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Fig. 1-1 Phase diagram of Ti-Al binary system.
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Fig. 1-3  Steady state Creep rates as a function of stress at 650°C for a variety of o.,-based and
O-based alloys compared with a conventional o/p alloy Ti-1100 and density normalized
data for INCO 718 (from Banerjee, 1994).
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Fig. 1-4 Weight gain oxidation of Ti;Al-based alloys compared to IMI 834, Ti-1100, Ti-6Al-4V
and y-TiAl alloy (from Peters et al., 1990).
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Fig.2-1 Temperature dependence of CRSS for each three slip systems in various Ti, Al single
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Fig. 2-2 Scheme of different APBs in parallel prismatic planes.
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Fig. 2-3  Temperature dependence of the CRSS for the prism and basal slips of Ti,Al single
crystals with orientation X(O) and Y(O).
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Fig. 3-1 Shape and size of the specimen used in this study. (Dimensions are in mm.)
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Fig. 322 Loading axes of fatigue specimens.
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Schmid factor for various slip systems
Loading axis - — —
{1100}<1120> (0001)<1120> {1121}<1126>

A (=90 0.50 0 0.42
B (¢6=90°) 043 0 0.45
C (9=70" 0.44 0.23 0.44
D (¢=60°) 0.38 0.31 0.39
E (¢=0") 0 0 0.45

Table 3-1 Schmid factors for possible slip systems of Ti, Al single crystals.
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Fig. 3-3 Schematic illustration of fatigue grip assembly.
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Fig. 3-6 Crack propagation in the specimen fatigued at ¢ =0°.
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Fig. 3-7 Cracks in the specimen fatigued at ¢ =70°.
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Fig. 3-8 Cyclic hardening curves of T1,Al single crystals.

oy

b

o
E

[,
—
o
L e a a
>
1

A= 0.3%1

—
el
(==

C 0001 -

Maximum shear stress for { 1010}<1Q10> (MPa)

Ag= 0.3%]

Nl
o
I A

-
-
v’

o0
=¥
—rrr

~)
<

Ze

-
-
-

(=)
(=]

w
(=)

10° 10' 10 10° 10*
A Numer of cycles

Fig. 39  Cyclic hardening curves of Ti,Al single crystals (specimen A and B) cyclically
deformed at Ae =0.2% and 0.3%.

_22_



Fig. 3-9i2(1100)[11 20X E TNV RO ANEETHALM E, (1T00)[1120]&
(1010[1210]0 =D DORE T N RNFEBHZIES T 2BAM T, TN ENRVTHIEE
A e=0.2%72 5TNT A € =0.3%IC TR HRBREIT o BB OEH L Z LB L TR,

ZZT, FNORLZL _BROBEBROBEBEEZHET 220, REIFETTRO R
NDEAREABIGI TEIN TS, AFMIZBTBEHIREILZ. BHY1 2L ETFEF
—EDEZRLEZE, BOMILERL. 10391 ZIILAHE TO S ARIBICKEL -—ED
EICRERS 5. ZHUTHULBAMTIE, 1H1 7 NVBOIEHIFABM EFEEEDRNDD
D, MWL DRAEREEZERL, AGMICHRTEHEWETRIICE >/, /-, ZOlH
M ORIOELEE RS NICEFENOER. DTAREBENREVFIEEETH >, &5
W2 A e=04%TBAMICTRIER LGS, KORELRFELERLEE. 1039127
ICET HETIC120MPad OFEWETRFICED ., 284951 7 VI THMT L 7=,

CDEDIT, HEITRDRIEETHHMTHoTH, EETEHIITNDROKICLS
T, TOBRMEHRS RIS INAKEBERIERIZ. BRI2ITNVRICET 2 &
HOBMEOHEERICED2DDEEZ5NBN, ZOFHEMIC DOV TIES-3-3E TR 3,

3-3-2 &S OFTHERATY AR EEAED)

REEFROBRDIES « 0T AR, W3S - OFHEATY L 2N —T ORI
i RBEEFH ORI RIC L 2EMESHOLELE RERL T, Y1 7)o
EEDBITERLT D, DD, EATVU S ZAIN—TDRIROELEBINT 2 2 & T, EH
DETITHEDIRMEEBORLEH S Z LN TE S,

TITHETIE, BEHTRLZELIZ, WThHRETRDRICEDEREDNT
WHIZHEDST, BLBEEHORE BRI ZAFMEBAMICER LT, 6h - 0T s
EXTFU I AN—TOELERTT S & T, BB LERHOEMESHDLELITONT
EZ5,

Fig. 3-10 (@. M)z, ZNETNAFN., BHMIZBVWT, A e=0.3%ICTEBERIE
ZHBED., B OFTHERT U ZAN—TOELETRT, WFNOAMICBWTSH, O
TAHPRRKD EZWRRDIENERL, ZOMEITA VIVEOBREEBICERE LA, L
WU, BUREROBEDINS. DEDBRRIGHIZ. 1 7 EOBREEDBITKETLE,
ZHUT, —HRNCER L 7=%. FRZICERLADIBIC, fOEH TEAIN-BREG
ADBTITE D, BBITEMAES LIEYD 5 Wb 3BauschingerZi &2, H1 7 )L %
DEREEDITHEHELRD I EEBRLTVWS, 2L T, Z0OZ&E. BORLERICEL-
T, AIBNERALZNE DEEHIFE O Thack stress G¥iiR /) 2230 T< AL hin

