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Application of the Threshold Stress Intensity Factor Kiscc to the
Evaluation of the Susceptibility to Delayed Fracture of High
Strength Bolts

Fukukazu NAKASATO and Tetsu OHNO

Synopsis:

The fracture mechanics approach was used to analyze the delayed fracture behavior of heat-treated
SAE1527 steel with tensile strength of 156 kg/mm?2. The threshold stress intensity factor Kigec was
determined using wedge-loaded DCB specimens in various test environments on the basis of a 5000 hr
exposure criterion. Although the incubation time 7, varied considerably by changes of the test environment,
Kisce was found to be virtually independent of the test environment, ranging from 65 to 85 kg/mm?3/2,

The Kjgcc values obtained in the present investigation were applied to the design of tightening high
strength bolts as an example of structural components subjected to the similar environments. For high
strength bolts 22mm in diameter under standard tightening condition, the crack tip stress intensity factor K;
for a crack initiating from a thread root was calculated based on a few assumptions. A critical crack
length I which can cause onset of delayed fracture crack propagation at Kigce was about 15 # which is
the same order of length as a prior-austenite grain size of conventionally heat-treated low-alloy steels.
Thus it is confirmed that highly stressed and threaded fasteners of low-alloy steels with tensile strength
around 150 kg/mm? and higher are remarkably sensitive to delayed fracture even in an outdoor environ-

ment. These results bring about an understanding of in-service failures of high strength fasteners and
arise an increasing demand for a strict inspection practice for them.
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Table i. Chemical composition. (wt%)

Mark c|sa Mo | P | s 'soLAl

s47 |0.26 ,0.27 1.48 |0.019 0.024[ 0.032

Table 2. Heat treatment.

Quenching 900°C x l1hr, WQ
Tempering 250°C xlhr, ACG
Table 3. Mechanical properties.
Y.P T.S
(kg/mm?) | (kg/mme) | B (%)) R-AG)
182 | 156 1 42

D, 15mm¢ X 000mmil 3 X ¢ 15 mméxX25 mmW X
1000mm! iz L, gt Lz, FAHEZOsRES &
LT JIS?® wxkirs FIST &FhR.v MK EIRE
150 kg/ mm?%18% = L ZHig L L, Table 2 wiR7 8k
SLFR A B U7
2-2 5|3REER

15mm ¢ X 110mml FE#r 5, FEfTER 8.5 mm ¢ x50
mm! (i SREESE 40mm!l) OIS ERRBAF ZOIH L,
FRFIRABRETROCHRELF = v 2 L. 5RHAER
#HR%z Table 3 /R, SRS 156 kg/ mm? T
Hb, FIST mHAw Mg LIR[E 150 kg/ mm? X §
LRLEEHIC TR, B ISO o TC2 CHEHp
O FUTEEY OISR 2H LT 5.
2.3 EhMESR

AR I\ ThE, SAE 1527 oL BmEdr B
% Kiscc Offin 5, @5+ b UBORAFARIER %k
WHEZEBFEEMNTHS. Kisce &3kD5HRBAEIL,
K-8 (decreasing K type) DEZRAIAIG R 2D
ZERA L. BBAroRiRYiE Fig. 1 @RI XK,
EFRoOBBEmcEmNTIZIX Y 2 EoU-/ » F%
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Fig. 1. Dimensions of the-specimen for Kigcc
measurement.
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X OTEHFALKH T OFARMOEmIcE > K
DEL (2EV 759y sESOHEM) 2R LELDTD

— 83 —



o
g

% & 0

w62 &£ (1976) B 1%

(T

1]

|

i

B a——

oy

@ The first U-notch

® The second U-notch

© Delayed fracture surface
© Brittle fracture surface formed in liquid nitrogen
1

. Appearance of crack propagation after
exposure to an outdoor industrial en-
vironment for 5 000hr. (SAE 1527
steel, T.S. 156 kg/ mm?)
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Fig. 2. Results of constant deflection, decreasing
K; test. K; is plotted against time of
immersion in 0.1N-HCI, showing crack
initiation in every specimen within 4hr
since the test is started.
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Fig. 3. Results of constant deflection, decreasing
Kj test. K is plotted against time of expo-
sure to an outdoor industrial environment.
Crack initiation is suppressed at least for
about 200hr since the test is started.
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[ 0IN-HClatRT 3 H20 atRT
H20 at55°C R Quieor Industrial
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Fig. 4. Probability of delayed fracture crack
initiation in SAE 1527 steel in relation
to test duration in various test environ-
ments. The delayed fracture crack initi-
ates in a short period of time as the test
environment is more corrosive.

