RS

$tRa i BEHET 5 Ti-6A1-4V oo 2 B REHE L BRNKE 123

© 1986 1S1J

HHHEWRIEBONNNTIRNNHE

m X

RUGIIHTBTTTHIHETE T

$HRa }8&EH +5 Ti-6Al-4V A& D
ST R & R

R OBEMET - ORI AT - & HE®S

Crack Growth Mechanism and Fracture Toughness in Acicular «
Structure of Ti-6Al1-4V Alloy

Teruo Kisui, Hideto OHYAMA and Kyo-han Kim

Synopsis :

To understand the microfracture process, Acoustic Emission three dimensional location, Acoustic
Emission source characterization and fractography method have been applied for fracture toughness
testing of acicular « structure in Ti-6A1-4V alloy. In this fracture process, quasi—cleavage microcracks
of about 200 ym diameter were nucleated at the pre—fatigue crack tip along crack front, of which distribu-
tion in the direction normal to fracture surface was about 4z=1.2 mm. Main crack growth is related to
the condition where the coalescence of these microcracks occurs through specimen thickness. From these
results, fracture toughness K;c and crack tip opening displacement CTOD¢ were evaluated quantita-
tively, using ductile fracture criterion, and it could be concluded that these microcrackings enhance the

fracture toughness of acicular «-Ti alloy.
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D(t) : Dipole source function (seismic moment).

G(¢) : Dynamic Green function of media,

§(#) : Response function of measuring system,

V(¢) : Detected AE signals,

4D : The strength of source function,

4T : Rising time of micro fracture,
Fig. 1. Schematic representation of AE source
characterization.

Table 1. Chemical composition, heat treatment
condition and tensile properties in Ti-6Al-4V

(a) Chemical composition (wt% )

Al v Fe C N H (0] Ti

6. 37 4,22 0.27 0. 009 0. 004 0. 0057 0.18 bal.

(b) Heat treatment condition and prior 8 grain size in
acicular structure (AC: air cooling) .

1343K—0.5h—AC; 0.8 mm
Acicular 1343K— 2h—AC; 1.4mm
1343K— 8h—AC; 1.9mm
. 1223K— 1h—-AC
Equiaxed 993K — 2Zh—AC

(c) Tensile properties.

60,3 (kg/mm?) o8 (kg/mm?) er (%) RA (%)
TAcicular 9.6 100. 0 9.6 14
Equiaxed 89.6 94.7 12.0 24

tEZBRBY., TR, A, 2 X5 ADERTHS.

AE i oEB AR THEOBR 7 ) — VEIK Y G(),
T2 U lROIEEREY SO 35L&, BF
JEE DR D SLOBB TR RIBER V() 3990,

V(g) =S(0®G@)®D(;)(2)
ThEzbh5., QUIRRCET AR L BE oD &~
T. Thd®z, (2)XREy V() offcic i Arr o
WEw XY D) »’KREH, TORPEH O KkEX 4D
e 44-4¢ DEED. DI, ZOBBEZ
ROUGT 0 D—RRIGIBICE Uk & 21243, HENEM
B X H FRDOFEE a DRATEE A7,

a={8n(?;E~:—u2) . AA(;A¢}1/3 errenninenenn (2)

L EDFEZ X b, »> Appendix

R Lic HEED

Acicular 2
~ 4 pm
=

Photo. 1. (a) Light micrograph and (b) its
schematic micro structure in acicular « stru-
cture.

BT 2 IO B B RORR e X > TR Eh 0 F
ERT  SRTABEERS & Xh, FIRVE, AW
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3. R B K &

3-1 MEEHBRR

FivicpbRid, Table 1(a) wR3{EEHEBKEE T3
Ti-6A1-4V £&TH5. BEEEL o1 vIu b &
950°C < 15 RADBIEH T\, HE 37mm &1L, *
D%, Table 1(b) WRTBME LR L.