_23_



MHBAERIND ZLE2RRLTNS, 51T,

10391 ZIiZBn T, BARET O

MERAE2ZRTIEBESVEBLTHD, AHEAN0 DRSNS BEIC . back stress

R DERMNEHLIBDOTND

ENOMND,

Stress (MPa) i Stress (MPa)
N=1000
200 200 N=100
N=1000 .
N=100 N=1
N=1 .
(I) 3 % 1 i | / { 1
- 0. 0.3 -03 0. ‘
/ Strain (%) / Stain (%)
- 1010 ; 1010
A
1 B
200 0001 2110 200 0001 2110
(a) ()

Fig. 3-10 Stress-strain behaviour of Ti,Al single crystals cyclically deformed at Ae =0.3% during
various cycles (N). (a) specimen A, (b) specimen B.
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Fig. 3-11 Schematic stress-strain behaviour and definition of various parameters in order to
calculate the BS value.
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Fig. 3-12 Variation in BS value of specimens A and B cyclically deformed at Ag =0.3% with the
number of cycles.
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Fig. 3-13 Deformation substructure of specimen A cyclically deformed to 1x 10* cycles. (a)
Ae =0.2%, g=2240, Beam //[1100], (b) Ae =0.3%, g=2240, B//[1100].
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Fig. 3-14 Weak beam image of dislocation dipoles in specimen A cyclically deformed at Ae =
0.2% to 1x10* cycles with g=2240.

RDFTEHRTFNEEBINTND Z &, #MTiFT1/3<11 2058310 12V -2 E &
22E2EZDE. INSOER EADORETRONY a FHROER &7x5 T alfE
HbH 5,

Z 5ZFig. 3-14DREHEHRICIFAPBTRI NS & 5 REA BB F LT, 25D/
SRERANESND, . Va3 VDEREES T 2BICHR I N5 IEEIT/N S IRgiL
BHBFTdh 5 EEZ SN, point defect cluster EIEEI5, Rk DclusterNVES A L
IENLAFPNIAIO BfEGEPICHEBRINTH D, BEHFELELOFEROUNEDEEZ SN T,
B

FIRICE S 2RI, WEERIIFR EELEZ RSB0z, ZHUT, BAICES X T
i BB OTHEZED QI RAIBERMEAINTBY., ZOROERICIIH-
IREALDREIEZLEEET, BEFEOEERMOFEESHOAICE > TEENHEDN LD
EEZ5N 35,

_99-



KIZ, AGRICHNRTE L WEFBE(LPBauschinger$) £ 2R UT=BHILIT BV DK
BB OWVWTIERS, £9, Fig.3-15I1C A ¢ =0.3%TEZ LI EZHBEOY 1 7))L
BoBEmztE>, O110EE LOTRDBOLELERT.

1100). (1010)

Fig. 3-15 Slip markings on (0110) in specimen B cyclically deformed at Ae =0.3% to various
cycles (N). (a)~(e) and (f)~(j) are micrographs with and without Nomarski contrast,
respectively. (a) and (f) N=1, (b) and (g) N=10, (c) and (h) N=1?, (d) and (i) N=10", (e)
and (j) N=10".
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Fig. 3-16 Variation in the mean depth of steps and the spacing (width) between troughs in
specimen B cyclically deformed at Ae =0.3% as a function of number of cycles.
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Fig. 3-17 Deformation substructure of specimen B cyclically deformed at Ae =0.3% to 1x10*
cycles. g=2240, Beam//[1100].

Fig. 3-18 Electron micrographs of dislocations in specimen B cyclically deformed at Ae =0.3% to
1x10* cycles. (a) g=2240, (b) g=0002, (c) g=2204.
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Fig. 3-19 Deformation substructure of specimen B cyclically deformed to 1x 10 cycles. (a) Ae =
0.2%, g=2240, (0001) foil, (b) Ae =0.2%, g=2420, (1010) foil, (c) 4e=0.3%,
g =2240, (0001) foil, (d) Ae=0.3%, g=2420, (1070) foil.
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Fig. 3-20 Dislocations in specimen B cyclically deformed at Ae =0.3% to 1x10° cycles.
g = 2240, (0001) foil.

Fig. 321 Crack on (0110) surface of specimen B cyclically deformed at Ae =0.4% and fractured
at N=2849.
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Fig. 322 Schematic drawing of the formation processes of edge dipoles. (a) dislocation debris, (b)
edge dislocation dipole.

_36_



Stress axis

jog

tension compression

Fig. 323 Schematic illustration of process of cutting and jog formation between screw
dislocations of different prism planes.

