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Subsurface Crack Initiation in High Cycle Fatigue of Ti—6Al-4V Alloys

at Cryogenic Temperatures

Osamu UMEZAWA, Kotobu NAGAI and Keisuke ISHIKAWA

Synopsis :

In titanium alloys subsurface fatigue crack initiation occurs apparently without the existence of any
defects such as inclusion or pore. We investigated subsurface crack initiation and sub-crack for Ti-
6Al-4V alloys at cryogenic temperatures, and discussed the growth mechanism of microcrack.

As the maximum stress was decreased, the morphology of subsurface crack initiation sites was changed

from consisting of one facet to of more facets.

The facet was identified as a cracked a phase by comparing

their chemical composition and morphology. Sub-cracks were also produced in a phase. The subsurface

crack initiation sites and the sub-cracks were not perpendicular to the applied stress.

Hence it is con-

cluded that a microcrack initiates in a @ grain, grows into neighbor £ plates and @ grains, and finally forms
an initiation site for a main fatigue crack. The lower the maximum stress, the greater the size of subsur-

face crack initiation sites.

We adopted the size of the projection of subsurface crack initiation site on the

main crack propagating plane, as a shape parameter of three-demensional crack. Using this parameter, the
dependence of initiation site size on the maximum stress range can be accounted for by an assumption that
the microcrack growth is controlled by a threshold condition.

Key words : ¢~/ titanium alloy ; subsurface crack initiation; fatigue; cryogenic temperatures; microcrack ;

" threshold condition.
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AR TH 72 Ti-6Al-4V &4 (Mill annealed)® i
A& o R % A Normal, ELI (Extra-Low-Inter-
stitial), Sp. ELI (Super ELI) ®» 3 7V — FTh 5.
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(900°C)) & FEEEAH (Rolled, 2t & + ZMIELE
(900°C)) #3d 5. A7t 6 T HE o> FRER Fr A% Wy T ALK
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Normal ¢ ELI IZ2kt-X Sp. ELI (28 TH 5.
TRRFRBRBOFEEEFKEVWI LD EEZLN
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Photo. 1.
that correspond the transverse sections of every
specimen.

SEM mlcrographs of Ti-6Al-4V alloys
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(Three-demensional indicatiog)

Tprincipal stress

Fig. 1. Definition of subsurface crack size (f,)
as a geometric parameter.
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2, e MlOKEESE2EHELL. Thbb, REMENRL
(Photo. 1) @ a#icoW T #0EHE 2 (TR o« f#
WCBIFA a HOEH 5\ id%Ed o HEEICBIT S atHD
Bixind ) FllE L.

¥ 70, PIEB S ZUAHBEINIC B 245 E 2 MBI IE LT
WBDHIE D HFRLHIZ, EDS I X AT (&8
AT % PIED & BSR4 A L MBS oW T T o 72
GBI RB O N ERRBEROREIIB L TEES
a7 74+ v k (Facet) £ 7 7t v F&GEED (Border),
BLXOMBAMERKICBITS ot BHTHD. AFER
BAEEOGHIHER L2 EHE 4K TRFBIEL 226
¥ThbH, FHITEIX AL V, Fe, Ti THYH, HES
BRI T L IZ 10~40 HTH 5.
2+3 Sub-crack DRE

PRER X A BRI BLW TR R ERERIC LY
HERT A EEZZBHEED, AR FICRERONRER
DHEENEZOLNL, #2T, NEEERESAREESE
HEWTHE'® B X OEEOHETE (3512Is 8IS T) 12
D2WT, TEMERE T D Sub-crack ® SEM #l£2 %4175
AR

Photo. 2. SEM micrographs of subsurface crack initiation sites of forged alloys.
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0 FEMEE A & KERH I il & T o RERF PRI L
THEH, NEEUARBELOMNE & BRO D 5 ABRA T IX
RBoohiv. WTFRORKETH AR & REE FITANR
DL IEERCEFEHTHY, B L LAR
¥FoTwh,. LaL, fBE2 LIFTtBEL AL L,
—oFREBDO T sy PO o TnH I &N
bhb. LT, BEMO7 7y FHERTHLHD
WL, BEMTIRT7 A2 PEA/PAELL o TV A,
S5, BEMTIMEE 7 7y FAEATVRSDIC
WL, EEMTIEIET7 7y POFTREHENLY T~
FhablzoTWwWh, $hbb, 77ty FORE-GH4
RENZFNRD atBiEE (Photo. 1) & XL T,

5, WEEARBELHOBEBLERE S (f,) BIEH
LAWMIZEDBWEELTWA., T4bb, oL~
PELS B ELEBIZ, 1flO7 72y b a) 205, 2~4
BO77Ey PELZS72HD D) ~, SHII/H3R
Ty PPBECETLDBD ) ~NEEILL, HF
ERRBERIKREL ZoTVA, T 2T, WEHERE
EEBIBEO 772y b POWNMNoTWAEAEE
Single, 2D 7 7 £ v FANELR 5 TWAEE % Plural,
FLTNE G778y FAELICET T LEET
Aggregate L IEFRT 5.