Photo. 1(a) &, AELOHRARE X v 7c 5 BEME
BHEYRT. Bfa0 a e Th 2B T 156~20% ©
B WX vE>T\%. Photo. 1(b) &, HERMIRL
Xow ool B B HoORHRK arn=—, R
O7m, 7EHBYHEL, FHIH B MO Kk X X 1% 800
gm, = wm=—t 200~300 pgm, 7w, 7 OlFEL 50 pm
BETDHH, TheklmT 5 stiREMORIL 2~4pm
Thotk.
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(b) 1¢H

Wave memory

2CH Sampling period: 25 nsec
3CH Resolution : 10 bit
Data length : 1 Mword

Local area network
Host computer

system
F.D.
Computer
AE radiation pattern
AE source characterization
Fig. 2. (a) 1 inch compact tension specimen

and (b) block diagram for AE data acquisition
and analysis.

CORMPEEBERD=2 =, POREIXE(LELRS
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L& a oM xA V. SIERR © & £ 2
Table 1(c) C/RINTWA., WAL THEILITITEL
<, BV, KHRE@WMHIT<hTV5S.

RBAREES A ERULERITS X5 L
Tl vFEDa v 7 b 5 v o VIEERRR B A
(1 TCT-TL) —<pb, Fig. 2(a) wrTHHk % H
L, AE 0B\ TERECEE LTV 5. EFFERIR
Knar=4K=85kgf/mm¥? DL&MTH 2mm EA L,
ASTM ## (ASTM-E399) wfto>T Kic %RDI-.
3-2 AE R 25 A

FcAVi: AE Y25 A0 7 m .y, 7 /W% Fig. 2
(b) wid. Auvic FHBTIIER 25mm ROJEHEK
BT FC-500 ThHb, *OLHRT o RETLHTHE
BoLBRCH—DBENIHEEL, 1, AN
~I83MHz THote. ZDFERIY, FHRFLEBCHE—
FEES AL BAESACKLAVRAARE © (B CER
CRIBERD ZERRLTED, ZKRTABEEEHARE
&g,

WIE#Y ~70MHz ¥ CEHcHEMEYH T 5 NF-

BX-31 %M\, HEIEZRIX 40dB ©tH5. v o—7 - 2
£ U —i% AE-9620 ‘T, FDRARRI4 AT 40 MHz
(25ns), 10 ¥, b, FRIEEE 2M A +THB. U
BeHix HP-9835 @ » o b KEXIR TS hTw
5.
Fig. 2 (2) wrRTIs53f@oFlmTLAVT, ¥
EOHRRC ST 5 MAEHROZATEMBEE, IO
WO B RERDI:.
SHUZOINEREE SO, BIVEKE OB ZY — v
BASE G(t) 13, —IEL T v AFEFOBLSEE (i
WE SN, REEH®R ~5MHz) ATk T\
57, REMEBOEEIRDIGEEEEY A, (2)
R R B UBEEE L TRD 7.
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4-1 TR

Fig. 3 it e hicfiE (P)-FAnZfL (COD) iR
&, AEHEIXh: AE O0EZE, B I KKIERE
O_FETER L AE =3 2 ¥ — D BRERELYRT.

Kb LML X 5 CA—RE CEESTIhTHS
ThrnbbT, FEMMOAIHERIMELS, KROI-HHE
Bt Ko 12 Table 2 WiR3 X 5 bR LTS
DTW5B, ok, ARREMCRMEIRER, FEOoT
ZEGERHBRLTWBEDT, Ke=Kic & L.
4.2 AE 5%

Fig. 3 R U7 X 5 BRI o & W EHRE R,
K=Kap(S)=0.4~0.5K;c OfH X /MREIED AE 238
£Z3xh, K=K p(L)=0.7Kic DHizh X b KIRED
AE 2EEMC 10~20 HEE I, AE =k ¥ -2
PEERRC 2L T\ 5. ZoBRLYIRES M TRRLE
o Fig. 4 Thy, 7V 7 7OAEE 10mV [
To/NEIEE, 10mV L EokiRE AE o I h5.
KigigsH Mo AE 13 K=0.7 Ko(=K4£(L)) X b3t
Xhicd, /MEIE AE 13 K=0.5 Ke(=Kag(S)) LIk
M THBMIh TV, © O RESHO BB X b,
AE BAEMBELZOST R B DTY, D&, MMEIE,
Kigig AE @y TEELED S,

—7%, Ko DEVWEE@MMIILWERYHAL T AE 0F
¥ die L, o, Kic DEICKIRE AE 1£<#8
g3xniw. Lk, Ko LIgTc KiRiE AE 128% < 8%

Table 2. Plane strain fracture toughness Kjc.