Fig. 324  Schematic illustration of saturated bundle structure (SBS).
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Fig. 3-25 Schematic drawing of saturated bundled structure (SBS).
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Ae (%) Ag, +2 Aeg (%) L(um) D(um)
0.2 0.14 3.08 0.22
0.3 0.27 1.34 0.32

Table 3-2 Parameters measured from specimen B cyclically deformed to 1x 10* cycles.
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0 0.1 0.2 0.3
Aep + 2 Aeg (%)

Fig. 326 Relation between LD/(L+ D)’ and Ag, +2A¢g, in specimen B cyclically deformed to
1x10* cycles.
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Fig. 327

Fig. 328
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Variation in stress-strain hysteresis loops of Ti,Al single crystals. The broken lines show
initially fatigued specimens at A =0.2% and 0.3% for 1x10* cycles. N is the additional
number of cycles after changing Ae. (a) Ae changed from 0.2% to 0.3%, (b) Ae
changed from 0.3% to 0.2%.
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Variation in the maximum stress amplitude in the hysteresis loops of specimens A and B
with the number of cycles. Ae for specimen A changed from 0.3% to 0.2% after 1x10*

cycles, while Ae for specimen B changed from 0.2% to 0.3% after 1x10° cycles. Ae
changed at the cycle indicated by an arrow.
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Fig. 329 Change in BS value for specimens A and B as a function of number of cycles. The
change in Ae corresponds to that in Fig. 3-28.
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Fig. 3-30 Deformation substructure in Ti,Al single crystals fatigued. (a) at Ae=0.3% for N=15
after at Ae =0.2% for N=1x10‘, Beam //[1 TOO], g =2240, (b) at Ae=0.3% for N=

2x10" after at Ae=0.2% for N=2x10*, B//[1100], g=2240.
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Fig. 3-31 Deformation substructure in the specimen fatigued at Ae=0.2% for N=2 x 10" after at
Ag=0.3% for N=1x10*. Beam//[1100], g=2240.
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Fig. 3-32 Relation between LD/(L+D)* and Ag , +2A¢, for fatigued Ti,Al single crystals. Open

circles show the data for the specimens fatigued at A¢ =0.2% and 0.3%. Full circle and
square represent the data for the specimens fatigued at Ae =0.3% for N=2x 10* after at
Age =0.2% for N=1x10" and at Ag =0.2% for N=2 x 10* after at Ae =0.3% for N=1x
10%, respectively.
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Fig. 3-33 Relationship between annealing temperature and micro-Vickers hardness for the
specimen fatigued at Ae=0.3% for N=1x10".
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lum © 200nm
Fig. 3-34 In-situ TEM observation of change in microstructure in the specimen fatigued at Ae
=0.3% for N=1x10* during annealing. Beam //[1 TOO], g=2240. (a), (d): before
annealing; (b), (€): isochronally annealed for 1.2 X 10’s from 100°C to 300°C by step of

100°C; (c), (f): isochronally annealed for 1.2 x10’s from 100°C to 500°C by step of 100
C. The white marks in (a), (b) and (c) show the same position.
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Fig. 3-35 Change in deformation substructure in specimen annealed at various temperatures for

1x10° s after fatigued at Age =0.3% for N=1x10*. (a) before annealing, (b) annealed at
500°C, (c) annealed at 700°C, (d) annealed at 900°C.
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200nm

Fig. 336 Growth of debris in the specimen fatigued at Ae=0.3% for N=1x10* during annealing.

Beam//[1120], g =4402. (a) before annealing, (b) annealed at S00°C for 1x10°s, (c)
annealed at 700°C for 1x10°s.
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Fig. 3-37 Weak beam dark field images of superdislocation dipole in Ti,Al single crystal (a) g =
2420/2g (b) g =2420/2g.
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Fig. 3-38 Schematic illustration of edge superdislocation dipole and coordinates used to describe

the relative displacement between superpartial dislocations.
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R, = R(x,y)
R;=R(x-w,y)

Ry =-R(x—d,y—h)
Ry =-R(x—d-w,y—h)

(3-12)
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ULOBENTHE LT, DBEL TERITZZENTERVWI ENDNS, 2D EMS, gN
U bMVERET % EBETEMTBTFOBRY, = BH 2 NEINER LD 2 ENEFES
Nnriz,

Shear modulus n=43.8 (GPa)
Poissons' ratio v=0.447
Magnitude of Burgers vector b=0.2888 (nm)
APB energy Yars=04.6 (mJ/m?)
Deviation parameter 5,=0.0603 (nm™)

Table 3-3 Parameters used in the calculation.
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Fig. 3-39 Relative stable position of dislocations and the corresponding images of superdlslocanon
dipoles as a function of height between their superdislocations.
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Fig. 340 Schematic illustration showing how to distinguish between a superdipole with Z-type
configuration and one with S-type configuration.
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Fig. 341 Force acting between parallel edge dislocations with parallel Burgers vectors of opposite
sign as a function of relative displacement in x direction (d) with different four shapes
depending on the value of w/h. (a) w/h<0.81 represented by w/h=0.2; (b) 0.81<w/h<9.36
represented by w/h=2; (c) 9.36<w/h<11.8 represented by w/h=10; (d) w/h>11.8
represented by w/h=20. '
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Fig. 342 Force acting between parallel edge dislocations with parallel Burgers vectors of opposite
sign as a function of relative displacement in x direction (d). (a) between single
dislocations; (b) between superdislocations with w/h=2.
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50nm

Fig. 3-43 Weak beam dark field image showing superdislocation dipole composed of segments
with different configuration in Ti,Al single crystal.
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RS 1 R5

(a) (b)
Fig. 4-1 Shape and size of the specimen for fatigue tests (a) at -196°C (b) at high temperatures.

