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Effect of Bi-modal Microstructure on Fracture Toughness of
Ti-15V-3Cr-3Sn-3Al Alloy

Naotake N1wa

Synopsis :

Effect of bi-modal microstructure on fracture toughness of beta type Ti-15V-3Cr-3Sn-3Al alloy was
systematically examined. Bi-modal microstructure that was obtained through combination of aging at high
and low temperatures after solution treatment is composed of coarse and fine alpha precipitates and beta
matrix. This bi-modal microstructure improves fracture toughness-strength balance compared with mic-
rostructure produced by aging at single temperature after solution treatment. Comparing at the same
strength level, increase of volume fraction of the coarse alpha precipitated by aging at 873 K in the bi-mod-
al microstructure gives higher fracture toughness, however, it reduces attainable strength. Homogeneous
distribution of coarse alpha precipitates obtained by pre-aging at 573K before aging at high temperature
tends to reduce the superiority of the bi-modal microstructure in fracture toughness. This superiority is
provided by the formation of voids and microcracks in the coarse alpha precipitates and rugged crack prop-
agation due to the uneven microstructure.

Key words : Ti alloy; fracture toughness; strength; microstructure control ; bi-modal microstructure ; step

aging ; heat treatment ; microcrack ; void.
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Table 1. Chemical composition of the alloy used (mass% ).

\' Cr Sn Al (o}

N C Fe H - Ti

15.1 3.36 3.04 3.37 0.14

0.008 0.004 0.17 0.0061 Bal.
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Fig. 1. Variation of average beta grain size (D)
and areal fraction of imperfectly recrystallized
grains (Ay) with heating at T for 3.6 ks.

L, —F, BRZEIHALZ (Fig. 1). KM%,
Bi-modal M DOEMMHE~OFEELRH+TL - & %
HELTWA 0, ZORMESEBROBE G
BULENHD. $€- T, Fig. 1 DFEREH S KERSRH
RIFES, BRBEDR/AE %D 1123K T 3.6 ks 114F
REGEBEMEEEE L.

BRRDMARIC BT, BRI BB L RIET e E 2
GNDLELRFIX, BHEOM, L e kx sk
&, PHRETHLH. CoNBRBE, EdRLLS
WK=& L, KRESDEL L o fflid, BRLEZER-
im0 B Es%h (LL#% STDA EBEED) B & OBtk L%
i - W IR - IR O = BB ah (L% STTA & msE) 1o &
DIR72. THOEBUEICE VT, o HOW TR IZ, B
EEHE, T e HOKE 13, BRI L D2
oo &7z, FAIREEICEI L T, STDA IZEiRMoF
RSN 2N Z 72 STTA 12X DB L3¢, SERFOHE
PRRES L7, BEFALERIC B B ERNIRE, BahRR B
LU EDRES %, Table 2 (RT. 72751, BERIEEREIC
ML T, 5IRAER, BIERMREBRL B4 - 28080
RERNEEEI 2R L CTh 5.

BULPRTL O SEHC o W T E, MBS, —ms)
HRAER, BOEEMRERL L OREBEY B o, 8
R L K OHIEMM R, oA~y FREH®EE
1.7X107°%m/s T, § XCEERTBI % o7 BlER
BRR ARG, FATEERE 4.0 mm, AZSREE 15 mm.

Table 2. Outline and names (Al,-:-, S3) of aging
treatments after the solution treatment of heating
at 1 123 K for 3.6 ks and air cooling.

Ty | t3]| To| €3] T3] tg

/K ks | /K /ks | [k ks
sTA |[673 270
§ Al
1Ms
723 | 65
S A2
252
773 | 30
§ A3
100
873|100 A4
STDA |773| 22|673| 22
s D1
360
873 11 43
s D2
360
50 180 D3
100 360 D4
773|100 360 DS
STTA |573| 36|(873| 11 (673|360 s1
11 (723|360 s2
22 sS3

STA : Aging at Ty for &y STDA : Re-aging at T for f, after aging
at Tj for i STTA : Pre-aging at 573 K for 36 ks before the STDA

BIEME R ORI, HWEE 10mm TH 525, i
DNFEE IT-CT RER EF—Th 5. FHiEAEE
BHME (Kie) &, ASTM-E399 126¢ - TRE L 72,

3. MR EEXE

3-1 BEXEE{E

Fig. 2 i3, #MALHEE— DR % (L#s STA &
BERC) % L -BR OB & MEOBGR Y RT. o™
WKabNRB X2, 873K OB THEED LR b
NTHA. —7, 673K OBhTIZTELOBMEIZEV b
DOXREREHOFTURIBVEESBESIA. £
7z, 573K OENE, LD HBVEEEIBEOALLOD,
EHEDZL T 52 EAMSN T B2 0B
S OERANL 72, ‘