B-grain size Kic (kgf/mm?3/?)
Acicular a structure 0.8 mm 280
Equiaxed a structure 220
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(a) Acicular (b) Equiaxed
10 10
£ 8 8 L
o~ O
e Energy| [Event
ST s 6
23 Kic
5% i
§u’u§ a4 Kaell) 4+ Kre
~——
88 Kag(S)/Load
¥CEr 2r Ener
3 Load g
Se% Event
0 1 1 1 0 ) 1 1
0.4 0.8 1.2 1.6 2.0 0.4 0.8 1.2 1.6 2.0

Crack Opening Displacement / mm

Crack Opening Displacement / mm

Fig. 3. Load-deflection curves with AE event counts and energy during fracture
toughness testing in (a) acicular @« and (b) equiaxed a structures.
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Fig. 4. Amplitude distribution of detected AE
events in acicular a structure, showing small
and large amplitude signals.

INBERMD Kic B3EL, BTeEEIRL L5
RN R ECHF S LTV B2 EER LT
5.
4.3 AE FM&BhE—F

Fig. 4 iR Licgtk Mo XiziE AE oM % L
Tz, Fig. 5 W=20FB®FC X b iHllShi
KIEHE AE OFR B RIR TS, BEIRCEBD
wEISE B BN 0 oo ix, Z00EKBTH — T
b, »>, ch. 1 & ch. 2 DIREOHITIZIF 2: 1 TH
%. Appendix @ Fig. 1l iRLizX 5wz AE ¥
DOEHERE, MBice—F I HoghexsTs.
7t3>%, Fig. 4 OKIEIE AE 13, ¥XTE=— N oDF|
ERHofofhci AL boThy, -V, II

reflected wave

(a) 1ch

[1omv

(b)2ch WWW

10 us

L
(© 3ch «--~~Y/\J»/vwFA\jﬁ\MAL\V/vﬁ\uﬁ

Fig. 5. Waveforms of large amplitude AE signals
in acicular a detected by three wide band trans-
ducers of Fig. 2(a).

DEAWEN, B IOEEER, WL X5 AE i
SFhTWwigy.,
44 E—F I@ERIO=ZRTNREE

Fig. 5(a) B\ T, ®ED AE J X v #) 10 us
<, ARHEE» DORFENBEIRTWS. Z O
ZOFHC X b EHE X LCEEAE (ZHE) O
HENDOLED, T=—7 - 22— 0 BiEHHEEE 25
ns, KESOKEEFE 6000m/s w52kt kb,
150 pm DLREETHEONSD. ZHROMBEXRE LIz
#%, ch. 1 & ch. 2, X0 ch. 2 & ch. 3 L F|E
HEXFHTAZ X b X-Y B RO BEEEH v hE
Lish, ROL=ZRTAMEEE O #ER% Fig. 6 R
4. Fig. 6 075 € 7HF2 Fig. 3 @ K45 (L)=0.7
Kic 22B4 U-kiRiE AE oXERFE2RT. AT
NEAL, WRENXZHE 4Z=1.2mm OFHEKAE
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1.0 —Ke(L)<KLKie

-
=~ a2t o
s ? 4
0
0 1 2 3
Time/ ps

Fig. 7. A source function D(¢) estimated by
deconvolution process from AE signal in Fig.
5(a).

LTk, i, ZhbOBBREIITREY UL E
ATHR LI O~ Kagp (L) <K< Kic CREH ANCHE
RRAEL, 2ok, K>Kic 0HBTHOHAc®~@
DERNLF L WEH A A TELT WS,
ZORERZ, ¥, HEERSEHEHCLEL, Fh
PREHACEEHELTERIRLERL, Kic 5%,
ZTDHB, A—DEHIhD 7 v AN k4 & UTEXBNE
BT5 e wA%RT,
15 HEFhOKXEZ
Hhoe—F, SIVCMEBLAREIREOT, EEK
FO/R LY TOKE XRFET 5. Fig. 7 12 Fig.
5(a) OBRHER V() Xb (2)RX¥AWT, Hifk
RAARAC X b RDI- AE FFEK D) o—FiTh 5.
COMKD K=Ksp(L)~Kic ki3 2 8HHoK %
XX, oy HRERIEHET B L
2
=5 (o)

L D% 500~900 pm &7 b, Fig. 6 oOh @K

Fig. 6. Three dimensional location of
largh amplitude AE signals. Arabaic
numbers show the time sequence of de-
tected signals.

