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Internal Crack Initiation in High Cycle Fatigue for
Ti-5 Al-2.5 Sn ELI Alloy at Cryogenic Temperatures

Osamu UMEZAWA, Kotobu NAGAI and Keisuke ISHIKAWA

Synopsis :

Internal crack initiation in high cycle fatigue at cryogenic temperatures has been investigated for
Ti-5A1-2.5Sn ELI alloy. The fatigue crack initiation site changed from the sample surface to the sample
interior at about 10° cycles. Neither defects nor foreign material was detected at the internal nucleation
sites. lHowever, the region of the nucleation site had a grain morphology and composition different from
that of the bulk material. From observation it is concluded that internal cracks initiate in small « grain re-
gions with a low Al content and an Fe enriched second phase at their grain boundaries.

At maximum stress lower than three-quarters yield strength, where internal fatigue crack initiation
occurred, dislocation pile-ups were primarily on prism planes and were blocked at the grain boundaries.
The piled-up dislocations are believed to produce a high stress concentration in the small e grain regions.
This stress concentration may provide a site for internal crack initiation. At higher maximum stress the
dislocation pile-ups are more homogeneously distributed in the material and the dislocation arrays can pass
through the grain boundaries. As a result, fatigue crack initiation must occur at the specimen surface.

Key words : alpha titanium alloy ; fatigue ; cryogenic temperatures ; dislocation pile-ups ;
tiation.
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Region | [ Internal fatigue origin
Region Il @ Surface origin, below yield strength
Region lll : Surface origin, above yield strength

Fig. 1. Schematic S-N curve with different re-
gions of fracture initiation.
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Table 1. Chemical composition of Ti-5A1-2.5Sn
ELI alloy (wt%).
C Fe N 0 H Al Sn Ti

0.012 0.19  0.0024  0.057 0.0068 5.15 2.66 bal

LTwh.
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Table 2 (2957 alBR 4t & € DA% Fig. 2 124K,
77K ® S-N fii#i % 2 nZ R4, Fig 2 24, G
DWMEFEIER A I A S-N i (4K) bdHbeT
s L7

Photo. 1 1, %5781l SEM LiETH A. @EIt))
TSR A S & RIS L{ERET A (Photo. 1
a), d)) DR L, {EIEMNT I EER NES (T
bat) b aEMNFEAEL, TuxFIRG L Iid—#bk
SHRIZIEE T A (Photo. 1b), e)). k)% &RD

Table 2. Sample testing conditions and their
associated number of cycles to failure and their ini-
tiation site.

Test Maximum ™ Fe Number to Crack
temperature stress r'“((}';fk;"cy failure initiation  Region
K (MPa) % (Cycles) site
4 1409 4 900 Surface Ml
4 1335 4 2 600 Surface Il
4 1186 4 7175 Surface 1]
4 1038 4—10 292 600 Internal |
4 890 4—10 >300 000 — =
77 1251 10 1860 Surface ]
71 1213 10 4110 | Surface IIl
77 1149 10 10 293 Surface I
77 1021 10 13 280 Surface 1l
77 894 10 31370 Surface Il
77 830 10—20 >1 135000 — ==

* 4K : Yield strength=1405 MPa Tensile strength=1483 MPa
77K : Yield strength=1 209 MP’a Tensile strength=1 277 MPa

il B &L CNEBSELE 2\ Tid, Table 2 3 X U° Fig. 2
HIZZERZFRSH L ORLAE. 2hdn, 4K Tk
HOR LAY 10° BRI LD @Y A 2 Vil TR SRR
WA 20, SN AT 2B 2 L dSbh b,
MMOEIRSL, WErF@ R 10° Bl L0 2 HoPEs
EERLTWS, LhL, RERTH 77K IZBVWTE
WOWESEL MBI LI TEA L DT,

R & 25821 124d, Photo. 1b), e) IZRT LI
Ty R 28l 72 & O K FaIZFR® S v, Photo. 1 ¢),
£) @ ERONEISEIROX % 2 ¢ BTN H O 5 H %

L
Nagai et al.
1500} TS ——p +
4K :
© LES: . 1 s wll B TS
o
s 77K
1000
¢
“2 open: surface I
g solid: |ntelrnal . | not broken
% 500 I
g o,m: 4K, hourglass type specimen
0,@: 4K, " g
AA:TTK round bar specimen R=001
0 | | ; .
10° 10° 10° 10°

Nf (cycles)

I"ig. 2. S-N curves at cryogenic temperatures for
Ti-5A1-2.5Sn ELTI alloy; 1, Il and Il denote the
regions classified according to Fig. 1.

Photo. 1. SEM micrographs
of fatigue crack initiation sites
fractured at 4K (Maximum
stress . a) and b) 1186 MPa ;
b), ¢), e) and f) 1038 MPa).
Photographs ¢) and f) are
opposite fracture surfaces for
a sample that had an internal
initiation site. Point 1 and 2
denote the same specific points
in ¢) and f). Points A, B and
C in c¢) denote the typical EDS
analysis regions.
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BRERELTHI0Oum FoAKEEEL L, UEKTI
FHTHSH, LohL, IALTBELTALLE, ), )
WRT &9 1 ERATIEE R 5~10 pm £ THIKE
PHROTwA, s THIRL BRI E & LY
ThHh, 2y bT7—=2FFKL TS, Tk, ol
Wi, B 1pm BOCIZADPLEILE S 1, Cleavage 4
HLTwhw, T4abb, o+ B Ti fETHEE s
BHE RN 7 7y YT GBI IEES S

10k Ca=100 Ce=156 q&=3.84 Al
Ce=342
CE=1.26 ¢
L }
0 % ,WHL
10- C;a=3.31 Sn|
@ (3:2.534 Ce=3.46
Q '
E L ]
= I g
) mi
(o) -+ " Rl Bl p B
"3 4 5 ®
Concentration (wt®o)
Fig. 3. EDS analysis of the samples shown in
Photo. 1 b), ¢), e), f). A,B and C denote the re-

gions of EDS analysis shown in Photo. 1 ¢).

Nz,

=77, PR & RIS, i S A DAL I %
LOZEBEENRT VA, £2C, BIHONEE X85
i L O FONED EDS I & BTHESH & K at.
Photo. 1 ¢) Mc{CERIGMTHER LA, 2T, WA
A 5~10pm E THIK, &, B: Ik, OBER
b (M) B LY C{EfEo 3Eiichh, 20K
MTo Al, Sn, Fe ® 3 TEROMBPHiAERE LA L7
J L2 L T Fig 3 WRT. P iz Ko FIyigE
(Cx) bELThHDH., ®ENIRBEM % B 7 FIfHE % 7R
T LG (C) TR NV 2 JC VW R TR &
EZONL0T, IhrlligoRkiEr 35, W (B)
T Fe 2% 3wt% i< £ TiRILLTHB Y, Al D
JEAT0.5~2wt% FRE LML 22T b, THIKL & (A)
Tk Fe i3l &z g%, Al X 0.30~1.68wt% &
IKREICZD2TWA, DF D, FHEDE RS4RI &I
DO ALREIEL, F72, Fe 2% b L TW A ES
ISR S LB S E A A,
3.2 PARHEEE

I CHER_L 1 Fe 5B L L 222853 25586 & 7278,
Ti-SAl-2.5Sn 44121, Fe U » F 2 RH (45 24)
AHLTWD ETHEEHH 5. FEWE, Photo. 2 a),
b) 1IR3 LI, AEESICEH Fe ) v FHMNRD S
oY, KEEOTVHEFEIZH 0pum THDH. Fe Y v
FHNE e RFUCIUGL LT S B 2, b L CIEJRRT
MICHECHLTWES, 22T, SO Fe V) v FHBX
O a HHS D W CHOFr B S % W TR IR 52 & ALk
ST RO, ThH OBGEHREE, RETEORERN

Photo. 2. Microstructures of Ti-
5A1-2.5Sn ELI alloy. Secondary
electron image of polished sample
a) and corresponding Fe X-ray map
b)V. Iron localized to the small «
grain regions. TEM micrographs
of the isolated second phase dis-
tributed region c¢) and of the small
a grain region d). Points D, E, F
and G denote typical EDS analysis
regions.
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X DRI L 72, Photo. 2 ¢) 24, a K T¥A% 20~30 um
DHOO=T R EAIEE 2 AN LTS S s RSy
%Y. ZhIIH LT, Photo. 2d) & o FIEAEL um
TR DMK IR D o FLFICHE 2 A L TigE s h
B4 GHNKE o ALAE) %39, Zh o Photo. 2¢) B
LU d) FIRTAESH (D~G) BV T EDS
S EITO%. Fig 413, Z0O#RE% 2 by 5 Al
LTRLAEGLDTHS. KPIiEiifio EDS 54roly
B EFBICTEYBELRLTWS. a HIOR LD 30
pum OFRSTIE, el (D) & Ti-5 Al-2.5Sn D37
HBITIE ¢, Fe i & A ERBRILE N v, T I
effE LEHELT D, M a I 2M (E)
13, Fe 7% 15wt% (13 at%) T, Al & Sn 279G b4
TH 2wt% CTadh, 1HH e HHUTIHLA Fe 253 L <Al
L, Al Sn AFE LA LTS, F72, Mk o #i
ORISR SN B 2H (G) @ Fe ditix, 0.6 wt%
Btk T CRILLTWAD, EZBICILNS L Fe I H,
DAV, ML e (F) T Fe 313 & A EMINE
N, 72, AR o kT T2 oM L LI Al fitas
I 7 MRS LT g ) A2 {URHS Sn fEATE w.
CnXHIT, H2HEWIEIC Fe ) v FHTHAHZ &8
MRS niews, M T&zhrore.

ftk, oML 2 Moz R oD
NTWaY, ML borfgians., 220, 20l
ELHOMEILTE DD

ST, B O BIEE - AT L i o D & R

Ce=085 Cr=106 Al
?qn

R G429 -

15

Concentration (wt%)

Fig. 4. EDS analysis of the representative areas
shown in Photo 2 ¢), d).

