy MHEBDI
MARFELZZETRBLTNS, :

¢ =45" TE L7-%&. BRI & BISIA OBMIEIZHH 5 2Rz o Tz, Figh:
YANRT LI 12, BRIM OFBHIBREICFTIERL, ~EREEZELL, —
F. BERMLAGE IR, T8 a,/y. y/yBREZHED > THERL TV, &5
I, y M TIRRE BB ERLE 7% )2 & T, EMMNABHIELR L. 20T Lid,
BIZIEINi,AIDRF TOE & & FRRIC, TIALPSTHGOBRETORFHOMENZEA
K, NEXEBERNEITAREN DL DEEZ bNDL, E 51T, BIRIMIC X 5|5k
Coine & HIZERPIGESESEmE L, Z0&%R, BREICEITE A1) LDAZ 5T,
BRE M5 v MO (111} ETHEME S AR RSO EH A HERILE NS L) 0k
Lo ZOZ LA, BIROBHEM. ERMICE A2ELVWIEEE - FOEVWEEARTHIOL
Bbhb, |
Oh S IITIAIPSTHEEHICBIF 2BRE 2 Y 5 & ) REWMN L2 BEEEL, 2R, B
222 TRIEET LA B L TwatD, &512, Ko I3EZED L KR T8 EER
L7-BDOEE — PR L 200, ZORENKEFROKRGICHET 5 KERLIC X
BLDTHBEIEREL TS, Lo T, RIFFE TIIAZRLICH 3 2BRMOR) R
WZOWTRE %47 72012, S5 ICERAZERICTIERBREIT - 720
Fig.6-10ICBAER, b L EARHRT, ¢=45" 12 THERBREFT - B0 —
OFAMBETRT o BRIEHRLBEREOMLERERICIIRBRERROEZEIE(EDS
N WAS, BERHE G R E CBILL 720 KEFTHIRER L72HE. KEAPITHS, Bk
o, ERINCE D O FTHITBOIERA L, KBICLBBICEARPRO 5N L L%RAT

300
Ti-48.75at%A1-0.05at%B 27.5%
45
Ti-49.1at%Al —
200 — e - 15.6% 14.5%
& Ti-48.75at%Al1-0.05at%B
= 2.9%
0 Ti—49.1at%Al
[}
43}
&
100 —
in air in H,
2%
—
0
Strain (%)

Fig.6-10 Tensile stress-strain curves of Ti-49.1at.%Al and Ti-48.75at.% Al-0.05at.%B-PST crystals
deformed in air and in H, at room temperature.
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Fig.6-11 Yield stress of Ti-48.8at.%Al-1.2at.%Nb and binary (Ti-48.1 ~51.6at.%Al)-PST crystals
with ¢ =45" as a function of reciprocal square root of domain size. A closed circle shows ternary
TiAl-Nb. Open circles show binary TiAl.
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Fig.6-12 The energies of SISF calculated by the empirical pair potential model
(Whang et al. (6-18)).
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Fig.6-13 Yield stress of Ti-48.8at.%Al-1.2at.%Nb and binary (Ti-48.1 ~51.6at.%Al)-PST crystals
with ¢ =90° as a function of reciprocal square root of lamellar spacing. A closed circle shows
ternary TiAl-Nb. Open circles show binary TiAl.
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Fig.6-14 Schematic drawing of slip vectors in « ,and y phases and slip traces on the surface of

Ti-48.75at.%Al1-0.05at.%B-PST crystals deformed at ¢ =0 in air, (a) slip traces on the surface
perpendicular to the lamellar planes, (b) slip traces on the side surface parallel

to the lamellar planes.
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Fig.7-2 Variation of micro-Vickers hardness of Ti-50.8at.%Al(a) and Ti-49.1at. % Al(b)-PST
crystals. ¢ is the angle between the rolling direction and lamellar planes.
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Fig.7-3 Scanning electron micrograph showing fracture initiation site in Ti-49.1at.%AI-PST
crystal rolled at ¢ =45" .