Table 3. Cracking diameter and rising time of

large amplitude signals obtained by AE source
characterization.

Number of emission Diameter/pgm Rising time/us

190
160
260
160
200
190
150
260
190
280
180

— OO YA LN -
jalialalsleb S al i ntale

—FWONOONDNN —

——

FR, EEEENCAE TR LD E V2B, ITEEL
D/PNXCERERC R LT, SFEOTREUEN R T S
BE, BHIBRNTI e=36ys O—BEIMMboT W
5LEZHNR5DT, (3)RIVHBELEhD KEX 2a
kDB E, Table 3 iRk 51 2a=~160~280 ym
DENE Hht.
4-6 MEMIT

Photo. 2 iKin~ 7 v EHE %+ O AR R T.
R F BT H AT O MM A RIHIC A X\ A8,
ZOMMOBEEIXZE 1~1.5mm Tt v, Fig. 6 o
BBE D ZH M OMBEEN M E I —F LR LT
5. Thi#BEhr Bcinh, WESFRACER LIS
BUIHEET v e X %R T & Bbh b, Photo. 3 (33
HERBEC IO5RABEROBERTHS. MMDF LUK
ETHHM, FHAsZ L2 100~300 ym DFIH 7o
~EHBERD 7 y 2y FABEIRTWBZ L TH B,
D7 yty MIMNCRBE, BELRTVWERK a
MBS SEhR 7 r y, 7 DBELTEL, TR
Ko licar=—-DREICHEY LTS, ZD
7 7ty POBEEERILL 104 fTH D, TORITHED
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(b) Pl

fatigue

pre-crack

(a) Fracture surface observed by light microscope.
(b) Schematic feature of fracture surface.

Photo. 2. Fracture surface of compact tension
specimen.

W g VTUTHER Y, KERMMORERK /¢ 2 T \w»
5.

5. # =

51 ##87>ty bEXIRE AE

KIEiE AE OREFE 720 7o BB SR &, B RN
THLRIE7 > 2y POSIEEL B S, Fo T4
D K fBEXCHERARM L, 0L XoXEE AE 0 2K
BartflLic. =0k, EFHEIRLHBO7 » 1,
FOBEEHMT S L, AE OFHEKE 20~30% DHiH
TIV—KEZR L. b, Table 4 KR T X510~
EB7 7ty POBEELLRDLFH 7 sy F DK
XX, ®PrRT X5 180~290 yum CHH, AE

18714 25KV Seu

Photo. 3. Scanning electron fractograph
around a crack tip.

Table 4. The number of cumulative large ampli-
tude AE events and mean diameter of cracking
facet observed on the fracture surfaces during
stable crack growth.

. Number of large Mean cracking
Specimen amplitude AE events diameter g#m
1 31 230
2 51 180
3 13 350
4 25 250
5 20 290
6 22 270
7 2 220

FRER@BM L O BOhEHBEEhOREIE IV —8%
Ao,

¥, ZO~EB7 >y MY, zu=—DKEXD
EhBEMC X ECREELDRS. H B NEREKRE
{FTBHLar=—-DKREIbThHVKEILBZ L
ZFHL, 1B 8 NEOKE I BEIwlFAArwoun
THEEERBR LT, FEEBEN 2T > . Fig. 8
CELhFEREYRTA, 1B 8 RoMkibic fivElh
DFEHEIER LT 5.

Bk, K<Kic DEicREET5 KRR AE 12, ==
=—HMEBELE LIc~EH7 > 2y PORIC X D 4
LichDTH D, ZOBBEN OB EHIRER OB EE
WA EEEFELE LTS 3DEERTES.

5-2 WS

WE AN, AE BEMIOFER IV AL XWUER
12, Fig. 9 @iRTX51kc=20D Step X bhks. 7,
Step 1 i1 Kap(8S)=0.5Kic D Hv <1 X b, a-f
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@ osh Ifllllﬁ -
(0.8mm)
(B2 h H—l—‘—l—l—\ )
(1.4mm)
4
2
©)g h '
60 70 80 90 100 110 120 130 140 150 160 170 180
(1.9mm)

r/ um

Fig. 8. Distribution of cracking radius in §-
grain sizes of (a) 0.8 mm, (b) 1.4mm, (c) 1.9
mm.

ol

STEP 1 ukd Block

R 200 ~ 300 pm
main
crack

decohesion
STEP2 2-4 Pm
:>4%?’$2>%55?5§
coalescence
fracture surface

STEP3 Facet due to

&« colony cracking

Fig. 9. Schematic crack growth process during
fracture toughness testing in acicular a Ti-6Al-
4V alloy.

