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Distribution of Hydrogen Occluded in Bolts Tightened beyond the Yield Strength and Exposed at a Seashore Site

Shinji SAKASHITA, Eiji AKIYAMA, Kaneaki TSUZAKI and Shinsaku MATSUYAMA

Synopsis : The distribution of hydrogen occluded in high strength bolts tightened beyond the yield strength and exposed for 9 years has been investigat-
ed to establish an evaluation method for delayed fracture property. Hydrogen thermal desorption analysis was employed for determining hy-
drogen content in specimens cut out from the exposed bolts. Diffusive hydrogen causing delayed fracture is not uniform in concentration
within the bolt and enriched in the threaded portion where diffusive hydrogen concentration was about three times that in the body portion. It
is reasonable that diffusive hydrogen intrudes according to corrosion reaction, but no clear correlation between rusting and hydrogen concen-

tration was recognized. From evaluation of the role of stress and plastic strain on hydrogen concentration, it is concluded that high concentra-
tion of diffusive hydrogen in the threaded portion was mainly caused by plastic straining.
Key words : high strength steel bolt; delayed fracture; exposure test; diffusive hydrogen; thermal desorption analysis; plastic strain.
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2.1 R

B IE IS i (JIS B1186) @ F1I1T I2MYN T3 &8
Lt 6 HETH D, HAENL MIFTRTRALEOMNY M2,
FFUOEX (BT25%METHOREE) 85mm THD, D
LR 6 K UM R & BULE &4 % Table 1 B KV
Table 2 IZ7”"9, ¥, Table 2 DHEMERIEEIZ J1S4 SEI5E
REHICKS8DTH B, BRE (INAT—Lft) Off
ARAN bR TAKRBERBRE TV, RBEWIAL b %
ARFEHICHL 72, A, BILL 228800 b TR & h
MBI OBOR 2B < - RIEER P THRE L 72,

¥, ARETIX JIS BO101 TEDON TS UHES
FACTHE AN F OFA & & &R L 72, B, [EES
(Head)] &R + DFADES %, [## (Shank)] & 13K

Table 1. Chemical composition of the bolts used (mass%).

Steel C Si Mn P S Cr B
A 0.19 0.15 0.76 0.007 0.008 0.66 0.0024
B 0.21 0.06 0.92 0.013 0.007 0.13 0.0016
o] 0.20 0.18 0.81 0.016  0.007 0.99 0.0024
D 0.22 0.23 075 0.014 0.010 0.58 0.0017
E 0.23 0.02 0.87 0.010 0.010 0.27 0.0019
F 0.33 0.19 1.33 0.008 0.008 - 0.0021

L b DFEE ARV (HEE+RACH) 2% T, [
C# (Threaded portion) | 134 C D&%, [FIfEH (Body) ]
BEERE QUL OMIzH 2By 4%F S (Fig. 1(b) ).,
F72, [R5EL2RLCH (Incomplete thread) | (FHFEHHB &R L
HOBERBOIWWESREEZERUBEET.
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U 7= Sl IS TR BREBRBRICH L =, M AER
F v bEEREIC K O FEF O GECRCED 1% i)
ICHYT 5K 13008 U, HaA0 MO UEIC¥EN
O & AR L7, HEREL b OIS IR IEED 7
DR EEEFELH - EB N, HEAER L MXHGKRE
T2 S5 r AHRBL7-1%, BFABICHERL, B8 +06
L7z, RBHRIZATTIEMTH 5, HakAn b ERHEEE
DEDOEEEHUEL LT, REOTEE %+ 3BV -7+
YUt kb, RBAROFEMIII I 22 I h
W

2.3 KESA
KRBRBARBRBOMAAIL P IZEBR Y v 4 -2 HOTY)
WrL7=%, %V FT7 52 b TCERBEE LTI r—L%
BrFEL, UBXUOHY Y FT 52 MIELZ-EREZZR
Thiy 2 2lHE X UH 30 BREITH D, ThliHcidnsk
SEHPCHFAMERIEL 22, RS HBIL AR b
AT v EBXUAL ) — LR TCEEEHERL, GlRxy
ThSARRIMIZH L 72, HEAAL F OUIW A% Fig. 1
IR, BEIZDOWTIE, [EID 2 4 5 » ARBMDOKE
SRR LARRICACAE LD EX 65mm O EH KUY
T TUIW L (Fig. 1(a)), WADKIEGM #1772, B HHLL
FHZDWTUE, Fig. 1(b) ISR T &K DI 750Uk %17 -
72 DB KCESMIZOVWTIE, Lo 7 HEI0UIN %
To7tk, ARERCWEELY Y L (NEFS 4) %
g CEHIcHREIL-, X512, E#MIzo20TiZ[
BB (MEES3) BXOEURUE (F5) %, Fig 1(c)
IR T &0, SMUE AN AEIL 72, X TORREL
POFEEIZOWTIE, §T 2 %5 L TAZESICHL
77
KESTTIE, BRPIEH LYY TLERREE,
B Eh 3 RELFNEBRERSHET2HVTHIEL 2, F

Table 2. Mechanical properties and heat treatment of the bolts used.