STDA (X BF % @in D BF#himAEE &, 873K, 773K,
iR OBRRNIRAE X, BEEOE SIS 673K & L7
(Fig. 2). Fig. 312, STDA ® 2B HOMZhIC BT BB
{LHIR OB 2R3, b, HidhameE, M 2BEHo
BRhEE ] 2 /R . FERIESRI S B O, —B B O
T L-ROBEEL/RL TS, STDA 2B 5 3EM
FEDHEMEY, 673K & 773K @ STA (2 B} % 53258
BEORMOfEE LT, —BH 773K & 873K ToOWH)
BREEREL, ZERHOEMICB I AEILEH~N:. £
7z, ZEH OBSRhEB)IC RITT B B ORI 0 &
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Fig. 2. Variation of hardness with aging time in
the STA.
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Fig. 3. Variation of hardness with re-aging time

in the STDA. Aging conditions of D1,--, D4 are
listed in Table 2.

YHE~B -0, —BHE 873K ORI £, 11ks, 50
ks, 100ks ¢ LT BB OBRMICB I 2L E A
7:. —B B OBRIRES 773K 04 (D1) ik, 873K
DFBA BB ONBBROMERE, T0R_E
HoOBRTIE, BL% 180 ks OFERY THRALATEFI L,
TERE 134 440 & & o 72, —B B ORFRIREE A 873K @
BETH, —BEBOBEMEEMA 11ks O E (D2) T
1%, 360ks DEFRYIC X D TEE A 440 & % 0 (2ITHEL
MRAFI L7, STDA BT, Bl i, —B&
HOBMIC X AL B HORMIC K 2M{bema 7z
e nhs, —BH 83K » STDA (D2, D3, D4) T
i, BLIZIEE AL CBRBORICIALDTH .
17, ~BHOMYEEIEC 220, ZREOK
MBI AIEAEL 2 1), 360 ks BishiaOREE & #F
LCIET L7 (Fig. 3). Zhid, 873K OBsshic L H g

fLcHEE LAWK : e O ENEL, —EKREBO
BB MM % o OISR S iz e
PR (W

iR T OFHEENE, BE ORI T ORI & NHE
52 eSO TWEM s, REERTIIZERE O
RHIREEASE < 7 B0 B BT 2 ORI L
o o ECESRED LR L HICHTH o AV
Kbk ticksrbnrBbhs. AMED STTA
D&t (—B B 573K T 36 ks ¥, “EH 813K T
11 ks {245) Tl BB 0B BE LI Rz T — B BRR)
OB IEE TR L, EHKEZEBOBLERHD
STDA L&D kERBEVWRALNE P o2, LGB, —
BB 573K, 36ks OBERITIX, BEOLAZIALN
ol

3.2 BFhEREE

Photo. 1 (=, STA #, STDA #t & STTA ¥ O#%)
BB % 7T, SROBMEE R, 873K, KERO
IR, 673K, FBEFZHIRE X, 573K TH %,
STA MCix, WEIC e HOBEEM LB ALR, &
7, WA S e AR SRBH, wFRLHK
TARY— A EBHHEEEE LTV (a). (b), (c)
i¥, STDA 2 & Vi85 h7-#1EIf % Bi-modal #i#ko Bl
2 RLTWA, (¢) ®» SEM IC L ABBEOBETHL .
X512, O Bi-modal M T3, BB DEKRNE
DBV T, —BEEOBROERNIC X DI LoHKR
e HOEEL O MML a PN L VDS, 20D
(b) DEHRBLMEETIE, (a) IZHHNIHKE o MR
R L7- &) H A AFHEREL VS, 85I, K
1B T O BB I o0 BN BE W BGHE o AR AT RTH S AT H
L, BRHICH AR o, B o HASRAE L oM
Yot EBTHRERT A S LIS D BRBEORRIC
BWT, WATH o HOM AR S N, B— LB
WA ELNRD I EPMEN TR, KR
STTA CHME L7-X 512, FHEREMRAS I &I
Ly, P 873K CEEAIL Mk (a) ICHEL, iR
OB B D a FOFT AL 039—12 7% o 2o HLHEAS
Bons (d). $7:, STTAD=ZEBORKMIIBITS
e 2 o AHOMT L, STDA & FikIC, &iROEERNT
Ml LR e HOBBEP ST 7.