FE2: OB - SRR L 2 ahis S 25 ILBRE L
Thb. £7, REBIXOAKESEZRBELTASLE, M
Fooa HETER E o THRL 5o K & SATRWIE 2R L,
Fe V) v 7 Hld B VIR R ARSI LTwB L &2
A,

RN, ML HAS R 2 LB L Ta B, % Al, Sn B

FE (B) (AL o HIKIRERDE 24 (G) &,
SO R (C) WM a Ml (E) L Z2hFhA
Voo HREIRLTW S, Lo T, PIEB & 54
Fe Vv FHIASM L 72MIKL « HIEECTH B L HBTah
5.
3.3 EREBOBE

KRIF7E T, KT — 225 10° Ml TTHBHD
T Fig. 1 O X5 BEIKD S-N li# s hTuni
WA, I KR L)) & ERONERSSEDBIN T 2 &,
BEAMITHE Fig. 1IORTXL) 2B ERLTwS. B
WGl 8 Wi s A L 00, INEREE A ORI RS R
AERI OB LU ThDB, #2CFig. 1 128w
T, W7 EWSNELIEL T BB LNV E Region 1, #%
KA LIS AR & LT Th o Riliid & & W34+
% W% Region IT, 5 K#IK LIS A5BEK & DL Lo
ik % Region II1 £5EFK L, #h N DI T DT
Mg LT b L L1

Photo. 3 1%, Region I $ %&b b5 & WO PEZEH:
DR HAUEN LNV OGE O HBEE CTH B, =
DU T, AR LD AR S 0 75% LT T
&HOThH, Pile-up i HIAT a KN CHEFEFH» 2 RERE
K EhTwa, 2% 0, Pile-up BEIFI0OE S 134

Photo. 3. The dislocation pile-ups that develop in
a sample failed in region I (test temperature = 4 K,
stress amplitude = 1 027 MPa, Nf= 292600 cy-

cles).
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{, ZhHDNT afi® Bilid 5 b DI ICA % v,
L2*b Pile-up Safi¥| 0B A S Twb afidb b 2w,
TROERFEVFTEMNTHY, TOEEDNN—F—2Z
Ny P VIRE Cay B (F=1/3 <1120)) THAH. ¥
7o, BRMSFGBE s N, 4K & 77K ORZRED
ZICE BBV LD S D 7.

K2, Region II T 74 b b, e Kl Lie) A5 FE(K SR
ELUTFT, »OoRBIFEETHHEICOVTENS, Tk
R LIn ) 253541213, Region I & @ WA 7 i »
E A, RKEGR LG 254 A1 Lchtwy,
Photo. 4 (27”9 &9 %, [E—3 <0 FD Pile-up ¥ifiL
FUDSEAT A EHAE 53 L 72 IERE O SEAT ALEEATTZIN & iy
WA, BEMFNIE e RFICHF L, WhogvwliTtid,
KHAETBAALON LI LITBIES LS. 7,
Pile-up D@ OH T, NWN—=FH =27 ppt<a) Kl
6 e+ a> B (3=1/3 <1123)) ELBBEELH 5.
Region II 'T% Region I & [F U < 1R~ 0 2MELMT

Photo. 4. Dislocation arrays on prism planes for a
sample deformed at 4 K which pass through grain
boundaries (region [[ : stress amplitude =1 365
MPa, Nf= 14437 cycles). Foil cut from hour-
glass type specimen.

» %. Photo. 4 (X IVIREEI M EUER A A S IR L 723 o
bDTHAHN, REAIBIROBE NI L HERIIFEDLN
W, Zhid, FOMOEEBIICoOWTHFEETH D .
IR DWW TIE, Region] EE U CBES LW,
KILEIED 77K OB &b, (2SO TH 2
7=,

Z LT Region Il 127 % &, a WAL bH 2T
— 4~ Yl k2 Pile-up EHLHI 2SS BB & h 5.
Photo. 5 IZ7RT & 912, Z DIEALYE o KA O E—
FTRYELECEHECDA L TWD, BEMFIOT<HIER
EHHEPELNTH B, SEHT) AL TS,
Photo. 5 b ) ZiR$ X 9 \2H:f & §EiR & O8] T OHEEL
NDORES XY HBESNS, LrL, ZOL) ZEE
NEm2>2TYH, BENEGBIEIWL I LI LAL S
v 7z, 77K T RO AL A TREE S .

4. & =

4-1 EHEHEHOATRERE
AREZIBWT, NI &REA M, Al REOEKY
kD a B CHIGT A LW E LD, 22T
i, ZRONEEABBCOVWTOLHELCEELTA
5.
FF, BERTOBBIIOWTELTAHASL., a+ T
Ti BEOBRICBIAEY A 7 VIEFIBWT, BREE

Photo. 5. TEM micrographs of co-planar disloca-
tion arrays of samples failed in region [l (test
temperature = 4 K, stress amplitude = 1 395 MPa,
Nf= 900 cycles).
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(K&, Ar 7R, KA, NaCl &), BBzt
(60 Hz~20 kHz) OBz oW T oMLY A, *
B0, RISTCEROPMRIEENEDLHNDBN, Th
OOBBR T LD THEFHFMIKE CEEEZB T
Lz, A AR TOBRTE, ThE OB
HFOEBIS OIS b LEILNS,

4K TIEHE LIRS &0 CRUBRIT N6 & itz g
ENLEL D, WEOREIEW 2 &, HIxmcNE o
FARE L R 2 D, SRS 2 g B W
HEmsn, Ll, TOMERELERONEELNUED
EHVHEE LI AN S WG S Ol by, B
BIEEALLWEEZ SN LY, EMEI IS
DBR EZEL LN,

F 7z, “Cleavage” & SREAITALLTHELY, o
+AE Ti &&I2B5 Cleavage®™ N s D % %
BT A EETE L,

E 642, Sn & a M@ LIt AL RIBAGH % )
Ml B deavss L <P, e, W& 28Tl
TN EAABE I AL W E5 6, Van Srone 610D
DGR L TV A BN SIS K B “Offset” (H HHOWN
EEZ) LU 2 v,

FEEOMWBER G T DIEPELNTH T, »
D, NE & RIS T IARI T <Y ([1010] -<1120))
PHEEMTHD, HE) BTN RGO E LT
Wh, thbt, NR—H—AXT FuH Cad Hlo
Piled-up A ASHE T s flgE s b, T o o Hks
Lk, RREIOEER LT A, L2 AT, NES
BRLREA G CH AR o ML, B o HIZIE~THR
{ETTED A BIEDN RV, Lo T, Mk o Hoidg
A e M0 B, DI o« P L, X
DR EZIGHERDHN « ABNICAE LB EEX LR
5.

&2 A THED o MU P IR « H], Fe ) » 741,
BRUZNSOREHIATAT B, Fe ) » FAHUBIN
OFWAE BTN TH BT Eh S, M HEER & &
Zbh, Fe Vv FHAMGORIIZ LS & RIELONfE
PRSI C & B, PER & RE5E A BRR I O 4% & IS v
NbE, BAH0E, RETofh, o5k afiliho
BEESTTOEAMMM 2 b Thidt, L0 HAMIC
QA ASSEL, SSABMoMEYHs 2l TA T
LT ER V.,

Pllokdiz, KEe40 & 8055s4d, Lo
PARR I —PE(RIBR & o4~ 0 BRI L SRR O HER)
L, BRI S —PE (AD RIS OV HLEL o LKL
R S LD BRI ALV EFTEL, LOT,

HEMNAy a2 L, KHWETHMOGETHN
i, ZRONESEELTIMT A ENTELEEZLR
5.

$70, WU ERHOMNEELEE, T S8BT
F A MR I BT LR A S B e
SRR I~V & BIVER T O BRI A — A e+ 1
OB, R odk gy S WINERE Ao £ 2 %
WOEEI LT AT L THA 5.
1+2  Extrusion-Intrusion 48 & /B H S SRR #IS

D77 EEIR

PR & RS S B AR ALER I, BT
Pile-up B 2B N A ZITTHREZBAALOE L
W LAdoC, RO TARENIEEIAS WOt E
WO+ X H LR s 1y, ExIn B EHyTu i
WEEZOLRA, LT, S-N iFE A F 2 5518 (‘Knee'
ERIET D) DIt Exn B0 TRBICMET 5 &
Mg &, FNRLT OIS TR O & 24 AERS 4
BHEOASEH LT,

E AT, ‘Knee' &0 GEICHITIE, 95 2349988
Sl B 720 T, ExIn BHE S )V T B UTREMEAS
HhH, UL, FEEEEBOTIE, EEHMTEmss
EDBPEDLNL, IO ERSESICHETA D L
BUKTETCERWVA, UTFIlR~xsL 91z, 445 A
WoOKES, WKL DOMER O & 8 a0y
MEELZEREHEFRALLTWB I bR,

T4, @IMT LN SR T B L HET
B, F0BE, SEGKISILDERBIIED, BLALY
FHEHE LTHY LRI 2B T4, Bl#EIIE
BWHEMO S-N L HE S hTuwsd, 72 THEE
MCRERSEd:, SIS TERELE L D TwA, &
OWFEITIE, WNERSEA 14 100 pm R OB HEK G (Pore)
FREELTWAD, /4, BMEIRL T, Wk~
MERSE AR M OIL IS O, BRI 4 — 5 — <
SEWEIC AN, 108 44 7 VEERBEME L 2o T A
(Fig. 5). {EHE0E RIS THRELE L, < V7>
PA PHHERIC 2o Th BN, TS E—iIciE, K
kAR, BHBEZBCTAERL 2590
C, EHEH OO T, BERROEEIC LD
LOTHL., 22T, BHMICBILREEAEER (k&
&4y 30pum T, MEMCEEMOMBEN N L HDHAHRE
B LCwA) &, BHEMCBIIANIMER (K& s
100 pm + — % —) OEHGZ B BISTILKREO K E
SEIELCABE, RMUANMMET T, o2tk
FHEDONHNEVERHMTEL, O &1L, B Pore
K & B AL, RBWMEOEKT, 0w Tid SN
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Surface origin
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£

32

g Curve 2
*

£ ~100um f t'NaO“m K/

Ipore / fatigue crac

Nf (cycles)

Curve 1 | Extrusion-intrusion (Surface origin)
Curve 2 . Microstructure inhomogeneity (Internal fatigue origin)
Curve 2" . Pore (Internal origin)
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Abstract

The dislocation structure developed in an a-type
Ti-5AI-2.55n extra-low interstitial alloy under
various cyclic stresses at cryogenic temperatures
was investigated by transmission electron micros-
copy. When the maximum stress was above the
yield strength, coplanar dislocation arrays were
distributed over a grains. Prism slip occurred pre-
dominantly and a pyramidal slip system was also
activated. As the maximum stress was decreased,
dislocation pile-ups became less homogeneously
distributed. The dislocation arrays on the prism
plane passed through grain boundaries. When the
maximum stress was below about 75% of the yield
strength, where the present alloy showed sub-
surface fatigue crack initiation, dislocations were
piled up and blocked at grain boundaries in the
small o grain region. Slip occurred predominantly
along prism planes and the Burgers vector of the
dislocation was (o).

1. Introduction

In an a-type Ti-5Al-2.58n extra-low inter-
stitial (ELI) alloy, fatigue crack initiation sites are
located in the sample interior as well as at the
sample surface in unnotched specimens with axial
loading at liquid helium temperature [1]. Neither
defects nor foreign material were detected at the
subsurface crack initiation site. Furthermore, no
brittle feature was seen on the fracture surface of
the subsurface crack initiation site. This alloy had
an a+ f region with a smaller grain size and a
lower aluminium concentration than those of the
matrix. The region is designated as the small «
grain region. The subsurface crack was initiated
in the small & grain region [1].

0921-5093/90/83.50

Sufficiently high stress may introduce “gross”
plastic deformation and bring about surface
“extrusion-intrusion” which accounts for
surface crack initiation [2]. However, subsurface
crack initiation occurred only below about 75%
of the yield strength. Such a low stress is not con-
sidered to be high enough to make slip bands pass
through the specimen thickness. From our pre-
vious work [1], the small a grain region is
believed to be weaker than the matrix « grain
region because aluminium is an « strengthener
for titanium alloy. In addition, the § phase was
assigned to a more plastically deformed region in
the fracture surface of the initiation site.