Fig. 2 13, 4K BT LANHMERBERDOKE S f
DEEBEKIETT (Opee) I LTRLTWS, P Tl

T T T

Ti-6AI-4V. 4 K -

OB M ; Forged, Normal
AA ; Forged, ELI

@ ® ; Forged, Sp.ELI ]
o ; Rolled, Normal
vV ; Rolled, ELI
Open ;single
Hatched ; plural
Solid ; aggregate
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Fig. 2. Relationship between subsurface crack
size and maximum stress at 4K for Ti-6Al-4V
alloys.
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X T&%. Border iz 77ty beT77ty POBER
Fod 7 by POBRIBICHELEL, BEHECMMYSH D
(Photo. 2e)). RiZ, 77ty PEIHHOELR - /2ZD
DHEB (AL BETE) POE->TD. Tabb,
A BH dpm FOMKTFHRTH Y, HIBEO—UK
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TES.
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0 1 Ntotai=139
i ! 4000 0y
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Fig. 3. a grain size of the representative area

shown in Photo. 1a) ¢) e), and subsurface crack
size of forged alloys.
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RREEFORES L atHOKRE & L DEERTICD T
A A B, Fig 3WCEHBEMICBITS o« HOEHE S
8L — FOMBEIICLA M 7S AICLTRELTH
. HHICERHER ORI (Now) & FIE (Ave) %
LTHH. 7, f,OESL 3HEONFEREAEAROL
BANCHFISR L TH A, BEMEEEMZRENICHE
W, Sp. ELI Tit Normal, ELI (2t~ o HE#HE
EWNEL o TBY (JEEM Tid, Normal : Ave. =
4.04, ELI: Ave. =4.04, Sp. ELI: Ave. =2.83), «a
HHBMELTwa. LaL, 70— FEbEEME
FEMD a HE#HE S OZEF/ S, kiZ, MHITR
T L DO}t ATHAS, Single 77 O f 13w

Rz, B & HEA A L MBBRERE 2w T EDS
SM EATo 7. Table 1 KRT LI, 77k b
(Facet) ODMBIBE XV FHOMEHIIBWTH o HHK
B LTBD, —F, 77ty PREE (Border) I
2 AHNIIHIET AEBOH B Z LT DLNS.

Do ryiic, A EEgAEn KIS 779 b
B ZEORIK- K& & L LML S a MliCxs L, BH
X7 7ty MREEHNICH L LIRS ONE. LT,

Table 1. EDS analysis of polished samples and
subsurface crack initiation sites of specimens failed

at 4K.

fho)*)j_*‘i‘ ZBNWTH a *ﬂﬁﬁﬁ 3 O)ﬁﬁﬁﬁ[ﬁw VA Alloy Region Concentration (wt% )
HBLTWS, Plural 77 v F D34, Sp. ELI % ! e
B a 5.35~6.89 2.11~ 5.77 0.00~0.33
TG D CHLA, S REME 20 - B0y | J | Lol B
cet B0~7. .64~ 3. L0~0,
ZRY. BIRORREWBEESOREN__~NoD 7 7 Border | 2.67—6.59 2.38~1045 0.09~1.11
JRY. BIBRONEEH ] 7
o b AL S TVB ERG, [, FEKO o KM B e
ELI 71~5. : . : :
B2 OFIHIES 5 LHWITE 5. Ageregate 7 7 v Border | 1115-4.79 .80 518 0.07-0.01
FOGE, LRI DKRIREEZRLTNS, ZOXKIHI a 4.88~6.35 2.23~ 4.71 0.00~0.02
- . i r So. ELI 3.77~4.97 4.72~13.41 0.00~0.20
fold o HEHME S OERFICIIIHIETSELTHF P Facet 4.42~6.32 3.08~ 3.89 0.00~0.02
e < I E 2 Border | 2.16~4.75 4.41~ 6.92 0.08~0.16
single plural aggregate

subsurface crack
initiation site

sub-crack

Photo. 3. The correspondence between illustrated initiation sites and sub-cracks in failed
forged normal specimens at 4 K.
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B (418 B) +% (Single). &5 A% EEL,
BT 5 a HiC EEAE (3K B) 3% (Plural).
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B + Border) & ##1Z & 05k 10 pm DI & RFEA T
iR AT (W

bEXbp, WEEREEAEMT o HNORB/NERITE
HEFEL, TP Z0 «c MZLT LS IR o4l
ANEEREELTWCBRICXDEREN, ZOKES
BIREE, MhE, BESMICXST, 0KV FKE
W kdbhhor, L L, RENMERBENOKRE
XU NNVICE DB, Ml ERERETH
POV TIEBO THEKEWD T, RETHLIEET
5.

