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Abstract:

Overcoming delayed fracture under atmospheric corrosion environment is a critical challenge for the
practical application of ultra-high-strength bolts. This study investigated the delayed fracture behavior of
1700 MPa-class quenched and tempered bolts fabricated from a 0.4%C-2%Si-1%Cr-1%Mo steel (mass%)
by means of outdoor exposure tests, accelerated tests and thermal desorption spectrometry. In a 10-year
outdoor exposure test, the delayed fracture behavior of the ultra-high-strength bolts was categorized into
two types: rupture at the thread runout and the first thread root in nut, and fracture at the thread root in
nut and the under-head fillet. Outdoor exposure tests using notched bolts could reproduce the delayed
fracture at the thread runout. By measuring the stain change for the shank of notched bolt during the out-
door exposure test, we successfully observed the delayed fracture process: the initiation of intergranular
fracture along the boundaries of prior-austenite grains, followed by unstable fracture, and culminating
in the formation of a shear lip. The delayed fracture of the bolts was attributed to hydrogen embrittle-
ment. Slow-strain-rate testing for hydrogen-pre-charged notched specimens showed a linear relationship
between the fraction of intergranular fracture (IGF) area and the peak value of the maximum principal
stress o,,,.* at the notch root. The delayed fracture mechanism of the ultra-high-strength bolts was dis-
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Table 1. Chemical compositions of 0.4%C-2%Si-1%Cr-1%Mo steels (mass%).

Lot. C Si Cr Mn Mo P S Al TN O

1 0.39 1.98 1.00 0.20 0.99 <0.001 <0.001 0.020 0.0012  0.0009

2 0.43 2.04 1.05 0.21 1.02 0.002 0.001 0.019 0.001 0.0008
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Table 2. Tensile properties of M12 bolts (F1, 2) and QT sample (®) 4000 LT T T T T T
(M2), that were quenched and tempered at 500°C: 0.2% . r £ Notched bolt < 65=1760 MPa'2) ]
proof stress g,,, tensile strength o, total elongation o 3000¢ “—Bolt ¥ Usflggg m;aﬁif
(EL), and reduction in area (RA). =3 . Y- a

*>“§ 2000 i <> < 7
Lot. 0,,(MPa) o, (MPa)  EL(%) RA (%) s o Y- 2214H 0
Fl1 1550 1679 _ _ 1000 [ (Hg=0.36 mass ppm) 7]
r Omax. = 2836H*70-261 (R=096) ]
F2 1526 1699 - - O' PR RIS RIS S BT S S B
M2 1506 1764 9.4 30 0 2 4 6 8 10
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fREWIEIZT 5 72012, ISAICPEETEICENRZO 4 4y b
LB, 1SARICE SR > X WUPEAEL 72, v b (B &
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Fig. 2. (a) Notch tensile strength o,; vs critical diffusible
hydrogen content for hydrogen embrittlement H. in
slow-strain-rate test (SSRT) with a crosshead speed
of 0.005 mm min" for hydrogen-pre-charged notched
specimens. (b) Peak value of maximum principal stress
0. as a function of peak value of locally accumulated
diffusible hydrogen concentration for hydrogen
embrittlement H.*. The maximum content of diffusible
hydrogen intruded from atmospheric corrosion
environment H,; was measured to be 0.36 mass ppm by
immersion test at pH2 and 30°C'”. Peak value of locally
accumulated diffusible hydrogen concentration from
atmospheric corrosion environment /,* was calculated
using the H, value. The respective o,,,* values at the
applied stress o, for the bolts (F1) and the notched bolts
(F2) are also shown in (b).
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F(KN)=3.12+0.0144¢ (pe)

£ (us) =500+46.50 (°)