Table 4. Kigcc of SAE 1527 steel.

Kisc

Test atmosphere (kg /(;nmsl'é’)

0.1N-HCl at R. T 70
H,O at 55°C 65
H,O at R.T 73
3.59,NaCl at R. T 77
Outdoor industrial environment 83

DTTF— 2 bpvic. MORBRELREICOWTIE 4 RD
HEF D5 L, 1AL Pop-In LTWAEOTHEID
S ATHER Y K7z, Fig. 455 0.1IN-HCL th T3, 75
M bE» L 4N 3 &L b7 T v 3%
LTW5DIxt L, 55°C {RAKR T 2 A, #iRAKbTix
VERRZTW YT v sBFEELTHWE. WO BRKRA
HRTIEY 5 v 2 OFRAENE L GBIES R 200hr B 5556
LW E 2 5y 23T hoRBE T bERD Hhiiu.
Table 4 & 5000hr DL E#%E L/cRERT, REEHTT
KEIE LR 25 v 7 B3hD, SERREREC 305
Kiscc® kDb DTH 5. WTFNOREBREEE T Kisce
PIZIE 656~85 kg/ mm3/2 DEEZRLTE Y, FPREE
156 kg / mm? ¢» SAE 1527 §fic &\ T Kisce DER
REKGHEIE VRO LN V. BEHHO Kiscc @
HBRBRERFEE I DV TIE, WERRENRF — 2137k
VA, R B E LAlEY 95 5 5.
Lo L Kigoe OERERAEMT, $ADBE LVt k> T
FELLZLTrWz L dEz LS. D DHDKE L
vy, Gk E 150 kg/ mm? [l k& v oo —RICE
PR O A 5K T, BhBERAEDRERK
FEBDI L, LEMIBMARED D S THKEIHEE
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T: Torque

P: Tensile Load
N: Compressive Load P=N
F: External Force

Fig. 5. Schematic representation of frictional
tightening method using high strength
bolts.
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tic(a), (b), (c)d5H, (a)IEERERER
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OOMEARDO IR AKREE Lo L BT, MR
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—Fmh s, MmhkmeEEET, =ZBAKDSWEHIE
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5, hUFREEM 2b=2.70 mm, FLifIREE o=
0.35 mm OFFFAFYIK &4 7o Lic. REOFEIIK
Rk 5.

2b=M22 3342 UHME (22 mm)

—M22 BERUCADOE(19.3mm) e (3)
75 v PRFEFTTHBREUALRLIXDC, V7 v 7&FET
O Ky BPRAUCIESRZEMICY 5 v sESCMELTEE
LA K X%, N RBTENTFRENRS.
5 Lk UEROIRE, BEELOMES (EIRERM
WMDY 5w VHEMTD Kt 23, 5 v 2 EEZRVER
DIENHH» SGRETHIE, EALESFEBESE SR
HTLETFLTVD) ZAVWT, B(HRCIOTHE
Lz
Ki=1.12Ka00)/ T X -oereeremrmmrmnmneiinnnn (4)

oo : BREEE A #H7)

X HIRESSE|DRY T v 1 EX
K VAR OIKIC X 26 T1EPHRET, EB(S)XTE
Z 553,

_ b I o
K“_\/ 2x+p(l+ 2x+p>+< 2x+p)

x : PIRED b O
YIRE (x =0) 2313 5 NEPFREZ

@ turst thread assembled
in the nut

Bolt

@ unengaged thread

@ thread runout
(incompletety threaded
portion)

Fig. 6. Schematic diagram of a bolt-nut junction.
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Fig. 7. Stress intensity factor K, for an edge crack
originating from a semi-elliptical notch sub-
jected to tension. Kj is plotted as a func-
tion of crack length X measured from a
notch root. Threshold stress intensity fac-
tor Kigcc of SAE 1527 steel in an outdoor
industrial environment is also shown to es-
timate critical crack length Ic which can
be expected to cause delayed fracture.