Fig.7-4 Scanning electron micrograph showing fracture initiation site in Ti-49.1at.%Al-PST
crystal rolled at ¢ =0" .
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Rolling direction B.V.: Burgers vector

Fig.7-5 Schematic drawing of rolling direction, slip planes and Burgers vector
to determine the B. R. value.
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Fig.7-6 Stereographic projections of rolling planes ((a) and (c)) and rolling directions ((b) and (d))
of Ti-33.0at. %Al (A, B and C) and Ti-25.0at. %Al (D, E, F and G) single crystals.
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type of slip system B.R.
specimen § (1070}<1310> | (0001)<1210> | {1131}<1128> | value
A 0.50° 0 0.42 1
B 0.50° 0 0.42 0
o} 0.43 0 0.34 1
D 0.43 0 0.34 1
E 0.39 0.28 0.11 0.86
F 0.052 0.28 0.47 0.52
G 0 0 0.45 0.50

Table 7-1 Schmid factors for possible slip systems and B.R. value in Ti-33.0at. %Al (A~C)
and Ti-25.0at.% Al (D~ G) single crystals.
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Fig.7-7 Variation of micro-Vickers hardness of specimens A(37.6% rolling)
and B(12.3% rolling) with reduction in thickness.
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Fig.7-8 SEM images of cracks observed on the rolled surface. (a) specimen A, 37.6% rolling, (b)
specimen B, 12.3% rolling.
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Fig.7-9 Variation in micro-Vickers hardness of specimens A(37.6% rolling)
and C(40.1% rolling) with reduction in thickness.
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(a) specimen A, 2.4% (d) SpeCImen C, 3.2%

(b) specimen A, 11.0% (e) spemmen C 10 3%

(c) specimen A, 26.8% (f) specnmen C 27 7%

(@) spemmen C 29 6%

Fig.7-10 Slip traces of specimens A((a)~(c)) and C((d) ~(g)) rolled to various reduction in
thickness. (a) 2.4%, (b) 11.0%, (c) 26.8%, (d) 3.2%, (e) 10.3%, (f) 27.7%, (g) 29.6%.
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Fig.7'-11 Electron micrographs of dislocations in specimens A with 4.8% rolling((a) ~(d), (h))
and C with 3.7% rolling((e)~(g)). (a) Beam direction//[ 1 100], g=2240, (b) B//[1100], g=0002,
(c) B/[1101], g=2022, (d) B/[1101], g=2240, () B/[1100], g=2240,

(f) B/[1100], g=2240, (g) B//[1100], g=0002, (h) B//[1100], g=1120.
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Fig.7-12 Variation of micro-Vickers hardness of Ti-33.0at. %Al (C) and Ti-25.0at.%Al (D) single
crystals with reduction in thickness.
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Fig.7-13 Deformability and work-hardening of Ti-25.0at.%Al single crystals
with various rolling surface normal.
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(f) specimen E, 11.6% . (9) specimen F, 7.7% (h) specien G, 7.9% ‘
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Fig.7-14 Slip markings of specimens D(a, e), E(b, f), F(c, g) and G(d, h) after cold rolling to various
reduction in thickness. (a) 1.3%, (b) 2.3%, (c) 2.0%, (d) 2.9%, (e) 13.8%, (f) 11.6%,
(g) 7.7%, (h) 7.9%.
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Fig 7-15 Change of micro-Vickers hardness of a specimen D (46.1% rolling)
annealed for 1.2x10% at various temperatures after cold rolling.
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Fig.7-16 Electron micrographs of cold rolled (a, b) specimen D (37.1% rolling) and then annealed
at 900°C for 1x10%(c, d). (a) Beam direction//21 10, g=0221, (b) B//2110, g=0002,
(c)B//2110, g=0221, (d) B//21 10, g=0002.
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Fig.7-17 Variation in the calculated rotation angle( « ) of the rolled surface (a) and in the Schmid
factors for the prism slips (b) during rolling. The marks (A and Q) show the experimental data.
Schematic drawings of rotation angle and slip planes are given in (c).
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Fig.7-19 Variation in micro-Vickers hardness of specimens A and C
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Fig.8-1 Configuration and dimension of microcompact tension specimen
used for fracture test.
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Fig.8-2 Schematic diagrams of microcompact tension specimens (Types A, B and C) with different
notched planes and the normal directions of y and « , phaseson I, II and Il specimen surfaces.