4. & =

41 ARZFRBEROKE S OEHEKFH
4-1-1 BhER (KK 28§ SR 0RITIR
AEEO X CHRE W, Kl B D STHEEORBUN
XRNFHETHERETSE, EOMNSRVTEEIRE
LCERS D2 E, WHEMMEROBIK-KEZD

E ! ! T T !
S 1000} Kitagawaetal.’¥ .
e ~o ‘ Ki= Ag Jna
~
~o 1
I > fatigue limit

AKth = const

i
[}
. 15)
100 k- Murakami

r BN

} . i} 1 |
0.1 de 1 10
Pre-existing crack size, 2a (mm)

Fatigue limit
Threshold stress range

Fig. 4. Dependence of threshold conditions for
fatigue crack growth of a microcrack on stress
range.
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YHEDS. I, NEHSERBASIBNERIEEL,
FEROBEL-T2DDLEFEZ, 2ETERLLf, %
FEHRBMEOHEMAE EHOKE LS EHIETH/IT X —
y—e$h, I, WNEERBASORTHE O
L f, OB L OEBHLEBRLS L TR Y RIRE
ThHHLEZOND., f,OKEE % HOF XEOBIME
B3 s, MAEREXFEEE L > TELHOLE
TABEEZ, FHNLEFERELS. iy, B
I & AW OISR R E 5 2 A EMRRD X ) i
BEEED.

AKimaz = AAOmarV/7fs
ZITC, Alpe: RRISHIRIG, f,: BE & REAEHOK
&3, A:EHTH .

U EDREIZED T, AIFRICBIT ST TOHE
EBEFORE S EBELIDANS, Avy,, & Ady,,
VI OBRAYEBELC Fig 5 (SR LA Zhib,
ACpor [, 3B H—FOHHE (2~4MPay/m ) B 2 %
B ENbRA. Ti-6Al-4V G40 AK,, AHPiERE,
RBEEICL > TRESEBILLZVW®D by L %R
HE, TOBERIAFTIRRBABICBTAEEDORN
T AKy= —TEOMEV LT B LR RT I LI
., ZHr3TnE, BRBLAVEHOB/IOKRELEH LKL
RBREXHL LGRBRSNL2DICHEET <A KE s (R
FFEE) 25, WHICK - TETAI EITRD. ZDEXD

i
OpenT'l : single CJEW: Forged, Normal
| Hatched ; plural  _]AAA: Forged, ELI
Solid ; aggregate ©@: Forged, Sp.ELI
; Rolled, Normal

I V : Rolied, ELI

! [ ¢ §: Rolled, Sp.ELI
Standard _ . _@—- = — — =T = — —

.:;vmti":.l;;‘ .A A * A4 1
Mm{ 2.93W
|| -0+-076| _ _ g S _d:l__ o____

400 800 1200 1600
Maximum stress range, Aomax (MPa)

——
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»

F-S

N
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(=)

Fig. 5. Relationship between maximum stress
range (Aomax) and A/ f. for Ti-6A1-4V
alloys.

WEZDE, EMETIRAIFEEE f,742bbRA
HMEBEREEAPRKEL 2D EVIBHEE, 5 IC3HH
ENAh. Fig. 5 FT, Aggregate Db DLW 2>HhD
Plural Db DA KEDD Agpard/ fo 25 2 TV 5B,
Z i Bl 2 if Aggregate 77 v b A% Single ®
Plural 7 7t v NOEAREKRTHH I L HHHPTE S,
Thbh, EETIHMOEHELE (77Ey POKEY)
BRRFTEIGE L 2Vvs, S X - TR 8L
TLEV, NEEREFEELLORD L f, WBKFFMT
BHoloZ il BEEZOLNS.

4-1-3 SRR & EITRE

ro Xy, hERBEEL, KELTRRETE
WECETAHBBELZEI LA, cHOFRE- K& 21
EDXICEEBTLETHAID. T, cHOKE X
ENEBRNEA L THM/NERORE KT S, oM
DML, BT NDES, HET MO R
HEEDHDIC, MNSRBECLERIEHS L3
BELBOWALEL. Thid, allOKE Sh/hsn
Sp. ELI #2381 % R & SRR A T O 78 p o
FU—FMEHBELTEVI L2 EHBALTWS., $7-,
FIEM T a L2 OB CHIBEM LY 7 > ¥ iz
120, WOhD a HIThHHM/NEREEICBIT
LIEPAREVWEZEZ NS, Thid, FEMICBITS
EHBEORFBIEB LTS LRV, DEko
X512, o BEMMILL, 2oL DHMEY T v ¥ A
T5HIZ LWL 5T Ti-6A1-4V 5L DO 2 HEAE T
DEFHEIWRBESND I L P b2 b,

AR TRBUNERD o HICEAET L L EHL D
ELRA, EOXI)LEBICLo T aHiCEIRAAEL
AR ELEAHTHY, SBOBETHS.

5 #5 =}
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BRI, AREZRITTHICHAD WMV I27EwT

METAELICOR(BRHFOBEERLEIT.
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