1010
d¢ :
g/oO b
0001 2110

Fig. 42 Loading axes of fatigued specimens.

Slip system ___ Loading axis

a b c | d e
(01T0)[2110] 0.250 0 0.125 0.0292 0
(10T0)[1210] 0.250 0.433 0.125 0.0585 0
(1100)[1120] 0.500 0.433 0.250 0.0292 0
(0001)[2110] 0 0 0.483 0.310 0
(0001)[1210] 0 0 0.129 0.0832 0
(0001)[1120] 0 0 0.354 0.228 0

(2111)[2116] 0.416 | 0.446 0.234 0.486 0.446
(2111)[2116] 0.416 0.446 0.204 0.204 0.446
(121D[1216] | 0.0299 | o0.111 0.267 0.428 0.446
A21D2161 | 0.0299 | 0.111 0.149 0.353 0.446
(112D[1126] 0.223 0.111 0.272 0.471 0.446
(1121)[1126) 0.223 0.111 0.487 0.265 0.446

Table 4-1 Schmid factors for possible slip systems in each specimen with various loading axes.

HETORRIL. EENETEMEMN S HEESREY (SHIMADZU SEM servo
pulser) &MNT, HZeth, EEIK10HZIZ T, A IRIE50MPa~300MPa) i F s
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Fig. 4-3  Variation in plastic strain as a function of number of cycles in Ti; Al single crystals
cyclically deformed at -196°C and room temperature at various stress amplitudes.
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Fig. 44  Slip traces on (0110) surfaces of Ti,Al single crystals cyclically deformed; (a) -196°C,
Ao =160MPa, N=10’; (b) -196°C, Ac =180MPa, N=18920; (c) -196°C, Ac =
200MPa, N=8415; (d) R.T., Ao =160MPa, N=10" ; (¢) R.T., Ac =180MPa, N=10";

(f) R.T.,Ac =200MPa, N=10".

400 —"—F+— 4
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Temperature (°C)

Fig.4-5 Height of steps and width between steps on (0110) surfaces of Ti,Al single crystals
cyclically deformed at Ac =180MPa as a function of temperature. Almost same
cumulative plastic strains (10'%) were given in both specimens.
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(a) 180MPa (b)200MPa

Fig. 46 Side views of fracture surfaces of Ti, Al single crystals cyclically deformed and fractured
at -196°C; (a) Ao =180MPa, N=18920; (b) Ac =200MPa, N=8415.
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(a) -196°C (b) RT
Fig. 4-7  Deformation substructure of Ti,Al single crystals cyclically deformed; (a) -196°C, Ao =

180MPa, N=18920; (b) R.T. Ao =180MPa, N=6000. Almost same cumulative plastics-
trains were given in both specimens.
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/V
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Fig. 48 Weak beam dark field images of dislocation tangle in Ti;Al single crystal cyclically
deformed at -196°C, Ac =180MPa to N=18920. (a) g=0221, (b) g=2201, (c)
schematic drawing of dislocation segments with various Burgers vectors.

Fig. 49 Dislocation loops elongated along screw direction in Ti,Al single crystal cyclically
deformed at -196°C at Ao =180MPa to N=18920.
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Fig. 4-10 Dislocation debris in Ti,Al single crystals cyclically deformed; (a) -196°C,
Ao =180MPa, N=18920; (b) R.T., Ao =180MPa, N=6000. Cumulative plastic strains

were 10*% in both specimens.
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(b) Pinching-off by cross slip

Fig. 4-11 Schematic illustrations ,showing two possible mechanism for pinching-off of debris.
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Fig. 4-12 Relation between length and height of superdipoles in Ti,Al single crystals cyclically
deformed at -196°C and room temperature.
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Fig. 4-13 Variation in plastic strain of Ti,Al single crystals with orientation b cyclically deformed
at Ao =80MPa at various temperatures with number of cycles.
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Fig. 4-14 Variation in plastic strain of Ti,Al singlé crystals-with orientation b cyclically deformed
at Ao =50MPa at 700°C and 800°C with number of cycles.
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Fig. 4-15 Change in plastic strain at N=1X 10° of Ti,Al single crystals with orientation b cyclically
deformed at Ao =80MPa and 100MPa as a function of temperature.
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Fig. 4-16 Relation between shear plastic strain and resolved shear stress for {1010} <1210 > slip
at N=200 of Ti,Al single crystals with orientation a and b cyclically deformed at 800°C.
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Fig. 4-17 Slip markings on (0110) surface in single crystals with orientation b cyclically

deformed at Ao =100MPa. (a) 300C, N=1 X 10% (b) 500C, N=1 x10°; (c) 700°C, N=1
X 10% (d) 800C, N=10572.
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Fig. 4-18 AFM image and scanning profiles of trough and extrusion on (0110) surface of Ti,Al

single crystal with orientation b cyclically deformed at 800°C and at Ao = 100MPa to
N=10572.

