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Fracture Toughness of Ti-8Al-1Mo-1V

Takao HoRIYA, Hirowo G. SUZUKI and Teruo KIsHI

Synopsis :

Effect of microstructure on fracture toughness of a near a Ti-8Al-1Mo-1V alloy was systematically
examined.

At 0°C, B-processed specimens with acicular microstructure had higher fracture toughness at a given
strength than those with equiaxed microstructure, because the former had a greater crack extension resis-
tance than the latter. The embrittling phase, a, phase, which precipitated during furnace cooling after
annealed at 650~950°C, reduced fracture toughness by more than 20 percent although that increased tensile
strength. Precipitation of a, phase had a great influence on crack initiation and reduced CTOD value at
crack initiation, 0;, by 50 percent.

At — 196°C, the specimens with acicular microstructure had higher fracture toughness than those with
equiaxed microstructure similar to those tested at 0°C. The latter had lower fracture toughness than that
of Ti-6Al1-4V with equiaxed microstructure at a given strength, because the crack initiation of Ti-8Al-
1Mo-1V were lower than that of Ti-6Al1-4V.

It is concluded that the relationship between microstructure and crack initiation or crack extension
resistance properties of microcracks preceding unstable fracture accounted for the changes in fracture
toughness of Ti-8Al-Mo-1V.

Key words : Ti alloy; fracture toughness; microstructure ; strength ; heat treatment; test temperature;

fracture mechanism ; microcrack ; crack initiation ; crack extension.
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2. X B F &

BEAM DI % Table 1 (27Rd. HEEHAE
227 — 7 RCEB L7 500 kg 8530 %, ZRMIEE (B 1,
1150°C) T 90 mm FID R 5 712 L 7%, a+R 15 (980°C)
7203 B3 (1100°C) T 26 mm EOMIZFEEL 72, &
BEIIEE o+ BMTHRBMT 2 h 5, KEBRTIR
UM & B O BRI E ISR T A 20, B
BTOMLbERL . b, Rt D F-transus i1,
IREFSHT (DTA) HBOWED 2L B E 1042°C TH >
7z.

FEEDOEMEM I Table 2 IR TEHMBZIMA 7. ot
B BEIEM OIMBIRIE X, a+BIKD 650°C 5 £ o
1100°C D#EFT 4 BRICEL s, 72, o T
DEBERETT H720, MBRED S OGESE* 2%
(FHmHEE :70°C/min) & B & CF¥ % H#E K
1°C/min) © 2fE8FE L. $72, a+B3D 950°C
LU BEHD 1100°C o KBEANL, D 600°CX
24 h DEFHEEE LB Il THhRET L. BBUE
R, EEOBESIRE TH S 800°C THESI L /-,

BIBEABRIA RIS & M, EREAS 6.25 mm, B

BEHE 7S 25 mm DOIBERERF * A7z, BRESIMERER L,
COD KB %1772, ABRF &, 3SRl (B=
10mm, W=20mm, XS EEH=80mm) % HIEH.[
A ASEEFENCEA ISR L., FERIIEF &L
L, ABRIREIGATHRY LFBIC0 BLU—196°C & L
7z. EBRIE BS HUAED ML CTiTo . $ 72, A

Table 1. Chemical composition of Ti-8Al-1Mo-1V
alloy used (mass% ).

Al Mo \' ¢] N C Fe H Ti
8.13 1.04 -1.02 0.12 0.006 0.006 0.08 0.003 Bal.

Table 2. Conditions of processing and heat treat-
ment.
Rolling Annealing Cooling™® Aging
o AC _
650°C X 8h FC _
o AC -
800°C X 8h Fe _
a+f wQ 600°C X 24h
(980°C) 950°C X 2h AC —
FC —
wQ 600°C X 24h
1100°CX 2h AC —
FC . —
B ° AC —
(1160°C) 800°C8h Fe -

* AC : Air Cool FC: Furnace Cool WQ : Water Quench

BEmICENT AWM ERHOERER *H~<L 20, L
AL 3 M AR £ HVBRMET R #— 7 (8p-Aa,
Jrla,a: EREZ) 2ERL, 3ROSR L R
BIErHANL. ZOBOEXHES (Aa) BL U CTOD
i, JAEORDFIHHRY LRAETH L. &8, whft
MRIZFEREmPOMEBL-ZBETFERLORXGA
BEEIC 2D L9100, PERIBMYIKRE & L. 201,
SEM, G5 BAMEE (T X % AR B X OB o B 5,
XA L 2HOFE %47 - 72,