Titanium, an h.c.p. metal with a less-than-ideal
axial ratio of 1.587, deforms primarily by
{1010}~(1120) slip or by twinning at low temper-
atures [3]. The deformation mode in «-Ti is
changed markedly by the addition of aluminium
[4]. The twinning is depressed and (c +a) slip
occurs as the amount of aluminium increases.
Therefore it is assumed that subsurface crack
initiation at the low stress level is associated with
localized deformation (stress localization or
strain concentration) in the a phase which results
from microstructural heterogeneity and the
limited slip system.

Hence this study investigated the dislocation
structure developed in high cycle fatigue at cryog-
enic temperatures and clarified the localized
deformation at the low stress level for
Ti-5A1-2.58n ELI alloy.

2. Experimental procedure

2.1. Test specimen
Round-bar specimens [1] and hour-glass-type
specimens [5] fractured by fatigue in liquid helium
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(4 K) and in liquid nitrogen (77 K) were
examined. The material and fatigue testing are
detailed elsewhere [1].

2.2. Transmission electron microscopy

Samples about 600 um thick for transmission
electron microscopy (TEM) were taken from
about 1-3 mm beneath the fatigue fracture
surface with a low speed saw. They were
perpendicular to the principal stress axis and
were reduced to about 80 um in thickness by no.
600 emery paper. TEM foils were prepared by jet
electrical polishing of the sample on both sides at
—30°C in a stirred solution of 6% perchloric
acid, 35% butanol and 59% methanol. After
thinning, the foils were rinsed in water and in
methanol. A JEOL 200CX electron microscope
equipped with a double-tilt goniometer stage was
employed at 200 kV.

2.3. Definition of microstructure region and
maximum stress level

As mentioned above, the microstructure has
two regions, namely the matrix o gain region and
the small @ grain region. The maximum
stress—crack initiation site map can be classified
into three regions as described in Table 1. In
region I the maximum stress is above the yield
strength (0.2% proof stress) and surface crack
initiation occurs. In region 1l the maximum stress
is below the yield strength and surface crack
initiation still occurs. In region Il subsurface
crack initiation occurs when the maximum stress
is below about 75% of the yield strength.

3. Results and discussion

3.1. Regionl

In region I coplanar dislocation arrays are dis-
tributed over a grains, and dislocations are not
tangled, as shown in Fig. 1 (maximum stress

TABLE 1 Definition of maximum stress level

Region Crack Maximum stress

injtiation site

1 Surface | (High)
Yield strength
(0.2% proof stress)

I Surface
About 75% of
yield strength
111 Subsurface l (Low)

1409 MPa). The dislocation structure in the small
a grain region (a) is similar to that in the matrix a
grain region (b). The dislocation density is high in
both, and the slip system is predominantly
{1010}~(1120). However, pyramidal slip is also
observed. For example, Fig. 2(a) shows cross-slip
of screw dislocations in coplanar arrays between
the (0111) and (0110) planes. The reason why
cross-slip could occur on the first-order
pyramidal plane was not clear since prismatic slip
is recognized as the easiest slip mode at low tem-
perature in a-Ti. Moreover, {c +a) dislocations
moving on {1101} planes were observed. In this
region, therefore, both prism and pryamidal
systems are activated.

The dislocation structure at 77 K was similar
to that at 4 K. As shown in Fig. 2(b), most of the
dislocations are identified as {a) type on {1010}
planes, and the remainder are {(c+a) type on
{1101} planes.

small o

e

grain region ji
7 i

i

Fig. 1. Coplanar dislocation arrays in a sample failed in
region I at 4 K: stress amplitude 1395 MPa, N; =900 cycles.
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Fig. 2. TEM micrographs of coplanar dislocation arrays in

the matrix « grain region of samples failed in region [ at 4.

and 77 K: (a) foil from same specimen as Fig. 1; (b) stress
amplitude 1201 MPa, N;=4110 cycles.

3.2. Region Il

In region II, with maximum stress decreasing,
the dislocation arrays are less homogeneously
distributed. Figure 3 shows the dislocation
structure in region II. The {1010}-(1120) slip
system is dominant, but some (c + a)-type dislo-
cations were observed. As shown in Fig. 3(a), the
dislocation arrays pass through grain boundaries
indicated by arrows.

Figure 3(b) shows dislocation pile-ups in the
small « grain region at the lowest maximum stress
level in region II. The {1010}~(1120) slip system
is also dominant. In region II the dislocation
density in the matrix a grain region is lower than
that in the small & grain region.

Observations showed the tendency for the dis-
location density at 77 K to be higher than that at
4 K, though the dislocation structure at 77 K is
similar to that at 4 K (Fig. 3(c)). The reasons for
this are believed to be as follows: the critical
resolved shear stress for the movement of

primary prismatic slip in a-Ti was increased as
the temperature was decreased from 300 to 4 K
[6]; the deformation mode was the same at 77 and
4 K because the mobility of dislocations on the
prism plane was higher than that on the basal
plane at temperatures below 300 K [7].

3.3. Region II1

In region III the dislocation density is low and
most dislocations are distributed in the small a
grain region, as shown in Fig. 4. Figure 4(a) shows
the dislocation structure in the small @ grain
region. The dislocation pile-ups are heterogene-
ous in their distribution and do not pass through
grain boundaries. Some pile-ups are blocked at
small a grain boundaries or a-f interfaces. Slip
occurs predominantly on prism planes and the
Burgers’ vector of the dislocation is (a).

In the matrix a grain region, on the other hand,
piled-up dislocations were hardly observed (Fig.
4(b)). That is to_say, deformation is localized in

the small a grain region in region IIL

3.4. Localized deformation and subsurface fatigue
crack initiation

The results of TEM observations are sum-
marized in Table 2. Prism slip was dominant in
region II and III, and pyramidal slip also became
active in region I. Basal slip was not detected in
the present study. Some deformation twins were
detected in region I but not observed in other
regions. Hence basal slip and deformation
twinning in the @ phase are minor deformation
modes in the high cycle fatigue of this alloy.

In region 111, where subsurface crack initiation
occurred, localized deformation was clearly
observed in the a grains of the small a grain
region. Furthermore, only the {1010}~(1120) slip
system was active; piled-up dislocations were
coplanar on the prism plane and blocked at grain
boundaries or a~f interfaces in the small a grain
region. Strain along the ¢ axis could not occur
since (c +a) slip and deformation twinning were
not active. Thus it is considered that stress or
strain concentration as the result of the limited
(ay slip is localized in the vicinity of a grain
boundaries or a-f interfaces in the small o grain
region. This localized deformation is believed to
introduce microcracks in the small a grain
region, which are assumed to be the nucleus of
subsurface crack initiation. The subsurface
fatigue crack initiation at 77 K might occur at the
lower stress level [1].
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{small o grain region

Fig. 3. Dislocation structures in samples failed in region 1I: (a) 4 K, stress amplitude 1365 MPa, N;= 14 437 cycles; (b) 4 K, stress
amplitude 1174 MPa, N;=7175 cycles; (c) 77 K, stress amplitude 1011 MPa, N,= 13 280 cycles. Dislocation arrays pass through
grain boundaries indicated by arrows in (a).

TABLE 2 Summarized results of dislocation structure for Ti-5A1-2.5Sn ELI alloy

Microstructure Maximum stress level
Region 1 Region 11 Region 11T
Small @ grain (1) Coplanar arrays (1) Dislocation arrays (1) Dislocation pile-ups
(2) Prism and pyramidal (2) Prism (2) Prism
(3) Over a grains (3) Through grain boundaries (3) Blocked at grain boundaries
(4) High (4) Intermediate (4) Low
Matrix @ grain (1) Coplanar arrays (1) Dislocation arrays (1) No pile-ups
(2) Prism and pyramidal (2) Prism
(3) Over a grains (3) Through grain boundaries
(4) High (4) Low

Remarks in each column refer to (1) dislocation structure, (2) slip plane, (3) distribution and (4) density.
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(a) IR small o grain region [tk

199909
&

® *
® L}

matrix oo grain region

Fig. 4. Dislocation structures in a sample failed in region IIT at 4 K: stress amplitude 1027 MPa, N;=292600 cycles.

(a) Dislocation pile-ups are blocked at grain boundaries. (b) No dislocation pile-ups; the foil plane is close to (0110).

4. Conclusions

This study investigated the dislocation struc-
ture of Ti-5Al-2.5Sn ELI alloy cyclically
deformed at cryogenic temperatures.

(1) When the maximum stress was higher than
the yield strength, coplanar dislocation arrays
were distributed over a grains. Both prism and
pyramidal slip systems were activated. The dis-
location density was high in the matrix a grain
region and in the small o grain region.

(2) As the maximum stress was decreased
below the yield strength, the dislocation arrays
were less homogeneously distributed and the dis-
location density was lowered. Prism slip was
dominant. The dislocation arrays passed through
grain boundaries.

(3) When the maximum stress was below
about 75% of the yield strength, where sub-
surface fatigue crack initiation occurred, disloca-
tion pile-ups were primarily on prism planes and

were distributed in a grains in the small o grain
region. In the matrix o region, piled-up disloca-
tion was hardly observed, i.e. the localized defor-
mation occurred in the small a grain region.
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Abstract

Subsurface - fatigue crack initiation in a
Ti-5A1-2.55n extra-low interstitial alloy at liquid
helium temperature was characterized. The sub-
surface crack initiation occurred at low stress level
and neither defects nor foreign material were
detected at the subsurface initiation site. The sub-
surface crack initiation site was composed of
“small grains” of diameter about 5-10 um. The
concentration of aluminium at the initiation site
was much lower than in the bulk. From the view-
point of the microstructure this alloy had partly a
two-phase region (small a grain region). It was
composed of small a grains with low aluminium
content and an iron-enriched B phase at their grain
boundaries. The size, morphology and composi-
tion of the subsurface crack initiation site fitted
those of the small o grain region. Hence it is con-
cluded that the subsurface crack was initiated in
the small a grain region.

1. Introduction

Titanium alloys have good mechanical and
physical properties for cryogenic structural
materials. In recent years the mechanical prop-
erties of titanium alloys have been studied at cry-
ogenic temperatures [1]. However, few studies
have focused on the high cycle fatigue properties.

Fatigue microcracks originate most typically at
the sample surface; the sites of crack initiation are
fatigue slip bands, grain boundaries and surface
inclusions [2-4]. Subsurface crack initiation is
usually associated with the presence of inclusions
or pores. In titanium alloys, however, subsurface
crack initiation which is not associated with any
defects can apparently occur at cryogenic tem-
peratures [5-7] as well as at room temperature
[8+11]. The subsurface crack initiation occurs in

0921-5093/90/S3.50

low peak stress tests and in longer-life tests over
10° cycles, while the surface initiation occurs in
high peak stress tests and in short-life tests.
Environmental effects and interstitial contamina-
tion are not responsible for this subsurface crack
initiation [7-9]. One possible explanation is mi-
crostructural cracking due to localized deforma-
tion (stress or strain concentration), which may
result from heterogeneity of the microstructure
and microscopic deformation. In a Ti-5A1-2.58n
extra-low interstitial (ELI) alloy the subsurface
crack initiation occurred at liquid helium tem-
perature [3], but it has not been characterized yet.