3-3 BEEOME

BIERE S X UHIEMEAER T B Z & o 72 STA,
STDA B & U STTA @&, BUTFO L) IKEEL:
(Table 2). BE%hiRE 673K, 723K, 773K o STA
(A1, A2, A3) T, FE{L7213faf¥ B
X UL AR B 2 & A EIREE & o H R 74 2 BER)
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496 B & W % 78 4E (1992) & 3 &

(a) STA (aged at 873K for 11ks) (b) STDA (re-aged at 673 K for 90 ks after aged at 873K for 11ks)
(c) SEM micrographs of fine alpha precipitation around a coarse alpha precipitate in the specimen (b)
(d) Aged at 873K for 11 ks after pre-aged at 573K for 36 ks in the STTA

Photo. 1.

BEfI D 2 5fF & L7z, 873K @ STA (A4) Tid, BhfE
DEMISHIFETE w45, STDA, STTALBITAE
mMOBNRETHHDT, RHEEIGELZEEbNS
100ks % FExhBER] & L 7-. STDA <, —EH 873
K-11ks B XU 773K-22 ks OIS, “ERH OB %
MBI EXCENTEELOBELTAWEILETHDT
(Fig. 3), To24%&MicBLTId, Z“BEOEDICE b
) WA E OB b & —B H OG0 E NI XS
EBERE T 5720, ZEBOBMEME L2 (D1,
D2). 7:, —BtH ST3K mEFRhICBI L Cix, —BH
DEIZE O T S e HEOHEHM~DOFE L
R +5720, ~BHOBMYGEBOE S (2HIE LT
BRHORDRE 22X, 1 JIEFR—EENEL D5
& L7z (D3, D4). &512, A3 omfbrsafiL Tw
EBbnsAE (7T73K-100ks) 2, 673K OB %
Mz ZBEBHOMEEF~<7 (D5). STTA ® S1 H—
BH, ZBEBOBMEMR, D2 2B CREBELE
ShBEMHER—E L. S2, S3iBWwTit, =EH
DEFFHIREZ 723K & LBy A7,

Fig. 4 12, STA, STDA X1 STTA i2BWTiEH
NG IRBEE & IR FEORRE RS, &FL LT,
MED LRI ONBHBAFIETFT LTS, STA M
T, 773K, 723K, 673K LERGBEAK T+ 5122

Microstructures of specimens.
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Fig. 4. Relation between reduction of area (RA)
and ultimate tensile strength (og) as influenced by
the aging conditions listed in Table 2.

N, BoONDEEBEIHEML TS, MhE-EME
7 AIEBALT AERID A SN FE- T, FREDHE
PRONDLLOIEHERMTHDT L LICLY), L0E
WIEHSR O RS b 0 LB b s, STDA #id, Kk
BRI TIE, 773 KSTA # & FHEOMREE - EHENS » 2 %
ML, SHEICRAE 723K, 673KSTA #t0#h ik
DA, STAMICHBELLVER-SEERLE.
7z, STDA @ D1, D2 DM/ ST > 21k, 13I1ZR
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BHThri, BHMERTDLIEVERLEREEZ
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OB ILEREOMMICIFS S, WE-EHENT V2D
4% 673K TORMIZ, MEOHMEKEL 54
SNBubEELILRS. —F, STTAO=KH®
BEANERE A% 673K O KL, STDA # & k0 fE %R
L7=%, =BkB#% 723K THZH L, XhER
TEREE - EMNT VAR5 2 AEAER L.
BROBITHET S o Mz, HKTL2 LA —
Lokt kA0, BT AFSF LR HOERE
PETsE2®LshBIC0 b b3, STDA M
HE, BREE-MEMENT ¥ 212BWVWT STA HIZH L 2V
B R L0, Photo. 1IRLAE D ICZEHMDK
B W% e HAMKE a HOFM D SHTH T
LEMHBOES LHHDTHEZVILEDbNRS.
Fig. 5 X, STA #}, STDA # % X 0 STTA #D5#
BLEREABERBHEOMREERT. STA (Al
A2, A3) Tit, BHBENSEL 25 IIOoNBHRENSE
ShbbDOOREHMEIZEKT I 2EMMPA LR,
STDA (D1, D2) T, “ERHOEMOHERIZE X
WEREEA ER L, 773K @ STA # (A3) X b EHE
%nbh, 673K o STA # (A1) LIZIFF LMEL NV
WIET AA, Al ICHAE—SREE LSV IS BT AR
HirE L %FZE SN, STDAMoFTIE, D125 &
MEMT D2 LB EEERLL Zhik, D2°T
i, —BH OREREOMINICES ¢S, WEOMEM
%, BAE-BMENT v ADED 673K TORENIKAFL

so |- WkKo

/MNm=32

60 I~ ®

- A ALl
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Fig. 5. Relation between plane strain fracture
toughness (Kjc) and ultimate tensile strength (op)
as influenced by the aging conditions listed in
Table 2.

