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

0‘77“IT‘ITTIIIIIIIIFT1III
o
0.6 — —]
¢}

E

3

o))

£ o

o

3

» 05— =
“

)

@

&

—
04 — ==

o
0.341111L11114LIIIK}A111
5 10 15 20

Crystal growth rate (mm/h)
Fig.2-10 Lamellar spacing of Ti-48.1at.%Al-PST crystals as a function of crystal growth rate.



BRI OBRIMRIZ, Fe-CROJMEBIARING L HIT, —RICEGEDOFI LI
BT 52 ERMOLNTNAEEC  ZZ Lid, HEAKEEREOET., ¥ 2bbBwmED
BFICEd W, FHRBEBIRA L AMAEOKREEITFET S, COFREKRE LT,
mc%mﬁwégﬁﬁu\@ﬁmxb%&%n&ﬁ&ﬁw&&&%%bﬁm;b%ﬁén

DIZHA, TI-ALRILEWICR O N2 BB OTEHIZ. « HATO y HTHIC L 2%
AU?&@%ﬂk&%&%%#%b ELIHERRERE D T I B0, P ERHE

AR A P EE V3L LABERT A FOSG/HRICLVERENTVEHDEEZLNR
Bo ZO—DODMHPL L T, Fig.2-11IIRT L 912, 2.5mm/hiZ THERL L 72Ti-48.1at.%Al
HETIE, o« MDD y AL 2RICEE TS a JHD5GH B —TdH 5D ITH X,
Smm/h DR EEE Tty HOBERBPANEC, BLAEKE LTV AEVARE—% o M
IO — &2 DR ENT, TDT EIL, o~y BRERE L TOR SRR EE D IR
OB ERXRETAEELCRTFTH Y, T TORMEISHEERIHICL > THERZF
BETHHILELRBL TS,

(a) crystal growth rate: (b) crystal growth rate:
2.5mm/h Smm/h

Fig.2-11 Variation of lamellar structure of Ti-48.1at.%Al-PST crystals
as a function of crystal growth rate.

—H. Friis iz s i, BIRTIAIOB BB ICB T 2 iEREERE * X 5123 LRI
X, FeCROIMEEDOEE L FEKIC, BHRIIHLREEEOHEME & 12, K25
TEERELTWA®, L12d5o T, TI-ALRLEW ICB T2 BIRMEEOBRED . &i&
FEE B R EAEIR CILBEEIC L o THREN TV AT REMDH 5,

DED XHIC, ALEERK ARERE*Z{LT 52 & T, TiAI'PSTHREA D E MR .
y FAA V&, a JADKERR G & v o -2 i 5 2 L CT& 7, £2 T,
KIEP 5 i‘ﬁﬁﬁﬁéntmmpmk bR AWT, ZONFEFBEICOVWTIRET 21T ).

2 —3—2 TiAl-PSTH S DO ETEEN I KITT K & A AR
TiAl-PSTHE S Tld, — M RN A2 & 2 &  BIREME A —Hm IZHlE ST
W5 2O —EDRRFHAMNBEREE -2 VEBREIFAEYT, NFEHFEISTT 5 RERHA
_19_



o,
N
NSO
N\,
A Y
©
o

|

i W

y phase
a, phase

|

(@ ¢=0 (b) ¢=45" (c) ¢=90°

Fig.2-12 Schematic drawings of orientation relationships between loading axis
and lamellar planes.

1010

47 0 97 50

001 011 01 0001 2iio |
(a) A triangle for y (TiAl) phase (b) A triangle for o, (Ti,Al) phase

o,
bio> " §=0'

s =45
® ¢$=90"

T

Fig.2-13 Compressive axis of TiAl-PST crystal composed of y (TiAl) and « , (Ti,Al) phases.
(a) A stereographic projection for each domain in y phase,
and (b) a stereographic projection for « , phase.