Opm

Fig. 4-19 Side view of fractured Ti,Al single crystal with orientation b cyclically deformed at 800
C and at Ao =100MPa to N=10572.

Testing condition Trough Extrusion
Stress Number of Cumulative Testing time| Depth Angle Density | Density of  Mean  Density Height
amplitude cycles  plastic strain  (hour) (um) (mm1) | number length (o -1)  (nm)
(MPa) (%) (mm™2) (um)
100 10572 9.4)(103 0.3 =1 =90° 52 186 19.6 3.6 =300
80 105 26.6x10° 2.8 ~0.5 ~90° 31 108 520 56 =700

Table 4-2 Surface configuration in Ti,Al single crystals with orientation b cyclically deformed at
800C.
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Fig. 420 Deformation substructure in Ti, Al single_crystals cyclif:ally deformed. (a)500C, Ao =
100MPa, N=1 X 10’, orientation b, g =2420, Beam //[1010]; (b)700C, Ac =100MPa,
N=1X 10’, orientation b, g =2420, B//[1010]; (c)800°C, Ac =80MPa, N=1X 10°,

orientation b, g=2420, B//[1010]; (d) 800°C, Ac =69.3MPa, N=1 X 10° orientation a,
g =2240, B//[1100].
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Fig. 421 Burgers vector analysis of dislocations in Ti,Al single crystal with or_ientation b
cyclically deformed at 800C to N=1 X 10°. (a) g=2420; (b) g=2022; (c) g=4402; (d)
g=0442.
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Slip system g&}g as) Loading axes
a b c d e
(1700)[1120] 476 | 550 | 952 | 815
(10T0)[1210] 28 952 | 550 | 190 | 407
(0001)[Z110] | 163 - - 337 | 525
{1121}<1126> | 630 | 1514 | 1413 | 1294 | 1296 | 1413

Table 4-3 Stress for activating each slip system in each specimen with various loading axes.

1400 [ ©yield stress for {1121}<1126>
(2 _ Ay
E 400 I O yield stress for (0001)[1120] .
~ e d\ . - -
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Fig. 422 Orientation dependence of fatigue strength in Ti,Al single crystals with orientation a, b,
¢, d and e deformed at 800°C. Symbols O and X show that the specimen did not
fracture and fractured prior to 1X 10° cycles, respectively.
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Fig. 423 Slip traces of Ti,Al single crystals cyclically deformed at 800°C. (a) orientation a, Ao =

86.6MPa, N=99630; (b) orientation b, Ac = 100MPa, N=10572; (c) orientation ¢, Ao =
200MPa, N=8169; (d) orientation d, Ac =300MPa, N=18124.
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Fig. 424 Fractographs in Ti,Al single crystals cyclically deformed at 800C. (a), (b), (c), (d) and
(e) are side views, and (f), (g), (h), (i) and (j) are top views of specimen a, b, c and e,

respectively.
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Fig. 425 Microcrack path in Ti, Al single crystal with orientation b cyclically deformed at 800C
and at Ao =100MPa to N=10572.
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Fig. 426 Schematic illustrations showing mechanism of microcrack propagation. Schematic
illustration of crack propagation processes. (a) formation of a microcrack on (12 10)

plane, (b) emisson of dislocations at a crack tip and the crack propagation on (2 11 0)
plane.

4-4-3 SBSOEEMIZDONT

AIBEICBNT, FRICBIT TLAIBRROENEECOVWTHSMACL, AZizBn
T TOREREEEESNT S ET, TLAIBKES ORI EE D IFIT LA 5 &
Rok. TORTESNE, BbHEELHRIISBSOHRATLAIDE Y 48 % Xh 4%
EWSZETHD, s, SBSILEEE EHE{LPBauschingers B, HHEHI
FED NEREOBZI SR TOBRS T, SRBADER &1 5 EME RIS EHR
THENETH S, Wﬁéhéﬁﬁﬁ@’OMTﬁfﬁiﬁﬂéamtamMﬁAﬁﬂ@%
ENBEERE-BL TS, £, SBSEMKT 2 HEEMIITLAIZ BV TLTOR
ERTROEHNESRENLTHD, A0 ORI S OMEE ST 5 BEEKIZ BT
RN L ORE T O AFRHCEST 2 2 S b AR TH S EE X 5N, SBSATRE
NBEPMEND. FE. o,/ B MMBEAT STLAL S OEXEHIED. o HHT
DBNBEAMRE 2D Z ENWESNTNB, ZDOMNBEBROEREIT S LT
B S TIRARNE TN TSN, EFEOHKENSEZ T, SBSHZOEETH 2 Ak

_g9-



HENE N,
B> T, TLAIDEHEMKEDZDICIISBSOMRENH L. BRELZEMT D
HEERDIFZZENNEELEINS,

4-5 #E
196 5800C £ TORERTH, TLABEEROEHEHEETS Z ETUT

OHRZREFT =,

(1) -196CIZBNT. ZDODRET R RINEENT B AT, ISHHEICTRFIER L
B, BEEMOES) EPeierlsEICE, EBETR$EE 2D EE2RILUT, =
BIZHERTHNESREEOTHERLUE. £z, BROEEMR S CNTHIED HE T
HBHIEERBMUT, TROEIARE—E2D, BABRREERNDBARFICIDE
WEBRT 5720, EHFMIET L,