TVBEEMNDL LBV EELILND, £/,
BE-BIME NS v AT RN ORE LR T A E
B¢, A3 THALEINIT 545 (773 K-100 ks) THER)

L7238, 673K T 360 ks MEERh % il 2 T Bi-modal
Mk L, sE- ST FEL (D5). £0f&R, M
WET LT, BRI A KT SIS
L, (31X STDA M OME - BN T ¥ ATV EE IR
L7z CO#ERb MY Bi-modal 1292 2 &A%
B8N T v ADHBIIHENH A L ERBELTW
HHDLEILND.

STDA O—EBBIHHT 5 «c HEDHHR L KT 5
HEciE L7, D3 BX U D4 oapHd, 3IZFE LM
BEARL, —BREORERMRY D4 AT D EOLEER
M %ER L7, 873K TORMIMEORIMNIZIZEA L
HE LIt EELE, BEIR—TH5H I L,
CTEREOBMICL S o HOMHER, WMBETKESCE
bohndbnsEIOLNSL. XBEIICIDBEELL a
FATH R, D4 (8 22 vol%, —E BEFZIHE T4y 16
vol%), D3 (# 18 vol%, —EX BEFRIH T KK 12 vol%)
T, ZEBRED « MITHE L 6vol% BE L IZIFFRIET
Hot:. HoT, ~BRBOBMICIBITS « HONME
DEN, TOTWEOPIEPEDOBENISH LTKELTE
¥RITLTVAHLDEEZTIVERBDbDRS., 8561,
D2 DRBEHELTH, ZOMELXVIZEWTIIM
Kz a HONHBREVWALFLIDEVHAREZS5 25D
DEEZLNL, 2L, 5T TORERIPGTFHEEINS
IHBONLIRBHERRTTA LIRS,

Dl & D2 ICBITAHEE- NSV AOREBEI»L LT
MENBIETHHH, D4 & D2 (1,:360ks) BLU
D5 & D1 (#:360ks) D% B DB DA 1R,
STDA i BW T BB OB % 673K-360ks & L 7-H¥
WER SN AHE L HENEoBB L ZORBBRERLT
WwhEEZNE, WE 1.4GPaRifa%EICL T, K

ERT—BRBERRE L LT 873K, SMEMT 773K

BEINERTERZLAOTEAIELEFRBRLTVS
bDEEZLOLND.

F7:, STTA IZX D EIRFERNIZ BT 5 a HOM A
Y- in, BRI E SIS (Photo. 1)
A%, MECEEOBFREERRY, WELBIREAON
Tz, STDA L R RBVWERrELRL. ZTDZ
L, BEEHom B, B0 d SR — SRR
YOI LERBLTWALBbNA, 8512, STTA

KRBVWTEBRBOBMEEY 723K & LR,

STDA OFEBICHBEL CL D m Bk eFSL, =&KH
DEFHRE L LT, 673K KDEILweEILND
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BRI S WO O DT A —F — OTBEIVE L
A,

Photo. 2 (&, STDA #f (D4) & STA # (A3:4 =
100 ks) DHIEEMERERF OWHT X WETH O X BAR
REBELBEHERNL TS, SZLERZEKE, BiEsR
b, —

ERepICERAT, WEOSRICYWT L, #8EL 7.

DOFEMIL, Fig. 5 AONB LI T, (ZIZF—HEL
)V (#1.2GPa) & % »%, STDA #f 65.6 MNm ™~ %2,
STA #f 42.5 MNm™ %2 L #8804 1289 L Cit, STDA
A% 50% (2 EBmWEERLTWA, STAMTIE, X
Rix FRATHEREL, STDA MITHBIL & E&EMGH
MERLZ. —7%, STDA M T, S3HEREHKOM
HIATKE W22 Cild A, MR 2RoMMNEET
Horz. T, HEHIE, WEELLT 1 IAVEETH S
A, STDAMDF 1 > S ik, STA MizkbigL, ki
<, . oz &id, STDA # Tk STA Hic i
L, TEREM»OZRVERTHIIC, Lh ki
MAERZBELAZEERBLTVE D EEILND,
Photo. 3 i, Photo. 2 1278 L 72 STDA OHEF o F %
HEFETHRESHIHEK o HICERT B H4 F e

(a), (¢) : STDA (D4) (b),
Fracture path profiles ((a), (b)) and fracture surfaces ((c), (d)) ahead of
fatigue precrack of compact tension specimens.

Photo. 2.

(d) : STA (A3:

f = 100 ks)

Photo. 3. Void (a) and microcrack (b) in coarse alpha precipitates of the speci-

men D4.
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Bbhilh/:y, R OBYEIH V7278
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