3. B & B
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Photo. 1 12 a+ 8 8 HEM 0 4 BESLIRE € O Fe- ¥
SR 2R, 650°C BESHAS Tk — BRI AR ATHEIT L <
WA, KESO e HIZEESFMICHEBL X £ T,
JEED T OB L 1T A ELE DS . 800°C BESHFT
T, 10~20pum ZEORHAS LAEM o e 20 R
W l~2pm EOKRE SIS EAET HMBEE 2B, 650
B XU 800°C BESAA TR H &L B OMMIZ K &
“AEEBEO LNV, 950°C B b L d o A Y
RN DS, N e tHiZ R M A{L L, Transformed 8 #
DENEH 800°C DAL DML T hH, EHM Tk
B DM 72 $HIK o« HMERIC, M TIE e HICEFR
FREREL TWwAh. B-transus L LD 1 100°C Hestisf ¢
&, ZEEGEMIE Ti-6-4 DA L FBRICHR « i &4t
Ko HMBE 2 > TV D, JABMIE, 22 s
WRaetirF L CHAIEL, 5 XEA10~20um & 7% »
TWa. [HANEREGM, Fmh L b 800~1000 um
Thhb.

%, 950°C 2 b KEHEEERD L 7ok (LT KRG -BE
BEF) i, W e EFORICTILT YA b OERD
AREAZRD B, 1100°C 25 Kk% LBa, £HES
P 72 $1 IR o AR ERL. $7, BBUEHEM IR, ot
B BEEM 0 1 100°C BEShAS (Z2t5) & 3IFFERD IR
MLk %R LS, 1H BRI AIEESICE L CHE LT
w7,

3-2 X#EEF

XMEHTICE D o HOFERIT - 2R % Fig. 112
AT, 800 B X OF 950°C BESTM T i, o HIZHIET B
E— 2 S HMICEN TV, W& BN THE, a
HMOE— 2 BB DONLE NI LD, o HAKGEHRIC
MH LA EHERRCT & A, 650°C BESIH Tt o FHD
¥— 7 2SR H & ZEH ol TRl b h, 650°C 0%
BEFHICS o AT A E52RLTWES, &b,
950°C 4 & K4 600°C THERH L 28 & 100 e HHO
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A, B:650°C C,D:800°C E,F:950°C G,H:1100°C
Photo. 1. Microstructures of a + 8 rolled specimens annealed at different temperatures and air-
cooled (above) or furnace-cooled (below).
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/a: Fig. 2. Influence of processing and heat treatment
950°c FC conditions on 0.2% proof stress of Ti-8Al-
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20 (degree) )
Fig. 1. X-ray diffraction patterns of Ti-8Al-1Mo-
1V alloy annealed at @+ 8 region and air-cooled 3-3 SIR4FE
(AC) or furnace-cooled (FC). Fig. 212 0.2% W L BB EORMRZRYT. ot B

BIFEM OEE (0.2% W) &, &, PEkebic
¥— 27 2B, 600°C DEFRIFIC o AT H T HZ & BB ED LR ICHEVWET 5. o ¥ T S
PHEETE -, /7, BHO 1100°C 2 SR L=B4a  650°C BESIM I 226H, M & SIEEDOF IH L0
B XU BTN T 800°C BEMBIFA L a, Wi 20kgf/mm? BEE A EH L, Hb & VIEE (108 kef-
nb o BOY— 7 BB mm™ %) %79, 800 B XU 950°C BESLE X, ap FHOHT
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HLTWBIFEHM OB G XL 0 10% SEEHE <
%o TWwh, 1100°C BESEZZH A1, 950°C BEstiZe
X DEES Skgf-mm 2 LA EERTT 5. 372, o D
Frh LT % 1100°C BESEAF G 45 13 225 4 & 0 SHEE 2%
v, BBUEMEM X, JEED £ % Tt o+ B WEEHM X
N ERIEANH 10 kgf/mm? UL HE T+ 5. o+ B BEEMH &
Rk B BUEIEH (SHIRAMER) T, 800°C THESE L
72 ap HATHIC X B ARG & G OB 2S7TR®
Shb. F77, KE-BEEEMIE, 950 3 X0 1100°C
BAEE L, ZBHEMEID 20% M LEEvEE (102
kegf-mm™2) 2R L7, %3, FUREM (Mo, &b1HE)
i3, o HAHTH L 72354 8 X USHIRERIC L 2381
KECET L. BlziE, 800 H X U 950°C BEstiF G
BT, BOERZEGHD 1/3 6 1/4 1T L7
3-4 WiBEM