(2) T 5. ERBEOBENIICIT. BRTHREINSSBSICRbD> T, @& T2 &L
MO KSICERT 5. [000115 AN ETR, MWERRMER S N7z, £zdebrisd
HRBEEMETT 2L EDIC, debrisOEINELRDZEHEMNS, debrisfEROEE
HERBY a DR S NIpinch-of OB, WINH EREITNDIZLDD
DTHBZENHLNER DT,

(3) MUANMT. 300C~800CDEBTREHFER LI=HE, 7T00CETOERERTIL. iR
EOERIZESRS T, debrishREEITRD & & HITSBSOFENHHIZ 115720,
EHTEIERH ER o2, ZHICKH L. 800°C T H O KINCER L 2R EED
AL DRy N =7 DOFRICEVEL S REREFELLZRLUZ

(4) 800C I BT 2 EHREITRVER S MKFEEZRL 2. HEHTRDROEHNES
RAR TR, BHREREEITARDROBENCL2BERIG I ON_EOEEZRLZ.
ZhCH L, EBEITADZEDDWIIEETND ROBHNH/FI NS HATIE. BR
AT THRE L 7=

(5) 800CIT BT B EH BB HRVERFNKFEEE R L2, BETRORMVEHT
BIEE. TROBICETREVESERICARNREL, BRITEED(1120/H %
REIEEL. BECES2. BEETANDRINEST 254, (0001)E TOE AR
NIZEOfEMREEL -, /2. FEEH000155E TEE T XD OEHNFEIND
BE. BHERTHZL2<O00DETONERICKDBREL Tz,

-90_



OBE R

[1] M. Legros, A. Couret and D. Caillard, Philosophical Magazine A 73, 61 (1996).

[2] J. W. Steeds, Proc. Roy. Soc A292, 343 (1966).

[3] H.P. Karnthaler and E. Winter, Acta Metallurgica 23, 1501 (1975).

[4] C. G. Kallingal, T. R. Smith and N. S. Stoloff, Scripta Metallurgica 27, 1407 (1992).

[5] G. W. Groves and A. Kelly, Journal of applied physics 33, 456 (1961).

[6] R.L. Segall, P. G. Partridge and P. B. Hirsch, Philosophical Magazine 6, 1493 (1961).

[7] A.S. Tetelman, Philosophical Magazine 7, 1801 (1962).

[8] P.B. Price, Philosophical Magazine 5, 873 (1960).

[9] G. W. Groves and A. Kelly, Journal of applied physics 33, 456 (1961).

[10] A. Behgozin, T. Nakano and Y. Umakoshi, in The third Pacific Rim International Conference
on Advanced Materials and Processing (PRICM-3), 1998 (TMS), p. 2323.

[11]Y. Umakoshi, T. Nakano, T. Takenaka, K. Sumimoto and T. Yamane, Acta metallurgica
materialia 41, 1149 (1993).

[12]Y. Minonishi, Philosophical Magazine A 63, 1085 (1991).

[13]Z. S. Basinski, Progress in Materials Science 36, 89 (1992).

[14]H. Mughrabi, R. Wang, K. Differt and U. Essman, in Fatigue mechanisms: advances in
quantitative measurement of physical damage, , 1983 (ASTM STP), p. 5.

[15]L. L. Lisiecki and J. R. Weertman, Acta metallurgica materialia 38, 50 (1990).

[16] T.Nakano, H. Y. Yasuda, N. Higashitanaka and Y. Umakoshi, Acta materialia 45, 4807 (1997).

[17]L. L. Lisiecki and J. R. Weertman, Acta metallurgica materialia 38, 509 (1990).

[18]Y. Umakoshi, H. Y. Yasuda, T. Nakano and K. Ikeda, Metallurgical and materials transactions
A 29A, 943 (1998).

[19]G. Webb and S. D. Antolovich, Metallurgical and materials transactions A 25A, 2469 (1994).

[20]H. Inui, Y. Toda and M. Yamaguchi, Philosophical Magazine A 67, 1315 (1993).

[21]T. Nakano and E. Yanagisawa, ISIJ International 35, 900 (1995).

[22] T. Nakano, T. Kawabata, H. Y. Yasuda and Y. Umakoshi, Material Science and Engineering
A194, 43 (1995).

[23]T. Nakashima and Y. Umakoshi, Philosophical Magazine Letters 66, 317 (1992).

[24]Y. Umakoshi and T. Nakashima, Scripta Metallurgica et Materialia 30, 1431 (1994).

[25]R. J. Wilson, V. Randle, W. J. Evans, Philosophical Magazine A 76, 471 (1997).

[26] A. H. Maitland, G. A. Chadwick, Philosophical Magazine 19 645 (1969).

_91_



[27]1K. Takashima, Y. Mine, S. Ando, H. Tonda, Y. Higo and P. Bowen, in ICF9, Sydney,
Australia, 1997, p. 1.