THLTELNRELE, X, #Hx v+, HHR, F
PREEEL FO{EEFERLI2>THE LA, 41 U FEE
EOFRVE - F v MEBEKE ST BIENEFHREOES
BHEET L E, WINHITTES.0IEWHEELDTE
DEOG)RCESLFEBELEFIEF—FHLTWS. Fig. 6
VL - Fy FESHOBRXMETRT. TITC, F v
PRI D E LR UBESRC B35 [EHHH, H
CRhUDEHRELIDOTE LA REELZZITLVEWS{E
EDDEITEB)RBICE () REAWVC ALRF
WHEFTTBY 5 » VEBTD K BHEE LER % Fig.
7w, Fig. 723, ACWLOES 1.35mm 24 5
v VESCHEMITME LT, FERIRPD edge crack
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EFLTEME LA K bbby TitA L. T ZTHEE
FTREZLE, RUEPLREELIZY T v ORI,

hUEOHBEE 0=0.35mm LFEBEICKDE, R

CUOEI R Y5 v 2 &R LTH K WKRERRET
LTV e LD d/NERI S » VEIOHTI,
CAEDHELEILE Y, K BELLEMEINBZ LS5
LTH5.

323 MHBIRROHE

Table 4 iR L7z Kisce PER TS5 v 7 EX ¢
Z Fig. 7 »5RDBE, 2D lc PEHFBEIRRE S5 %
BZLChD. TTRBAX S, BIEHRS 156 kg/
mm? {CFRAE LA SAE 1527 §0C1k Kisce WSE&EHER
R CITE 65~85 kg/ mm¥2 THY, Ic LT 15
pBECENPZLNE. 2%, BEHOBEARERIER
TIHA —ZF F 4 FMRED S — 4 — O&EHH DT,
ThBEENBES 7 v 7 ORE L DAREEZ RIE LT
W5, ZDZERENFN FOFMBERRBICR VT,
FI3T DI EOBELAVO XN M THEIBZELLED S
WEWHERMINIGELTVWELDEEZ LN, RIT
WORUHAECOWTIE, Fv MIDIEULDELRT
BEIRICHANT, $91/20FRE 2253, Lichio
T, Ki B2 7 9 VRSOEFHRIC BITH L% EE
T5 &, BECRUHOMRFRRREK 4c Lz 3.
3-2.4 FELRUCHMOWMDFEViTDNT

B FNV FOFFFREBRBRIC I VT, BEE S5
T EMBRZDEVIIRE LR UROERE, (ERREES
4 ATz LB 0 Tk Photo. 2 iR+ X 57k
FEIRRICLDTVWE. FLR UHICHETRESR
Ui, UIREEEREE p /NS Vi, Ehd Tl
Y5y UBADTH Fig. 7 pOHEHTEB LS,
K BDRUEERY 5 v v EI LB LEEED K 05
LB, Lis LIBFICH VT, RE4h U ULLo
BiZf 27 1% Photo. 2 25 3L X S5, T4h
UHoBEA 60° XD REVOT, GHREMIhT
WhHEEZ BN, pdNEWZEE, 2y BKRikBTE
D2 50EYRIIF, B LTERTSDT, Torhdv
PEELAD. ARERUHEMAARCASRS S » &
BExAB 2r=0):H% LT, K 258 L7-f#l% Fig.
By LIATARLRUHORUILOESE, h
COEWVRTEeTHY, Y LVHIS ]y FEAL
AELNRULEHLEETLAURDOIERTHL L S FELh U
ORUIIEXCELWE 1.35mm tird. Licdso<
77y PIEXE LT ZOEZRA LB, Egl
ACHS I E &0 K 5 Fig. 8 p»5Ii3iE 150 kg/
mm¥2 L7gh, SAE 1527 §> Kisce X W K EL,