To clarify the relation between microstructural
heterogeneity and subsurface crack initiation,
therefore, this study examined the initiation site
and the microstructure of the Ti-5A1-2.5Sn ELI
alloy.

2. Experimental procedure

2.1 Test material

The Ti-5A1-2.5Sn ELI material [5] was
obtained in the mill-annealed condition in the
form of 90 mm square bars. The chemical com-
position was as follows: 5.15 wt.% Al, 2.66 wt.%
Sn, 0.19 wt.% Fe, 0.012 wt.% C, 0.057 wt.% O,
0.0024 wt.% N, 0.0058 wt.% H and balance tita-
nium. All the longitudinal directions of the
specimens were parallel to the rolling direction.

2.2 Fatigue testing

Fatigue testing was carried out in liquid helium
(4 K) and liquid nitrogen (77 K) using unnotched
round-bar specimens 25 mm in gauge length and
4 mm in diameter. The fatigue data at 77 K were
kept for reference of the temperature effect [12].
Testing was done under load control using a
closed-loop servohydraulic test machine. The

© Elsevier Sequoia/Printed in The Netherlands
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sine wave loading was uniaxial with a ratio of
minimum stress to maximum stress of R=0.01.
Test frequencies of 4 Hz at 4 K and 10 Hz at 77
K were chosen so that the specimen temperature
rise should be as low as possible [5].

2.3. Electron microscopy

The fatigue fracture surfaces were examined
by scanning electron microscopy (SEM) and
analysed by energy-dispersive X-ray spectros-
copy (EDS). Thin foils for transmission electron
microscopy (TEM) were prepared by the conven-
tional electropolishing technique [12]." The foils
were examined in a JEOL 200CX electron mi-
croscope (operated at 200 kV) equipped with an
energy-dispersive X-ray spectroscope.

3. Results and discussion

3.1. Fatigue properties and fracture surface

Figure 1 shows the S-N curves of Ti-5Al-
2.5S8n ELI alloy tested at cryogenic temperatures.
For round-bar specimens the fatigue tests were
performed in both liquid helium (4 K) and liquid
nitrogen (77 K). Fatigue test data of hour-glass-
type specimens at 4 K are given for reference |5].
In both types of specimens, subsurface fatigue
failure occurred at 4 K when the number of cycles
to failure was greater than 10°. At 77 K, however,
all the fatigue cracks were initiated at the sample
surface as in the previous work [5].

Figure 2 shows the vicinity of fatigue crack
initiation sites in a specimen which was failed at
4 K. At higher stress the fatigue crack is initiated
at the specimen surface (Figs. 2(a) and 2(d)). At

T T

(Ti-5A1-2.55n ELI alloy, R=0.01) I
I 5 f

i B -
AR A ' -
: : i
1000 : F— L S
A i
open : surface
solid : subsurface
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A, round bar specimen, 77 K
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Fig. 1. 5-N curves at cryogenic temperatures for
Ti-5Al1-2.58n ELI alloy {4 K — tensile strength 1483 MPa,
yield strength 1405 MPa; 77 K — tensile strength 1277 MPa,
yield strength 1209 MPa). S-N curve of hour-glass-type
specimen is also shown for reference [5].

lower stress, on the other hand, the fatigue crack
is initiated in the specimen interior. At low magni-
fication, as shown in Figs. 2(b) and 2(e), the sub-
surface crack initiation site is flat and the crack
propagates in a radial pattern.

3.2. Subsurface crack initiation site

Figures 2(e) and 2(f) represent SEM photo-
graphs of the initiation site. No defect-like inclu-
sion or pore is detected at the initiation sites, nor
does cleavage fracture appear. The subsurface
crack initiation site is about 30 um in diameter
and is composed of “small grains” about 5-10
#m in diameter. The small grain boundaries are
convex in both matching halves of the fracture
surfaces; this means that the convex region is
ductile.

The subsurface crack initiation site was
analysed by EDS. Region A in Fig. 2(d) denotes
the small grains. Region B denotes the convex
region. Region C is a crack-propagating surface
near the initiation site; this region is assumed to
represent the bulk composition (matrix).

Figure 3 is the histogram of point analyses of
aluminium, tin and iron concentrations in the
three regions. In region B the depletion of
aluminium is marked and the condensation of iron
is significant at some points compared with the
composition of region C. In region A almost no
iron is detected and the content of aluminium is
also low. In the subsurface crack initiation site,
therefore, the concentration of aluminium is
about 30% of the bulk composition and the iron-
enriched region exists only in the convex region.

3.3. Microstructure

This alloy has an equiaxed a phase structure
with a mean grain diameter of approximately 30
um (Fig. 4(a)). However, X-ray microanalyser
analysis indicated the existence of some fine iron-
rich particles several microns in diameter (Fig.
4(b)) [5). The iron-rich particles are seen at the
grain boundaries. Their distribution is either
isolated or grouped. The isolated second particles
were seen at a triple point of grain boundaries in
the matrix « region (Fig. 4(c)). This phase was
identified as 8+ w phase from the selected area
diffraction (SAD) pattern shown in Fig. 4(d). On
the other hand, the grouped second particles
were observed at the boundaries in the small a
grain region (Fig. 4(e)). The second phase was
identified as 8 phase. The small o grain region is
composed of a grains several microns in diam-
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Fig. 2. SEM micrographs of crack initiation sites for round-bar specimen fractured at 4 K (maximum stress: (a), (d) 1186 MPa;
(b), (c), (e), (f) 1038 MPa). Photographs (c) and (f) are matching halves of fracture surfaces; each point 1 and 2 correspond. Areas

A, B and Cin (c) denote the typical EDS analysis regions.

i ' CA=1.C')0 CB='1.56 Al |
10 1
Cc=31;2
il H )
Ce=3.31 Sn

Ca= 2.534 ‘?c=3.46

Number

o 1 2 3 4 5 6

Concentration (wt%)

Fig. 3. EDS analysis of fracture surfaces of the sample
shown in Figs. 2(c) and 2(f). A, B and C denote the regions of
EDS analysis shown in Fig. 2(c). Cyx (X=A, B and C) is the
mean concentration value.

eter. This area is about 30 um in diameter, i.e. as
large as the matrix o grain size.

Figure 5 is the histogram of point analyses of
the representative areas of microstructure as
shown in Figs. 4(c) and 4(e). Region D is assumed
to show the matrix a composition. In region E,
i.e. the isolated 8+ w phase at the triple point, the
iron concentration is up to about 15 wt.%. The
aluminium content is about 30% of the bulk com-
position. In the small a grain region, on the othér
hand, the aluminium content of the a phase
(region F) and the B phase (region G) is about
25% of the bulk composition. Iron is enriched in
the 8 phase and the mean concentration is about
0.5 wt.%. However, the iron concentration is
much lower in region G than in region E.

3.4. Correspondence between subsurface crack
initiation site and microstructure

Figure 6 summarizes the features of the mi-
crostructure and the subsurface crack initiation
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Fig. 4. Microstructures of Ti-5A1-2.5Sn ELI alloy: (a) secondary electron image of polished sample [5]; (b) iron X-ray map of
[(a)—iron is localized to the small a grain regions; (c¢) TEM micrograph of the isolated 8 phase distributed region and (d) SAD
pattern for [011],.. zone; (¢) TEM micrograph of the small a grain region—areas D, E, F and G denote typical EDS analysis

regions.

site in terms of the geometry and chemical com-
position. The size of the subsurface initiation site
is almost the same as that of the small o grain
region. From the viewpoint of the morphology,
the a phase (region F) in the small a grain region
corresponds with small grains (region A) in the
initiation site, while the 3 phase (region G) in the
small o grain region corresponds with the convex
region (region B). The compositions of the small
a phase (region F) and the f phase (region G) fit
those of the small grain (region A) and convex

part (region B) respectively. For the above
reasons, it is concluded that the subsurface crack
was initiated in the small o grain region.

Aluminium is a strengthening element in a-
type titanium alloys. Thus the strength of the
small & grain region is believed to be lower than
that of the matrix a grain region because of lower
aluminium concentration. Hence it is believed
that localized deformation occurs in the small a
grain region and leads to fatigue crack initiation
there.
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Fig. 5. EDS analysis of the representative areas shown in
Figs. 4(c) and 4(e). Cyx (X =D, E, F and G) is the mean con-
centration value.

Microsiructure

small a grain region matrix_q grain region

S oo
-

aphase: F aphase:D
5~10 um dia. size 30 pm mean dia.
1.06%Al, 0.06%Fe comp.  =bulk composition
second (f) phase ; G second (f+w) phase: E

0.85%Al, 0.47%Fe  comp. 1.22%Al, 15.16%Fe

fitted .
(« comp. ; mean value of composition)

(Subsurface crack initiation site )

shape small grain ; A
OQ size  5~10 ym dia.
R Q comp.  1.00%Al, 0.01%Fe
Q)

Fig. 6. Characteristics of microstructure and subsurface
crack initiation site.

convex part : B
comp. 1.56%Al, 0.32%Fe

4. Conclusions

This study characterized the subsurface crack

initiation site in the high cycle fatigue of

Ti-5A1-2.5Sn ELI alloy which was failed at
liquid helium temperature. The results are as fol-
lows.

(1) Neither defects nor foreign material were
detected at the subsurface initiation site, and
cleavage fracture did not appear either.

(2) The subsurface crack initiation site was
composed of small grains about 5-~10 um in
diameter with a convex region at their boundaries.
In the initiation site the concentration of alumin-
ium was about 30% of bulk composition and the
iron-enriched region existed only in the convex
region.

(3) This alloy had a small a grain region com-
posed of small a grains with low aluminium con-
tent and iron-enriched B particles at their grain
boundaries. The mean diameter of the small «
grains was several microns.

(4) The subsurface crack was initiated in the
small a grain region.
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Subsurface Crack Initiation in High Cycle Fatigue of Ti-6A1-4V Alloys

at Cryogenic Temperatures

Osamu UMEZAWA, Kotobu NAGAT 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-
6A1-4V alloys at eryogenic 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 « 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 8 plates and a grains, and finally forms
an initiation site {or 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 erack. 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 : a-f titanium alloy ; subsurface crack initiation; fatigue; cryogenic temperatures; microcrack;
threshold condition.
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2. £ B FH ik

2-1 M

AKWFZECH W72 Ti-6A1-4V 44 (Mill annealed)® 13
AR R O % %2 % Normal, ELI (Extra-Low-Inter-
stitial), Sp. ELI (Super ELI) ®» 3 7L — FT® 5.
F7 V= FOALFRST L EI Fe & O RE (wt%) 12
EWATH D, Normal; Fe 0.199, O 0.135, ELI; Fe
0.200, 00.104, Sp. ELI; Fe 0.028, 0 0.054 T& 5.
ZFLT, 7 L= FIT LB EN (Forged, %
(900°C)) & JEHE 4 (Rolled, #k [ &% 3% + 2k [ FE 4iE
(900°C)) & %. A7l 6 Flod bk o HUSRF Ml W Tfi ALk
BH (SEM) % Photo. 1 IZ/R 3. %8, HHE oMK
WEFHTH D, SEM TIBEETS o oS i
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L LTO Texture (81213 1T% L WD), F 7,
Normal & ELI {2kt~ Sp. ELI (& #lAk25AMCT d» % .
CHREIBREOFERAKRENILILLBEEZLN
5.