Fig. 3 12 0°C O8I ME (0, AL EHIERLKES
® CTOD i) &FULHBEOMRERT. ot+BIFELE
MOFE B L OREHM TR, BMBEOLFICEL Y
S fEIX ERT 5. HiC, SHIRMEEE /RS 1100°C BEsd
MTid o, AFE L LA L, 950°C 8t 2 &L Lo
AR, ZREM LG E THREICKEZENH - /2
800 B & UF 950°C BESiHF D 0, 1%, WTFhLIHEOEY
Z2EH DT A 20~30% B\, SHIRHRRO 7 AMREICK &
%N R S N7 1100°C BESEM O =G4 & e T,
Ti-6-4 OEFEY L B DIFGH O 6, D H %R K.
a+ B BUEIER & B S % 800°C HEStA I oW T
WY He, SRS ERT BEHEEMOHFEL (H
MEATE V. K& -BERIA L, BHREE R L - BRE% D
BHuidlig L s e8I R, 72, —196°C
TOEHMEMEEZ 0°C DBFELD TR LET T 525,
EROMEBIE 0°C DBE L ITITFABETH -2, & B,

° O@A a+p rolled
o.10- O°c OM B8 rolled
r | ’ A WQ+Aging
£ 0.08" AC H ' ]
E T FC §
o, 0.06" ' AC ¢
%) - FC —
0.04[ g
I @?8
0.02[ 574. A A
= |
1 Il 1 b 1

1 L ! 1 I [ ] 1
600 700 800 900 1000 1100 1200
Annealing temperature (°C)

Fig. 3. Influence of processing and heat treatment
conditions on critical CTOD value (a.) at 0°C for
Ti-8A1-1Mo-1V alloy.
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Fig. 4 12 0°C (2 BT 25 (0.2% W) & 6. DH
#BERY. MBoaEonNy Fid, gi®® o Ti-6-4
(@EMB LU ELIM) OBE2LHEOSR TS, BE
EOBE, HMHAKIIID LT o0y FIZGHEER S,
Fabb, EHERMME B LU TEEHMERK, 0o TH B,
7erEL, K RERIM ORKRIE@HM O FIZETH
5. #HRM O V—TiE, Ti-6-4 DR DN FiZ
BEEIN, $7, KEEOFE@MMAED /v Fig,
Ti-6-4 OZE@WMM DO/ FOP ORI LEST 5.
$70, o ARHHTH L 8, DIET L 22t & k% - B %
iz, WIFRLBEMERUENY FIZA-TEY, hE
BN ADFEFERE T RAOON LW,

—196°C 2 BT HEE L 6, D% % Fig. 5 2R 7.
Mz, Ti-6-4 GEEH) OBFEO/N FY HRT.
Ti-6-4 OHE, WMHMABICEELR—2 0Ny FTE
BMEh/., LaL, KEEDEE, 0°C OBA LFEKRC
—196°C T iR D EATRO i, SRR & 1t
DB T ooy FiIcEs s, T4bb, K

10 °n]s OAC
oo 0%~ BAL-4V orc
e {%~.. (B ftreated
0.08- sy 9756 Sea A ) J@ B treated
€ r S P
E o006 . LN
L F T "% 6AL-4V
0.04  TSsa 8 ~~§Equiaxed)
L ~ e
0.02t @""\ e
I 8.8/a Ay

(%|||.I||||lx|||l||||l||||l|l|:l S I

0 75 80 85 60 95 100 108 1O
0.2%PS (kgf mm®) at 0°c

Fig. 4. Relationship between 0.2% proof stress and
critical CTOD value at 0°C for Ti-8Al-1Mo-1V
alloy.
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L OAC
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= i A WQ+A
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‘8 0'03_ d Cj g ~~~~~~~ /GAL—4V
- J e
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0.01F 6 e
i N I O I B I 6. O\ I?I 1 IIA:?TQT“T