TS EL*

RA®

Steel (I\:gza) (MPa) %) %) Heat treatment™
A 1080 1162 19.0 67.8 1153Kx4.2ks, WQ — 678Kx7.2ks, WC
B 1118 1185 18.8 68.2 1163Kx3.6ks, WQ — 638Kx5.4ks, WC
(o] 1073 1169 194 66.5 1153Kx3.3ks, WQ — 693Kx5.4ks, WC
D 1111 1204 17.6 64.5 1163Kx3.6ks, WQ — 688Kx7.2ks, WC
E 1124 1210 17.8 66.1 1153Kx3.6ks, WQ — 653Kx5.4ks, WC
F 1201 1254 16.9 58.7 1123Kx3.6ks, OQ — 683Kx6.6ks, WC

*1 TS : Tensile strength, *2 EL : Elongation, *3 RA : Reduction of area,
*4 WQ : Water quench, OQ : Oil quench, WC : Water cooling

36



Bolt %shem and platesl) Nut

i

(a)For steel B

——-

1
1
]
1
1
1
1

65mm

Body Threaded portion

|

- [
|

1 21314151 61[7

Position No.
(b)For steel A, C,D,Eand F

Outer Inner(10mmUJ)

(Cross section)

(c)For position No.3 and 5 of steel E

Fig. 1. Schematic illustrations of cutting position of ex-
posed bolts for thermal desorption analysis of hy-
drogen.
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3. XBEXR
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A & 0B o - KER BRI B2 Fig. 2 107 T. &
EXF-VERE TR 400K 1281 ¥ — 2 A%, %9 700K 1258 2 —
s HBEBOR, ThoDARRIZZHZH 0.018ppm & &
10 0.072ppm T 5., AEFRKABHHIC BT SHB1E—
2 3EEAKE B L ORA X & 0BT RIEP/MRFTIC T
S5y TENEAKE BTy TARE) oRBIICHEL,
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Fig. 2. Hydrogen evolution rate curves of steel B by ther-
mal desorption analysis. Hydrogen evolved from

R.T. to 600K was regarded as diffusive hydrogen.
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Fig. 3. Hydrogen thermal desorption spectra of each por-

tion for steel C. The numbers shown in this figure
correspond to the position number of each divided
portion of bolt as shown in Fig. 1(b).
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Fig. 4. Distribution of diffusive hydrogen in exposed bolts.
Diffusive hydrogen was defined as hydrogen

evolved up to 600K on thermal desorption spectra.
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Fig. 5. Distribution of diffusive hydrogen in exposed bolt

steel D. The average hydrogen content of threaded
portion and body portion was taken for position 4.
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BMERRDO M % Fig. 4 ITRT, 727 L, S (MEES
1) OKEZERIZ2ED LAY TILOSHERDOEHET
HB. WTHOHETY, AKRBRIZK DI X h- ik
PARREIZRL PNTH TR AL, BAEEORZ DR
TOBETRUHICHY T I3MNBERSS TSI Eabhy
b, 72720, ABlIZDOWTIE, AUEMICHY T2 ES
FIIBOT LB AKREEL L VE@IZH S, 2Dk
12, RKEREBREOBNBIERMFMEIC 5Tk, EAE
BOFERI KRR ME2EEL TITHILELND B,

D&, MERS42RE2RAEHLD X 51
M E A CEBICESE L CARESEFT - 72, B D
KEaH & 035 N7z DWMOIEMARD 3G % Fig. 5 1
AT, Afl, CHil XU F# L EIRIC, RUKRTRON
HTRBEBINZ-MAFBOMNEFS IR CPOMNEES 6
ICHART, M ARRIEVRUBOMBEERES S TSN
EEABD 5 Nh D, BAElET - 7-MEES 4 DHEMEA
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. Distribution of diffusive hydrogen content in ex-
posed bolts steel E. The average hydrogen content
of threaded portion and body portion was taken for
position 4 and that of outer part and inner part was
taken for position 3 and 5.
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EFIZONWTIE, REERW B2 EUNERS 4D
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RRICHESMTIMEL | AUHHETIEWVERmSED 5h
%, NEHES 4 ORFHETDOE,P->72AH, CHB LY
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BERS2H62VIE3LDELVERTH S (Fig. 4) 2 & H»
5, SEIFHE L 72 R P NOILBHAERIZ, W ThER
FTERCMEHIZL THEH TIHMELS , BORAUBTEL
KoTnpLHRINS,

Bo#lET - -MES (MEFES3) IO L
([5) 22Tk, mAEE &M & NI fL 8RR
BREIVARLTHD, R MHRIZBT 3R EHFAOKER
DELIZNEERTH B, 72, BECREHIZHTIL
ARITYE, HEMEOBREARRIIMIZINTENT LD
»35,
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. Distribution of nondiffusive hydrogen in exposed
bolts. Nondiffusive hydrogen was defined as hydro-
gen evolved from 600K to 1073K on thermal des-
orption spectra.