Photo. 1. SEM micrographs of Ti-6A1-4V alloys
that correspond the transverse sections of every
specimen.
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51T, NEKEZOKNE S HHBILL MK = &
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& BURRI OIS il x LIZIZEATH D) FHE SR
g Dk & & (Subsurface crack size) & L CEZE L
72. L72hioC, BRFEIRICIER 2 MR s LTS
HRERFHELLE AL, fLEFOREEX BT
LNa, 2612, Mok soltErd 50
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W, aflOoK&E S &L $abb, SUEEKIE
(Three-demensional indication ) (Photo. 1) @ a HIIZ oW T2 DHME S ($1IK o M6k
KBS aHIDWED 2 i3 5H o IS B 12 « o
TECAIET %) 2illsE L.

E 70, PIAR & RAHLELN (< & 545 & S0 o L <
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1A ) % T & BB A 21 & MIRRBIERB0EHIC o Vv T HF 5 7.

it oot I ation SR 3 00 PR & BB A M D TBIEIC B3 s &

\i/— %7 7ty b (Facet) & 7 7+ v MGFEEE (Border),
BRUMBHABIC B2 ol AHITHL. HEpxR
FEAEXTD G L 223003 4 K TSRS L 24
HThab., 500 FER AL V, Fe, Ti Thbh, MEsS
BT L2 10~40 HiTH 5.
2-3 Sub-crack DRE

PR & RAYETTBIR I BV CRITIN R EIBEFICL b
PRI B EEZBIGET, WEA IR EB OIS A R
DIFAENEZEZ BN D, 22T, N EZRBE N &0
HEWFIE ' B X CIEBOREMTH (36158 E4F) 1o
Fig. 1. Definition of subsurface crack size (f,) 2T, W O Sub-crack © SEM BI% % 17 5
as a geometric parameter. T

1principal stress

(Projected on propagated plane )

# Normal, 4K, 882MPa’|

.f‘\

Photo. 2. SEM micrographs of subsurface crack initiation sites of forged alloys.
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Wo7rty P60 b) ~, E5I/hE%R
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HEEH1IE0 772 I‘f)‘%ﬁky) Vo TWhii®
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FLTAE L 771 Fﬁ‘fﬂ’\'(rlyféicf‘/‘ BhaE
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Fig. 2, 4K 2B HAM&RELHONE S f,
@ﬁ%ﬁkmﬂ(%u)K#LCmL Wah, [T

Ti-6Al-4V, 4 K R
OB B ; Forged, Normal
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Maximum stress, omax (MPa)
Fig. 2. Relationship between subsurface crack

size and maximum stress at 4K for Ti-6Al-4V
alloys.
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Table 1. EDS analysis of polished samples and
subsurface crack initiation sites of specimens failed

at 4K.
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BLTWA, Plural 77ty FOM4, Sp. ELI #% & L] L
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: 16~4. ~ 6. .08~0.16
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Photo. 3. The correspondence between illustrated initiation sites and sub-cracks in failed

forged normal specimens at 4 K.
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Fig. 4. Dependence of threshold conditions for
fatigue crack growth of a microcrack on stress
range.
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INTERNAL CRACK INITIATION IN HIGH CYCLE FATIGUE OF Ti-6Al-4V
ALLOYS AT CRYOGENIC TEMPERATURES

0O.Umezawa, K.Nagai and K.Ishikawa*

As the maximum stress is decreased, the morphology of
subsurface crack initiation site changes from consisting of a single
facet to of many facets. The facet was identified as a cracked o
phase by its morphology and composition analysis. The lower
the maximum stress, the larger the size of subsurface crack
initiation site. Using’{s’, the size of the projection of the
subsurface crack initiation site on the main crack propagating plane
as a shape parameter, the size of the subsurface crack initiation site
can be related unequivocally to the maximum stress regardless of
impurity concentration, microstructure and temperature. The
dependence of initiation site size on the maximum stress can be
accounted {or by an assumption that the microcrack growth is
controlled by a threshold condition.

INTRODUCTION

Subsurface (internal) crack initiation are usually associated with the presence of
inclusions or pores. In the case of titanium alloys, however, subsurface crack
initiation under cyclic axial loading conditions can occur apparently without the
existence of any defects (1-4). One possible explanation for the subsurface crack
initiation at low stress levels is microstructural cracking due to localized
deformation (stress or strain concentration) that results from microstructural
heterogeneity and a limited slip system (1). At low temperature this phenomenon is
more clearly observed, because the material strength is higher and slip systems are
limited. Environmental effect such as hydride precipitation is also reduced. The
morphology of the subsurface crack initiation site seems to be analogous with that
of o phase structure. However, the site of crack initiation was not precisely
identified by its microstructure.

The purpose of the present work is to examine subsurface crack initiation sites
in samples which failed at cryogenic temperatures and to explain their formation

process.

* National Research Institute for Metals, Tsukuba Labs.
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MATERIALS AND TESTS

Materials and Microstructures

The tested materials were Ti-6Al-4V alloys which had three different impurity
concentration levels. The main composition difference was for iron and oxygen
content as follows : 0.199 weight % Fe and 0.135 % O in the Normal alloy, 0.200
% Fe and 0.104 % O in ELI alloy, and 0.028 % Fe and 0.054 % O in Sp.ELI
alloy. Here normal and ELI stand for a normal interstitial level and an extra-low-
interstitial level, respectively. Sp.ELI means a super ELI level. These alloys were
subjected to two kinds of processing, namely, forging alone or forging and hot
rolling. These processed alloys were designated as forged and rolled material,
respectively. Both were performed at 1173 K in the o+ range.

The microstructure of the forged material consists of colonies of similarly
aligned o-plates with a mean thickness of about 5um, 4pm and 2um in the Normal,
ELI and Sp.ELI, respectively. On the other hand, the rolled materials have fine p
grains and equiaxed o grains. For each alloy the minor axis of the o grains on
transverse section to the principal stress axis in the rolled material is almost the
same to that in the forged one. Sp.ELI has a slightly finer grain size than that of
Normal and ELI because of a larger forging ratio.

Fatigue Tests

Fatigue tests were carried out in liquid helium (4K) and liquid nitrogen (77K) using
hourglass-shaped specimens with a waist diameter of 4.5mm. Testing was done
under load control mode using a cryogenic fatigue testing system described in
ref.(5). The sine wave loading was uniaxial with an R ratio equal to 0.01. Test
frequencies of 4Hz (4K) and 10Hz (77K) were chosen so that the specimen
temperature rise would be as low as possible.

The fatigue crack initiation site shified from the specimen surface to the
specimen interior at about 105-106 cycles. Subsurface crack initiation occurred at
stress levels below three quarters of the yield strength (0.2% proof stress).

CHARACTERIZATION OF SUBSURFACE CRACK INITIATION SITE

Morphology

No defect such as inclusion and pore was detected at subsurface crack initiation
sites. At low magnification subsurface crack initiation sites appear flat and are
inclined to the principal stress axis. At higher magnification, however, the
subsurface crack initiation sites consist of one or more facets as shown in F igure 1.
As the maximum stress is decreased, the morphology of the subsurface crack
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initiation site changes from consisting of a single facet (a) to of a few facets (b), and
finally to an aggregate of many small facets (c) ; those sites are designated as single,
plural and aggregate, respectively. This morphological change was observed in all
alloys. The morphology and distribution of the facets were fitted to those of o
phase. The minor axis of an orthographic projection of the facet on the main crack
propagating plane was found to be equal to the minor axis of the o grain in
transverse section.

More detailed observation revealed that the "border” region between facets had a
ductile fracture surface. The border region is believed to consist of the P phase due
to its morphology and distribution.

EDS Analysis

TABLE 1 - EDS analyses of normal alloy and subsusface crack
initiation sites in specimens tested at 4K.

Concentration (wt%)
Al \ Fe
. o 535-689 211~ 577 0.00 - 0.33
microstructute g 440 - 586 3.48 ~11.84  0.07 ~ 1,22

nitiation site facet 4.80 ~ 7.26 1.64 ~ 3.03 0.00 ~ 0.12
border 2.67 ~ 6.59 2.38 ~ 1045 0.09 ~ 1.11

Region

The composition of each microstructure and of subsurface crack initiation site was
examined for the specimens failed at 4K by energy dispersive X-ray spectroscopy
(EDS). TABLE 1 shows the analysis results of Normal alloy. Point analyses
were done for regions of the microstructure (i.e. oo and P phase), and subsurface
crack initiation site (i.e. facet and border). Judging from the composition analysis,
the facet corresponds to o phase, and the border corresponds to  phase.

Therefore, from the above morphology and composition analysis the facet was
identified as a cracked o phase.

MAXIMUM STRESS DEPENDENCE OF INITIATION SITE SIZE

Maximum Stress Dependence of ’fs’

As the maximum stress is decreased, the size of the subsurface crack initiation site
becomes larger with the morphological changes as shown in Figure 1. To quantify
the size of the initiation site, a crack length parameter ’fs’ was defined as the minor
axis of an orthographic projection of the initiation site on the main crack
propagating plané. Figure 2 shows the dependence of fs on the maximum stress
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for all three alloys which failed at 4K and 77K. It shows that fs increases as the
maximum stress decreases. And fs is related unequivocally to the maximum stress
regardless of impurity content, microstructure and temperature,

Threshold Condition

We presumie an equation to give the maximum stress intensity factor at the
subsurface crack tip as follows (4) :

Kimax = A OpadTE © + © - = = = =+ - (1)

where A is constant. On the basis of the above assumption, Figure 3 shows the
relationship between Oy, and 0.,V fs.  The value of 0,/ fs is in a narrow
range between 2MPavm and 4MPavm. If the AKy, of Ti-6Al-4V alloys does not
depend on impurity concentration and temperature (6), there is a threshold condition
at any stress level where subsurface crack initiation occurs. Namely, the maximum
stress determines the critical size at which a main crack starts to propagate.

Formation Process of Initiation Site

Feature of facet. Facets have two regions A and B as indicated in Figure 4, Region
A is a circular part of about 4 pm in diameter. This circular part touches the border,
and shows fragilely cracking surface. Mostly only one region A was seen in an
initiation site, but for the case of aggregate type initiation site a few were seen.
Region B is the facets except region A. It gives an appearance like crack growth in
a radial pattern from region A. However, its appearance is different from that of
the fatigue crack on the main crack propagating plane.