[28]A. N. Stroh, Proc. Roy. Soc A232, 548 (1955). ‘

[29]D. A. Davidson, in Microstructure/Property felationship in titanium aluminides and alloys (eds.
Y. W.Kimand R. R. Boyer) TMS, Warrendale, PA, 1991, p. 447.

[30]D. A. Davidson, J. B. Campbell and R. A. Page, Metallurgical and materials transactions A
22A, 337 (1991).

_92_



55 5 B TLAIE# & 0393%‘%@0:&@@‘%%[%&%5@55%

5-1 ¥S

RIEETIC, TLAIBRROEREHORFZHSNILE, BT OORETAD %
MEET 2B EITE, iR 5500COENRERHET, SEABMRLTOYD & 0WICE
WU T, Bumf@ETHMA L2 TR 52 5SBSA R I N, BEE S
BauschingerZ#IR & S ICIIEFBEBROFER /RS 2 2R LE, LT, ZOSBSO
FRENIHT 5 Z ENTLAIDR S RERBEORTH S Z E2HSMNITLE, LALAR
5. ERAMEE U THENED 5N TS TLAIE S SVTAE S &HICEET 3 o 1L
7 TIALE DFIRAEBC WA AEEE (APD) £0 1 umMFOH 1 XOMMMGEE LT
B, BAOEHREIL, BHOTLAIF EIZRRD, EERHEAZERLIEEZS
N2, BT, ZOLIBERANSAPDEET HTLAIBRE R 5 NN, TLAIRHHIC
DBOrHZETL— MRICEE L 2 5SS E O, BN AR RT3 e
DEBERNIERIIDOVTIERD, TSI, ZORERENS. GBI OEBAE & 5E35E)
EOHBEZHSMNCT 2 EEBIT, MHTHAOEA DSBSHROMIESE & LT OTAEH %
L ERICIR

5-2 ZERGIE
CERABBIRER DOEA)
3-2HIITR L 1= D ERBROFIEIT L DES 7LT13AI$1’*naaE TafE TREL 218, &

REVTHZHAL, HA - FHAIZESE ED1150°CIC TR BRI L =18, kokrhic ke
ANARAME L 7z, 2 0%, BOARBICHEZH AL, 700°CH 5 NZ900°C 12 T & Mk
FIBESId 5 Z L TAPDERE X B =,

CH A fIREITLAL/ TIAUB IR #s & D /ESY)
T DRI E D, Ti-39.0at. %Al 5 NCTi~40.0at %AD& & 2 A8, FZiE
(NEC-SC-35HD#F) 2k D, #&REEE2.5mm/hTH mkEE R ERL -,

(BB IR |
BONLHED S, HETORAEHT 5 &5 BHEMED D, 2x2XEmmiD ik
BRI 5 UIC ' — M2 3T mm OFig. 8- LICR T RO T B SR L,

__93._



WEMAN ESHEMICHTAETRORDI 23y MEFZENENFig. 5-1&LTable
5-1TRT . RBRAICIIS2ETRLZO LR UBBMES S UERIBEZRLZ. 28
EMFBEOSEL. ERARAIIEELIV, BE-25CICTIONMHE. EIEBRAIIER
22V, BE-25CIZTI0 M & LTz,

(EMERBRS L EFTHR)

FEMERBRIZT > X bo U RERERE (SHIMADZU AUTOGRAPH 5000C) ZMFWT,
HiH, BEZERICT. ABROTHEELTXI0SHITIT o 2. BHHRBRIE3-28ITRL
DERULHET, BRIIT, 20T HHIH (A £=0.2~0.5%) ABRZTo7Z.

AR OEBELRIL, 3-28ITRUAEZHETIT 2. b, BREBZECFBEMHEIC
TEERITIBICIE. EBEWEDR, K/MHEE/ 7 vEE%2100/1.8/1DKERTEES LA
REHAWT, OCICTISHEOREEZKL =,

B, r
0001 2110

Fig. 5-1 Loading axes of specimens.

Slip system
Strqss
axis | (1700)[1120] | (10T0)[1210] | (01T0)[2110] | (0001)<1120> | {1121}<1126>
A,q 0.50 0.25 0.25 0 0
B, 1 0.43 0.43 0 0
P 0.43 0 043 0 0

Table 5-1 Schmid factors for each slip systems at loading axes in Fig. 5-1.
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Fig. 52  Dark field images of Ti,Al single crystals quenched from 1150°C and annealed at 900°C
for various periods. (a) as quenched, (b) 107, (c) 10’, (d) 10%, (e) 10s. Beam//
[2110],g=0111.
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Fig. 53  Average APD size in Ti,Al single crystals as a function of annealing time at 700°C and |
900°C. Data for Ti,Al polycrystals from Sastry et al.'"! are also shown.
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Fig. 54 Variation of CRSS for (1 100)[1120]prism slip of Ti,Al single crystals as a function of
average size of antiphase domain.
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Fig. 55 Dark field micrographs of Ti, Al single crystals deformed at room temperature after
quenched from 1150°C and annealed at 900°C for various time: (a)-(d) images of