[o] [
115 120 125 130 135 140 145 150
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Fig. 5. Relationship between 0.2% proof stress and
critical CTOD value at —196°C for Ti-8Al-1Mo-1V
alloy.
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< 0,12 0.005~0.01 mm DHFHANTIZIT-ENEZY R
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Photo. 2 2% 841 (800°C BESLZ2 5 4) & HIR#
(1100°C BESHZEAY) O F & RS fE OB %R 3.
Lt oRkE L, EREICEEH2®E T, FE LTH
VT VRS R A, T4y TLVOERBLY
RS, I e HOKE SIIRIEISLTWAS. b,
PESGIRIE AT LA LT e HOKENKEL DB E, 71
VINVOEBLUESOKRELS BEMERL. T,
TR LIPS OB BHE L EERED Ok h o 7.
BB A L 72 8PRM1E, ERIICHMO K & Wikl %
R L, -~ % BB, "Elongated dimpley B B & O
T A TNRIBRI % ENRET ABE A RT. B, F
SREFBEOWN & ALEWBEROHEIZ, &L FEUK
HMEF/RLZZ —196°C Tid, Sl X OSKME b
"Flutes; T 721X "Groove; IKOBEE®D A58+ 3 25,

ERMIIE0C L RIZEMAFI TH O, EELILIC
L BWEEOZ IV 2w, L EORERE & A&
DERIZ, Ti-6-4 OBPED L ITZFHETH A.
3-6 RHh—7

Fig. 6 {2 800°C BEslikt > R /1 — 7 (6r— Aa) % 7R .
A2, LB 72 O Y 8BS n 7 Ti-6-4 (Sdmht)
DRAI—THLRLE. kB, 0 0fb0IC J, TBEH

0.10
r 0°c
CE L
E o.08
~ -
$ o.0sF
g | Ti-6Al-4V
(equiaxed)| I
8 0.04F e eae
= L~ °
5 7 o| |, B00°C(AC)
0.02 T I /866°C(F§) ;
— . | |
0.0 ] ] 1 i - 1 1 1
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Fig. 6. Comparision of R curves (CTOD wvs. Aa)
at 0°C between air-cooled (AC) specimen and
furnace-cooled (FC) after annealed at 800°C. A
dotted line indicates a R curve of Ti-6Al1-4V alloy
with equiaxed microstructure.

A, B : 800°C annealed (AC)
C, D : 1100°C annealed (AC)

Photo. 2. Comparision of fractograghs
near the fatigue crack tip of COD speci-
mens tested at 0°C (Left) and — 196°C
(Right).
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0.10
i 0°c
e 0.08- Ti-6A-4V
€ o (Acicular) | e =-
~ 0.06}
]
32 -
g
o 0.04f
o
5 0.020 /1100"C(WQ)A_
—_— o :
0.0 1 L 1 i 1 1 1 L i i | 1 1

1 [}
0 100 200 300 400 500 600 700 800
Aa / pm

Fig. 7. Comparision of R curves (CTOD vs. Aa) at
0°C between air-cooled (AC) specimen and water
quenched specimen after annealed at 1100°C (Above
B -transus). A dotted line indicates a R curve of
Ti-6A1-4V alloy with acicular microstructure.

L7z8a b e R U EmATE S vz,
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BIIAH RA—TOEEIR, Ti-6-4 DHFFRLRKE W,
3 7z, 0,13 Ti-8-1-1 A, Z=EM TH 20% K.
Fig. 7 12 1100°C hn#tt (228 & 0K - BE3h4F)
DR H— 7 %RT. KPIZid Ti-6-4 0 B Ensst (2=
B)YDRHI—T?HRLE. ZOBAEL R —TOME
XEERUMAISIZIF-ETERE LS. EEMDR
H— 7D %1, Fig. 7 0F#MM I RKEL, 5, bH
20% . —, a ATAET HKEG -BERIH T, 0
BIXUORI—TOMEELEHIZEGHINEL (KW,
Ti-6-4 O $HR# & Ti-8-1-1 DKM (1) * T
BE, EROBAN (6) BHLT, ZRERVHO
Ry —70HEZ Ti-6-4 VK E W,

Fig. 8 I &HEtidt 0 0°C BL ¥ —196°C IZBIT 5 0,
LAREREMAET RY—TOME (T= dJg/dla)
FLOTRT. SHBEBFED 6, v BT 5 &,
0°C D4, 850 3 & U 950°C BESH (Zedmdf) ik v3°
nb 0.02mm FifE TR & AEEDSF, 1100°C KEsE
MM B hE DR @V EERT. o HIH
LTWABIFEHMD 6,12, WTFhoME#<d 0.01 mm &
BofEx Y. —196°C Tid, BHBIUFGEH L b,
0°C DBA L IZITFRL 6, 2R77.