Sub-cracks. Several sub-cracks (microcracks) in the vicinity of crack initiation site
were seen in longitudinal cross section of fractured specimens. It is considered that
sub-cracks were caused by cyclic deformation, or by the plastic zone at the main
crack tip. The crack is longer than several micron meter. All sub-cracks are
initiated in the o phases, and in many cases they touch o-p interfaces. A crack are
throughout a neighbor B plate and extends to the next o grain (Fig. 4 ¢)). A sub-
crack is connected to other sub-cracks.(Fig. 4 f)).

Hence a microcrack is initiated in an o grain ; the microcrack grows in the o grain,
extends into the neighbor p plates, and into the next o grains, until it finally forms

the initiation site of a critical size. The critical size is controlled by a threshold
condition and depends on the maximum stress.

SUMMARY

As the maximum stress was decreased, the size of subsurface crack initiation sites
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became larger and its morphology changed from consisting one facet to of more
facets. The facet was identified as the o phase by its morphology and composition.
The size of the initiation site was related unequivocally to the maximum stress
regardless of material and temperature. The dependence of the subsurface crack
initiation site size on the maximum stress is explained by a threshold condition
assumption, such that microcracks grow until a critical crack size determined by the
maximum stress.

(1)

(2)

(3)

(4)

(5)

(6)
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Figure I The morphology of subsurface crack initiation sites of forged Normal
samples which failed at 4K.
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Fatigue Properties of Titanium Alloys
in Liquid Helium*

Keisuke ISHIKAWA™, Kotobu NAGAT**, Osamu UMEZAW A**,
Tetsumi YURI** and Toshio OGATA**

Titanium alloys have nonmagnetic and high strength properties as well as low
density. These excellent characteristics are expected to make the alloys candidates
for structural materials of cryogenic systems including superconducting machineries.
We have been studying on mechanical properties of titanium alloys at cryogenic
temperatures. Fatigue tests were carried out for Ti-5A1-2.55n and Ti-6Al1-4V alloys,
both of which had high fracture toughness at low temperatures. Fatigue crack
initiation started at the inside of the specimens when tested at lower temperatures and
under higher cycles. Neither macroscopic nor microscopic defects were observed at

the crack initiation sites.

Key Words :

Titanium Alloys, Liquid Helium, Cryogenic Temperatures, Fatigue,

Fatigue Crack Initiation Extireme Strength

1. Introduction

There has been great interest in the application of
superconducting and cryogenic technologies, and vari-
ous projects have been carried out for the research
and development. Therefore, the research and
denelopment of cryogenic machineries makes greater
the various requirements of structural materials for
cryogenic uses”. The superconductive magnetic
levitated train, superconducting generator and super-
conducting electromagnetic propulsion ship all require
light weight, as well as high strength for their struc-
tural materials. The transportation systems must
guarantee the safety, so that the structural materials
are required to be highly resistant to failure.

The dynamic systems are subject to higher cyclic
loading during working, as compared with the static
ones. Consequently, the information of the strength of
materials under cyclic loading is of importance for the
design of the machineries as well.

* Received 10th January, 1991
** National Research Institute for Metals, Tsukuba
Lab., 1-2-1 Sengen, Tsukuba-shi, Ibaraki 305, Japan

JSME International Journal

Titanium alloys have high strength, low thermal
conductivity and nonmagentic properties at lower
temperatures, as well as at room temperature.
Besides, the higher electric resisitivity is advanta-
geous to the application of superconducting cryogenic
machineries because of low induction current loss.
Thus, titanium alloys are excellent candidate mate-
rials for cryogenic uses®.

In this experiment, we took two kinds of titanium
alloy, Ti-5Al-2.55n and Ti-6Al-4V, and examined
their fatigue properties at cryogenic temperatures.

2. Materials and Experimental Procedure

2.1 Materials
The chemical compositions of the materials used
are shown in Table 1. The Ti-5A1-2.5Sn alloy (here-
after called 5-2.5) meets the demand for the total
contents of iron, oxygen and other impurities as the
ASM standard. The Ti-6Al-4V alloys (hereafter
called 6-4) have three levels of impurities: They are
normal (N), axtra-low-interstitial (ELI) and super
ELI (SELI) grades.
2.2 Mechanical properties of alloys tested
Machanical properties other than those of fatigue

Series I, Vol. 34, No. 3, 1991
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for the respective alloys are shown in Tables 2 and 3.
Both alloys have higher toughness at liquid helium
temperature (4K) without presenting brittle fracture.
The reduction of impurities can increase the fracture
toughness, which depends on the test temperatures.
2.3 Test method

The dimensions of the specimen used for the

fatigue tests are shown in Fig. 1. The longitudinal

schematic drawing of the system is shown in Fig. 2.
The test machine is driven with a hydraulic ser-
vomotor and the capacity of the maximum load is +
49 kN. The load wave shape was sine with the load
ratio (R=minimum load/maximum load) of 0.01.

Table 3 Mechanical properties of 6-4 alloys

direction of every specimen is parallel to the rolling Katerial Tenp.(X) Y.5.(HPa) T.S.(HP2) CVK(D) Kic(HPa/ m)
one of the plates. The tests were carried out with the
. . . . . 971 1007 25.6 59.9
cryogenic fatigue machine, the details of which were 300
1 i (3) . Noreal 6-4 71 1482 1573 14.0 35.1
described in another paper'®. The system has its own o . L1s . . a3
. . . . . . (forge . .
refrigerator, which supplies liquid helium as coolant, 100 v0s 051 g U
and can keep the constant level of liquid helium in the fLt 54 7 a1 1502 22.4 42.9
cryostat for a long time. Therefore, we can continue (forged) i 1705 1116 3.7 44.9
the test with the failure of the specimen without 100 856 891 63.1 61.8
supplying more liquid helium into the cryostat. The SPELL 6-4 7 1375 12 18.4 58.2
(forged) 4 1589 1599 20.2 62.7
Table 1 Chemical composition of titanium alloys tested w00 - 1053 0.5
0,
(Wté) Normal 6-4 1 1590 1634 14.2 -
(rolled) 4 1861 1865 14.1 -
Haterial Al Sn/¥V Fe @ N # o 300 861 101t 43.8 -
ELL 6-4 11 1527 1576 17.6 -
5-2.5 5.15 2.66 ©0.19 .857  0.0024  0.0058  0.0f2 (rolled) 4 1818 1818 15.2 .-
6-4(1) 6.34 4.23 0.119 135 0.0071 0.0053 0.011 300 887 913 48.1 e
6-4(E) 6.23 4.25 0.200 . 104 0.0035 ¢.0032 0.011 SPEL] 6-4 71 1402 1438 22.1 =
5-4(S) 5.97 4.12  0.028 054 0.0018  ©0.0055 0.024 (rolled) 4 1674 1674 18.9 .-
H H [ [ o 0\
Table 2 Mechanical properties of 5-2.5 alloys 0 = 9 alry Mi4 x 2
& = ¥ g X & e
] / | i N 4 v
Teap.(K) | ¥.5.(¥Pa) T.S.(HPa) Elong.(%) R.A.(X) CVN(J) K.c(HPaJ/ a) CE' — — .
| 1 |
300 105 172 14. 26 52 149 '%«0 25 —
o {10}
77 1209 1276 15. 3t §.5 120.4 —15 45 } 25 45
130
4 1405 1483 10. 20 §1.3 86.9
Fig. 1 Specimen sizes for fatigue tests
r Compressor )
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ok XX
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1
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i
: s )
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Fig. 2 System of refrigeration for fatigue tests
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We evaluated the maximum stress and the number of
cycles to the failure of the specimen at respective
temperatures. The test frequency was a constant of 4
Hz. The temperature rise on the surface of the speci-
men was kept at 0.6 K and that of the interior of the
specimen was kept below 1 K,

3. Experimental Results and Discussion

3.1 Stress-cyclic number to failure (S-N
curves)

Figure 3 shows the S-N curves of the rolled 6-4
normal alloy at lower temperatures. Fatigue strength
increased with decreasing test temperature. This
came from the nontransition to brittle fracture of the
alloys at lower temperatures. We did not observe any
brittle features on the fatigue-fractured surfaces®. A
reduction in the contents of iron and oxygen resulted
in the improvement of fatigue life at a high-cycle
region, while it decreased the tensile strength of 6-4
alloys. Figuré 4 summarizes the results of S-N
curves of all alloys tested at 4 K.

3.2 Initiation site of high-cycle fatigue crack

The initiation site of fatigue cracks at cycles
higher than 10° cycles under lower stress were obser-
ved on the subsurface of the specimen, as shown in
Photo 1. In Fig. 4, the solid marks show the subsur-

face fatigue crack initiation and the open marks the

5 1600 ok 0 C———
= A o
= 5 o0
g 2 77K o
S 1200 |—— —ﬁ—m_, o Bl S— i
@ A A, Aa
2 . & i~
£ 0O 45 293K g
g 800 B ;) - K
£ .
= - Ti-6AI-4V rolled normal alioy
400 1 § Y L I W 5 04 ) i S 1 o o B A ) 1 O O Y
10° 104 10° 10° 107

Number of cycles to failure

Fig. 3 S-N curves of rolled normal 6-4 alloys

[ I
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O M ; Ti-6Al1-4V forged
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|
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600

10° 10* 10° 10 ¢ 107
Number of cycles to failure

Fig. 4 S-N curves of titanium alloys in liquid helium
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fatigue crack initiation on the surface. In general,
fatigue crack initiation is understood to initiate on the
surface of the specimen due to the irreversible process
of extrusion and intrusion through slip deformation.
In liquid helium, neither the thermal activation proc-
ess nor any chemical interaction is expected because
liquid helium is of extremely low temperature and
helium gas is inert.

Extrusion-intrusion on the surface of the speci-
men cannot grow into a macroscopic fatigue crack,
unless it grows into an irreversible and permanent
defect, whose the size is larger than the critical one.
Thus, subsurface crack initiation is more active than
crack initiation on the surface, because of higher
restraint due to localized deformation under lower
stress. The subsurface crack initiation site is char-
acterized by a flat facet. As was previously noted,
neither inclusion nor void are observed for the origin
of a subsurface crack thus far. The detailed observa-
tion gives us the schematic illustration of the morphol-
ogy of the fractured surface around the subsurface
crack initiation site, as shown in Fig. 5.

3.3 Microstructure deformed under cyclic load-
ing

Direct observation through transmission electron
microscopy was carried out on the fatigue-fractured
specimen in order to examine- the deformation struc-
ture which occurred under cyclic loading. A thin
specimen was taken from just beneath the fractured
surface. The specimen loaded at lower cyclic stress
exhibhited a dislocation pileups as shown in Photo 2.
Even if the maximum stress amplitude was lower than
75% of the yield stress, dislocation pileup was obser-
ved in some « grains, heterogeneously and sparsely.
Twin deformation twin was not recognized in every
specimen.