dislocations obtained from g=2240/2g, (e)-(h) images of APDs obtained from g=1 120.
Beam//[1100].
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Fig. 56 Increment of CRSS for (1100)[1120] prism slip of Ti Al single crystals as a function of
average APD size.
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Fig. 57  Cyclic hardening curves of Ti,Al single crystals with APDs cyclically deformed by
single prism slip with orientation A at Ae=0.2%, 0.3% and 0.4%. Average domain size
is 250nm. - Cyclic hardening curve of fully ordered Ti,Al single crystal (without APDs)
with same orientation cyclically deformed at Ae=0.3% is also shown.
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Fig. 58  Cyclic stress strain curve of Ti;Al single crystals with average APD size of 250nm.
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Fig. 59  Slip traces of Ti,Al single crystals cyclically deformed at various total strain amplitudes

after quenched from 1150°C and annealed at 900°C for 10%s: (a) Ae=0.2%, N=10%, (b)
Ae=0.3%, N=10%, (c) Ae=0.4%, N=445.

Fig. 5-10 Dark field micrographs of Ti, Al single crystal cyclically deformed at room temperature
at Ae=0.3% for 10* cycles after quenched from 1150°C and annealed at 900°C for 10"s.

Beam//[1100], g=2240.
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Fig. 5-11 Cyclic hardening curves of Ti,Al single crystals with and without antiphase domains
cyclically deformed by single and double prism slip at A¢=0.3%.
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Fig. 5-12 Deformation substructure of Ti,Al single crystal cyclically deformed by double prism
slip at Ag =0.3% for 10* cycles after quenched from 1150°C and annealed at 900°C for
10%. Beam//[ 1100]. g=22 40.
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Fig. 5-13 Weak beam image dislocations in Ti,Al single crystal cyclically deformed by double
prism slip at A£=0.3% for 10* cycles after quenched from 1150°C and annealed at
900°C for 10's. Beam//[ 1100]. g=22 40/2g.
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Fig. 5-14 Schematic illustration showing the motion of prism dislocation in ¢, phase between y
plates.
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Fig. 5-15 Optical micrographs of (01 10) surfaces ((a), (d)) and distribution of size for o, ((b), (e))
and y ((c), (f)) plates in oriented Ti-39.0at.%Al ((a), (b) and (c)) and Ti-40.0at. %Al
crystals ((d), () and (f)).
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Fig. 5-16 TEM image of oriented Ti-40.0 at.% Al crystal with (@, + ¥ ) lamellae structure and
SAED from each phase. Beam//[1 210] in o, phase, [110] in Y phase.
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Fig. 5-17 Variation in CRSS for {1100}<1120> prism slip to Ti,Al single crystals and oriented
crystals with duplex phase as a function of Al concentration.
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Fig. 5-18 Cyclic hardening curves of Ti,Al single crystals and Ti-39.0at.%Al crystals with
oriented duplex phase cyclically deformed by single and double prism slip.

composition | orientation A€ (%) Ag, (%) O o (MPa)
i A (single slip) 0.35 0.14 403
Ti-39.0 at. %Al
B (double slip) 0.50 0.077 616
_ A (single slip) 0.30 0.42 122
Ti-25.0 at. %Al
B (double slip) 0.30 0.38 149

Table 5-2 Total strain amplitudes ( Ag), plastic strain amplitudes (Ag,,) and and maximum stress
(O ax 1) at N=1 corresponding to each curves in Fig. 5-18.
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Fig. 5-19 Deformation substructure in oriented Ti-39.0at.%Al crystal cyclically deformed for 10*
cycles at Ae=0.35% by single prism slip. Beam//[ 1100]. g=2 240.

{1100 v
Fig. 520 Weak beam image of prism dislocations in oriented Ti-39.0at.% Al crystals cyclically
deformed at Ae=0.35%. Beam//[ 1100]. g=2 240/2g.
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Fig. 521 Deformation substructure in oriented Ti-39.0at.%Al crystal cyclically deformed at Ae
=0.50% by double prism slip and fractured at 5507 cycles. B//[ 1100]. g=2240.
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Fig. 522 Crack on (0110) surface of oriented Ti-39.0at.%Al crystal cyclically deformed by
double prism slip at A€=0.50% and fractured at N=5507.
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Table 5-3 Energy of APBs on (1100) planes with various displacement vectors.
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Fig. 523 Schematic illustration showing atomic arrangement of antiphase boundaries on (1100)
prism plane with various displacement vectors.
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Fig. 5-24 Schematic illustration of interaction between superdislocation and antiphase domain
boundary.
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Fig. 525 Schematic illustration of dislocations moving along antiphase domain boundary.
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Fig. 5-26 Stereographic projection of loading axes in (a) @, and (b) 7 phase of oriented crystals
with duplex phase.
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Fig. 528 Orientation dependence of CRSS for { 1100}<1120> prism slip in Ti-39.0at.%Al and
Ti-40.0at. %Al crystals with oriented duplex phase.
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Fig. 529 Weak beam images of prism dislocation near different types of y plates in oriented
Ti-39.0at. %Al crystal cyclically deformed by single prism slip for 10* cycles at Ae
=0.35%. (a) near A,; domain (b) near B,, domain.
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