1|
f 1010 1010 1010
I E1 0 F2 » S Fi \ D.E2
@Y/ o VAL F2/ \
o/Eoz—-g_D %-’-% E2__F2 oZ———o0 E1F1
0001 2110 0001 2110 0001 2110
[{ | I I

Fig.8-3 Stereographic projection of the notched direction and the surface normal of C-T specimens
D, El, E2, F1 and F2.
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Fig.8-4 Load-displacement curves of Ti-49.1at.%Al and Ti-50.8at. % Al-PST crystals tested
in air at room temperature.
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Fig.8-5 Variation of load, total number of events and energy of AE of Ti-50.8at. % Al-PST
crystals with time. (a) Type A, (b) Type B.
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Fig.8-6 Side views near crack path propagated in failure specimens.
(a) Type A of Ti-49.1at.%Al1-PST crystal, (b) Type A of Ti-50.8at.%Al-PST crystal,
(c) Type B of Ti-49.1at.%Al-PST crystal, (d) Type B of Ti-50.8at.%Al-PST crystal.
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Fig.8-7 Scanning electron micrographs and electron channeling patterns (ECPs) of fracture surface
of TiAl-PST crystals. (a) Type A of Ti-49.1at.%AI-PST crystals,

(b) Type A of Ti-50.8at.% Al-PST crystal.
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Fig.8-8 Top views of fracture surface of Type B specimens of Ti-49.1at.%Al((a), (c)) and Ti-
50.8at.%Al((b), (d))-PST crystal. (c) and (d) are high magnification images.
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Fig.8-9 Load-displacement curves of C-T specimens tested in air.
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Fig.8-10 Variation of K, values of C-T specimens with the angle ¢
between the loading axis and c-axis.
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Fig.8-11 Variation of load, total number of events and energy of AE of -
C-T specimens (Type D, F1 and F2) with time.
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Fig.8-12 Side views near crack path of C-T specimens.
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Fig.8-13 SEM images of fracture surface of C-T specimens.

o GOT =



§8—4 EE
8 —4 —1 TIAIPSTHSICBIT2BHEEK - [ZHFREIIOWVT
8-3F TR L7z & 912, TIAI-PSTHE R % & I Ti, ALERS S OBIEEE T VWb v &
FHERL., WEHEZ 5 v FEBFIKEL T, TiAl-PSTH & Tid8.8 MPavm
2 571.4MPavm .\ Ti,AIH#55 T1d8.6 MPavm > 5558 MPavm £ K& { &fLL7ze L7z
BoT, TOMBOBEFELRET L ICIIOEFHOERERN L % 5 FRIUREZRICO
WTHLNCTHLENRD 5,

X T, TIAI'PSTH B TIIEE, E=FCTHLMICL 2L ) ITHERENICHES 37, 1
BRIER L Vo B EEES B RE LM EO 2 TAE 6 TEIUKE L2, BEAHD
Type A& Type BIZ ZNZEN §=90" & ¢=0" DEMARHIITIGL, TOHKER S ]
HREE LB THILATE S, ¢=90" ZHWIT0° TERLAEEE, WIhbE
REERXETSH L) CBUERBIIETT 205, o« SANTREZ LA E— FHEHELLS
Nb, ZOMRR. B2 B M2 FOTi-49.1at %AIPSTHE TiX, ¢=90" . 0" @
JEIZZ N ZH680MPa, 312MPa, #A % #lii% #OTi-50.8at %AI-PSTHESE Tld 2N Eh
560MPa, 226MPak %1, W3hd ¢=90" DFHA¢=0" L b2EU EEERIET
2R L7,