HRE D BETR £ X 5 MRB 7o I AN IR i 4
L%, Zo/p&icElhix, /MEE AE & LT BE3Ih
5. ki, Step 2 Tit Step 1 TA: Urcid < Mislhis &
BEED, a v =—DREILHMLE LCHR~XE
vy bR TS thbv vy MY K=0.7K ¢
TAL, ZOKRE XL 200 BETHY, HY ST
WOCTETHE 1-2mm O L.

Step 3 TIXZhbD7 >+, FaY, K=0.95K;c B
Y Xy AW XY RESFACAEL, BN Es
HEREET, Kic 5% 5. ¥, ~EH7,42, + O
ETEOMBE D SO XL T, BFE L 1~2mm
DR E MMM BEA IR T3S,

¥, K>Kic R TH, L BOHWRA->=KT~

&y

€4,

77777777

_><—X.=280pm——> 4aZ,=1.2mm

Main @ZZZZZZZZ7722>

Crack
Colony
Facet

Fig. 10. Schematic representation of plane strain
fracture toughness Kic and crack tip opening
displacement §, as a function of characteristic
distance X, and 4Z, around a crack tip.
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Bz X ESh TV 3,
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$4, Fig. 10 ©RT X 5 1ic X544 280 pm 1231+ %
HOOTHRBBEROTHRICET S &, TXHUAERE, Ti
bbb Kic NEELS>%. RiceE wxhif, E2@HEE
i ox ONMECEFTS y FRIOO TR ey 12,
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ef 1+n/2
Kxc=(ﬁXo/ll+”)l/2ays< ; > ceeeenn (8)
9s

B=3x, 2=3, n=0 L LT, »hOZELITREHS X
B TCOBMO TR ero & ero=1/2¢5 (e (XHHHT]
ERBOMOOFLR) 235 LD, Kic=260 kgf/mm?3/2
Boh, EFALE Kic & IW—FERLE.

—7, LN %A (GTOD) X, Fig. 6 @
T IO CHBENNS ERFHDO LT 42=1.2mm OHEH
THEUTWAZ LR YD, o 4z FEEI B0 3 &
e/°=1/2¢60=0.05 ZE L Z &IC X HEHEZIh,CTOD
=1.2x0:05=60 pm &b, ZiZBIRENL X H WELLS
DAV I VBELTRDHII CTOD ofE 70 pm
X v—FERLL.
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e ks e, sPREBZMAYORFLWEERTSH D, 2
DE~ZB 7 >y P 107 OPERTHEHE S h
fe.

(2) $tIRMTIX K=Kic OFERT %L O KIRIE
AE MEZIhen, FEWMHTRIOFERTED XL 57
AE &l fmxhicw. EEUENCISE, Thb
DXIEIE AE 1%, ¥ EUTHR IS BHoOTER L E -
FIBOERIZIVAL, ZTOKEIIL X,=160~280
pm FEHli T, Fh, ChbOEhITEHURIFEE
JilEl Ze=1.2mm PIZHAE LT e,

(3) XIRiIE AE 0ZR & fooicElhig,
HMBEMZDO~ER7 >, POBRC L VELLLDOT
Hb, EEHUERIIINLD7 >y FBREFECE
BB LIV ETE BB LIE DT

(4) Xy BXO 4Z, VB & it kb, BHEH
# Kic, BIOEHBNEA oL HNEMBE = F A0
X b EEANCEHE S,

(5) srRERoE\BERM R, SHEmCETS
M7 >y VAEBIC X BICHEFOEE, MO
JFLWEERRCE S do LEmIhre.

Appendix

WEE, B IBEMDL VBB WEETF vy A

Dj, 8 AE RERTHY, (1)AD D) 32X oFhT

R = —

(@) fhy

Fig. 11. Radiation pattern of emitted AE signals
due to mode ] and mode ][ cracking.
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