—F, 2RERKKO TERET L L, 0°C Tk
1100°C &t o Ti355EhH L » 3~5 fEm W EZ Y.

I %:FOC ot
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g 0.03- AC ©
€ /OA
- 002[ Qv Q="
© - FC
0.01F *A“g*
ol——1 1 1
e AC FC
€ 6 o“c:° O e
S -196c A A o)
E, | - - - S
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3 - A
S o
3 F () —
0 80 950 1100

Annealing temperature / °C

() in the figure indicates no stable crack growth.
Fig. 8. Relationship between crack initiation
(8;, above), crack extension resistance (dJr/dAa,
below) values and annealing temperature of
Ti-8Al1-1Mo-1V alloy.

M LI R BT 5 &, M CEmEA L bIFL
AL TERTOIZITL, $RM CIFEGEH O L
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Ti-6-4 DFEY L IZIFFEETH - 72, T2, FERE
WSRO R A FOERMEIL, 2EH &M TRICE
BED SN 7.

4. % =

REBHER,S, 0°C TREEMKICEERLZ L, AR
ERIELFIC T A2 AL SR ERIERT A &,
M X B OBE LT 4~ TVEIBE S {, LHbAE
EREFOBE & FMAOHERELRT I EHL RIS
o o7e. Zhud, Ti-8-1-1 OBIERAEL Ti-6-4 DFHE
AR, ARSI EMBIETHH L ERL TV A,
FThabb, Ti-8-1-1 ORRIBRIFAS FORE A4, M
FROBEBLOERE, FRICRSALERED 7at
2% EBEEIOLND. EoT, REEDWIEEME & B
HABOBREBRET L7010, AEEHERICT &
B HERT S S EOEE) Y TRANNE, & TER
BRI CESTLILENSA.
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7
4
,/ R curve
bcz A
’,' iz
Or / -
Vd -~~~ R curve
°C1 d - il
7 =
Vs Pl AT
e e
s
Yt
Aa=0

a , Crack length

Aa=0
a , Crack length

Dotted lines are COD crack extention curves at a constant load
Solid circles indicate the point of fracture instability.

Fig. 9. Schematic representation of crack growth
resistance (CTOD : 8z) curves for specimens :
(1) with different &; and the same slope of R
curves (above), ( 2 )with the same 0, and different
slope of R curves (below).

CTOD (8,)) BXUORI— 7 ¢ 0B HEAMICRL
Z2bDTHAH. BRIE, WE—EFTH CTOD & &%
EREES (o) EOBBRERET VOO L XRER I
WMTHY, ZoOMBE RA— 7TOBNASTNRERIEN
(6.) %9, RI—TOMHET bbb, ZHERIKH
AIIEFE-—T, L b XZEREKIAI/NE WEA (Fig
9 EX), 6,1k 6 dKEXTIHIFRIY, & HPKEVE
BEV O, ERT. F7, 6, »F—TaRERBIKITICE
dhAHE (Fig. 9 TH) i, SREREHRAKEWVIZ
EEW O ERT. B, RERTIBW, » FHH &0
AR AL CEAROEFERET LA, 6,10/ v F
FKOMBEEIEESTHIEPMONTENY, B
J oy FTHELNE 6, EFFIEROEAX V)l—J< 7
HEEDNS., UL, WS ABRIEEAIZIL L 72
WA 6, DM EE & LTk, REREIEYTH S L
EroND.

4-1 WRMERORERM

Ti-6-4 @ 0,13, #RE, M, AHY, ABREESIC
FEACEBINTIIT-FOMERLEY. REe4T
¥, Fig. 8 ISR L2k 912 6 iR, RERRA I3
EALEBEEN VY, A FFC o HOMHIC

0.08

L 0A O°c
@A -196C
0.07+
13
£ L
~ 0.06F B treated
<
3 L (AC,FC)
- b —
3 0.05_ ~
3 /
a 0.04F /’
o L
© o.03r ’ﬂ\bc—bl
£ o002+ ‘9
o L )/
0.01- ©
0—’

F T SR T R R
0 0.01 0.02 0.03 0.04 0.05
O at Aa=0, d / mm

Fig. 10. Relationship between crack initiation (&)
and critical CTOD value (6,) of Ti-8-1-1 alloy.
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