63

ARUBERETICH1T2 1700 MPa #kFAE AL bOENIEREE

EBr =2 QBT — V3 ARSI 13EERIZH 2
EAELI mmOfLAZEL TEH F25 15 mm DEIEBIZ®ESE L
720 BT — DV OREHFRICTEEBO fLIZFIEF TH D 72,

BT 20/DAL by  E2ETL, o, OFEIE
1290 MPa (FEHEfRZE70 MPa) Td - 7z, 2 TiZ 12410
AL bty b To, DI 1320 MPa (FEHE(RZZ 40 MPa)
ThHo7z, 58, F2HOURAL P 6eARIZIT, UIREED
ERICAEEY v 2 ) » FNA Vb BN 2 RIC Pk
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WA LT 7z (Fig. 3(c)) o Figs. 4, SISENBIERILA
F L ¥ 3, Fig. SHONAIX AL b2 6 RERIE £ T
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Appearances of non-surface-treated M12 bolts (F1_Q)
failed at (a) thread runout, (b) nut Ist thread root, (c)
thread root in nut, and (d) under-head fillet during
outdoor exposure test in Miyakojima, Okinawa. Arrows
in (c, d) indicate cracks. (Online version in color.)
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electrogalvanizing (E), and non-surface-treatment (Q).
U, T, and N denote the fracture locations in Fig. 3. The
bolts with unknown fracture dates are indicated by left-
pointing arrows. (Online version in color.)
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Fig. 5. Summary of delayed fracture of the bolts (F1) with the
exposure test in Miyakojima, Okinawa. The bolts with
geomet coating (G1-15), electrogalvanizing (E1-15),
and non-surface-treatment (Q1-15) were fastened in two
steel plates, and exposed from May 21, 2013, to Jun. 20,
2023 (3682 days). The bolts failed before the exposure
test are denoted by NA. The bolts with unknown
fracture dates are indicated by left-pointing arrows.
(Online version in color.)
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e — =3 |

Water drops
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Fig. 6. Appearances of the notched bolts (F2) with outdoor
exposure test in Tsukuba, Ibaraki: (a, b) 1st period
from Mar. 23, 2022, to Dec. 19 (271 days), and (c) 2nd
period from Mar. 27, 2023, to Aug. 31 (157 days). In
2nd period, six bolts were coated with organic zinc-rich
paint to suppress hydrogen intrusion from the surfaces

of the shank with a notch. (Online version in color.)
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Fig. 7. Cumulative fracture number of the notched bolts (F2)
as a function of exposure time. Daily precipitation in
Tsukuba® is shown for reference. U, and n denote the
fracture locations in Fig. 3. The bolts with unknown
fracture dates are indicated by left-pointing arrows.
(Online version in color.)
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Fig. 8. Variation in hydrogen desorption rate during thermal
desorption spectrometry analysis with a heating rate
of 100°C h™" for the notched bolts (F2) exposed in Ist
period: (a) position 7 and (b) position 3 in Fig. 9. Data
for the non-surface-treated bolt (F1_Q4) in Fig. 5 are
also shown. (Online version in color.)
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Fig. 9. Relation between diffusible hydrogen content H; and
sampling position: (a) the non-surface-treated bolts
(F1_Q) in Fig. 5, and (b) the notched bolts (F2) in 1st
period. (Online version in color.)
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Fig. 10. Change in Hy as a function of exposure time for the
notched bolt (F2): (a) position 7, and (b) position 3 in
Fig. 9. The H, value in Fig. 2b is presented in (a). The
H_ values in (b) were calculated from the power low
relationship between o,; and H. in Fig. 2a. (Online
version in color.)
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AU BERLYIRIED 1 2T £ 72182, 3201 L RN TH
%, [k AR b DO~ aififidENE L 22 & R
FTEREINTNSEY, 2D Z LI3AEBALIRHIIT
BHolZ LEBWRT B, F 7z, RRELIEARIL b ORALH
Wiz 7 4~ 7L (Fig. 12(b) MBI XN, Z DisHE
BRI 7Yy THER I TS, 2L ARkROE
X, 0.5%C-2%Si-1%Cr-1%Mo #i 7 & fE#L L 72 1700 MPa
WE AL b TR Blg E 'Y, SSRT THENT L 72 U)K
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7= (Fig. 12(f) - % ¥, [k 2 B~ = PR IS AR E R F v —
VO SSRT T3 Bk & iz, YIRAIL t D~ & vl
FRELILR L+ LR CTdH DA, A O Bk
(Fig. 12(d)) (& SSRT D ARA (Fig. 12(H) IZHHPLL Tz,
DEDZEns, BEREAE2H 2HEEDKE SI2h 5

RS EBETICHT2 1700 MPa #kGRERIL bOEN B

2L ZATHRIL P BANREWEL - LR T 5, — T, 2
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CSRT THWr & ¥ 72, B FREBTHIFE L T80 b Q10
(Fig. 11(d)) T, HAHEWHES & 0 & BRI AIAL 55

Fig. 12. Fracture surfaces of (a, b) Q8 bolt in Fig. 11b, (c, d) the
notched bolt in Fig. 11f, and (e, f) the notched specimen
with SSRT in Fig. 11h. (a, c, ) show intergranular
cracks located approximately 0.2 mm from the thread
root or notch roots. (b, d, f) were taken from the central
sections. QC in (f) denotes quasi-cleavage fracture.