3.4 Extreme strength
If we could obtain an alloy free from an origin of

Photo 1 Scanning electron micrograph of subsurface

crack initiation site of 6-4 alloy
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Fig. 5 Schematic illustration of subsurface initiation site

J

Photo 2 Transmission electron micrograph of disloca-
tion structure of titanium alloy fatigued in liquid
helium

a subsurface crack, it would present ideally extreme
strength in liquid helium. In reality, however, the
material does not show this strength, since it contains
interior latent physical defects. The size of an activat-
ed defect depends on the applied stress®. The experi-
mental results are shown in Fig.6, in which the
maximum stress amplitude is 4omax and the minimum
diameter of the subsurface crack size is fs. Figure 6
confirms that the product of Jomax and the square root
of fs is almost constant against the applied stress.
This value is the material constant, which is the
critical value for fatigue crack intiation of a 6-4 alloy.
We can compare this value with the threshold value of
microscopic fatigue crack propagation™.

I T
Open ; single CJEW; Forged, Normal
g |— Hatched ; plural _|{AAA; Forged, ELI i
Solid  ;aggregate © @; Forged, Sp.ELI
E | O© ; Rolled, Normal
% 6 VYV Rolied, ELI
o I | @ 0 ; Rolled, Sp.ELI
= Standard - P = = = o = = =
deviation T
o 4l = &> _
= 16 4076 | A 3 A v
g Mean ;,356; __ﬁwV__
3 oL o 4 = =oa— gt
: | |
400 800 1200 1600

Maximum stress range, Ao max (MPa)

Fig. 6 Relationship between subsurface crack size (fs)
and applied stress (maximum stress, 40max)

4. Conclusions

We carried out fatigue tests on typical titanium
alloys at cryogenic temperatures. In liquid helium, in
which no chemical interaction with the enviroment
was not taken, a high-cycle fatigue crack initiated on
the interior of the specimen under lower stress.

We observed no physical defects such as an inclu-
sion or a void on the origin of the subsurface crack.
The size of the latent crack which can propagate into
fatigue crack depended on the applied stress. The
product of the maximum stress amplitude and the
squere root of the crack size was constant, which
suggests the extreme strength of the alloy.
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SUBSURFACE CRACK INITIATION IN HIGH CYCLE FATIGUE
OF 0.1N-32MN-7CR STEEL
AT CRYOGENIC TEMPERATURES

O. Umezawa, K. Nagai, T. Yuri and K. Ishikawa

First Research Group, National Research Institute for Metals,
1-2-1 Sengen, Tsukuba, Ibaraki 305, Japan

ABSTRACT

Solution-treated 0.1N-32Mn-7Cr steel shows the subsurface crack
initiation in high cycle fatigue at liquid helium and liquid
nitrogen temperatures. The subsurface cracks in this steel were
not associated with inclusions or pore, but intergranularly
formed. Slip-line traces or crystallographic pits were seen in
the intergranular facets. Co-planar slip on (111)-<110> system
occurred predominantly. The dislocations were inhomogeneously
distributed and piled up at grain boundaries. Thus,
heterogeneous slip deformation might produce an intergranular
crack resulting from stress concentration at the grain boundary.

KEYWORDS

High cycle fatigue; Subsurface crack initiation; Intergranular
cracking; Cryogenic temperature; High manganese steel.

INTRODUCTION

Subsurface fatigue crack initiation occurred in a solution-
treated 0.1N-32Mn-7Cr steel at cryogenic temperatures (Yuri et
al., 1989). The Ti-5A1-2.5Sn ELI and Ti-6Al1-4V alloys showed the
similar subsurface initiation at 4 K. The initiation site was
not associated with inclusions or pore, but identified as a
cracked o phase (Umezawa et al., 1990a, 1990b). The micro-
cracking was accounted for by localized deformation. The 32Mn-
7Cr steel is a nitrogen-strengthened high manganese steel (Miura
et al., 1984), and the martensitic transformation was minor mode
against plastic deformation in this steel. The fracture of this
steel at 4 K showed a ductile manner with dimples, but 20% cold
rolling introduced partly intergranular facets in fracture
toughness test (Yuri et al., 1990). The mechanism of
intergranular fracture in fully stable high manganese steels is
still disputable, but stress concentration at grain boundary is
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believed to assist the grain boundary cracking (Tomota et al.,
1990) . In the present study, therefore, the subsurface fatigue
crack initiation sites were characterized and the deformation
structure was investigated for the fatigued 32Mn-7Cr steel.

EXPERIMENTAL PROCEDURE

The 0.1N-32Mn-7Cr steel was melted by The Japan Steel Works Ltd.
The ingot was forged, hot-rolled (at 1423 K), and solution-
treated (at 1293 K for 7.2 ks, water-quenched). The chemical
compositions are 0.14 C, 0.60 sSi, 31.58 Mn, 0.022 P 0.006 S,
0.23 Ni, 7.04 Cr, 0.04 Mo, 0.012 Al and 0.133 N (all in mass%).
The S-N curves were already determined at 4 K (in liguid
helium), 77 K (in liquid nitrogen) and 293 K (in air) (Yuri et
al., 1989). All the longitudinal directions of the specimens
were perpendicular to the rolling direction (T direction). The
sine wave loading was uniaxial with_an R ratio equal to 0.01.

The fatigue fracture surfaces were examined by scanning electron
microscopy (SEM) and analyzed by energy-dispersive X-ray
spectroscopy (EDS). Thin foils for transmission electron
microscopy (TEM) were prepared by the conventional
electropolishing technique. The foils were perpendicular to the
principal stress axis.

RESULTS AND DISCUSSION
S-N Curves

In the solution-treated 0.1N-32Mn-7Cr steel the subsurface crack
initiation occurred in longer life range at 4 K and 77 K,
although it was not detected at 293 K. At 4 K all show the
subsurface crack initiation. The fatigue crack initiation site
at 77 K shifted from the specimen surface to the specimen
interior at about 106 cycles. Therefore, the subsurface crack
initiation occurs at lower maximum stress level, especially at
lower temperature. The SEM photograph in Fig.l shows the
fracture surface of a sample which showed subsurface crack
initiation. Region A indicates the fatigue crack propagating
plane. Region B indicates the rapid fracture surface covered
with dimples as in charpy impact test. The area of region A
increased as the maximum stress decreased. The location of
internal initiation site indicated by arrow is almost the center
of the circular region A.

Subsurface Crack Initiation Site

Morphology. No defect-like inclusion or pore was detected at
the initiation sites, nor did cleavage fracture appear. Figure
2 shows the subsurface crack initiation site on the opposite
fracture surfaces of the sample fatigued at 4 K. As shown in
Fig.2 the subsurface crack initiation site in this steel was
identified as an intergranular facet. The presence of triple
point along the facets confirmed the intergranular cracking.
Line markings and protrusions at the sites match in an
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Fig. 1. S-N curves of 0.1N-32Mn-7Cr steel
at cryogenic temperatures.
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Fig. 2. SEM matching-halves photographs of
the subsurface crack initiation site
(4 K, 0,.=921 MPa) .

interlocking manner on opposite fracture surfaces.
At higher maximum stress level above 0.2% proof stress at 4 K,

subsurface crack initiation sites displays line traces (a) and
triangular pits (b) as shown at higher magnification in Fig.3.
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In fcc metals, near-threshold intergranular facets often present
the small tetrahedra-1like facets which appear as
crystallographic pits and protrusions. On matching surfaces,
these features are interlocked. And the shape of the triangular-
pits indicated that the three sides corresponded to (111) slip
planes (Bailon et al., 1990). The shape of the pits presented in
Fig. 3 (b) also indicates the relation with (111) slip planes,
and one side of the pits is well aligned. On the other hand, the
configuration of the line traces in Fig. 3 (a) is accounted for
in terms of the traces of (111) slip line. The slip traces did
not reveal symmetrical matching on opposite fracture surfaces.
This mismatching is another evidence of the intergranular
cracking.

, .. : R
Fig. 3. SEM photographs of slip-line traces
(a) and triangular-pits (b) on the
subsurface crack initiation sites at
4 K (a:045.x=1204 MPa, b:0,,x=1134 MPa) .

Chemical Analysis. No significant feature in chemicals was
detected in intergranular cracks, namely EDS analysis did not
show any difference in Fe, Mn and Cr between the matrix and the
initiation sites. But the grain boundary segregation of C, B or
N was not able to be examined.

Deformation Structure

In the planar dislocation structures at higher maximum stress
level as shown in Fig.4, parallel straight bands are observed.
Substructure of the bands was highly dense dislocations, but the
matrix deformed very little. Dominant deformation mode was (111) -
<110> slip. The cross slip of dislocations 1is strongly
suppressed and dislocation movements were restricted on their
slip planes. The [111] deformation twinning and €-martensite
were also identified, but were minor deformation modes. Thus,
it 1s believed that deformation twinning and €-martensite hardly
contributed to the intergranular cracking.

At the lower maximum stress, the dislocation density became

e LA —



ling twin boundary
o g g T ¥ VW’;B A

e

Fig. 4. Co-planar dislocation structure
development across the twin
boundary (4 K, 0pax=1204 MPa) .

Dislocation pile-ups blocked at the
grain boundary (77 K, 0p.x=698 MPa) .

Micrographs (b) and (c) are
enlargement of the corresponding
framed parts in (a), respectively.
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lower and the plastic deformation was localized more distinctly.
Dislocation structure is mainly developed by pile-ups or co-
planar arrays (Fig. 5). But the micro-slip bands did not form
remarkably. The slip system is also predominantly (111)-<110>.
The dislocation arrays are piled up and blocked at the grain
boundary. The spacing between dislocations in a array is
narrower as the location becomes closer to the grain boundary.
Therefore, the arrays obviously cause stress concentration at
the grain boundary. This stress concentration might be the
source of minor dislocation array in the adjacent grain (Fig. 5
b,o).

Thus, the plastic deformation in the present steel was highly
inhomogeneous and the co-planar dislocation pile-ups produced
stress concentration at grain boundary. The stress concentration
is considered to a potential source of grain boundary cracking
in a specific incompatibility of grain boundary.

CONCLUSIONS

The subsurface fatigue crack initiation of solution-treated 0.1N-
32Mn-7Cr steel was investigated at cryogenic temperatures. This
initiation was not associated with inclusions or pore, but
intergranularly formed. Co-planar slip on (111)-<110> system
occurred predominantly and piled up at grain boundaries. Thus,
heterogeneous slip deformation might produce an intergranular
crack resulting from stress concentration at the grain boundary.
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Subsurface Crack Initiation in High Cycle Fatigue at Cryogenic Temperatures
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Synopsis:

In eryogenic high cycle fatigue for titanium alloys and nitrogen-strengthened austenitic steels,
subsurface crack initiation apparently occurs without the existence of any defects like inclusion and
pore. Microstructural origin of subsurface crack initiation site and deformation behavior for those
alloys were investigated, and the mechanism of subsurface crack initiation was discussed. Subsurface
crack initiation site is consisted of facets which are assigned their microstructure. Subsurface crack
initiation is caused by a microcracking related with microstructural inhomogeneity. A principal slip
system is dominant deformation mode and dislocation motion is planar. Even at lower stress level,
piled-up dislocations of short range order are blocked or sharply localized at grain boundaries. Namely,
the stress concentration at grain boundary locally occurs. Then, the stress concentration might pro-
duce the microcracking. On the other hand, the size of subsurface crack initiation site depends on
the maximum stress range. Therefore, subsurface crack initiation mechanism is considered that a
microcracking due to localized deformation grows or coalesces until a critical crack size and is chosen

for the main crack.
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Table 1 Tested materials and chemical compositions (mass %).