REDREZ R ICHIE L, FFRT 2 2 L TE B, AR TIE. BREO#EITHIA LB RHE
EDMBERBRSITHRICER L, Fig2-12l0RT L) AMEMIBRE L FITL 25 ¢ =
VEEELRS$=90" . FLTEOHRHEATH S §=45" DIFMEMEHE L TER
L7z LAL RdS5, HUE@l 4B THRRZE DI, CORBRDOHRBERLZEZRT S t‘
HRATIR o OFMIZ—ETHEHDOD, y HHIZIE6DD KA A VBFET 5720
ATEED FAA VBER L O o,/ y BHFHEIPFET 5o L72W5> T, TiAl- PST'anEI
R 2T 256, BEOREROMEOHEL IZRL), WEEMEzLT LI —F
MTOARRT S LIITERV, KFETIR, BHOEEE - FIZOWTEHL EET
5720, 12D F AL IER L. LA FEDRS [001] 5 IS - Ty [112]18 12 -
T, BHRE LW ES & OBR($) 2B T, ZOFER, Fig2-131RT X H 12, WE
By 2 LN a SHCBITAAT VA ER=ZABLIC, BEOHFMNE LTRHAT L



LASTED, Fig2-13(a) £V, y MATIR, BREICETHIE(S=0" ). BLU45" K%
[ (¢=45" ) IILHEZEM LGS, WEHMIIEhEh2FMNB L 4N TRRENS
DI L, BHREICEE (4=90" ) CAF LABETR., WEMII1ODF N TOAE
REN, FAAL UVBERFFAT LI L 2BRITIE, y HATOLERIZ, BEEELSE LS
A& LU L AR THEITT 5,

—77. TiAl-PSTHEPICHFET 5 TRTD o ML, A& L2720, Fig2-
I3MISART LD IS, ¢ WKIKFRE T, ZOWEHITIIFADOATEDEN D, 51T, ¢
=0 £90° DHE, CAMERIIWTN L BRAE LM > THEITT 225, o MHICBIT S
TR OBTFERE L, FNEN[1010], [0001] L2 Y& BhoTnb, INE TOH
HTIR, ZOBRABOBEMDO1OTH S o M, FEEISELTHLI L2, 1T
AEZBRBEIN o7z, L LENVL, BIRHBOEBBRE,? S 2 T, MRFNELHT
DIR o fHD EBDOREF ML EZ AN THEEL TS I EITEHTE 2V,
Fig.2-14IZTIAI-PSTHE & 2 ¢ =0" | 45" |, 90° ORLZEH THEIC TEMRAE
1To 72O MR %)) — O A% . Fig.2-1512 % DB DRARIE T O FAARAE D W
TRT o BRIETIIR ¢ =90 THRHE L, RVT¢=0" . 45° Lhb, LY b} ¢=45
IZBNTIL, ¢=90" IZHRT, M1/6DIFEITEVISTNT TBUER HE 272 —7.
JEEZFEMS 2 120EE L TOWMBMOTAHIZ, ¢=0" . 90° #°. #EEADAURE, #&
%&%EFV@TLT@%@Eévf&tﬁﬁé&wmmw«\¢—% T, »WiFho
FEEHICB VT H 20% L FOBHEEASHEETH - 72, ‘

TiAl-PSTH &2 BT Z;)%nEEjf{J.’f&ﬁ]&@ﬁE IDWTE, BRSO I L o THE S
NTBH, TOFREHEELTHESLIT¢=0" . 90° KTEETIHE. yHATEIBRATZ
RET 5 1INH ETEBRERISETT 5720, BRESEAESOEFHNREEL 2D,

800

700 $=50

600 -

500 |—

400 (— —

Stress (MPa)

300 (—

200 —

100 —

0
Strain (%)

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.
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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
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—F. a BT HY 2 Iy PHFZEELZZHE, Table2-2IZRF L )12, ¢=0
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.

DRDEHICEIBLDTH S, EHIT, TOTRYRDOEAIZ, BRIED DA% LT, B
BMOTAHAICODRE ZEEEZE 22, flzE, BHETXRYARCL YV EEI;#EITTSDAHT
X, 30% A EOWHERSTETH), TRETRFUEDVEIBEVEF LR TV
TLAITH, BEE - FSBRTIIRL TS 2V EPHBAL 72, T2, EE, %
512 & 1) Ti-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>