Fig. 11. Macroscopic fracture surfaces for the non-surface-treated bolts (F1_Q) failed at (a) thread runout, (b) nut st thread root, (c)
thread root in nut and (d) under-head fillet, and for the notched bolts (F2) failed at (e, f) notch root and (g) thread root in nut. (h)
shows a macroscopic fracture surface of the notched specimen with SSRT. Red arrows and triangles indicate shear lips and
intergranular fracture (IGF) areas, respectively. The fraction of IGF area in Q11 bolt (c) is almost 100%, and yellow arrows

indicate cracks. (Online version in color.)
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Fig. 13. Fraction of intergranular fracture (IGF) area as a
function of exposure time: (a) the bolts (F1) with
geomet coating (G), non-surface-treatment (Q), and
(b) the notched bolts (F2). U, T, N, and n denote the
fracture locations. The notched bolts in which the IGF
area is beyond the minimum cross-section at the notch
are denoted by <> in (b). The bolts with unknown
fracture dates are indicated by left-pointing arrows.
(Online version in color.)
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Fig. 14. Changes in o, of the non-surface-treated bolts
(F1, 2_Q), oy, of the notched bolts (F2) in Fig.10 and
oys of the notched specimens as a function of H,
with CSRT at a crosshead speed of 1 mm min~". Solid
symbol indicates the bolts and the notched specimens
charged with hydrogen before CSRT. (Online version
in color.)
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Fig. 15. Change in strain for the shank as a function of exposure
time for the notched bolts (F2) failed at (a) notch root,
and (b,c) under-head fillets. The macroscopic fracture
surfaces are shown. Strain change of unfractured bolt
is shown as a blue dashed for reference. Blue arrows in
(b, ¢) indicate steps. (Online version in color.)
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Fig. 16. Relationship between the fraction of IGF area and
0, for the non-surface-treated bolts (F1_Q) and the
notched bolts (F2) in Fig. 13. The regression line was
calculated from the SSRT data of the QT samples in
Fig. 2. The o,,,* of bolts were calculated at 0.95 times

the o, using eq. 2 or 7, considering stress relaxation,

and the error bars indicate the o,,* at (0.90-1.0) o,.

The o,,,* of the notched bolts failed at under-head fillet

(U) in Fig. 15b, c were calculated to be 3 times the o, at

the shank. (Online version in color.)
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5TH A I, Fig. 15(b), (c) DAL b C5, 4 TOKHERTT (500
uefshE) TOHIK T E OIS T id % 2% 23861k L 72 7]
BEMEEZRIEBL T35, &<I2Fy FNREATIE, il
AL DM & 2B i k> CE AR LIZL
Vo Ty PNRUATENRBEE L ZZURAL P B20DAT
B (0,,"=1586 MPa) T M H:*139.3 mass ppm & Fig. 2(b)
Do, HX*OBRA 2 4 b, TDH*Z, Hijk
DIBST 1R 4.9 DYIR & G TD Hp* (=2.2 mass ppm)
EHARTEFLLED, EoT, YIRAL FB20DF v b
WAL TOENEETEXHUMERE L 72 (Fig 11(g) O
i, ThoOBRP/EAMICHELZ-0EEL S, %
7z, ik o fof AR & AE IR AT TUE, 2 —H
RETDEHDOBIDIDOH, TE ZHMEFTHZ Lh
RENTWAS Y, Kawamori and Yuse’™ I3, 0,28 1549 MPa @D
SCM435 8K D U 1 F ik & KR5S BEREE TIrny, KER
A LKFNeACZEE) & 7 OGBIGR U 7z, BREi» 5 OAKERA
RN PE > TERORAE, B/, (ZFAgEDIRI NS Z
EDRENT VD, L72h - T, Bk B oo i A i R =R
X0 ERAPSRIR DR S K E L K- 72013, #iHo
KT &&RIc, AKX B DKERAIZL > T X IUEE
B X N7z 720 L HESR T 5, EOIEEIRE» 6, T H
PEFA LRI > 2 24N - (BB L 72 & i
HEhale LT, &y FNRAUATERHEL 24K b
(6™ =2230 MPa, H.*=2.5 mass ppm) BNZEF 5N 5, &K



JL b Q11 (Fig. 11(c)) T, REITRLAZEZT &R LD
LR OBFENEIT L TBD, ZhoDEANFEALD
LAICRE L Tz d, AL b Gl (Fig. S3(a))
T, R 20~30% OPHER I AR & 7 1RI2KE
RAE S TRFRICH - 72 2240 RE - (ZRR L, Rk
LS SRR O R AN EIT 100% OB AT & 7z &
Al D,