Concentration (iass %)

Materials Conditions
Al Fe Mn Cr N C Others
Ti-5 Al-2.5Sn  forged and 5.15 0.19 — — 0.0024 0.012 Sn:2.66, 0O:0.057, Ti:Bal
ELI mill-annealed
Ti-6 Al-4V forged and 6.34 0.199 — — 0.0071 0.011 V:4.23, O:0.135, Ti:Bal.
Normal mill-annealed
ELI (forged), and 6.23 0.200 — — 0.0035 0.011 V:4.25, O:0.104, Ti:Bal.
rolled and
Sp. ELI mill-annealed(rolled) 5.97 0.028 — — 0.0019 0.024 V:4.12, O:0.054, Ti:Bal.
32 Mn-7 Cr hot-rolled and 0.012 Bal. 31.58 7.04 0.133 0.14 Ni:0.23, Mo:0.04
solution-treated
SUS 316 LN hot-rolled and ~—  PBal. 0.65 17.76 0.1801 0.022 Ni:10.81, Mo:2.56
solution-treated
SUS 316 LN
20% CR 20% cold-rolled
25 Mn-5Cr ST hot-rolled and 0.009 Bal. 25.60 4.67 0.040 0.22 Ni:0.97, Nb:0.043

solution-treated

ELI stands for the extra-low-interstital level and Sp. ELI means a super ELIL.
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Table 2 Crack initiation site and subsurface crack origin for tested materials.

Crack initiation site
(maximum stress: high>low)

Materials Subsurface crack origin
293K 77K 4 K
Ti-5 Al-2.5 Sn ELI S 8 S>1 fine a phase
Ti-6 Al-4V S>1 S s5>1 o phase
32 Mn-7 Cr S S 1 intergranular
SUS 316 LN 20% CR S S>1 I Mo, Cr rich zone
SUS 316 LN 5 S S>1 pore*
25 Mn-5 Cr ST S 8 I inclusion(Al:Qy) *

S: surface crack initiation, I: subsurface crack initiation.

S>1 means the initiation site shift from surface to interior at lower stress.

*, pre-existing defect.

1600 = |
in lig.He, 4 Hz, R=0.0] Open ; surface 1
——t—— - ———\ Solid ; internal /-
o .0
1200 |———; = Y
unknown AO S

1000 & A
H | A

.
=
(=]

0®; SUS 316LN
800H @;: SUS 316LN 20%CR
M ; 25Mn-5Cr ST
A ; 32Mn-7Cr ST

Peak cyclic stress, Omax /MPa

600 L= e il
10  10* 10’ 10° 10’
Number of cycles to failure

I

Fig. 2 S-N data of austenitic steels in
liquid helium.
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Fié.3 SEM ﬁicroéraph of subsurface crack initiation site (a) and TEM
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photograph of small a grain region for Ti-5Al-2.5Sn ELI alloy.
Points A, B, C and D are representative EDS analysis region shown

in Table 3.
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Table 3 EDS analysis results for subsurface
crack initiation site and microstructure
of Ti-5 Al-2.5Sn ELI alloy.

Concentration (mass %)

Analysis region
Al Sn Ee

Initiation site
small grain @A)  1.00 2.94 0.01
convex part ©~ (B)  1.26 3.31 0.32

Microstructure
fine o phase ()  1.06 4.13 0.06
B phase o 0.8 4.10 0.47

3.2.1 Ti-5A1-2.55n ELI &&

Ti-5 Al-2.5 Sn ELI 413 FARER 30 gum D a
BHALTHHY, —Hw Bl B+ o D
RHH 2N apIRCAFET B, D5y, BHl%E
ST EIRITH 30 um RO kK & T, ¥ pum BD afll
& D 2 MR GRRL o HIBUED) 2L T\ % (Fig 3

single

subsurface crack initiation site

sub-crack

54

Fig. 4 SEM micrographs of subsurface crak initiation sites and sub-cracks for Ti-6 Al-4V forged

plural
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alloys ((@): Normal, 4K, 1,235 MPa, (b): ELI, 4K, 944 MPa, (c): ELI, 77K, 601 MPa, (d):
Normal, 4K, 1,235 MPa, (e): Normal, 4K, 1,058 MPa, (f): Normal, 4K, 1,147 MPa).

266

& | I %

— 158 &=



Table 4 EDS analyses of Ti-6 Al"4 V normal
alloy and subsurface crack initiation sites
in specimen tested at 4 K.

Concentration (mass %)

Analysis region

Al \Y Fe
Microstructure
a 5.35-6.89 2.11- 5.77 0.00-0.33
B 4.10-5.86 3.48-11.84 0.07-1.22
Initiation site
facet 4.80-7.26 1.64- 3.03 0.00-0.12
border  2.67-6.59 2.38-10.45 0.09-1.11

NAMMEL LB ELELIE, 1D 7512, b (@05
BHEDO7 7y b2 STob D (b)~, FLT/AX
7 ry PRERHEE ST LD () NETE B (LA
RL, fo OfEIZKEL I T3,

A

Fig. 5 ' SEM micrographs of subsurface crack i

o
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S S AU g S

b

nitiation sites for 32 Mn-7 Cr steel at liquid helium

temperature ((2): omax=1,204 MPa, (b): omax=1, 134 MPa, (€): Omax=921 MPa).

Fig. 6 SEM micrograph of subsurface crack initiation site (a) and its illustration (b) for cold-rolled

SUS 316 LN steel at 4K (omax=1, 404 MPa).
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Table 5 EDS analysis result for subsurface
crack initiation site showing in Fig. 6
and microstructure of cold-rolled SUS 316
LN steel.

Concentration (mass 2%)

Analysis region
Fe Ck Ni Mo

Matrix 65.29 18.47 9.64 3.74
Initiation site 52.61L 2773 5.62 14.04

R 77K ¥k % SUS 316 LN 20 %A RIELEF T,
IS TV F > THUBR - D 2R R A % BT &
L&t Sh i,

3.2.5 25Mn-7Cr £8

25 Mn-5 Cr #lvXIN 2L RS AAEW D iR D B
R, EDS OHrofs5R AlLOs & 3hc?,

PlED X 5, kR E b N & 2 a2k i AL
BEerGLic7 y 2y FDBEIII-> TR Y, BHMA
FRARTE U el iII LT % 22BN ALY
BlEE LB L8 T Table 2 Hric i & 24 58
O RO TH RN E & TRT,

3.3 EHERKEE

LUFw Ti-5 Al-2.5Sn ELI A4 & 32 Mn~7 Cr #fi]
DERHEBEDOH LR T,

3.3.1 Ti-5Al1-2.5Sn ELI &&%W

a-Ti (hep) 12kt (c/a) 2349 1.587 &£ /& <,
203K AT TOXELDLERE— FiL SA—H—AX7 b
it ad #4 7ORHTD ((1010)<1120)) TH
%o Fig. 7 2 Ti-5 Al-2.5Sn ELI &40 (83N 7ciliz
PSR R T XD BIIEFK R E & L€ planar T
B b, WEAHLAREE W co-planar RTEAZFI B T
Wh, fUOETE e — FE LU TUIER T 2MEHE IR
Do e WITHDEICH 5T HEW B ik Al ©
[ L > Tl 2T b, RioT {cta) &AL
DAIIT WS, T, BIEHRTI—HezxET
NhLEIND, L, KK TidbR
DMMABETHY, MiFE 2 4 KTk {1010}~
<1120) TXY DI DHE I, TETRDIZED D
v, TLUT, afllfibtHzED Al HMERETHD
1oz, = MY oy 2 AN THSETT W EE 2 b
B HRL o K ZE T M s LT B,

3.3.2 32Mn-7Cr $8"

32Mn-7Cr i (fce) @ 293K AT st % ZREM
eIk {111} <110) TXb Th b, planar 752E0)
%/~ 3 (Fig. 8), ZVOEEE R (Rdfhk) Tix2
WY WIRZ 572, micro-slip bands 2K &
T 5, ISR TS pileup HE £ 51 25R1H

%gm%

Fig. 7 Dislocation structure of Ti-5 Al-2.5Sn ELI alloy at 4 K (0max=1, 409 MPa).
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CRXAKRY, BHBEARED, TNDIFXEINT
BIHRIDHTLTHD, ¥, BAFIIEGTRT
hE LR Eh b, BEIKELTHOHETTL T
WISWEIR & ANEAE L T b, EADTEN AT FUR
MM EN AR EIeD, IHW o-Ti vk, G -
BTSRRI XD R () TTR~DEER Y
Sh, BELED {a) BNOANEBCHF 5§ 5 1=
¥, BHOARE—MNHEL L Teb!,

Vol. 26 No. 4 (1991)

Fig. 8 Dislocation structure of 32 Mn-7 Cr steel at 4K (0max=992 MPa).
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RE)— BT b b, f5F~ 7z Ti-5 Al-2.5 Sn
ELIA&D X 51~ F Y o 7 A TR\ SR
(HIpr o« HIBEIR) PMEAET B4, RIS I T
M D UK 5,

4.2 NEMEH EHOSELE
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Nt 5EELBRD, 32Mn-7Cr ik, ¥ RIELE
Mz 2 AT TRV R\ T b — SR A
Mg SR, RAPILENETE T2 L bbb
5> TW5b, F1:, Ti-5A1-2.55n ELI 4D X 51
W AL R — 2 & & 78 5 KRR EE SR A & < ffidsT
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single plural aggregate

crack size : larger
——

o

maximum stress : fower
———

microcracking

boundary

microcracking
and its growth

growth of microcrack coallescence and

growth of microcrack

Fig. 9 Mechanism of microcrack growth for
subsurface crack initiation site.

4.2.2 WHREIIOE xR
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UL GOFMIICBEL D, BEHIN a-p Fiii
BEEe 3 % a iz v, fﬁ(ﬁg’lh@ﬁkﬁ - SR
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DY, TLT, BB X DR M i x5
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WOMREBIR L CH2 D&, R 8L
THEIREN DER A FEEROIENI P (DKenvion
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Do DEY, MNACARLAAR D KGO ) b e
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MR EBEFEA A A5 45 (5 0D 10° 3507 3R L3 b BUIRAT:
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TR E led T L b, BMEEIOREERET

i i -
Open ; single D& m; Forged, Normal
g| - Hatched ; plurai . |AAA; Forged, ELI
Solid  ; aggregate © @; Forged, Sp.ELI
g | | {© ; Rolled, Normal
Lg, 6 }_ | |V¥ ;nRolled, ELI
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g Standard - :
deviation
& 4l o0
g Menn{ 2.98
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0

400 800 1200 1600
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Fig. 10 Relationship between maximum stress
range ‘domax’ and 40 maxs/fs for Ti-6 Al-
4V alloys.
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