VA

Rotation
by 180°

pr——t
2mm

Photo. 2. Sectional view of the incompletely thre-
aded portion of a high strength bolt. In
comparison with full threads, this thread
runout forms a very sharp notch acting
as a severe stress raiser.
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Fig. 8. Stress intensity factor K; as a function
of crack depth for a circumferentially
cracked round bar subjected to tension

" as a convenient approximation to the
incompletely threaded portlon of a high
strength bolt, s

BhERAEORREIIAEL LS. LrL, XEh
ek S, FEERUHOMEMA 27 23 60° DLET
HHTER, ﬂat,mozﬁémowa 1.35mm % TR
HICZHE LT WA 2 e e ¥R BET 5 &, Ki=150 kg/
mm¥/2 J SHEBRFELTD T LT d. Fub-
F v MEERORUHO K wonT, FRELEZE
CLRRED L ZHUT LIRHTIIR WS, LR
%kﬂbfﬁ,&ﬁ@@?Lﬁ%Z%ﬁWT,@KE
HHEBAFE o WRKEL LB X ‘)EI?ZiPEE fr}xF?:céh
D0HBHOT, SHEEFELR CHROBEMEERE IS T



88 % & #

# 62 4 (1976) E1 =

5D LBbh5.
4. =

22Ea% X 150 kg/ mm? L~ SAE 1527 §% Bl
TEZMAE Bh B EXBRCIVEEARR b Cc o
Kissc &Kz, WolE SN E v b OFRERMRIE
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ST oO Ky ZHEE L, _EiC Kisce Z:@J’ﬁ*fﬂﬁjill“&slgﬁ‘
b, BHFARREEE L, DTFoRH%

(I)SAE1W7ﬁE(am%51%mymmﬂ D
Kisce 13, sRERIREIIC X &7, 131F 65~85 kg/ mm?/2
ExATS. ULy Ty s REETOBREH 13
HKBREC XL OTREELS.

(2) &HhHFEN (M22) ORUBECHFETDI 7
v JHEIRTOD KX, 25 v 7 EIDhULEHRBLERp
VSNSRI 5 v VDA, RUAXOHFEEICX
DTCELLIEMEIhTW5.

(3) SAE 1527 §i%& f\v7-513R5%X 150 kg/ mm?
LAROVDEH ANV MR, RUER 152 BEORU/NMES
HE, BUBRREEOBBRMESDH 5.

(4) AEBLE£h U, IIRERIIBRSELL2TWS
DT, MBI X2TD K BFLLHAL, BhpilE
75y oAV TWEF LIRS, BRI S A
2EFERATHCEICED, RUBBECHAES X, &
NEBEMTEZEPLETH5.

AERLIC IV THE, Fv b - F o MESEDENES
WKREE i, F bR UHOREBEFE T B I54570

COWT, R UDEEIER Lisho/k. & LBEC
R CDOEE L b ED IR ERETOIE N2 ITR &
NoHEoiE, ZOBED o BEHRXD e L vdiik
L EBMELFALHRVWTHAH. LihoT, FRXE
D lc WAV FOFERAELBIREELY M FIZN2T
BOEBULD lc HTHENRN FOLEFEL LTEHY
VE EEO& UABNRIEF IV LELLNS.
ek, AR bORBRMOFEEECBEL TR, &
BV FHEAS L h> D72, AR ZRIZOWTONE
ErDT7 o —FERAILDDEEZEXDBRETHS.

Fbh ) CEAROREREZF TS, PREMIER
&, tWEBEEELE OCCAREEEZ WKWt
fiif, =EFHRREL, IRk, BESEL, SoHIBL
Et@mEE L r o B EMEE, FREAREL
WK OBEET 5. EAFEROBOTESHIOTHRE
ERTROEHHEBLEEZRELT #HBERXS.

Fig. 9. Detailed cross-sectional description of a
double U-notched part of the wedge-
loaded DCB specimen depicted in Fig. 1.
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