O *MEITEE DATEERCEE TS v FPAFE 1R B TO
W o@D (Fig. 4) (3AKRRRAZEH OE N2 /R L T
W5h, D Ay MLBEL 228584 UEB TN IE S R A
L > 72D PsiHc K D KREABIHI Wiz 720 &
HEAB, T, T v MrOAEH TENPSES EH L7201
U Ay M EOKE RO HREGRREE ICE S B TARER
JRITINCAR A L =W BEME A B A 5. & 512, SR T3
JIE N b OFEE A T X 12 U728k T T REBT ORI A
3L, ZOMHEO —DIZKNE FIZEE ORI -7
EAFT o TWAEY, 2ok, HilEs LAl L2
ARIEBABR TR REBELET4A, VA 4y MLEET 14K
75 NCERIHD > ET3IADKRIL FHF v MikdAH
TENBIEL 7= (Fig. 5). —7H7, B FRETOBBEII AL
HLEER L s D2RDATH - 72, B A FHRNZ L 728K
AP DREGERFRO T — 2 BUIAD A, HFRETIA,
F v MROAEBTIAL I FRIBTOWEAR DL H - 7=
(Figs. 7, 13(b)) o TD K 512, MZARDIRARHHA 13Nz
FE L ERCBRT B 2 EAURE X Nz, FEBED AL -k
FTRIBEROBRI A S AR AT 2 REME2 H 0, #
NIRRT A K D B8 5,

F v FNE1RALH ERTERCEBTOFRIL F OWEHIZ
pH2 TORKBABE Y 2 3E T 5 L HMNHAETH B &
ZRMIIC& 72, ZHIUSH L, Fig. 2(b) D H* & H* OBfR A
5, O DK TFIZFOE TRER T v PR LB TOH*
FHACH L THBICEL kb it hs, £hithka e
DGR WG IEpH2 K D B L WKRIBABR A 58
TERENRD B, Th b ONE TOENBETH M
THER LIS WA S H DAL N OFEFLTIEMEE &
3, 20X, EmE AL TIIRASEE DR L
O * MK RIL I B TO R AT 2 B0k 5 KERA
kA S I U CHAOHEERE 20 L9252 & § HE
KipEE LTHRI SN,

5. #&

il

0.4%C-2%8Si-1%Cr-1%Mo #il 7 5 {E#L L 72 1700 MPa

BRIV N ORENBEERE) & KO R AR A TEIR & T M
IZRRE U 72 KRR T BR T A L 72, & S 12 bl
EOZALIEIZ & 2 ENEHRE DR I K UOKRME LT
HEFRER & 17 - 720 KXUE B BRI C OB NIHERRS 4 THE1N
IZEEL, TR A5,

71

ARUBERETICH1T2 1700 MPa #kFAE AL bOENIEREE

(1) JWTC = i iR ER S T 0 10 4R D 23 ik BR TI13 R L b
DOENIIEIL, REERLHET v PAFIALAT
OWlr&, B FREE F v F N LA TOBEIZ KT
TXE 7=, UJRAIL b & 72 NIMS BAME iR ©
D REFRBE T, R TCORL P AREERL
HTOENE A (S 5 1A CTHBEL T X 72, BER

BRI OANGE A 42 T8 & Y)RER T D ALl X P i

WPRCPhIETE 5 Z & Rl L 7=,

S U |0 D 571 5 18 C D R T I 0 A S A 3l L

TRATEIKZEIZLS>THIERI ch, MAKDRAR

WA EER AT 5 2 LR I N,

AU b OWEEEL, REAPEPRFEM LD &8N

WD RN E TR 572, REERCEHEF v PN

FIRCATHEITL 224K F o~ 2 aifimis, IHA —

25 F A PRFISHY > 7R R B & G e B

IR > 7 ) » TR Eh T\, —JF, &

TFR#EF v PNRUATERIHEL TH2ZR L O

< 7 ST O KR AR T i 6 &, KA

BRI O REE AT 100% DAL - B Sz,

SSRT T, i A 1 RE IR O 1 R 3203 ) R I 85 D It

KEWBNIDYE = Vo, IZHBIL 72, 0,,* D3Ik E E

T A 1AL A AR L TIIRAEI AR

A U B S A R R DRI 7 B & NI i

T 5 &0 KRR CRNBIESHA T & 2, &

KIS TR T O AT BRI K R H o * % JR it A K

FRURIE H* 8 B0l 5 72 R IC B R AR AR S h, R

U b D3N B &R ¥ 7,

(5) G *DIEROVETRE, v FNALR K E TOREN
ok, 2RRE - ERICKAMNIOETE L B,
X MEM» 5 DARERAIZ K > TEXIUZBHIISE X 1
M AVURIE X 7z,

)

3)

(4)

Supporting Information
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