—J7. Type A(¢=90" )DRIEITIIIZ. Type B($=0" )&k D b2tk YRz, BHEE
BRI INEFNELRLE-—FICLDEXEEN TV ZEIREE NS, BHED
ECPOHT DiEFR., Type ATOERM L FAREII, o« AHDO00) LTHEREL TV, EN
FETHHL 2T Ltoto Z. Ti,Al(a )$E®(0001)<1210>Fre?nﬁ?‘«%4 i, ERETIETR
DMBEOIL WA —ERERT 720, AEmICERINTAT vy 77XV EHICERREN
o LIEIRICH - 72, ZIKHF%ODType ATIEE XY %@s/; Iy PRFAOTH S720
JKETDIEERL 2 vs, FaZELWm f@ﬁﬁ%*immn o T, NEEOTE
2B, SOIREFHBEIOEVESEIZLD I%.%’Hﬂ%ﬁ‘ﬁ% IETTAHLDLER
POND, ZOFER. BREIFEITE o *El@(oom)J:fEﬁé’J&ﬁEiﬁ FEEL 72,

F 72, F LU Type AlZBWT %'ﬁfﬁfﬂfﬁ%@@wki ). Fig.8-14iTERXIIRT & 9 12,
FTRIUEBRBIR L B, o MAZ (000)I2I0-> TERT A2 TARIT, EREBREER,
BUBESTS o fHNZER LIGO 5, E%’”@l‘éﬁ%f% Ia MHATOBREEWIZBITS
ICHERIZLBLDTHY, ~X Rk (OOOI)J:’COD(ALELCCVM_ ExbERLTW
bo 72, FRRVEBRAMERET ARy Ry /y FAEFEICH - THETAI LI
2L AERVID, Type AT « MATOFAILED EEV‘WEH HEXR LTS
72720, o MAEBOE AL, Fig.8-14(a). MIIART L) KEBRERBEROEFE 255
WAL T, COANTOREFEM EICERSTHAODEEZ SNE, KEFFETD
TypeATIZ. P o MBI, AT v TEHOBEML 72 Ti-49.1at. %A1-PSTHE & TIEK,
B A L L 72D, EHATH S y HEBD LI L 2120 o fAND AT FBELIH

HER L 72Ti-50.8at.%AI-PSTHE B TIHMERVKSE L & b ICHESITHE L 72,

—7#. Type BTIX, Type ALV dEWVK JEZRL. BNTHERE RO Z LS
PR oTze LD DT, WML R Z 45 OTi-49.1at %AI-PSTH G TIZ X D BV K JE
ZRLTze TDF A TORBARIZAEEOFHI L D, ZERFICOHT 2 2 ETHRETH

— 158 -



Ti-49.1at%Al Ti-50.8at%Al
(b)

Crack
02 phase —~ Bk A A I L e
[ yphase
------- Domain boundary ' i
©
—eg—
QY2 -l
-

IStep 1Step

Fig.8-14 Schematic drawings of crack propagation in y and « , phases of Type A specimens of
TiAl-PST crystals. (a) Ti-49.1at.%Al, side view, (b) Ti-50.8at.%Al, side view,
(c) Ti-49.1at.%Al, top view, (d) Ti-50.8at.% Al, top view.
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Fig.8-15 Schematic drawings of crack propagation in y and « , phases of Type B specimens of
TiAl-PST crystals. (a) Ti-49.1at.%Al, side view, (b) Ti-50.8at.%Al, side view,
(c) Ti-49.1at.%Al, top view, (d) Ti-50.8at.%Al, top view.
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