Table 3. Degree of rust formed on exposed bolts deter-
mined by optical observation.

Position No.

Seel 4 2 3 4 5 & 7
A c a a a a b c
B c b a a a b c
(o} [ a a a a b c
D c a a a a a c
E c b b b b b c
F c b a a a b c

a: Slight, b : Moderate, ¢ : Severe

WURCMTE O L0 D EEEKRRE A & I 7-{H = 5352
Honid,

4, BE
4.1 K FAOHLEHMAERSHTOER

AN P OREBMOBERICIT > 2RO BRER K
D, KIS L BN ORBREAIBEICL —T 4
VI UTRERE Table 3122035, RBEEE, WThoft
AANL P THERKUICEZEBH L COAGER L Uk THE
THh, SEEOZERIIBD Shkh -7, FRIHTIRD
PERIZ S > =R SMLBECR U TIE, BRKEEEEL
H=¥REIPNTOEIZE» b5 T, BEEIZHBNER
Tho7zh, MBI IREREOEVER SN,

R AL M IZIE S M- BRI RBRABRROR R
ICEDBALEEDEEZGRNS, LIA-T, REDRE
EAEVIEE, BRBHEPICBALZKRORRIZVE
EZiohbd, KERBAFICKDRD2ARRIT, PFREUF
FTHEL PRICIE S h2KER, ThabbRBEHEDO
BAKRRED O RAPAHEML 2KEREELFIVS
DTH3, AETHOHERAAL MXTHhEVRT
BEDBOKEL Ty TEHENET2ASTRIEET
(Table 1), BE LRIV XL TH B L2 b, KEDILRUR
HIFABELEZ N, BAKKENSOVIZEKZREE
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YAV OBl TR CHRRRTE L 22K L  AOIREEA RS AR

Table 4. Axial loads and nominal stresses in tightened

bolts.
Steel Axial loads (kN) Nominal stress (MPa)
v Fry Oby Op

A 310 325 857 1074
B 330 338 890 1116
Cc 311 340 895 1122
D 316 350 920 1154
E 317 356 936 1174
F 341 358 942 1181

Fy, : Yield clamping force, Fy, : Ultimate clamping force
Obq : Average stress of body, oy, : Average stress of threaded portion

B2 ERTEENS, DE#EIZOVWTE, REOHEET
b -EE L A CRIR TOHBMEARRESR L VVEMICH 5
R, FOMDOBEERENL FIZOWTIFFERE R TR TOH;
BUARRZIOLADEVVERTH -, ZDKSIT, Z
REZNOMARIL PN TEIPRE T L ORERE LK S h
EEARE L OB IS, BATLORAKRK
BROZERTIZANL PNOHEMAKROI M AT S5 Z
LIIHEETH B,

RBABREIRL MCAR S, - b
PR L DB ohsRAMEEZDT2ICTHSETSH
32, ZZT, WHARAWRETS S LIREL TEHLL
PIfE8 (0,,) LEEVRUER (0,) DFIIESI % Table 4 12718
T, 7=7FL, EETE, #HERAAL P ONESOKEME
380mm? (=7x11%), R LCEBD Z % JIS B1082 AL#MOHRN
Wi R 303 mm? & U7z, WEEOBEWZX D, MiftiTReo
TSI AES L D O R UIBOF AR E O, TR
ABBE AP OHFKERTIAENEERZT NI LD
NTHED, ZOES EFLHOERIZK D MFEELET
RUBMOEBMEAZBISBOWSE L ZTREELEZEZI SN
5,

Mk K OEUR O KERICKITTEHKRER £
DHELRFT5., HEPBE IOECRUBOKERE Z
hEZNH, BXUH, L35, BKERHOXEIZLSZ
NoDIRRA (2)D LI IFKI B2,

o :exp[ —AcV,,J
H,, RT

ZZT, Ac EFKERNIDZE, vV, ZKEDETEILHH,
RBEHER, TIHERETHS, Table4 KD, MAHH &
VSECR CEOEEIBEIDEL, &4 240MPa TH 525,
HAEIBTDE Ac 2 A(C,+04,+0 )3 IZFLVETS
e, R(2)IZBiT5 Ac it -80MPa FEETH 5, =721,
0, Ogo B KU o, FZhZh-tn tEEOFES I, M
Aimbs LU AR TH S, KoT, Vy %
2X107%m*/mol, T=300K &35 &, & (2) THEALNBF
BB OEIZKZKERDI HYH,, 3K 11 LEES N
%, BMAOKZESHE DB N=BWMOBECRALE (KL
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Fig. 8. Diffusive hydrogen content of threaded portion
(position No. 5, Hps) and body (position No. 3,
Hp;) of exposed bolts. The average hydrogen con-
tent of outer part and inner part was taken for Hp,
and Hp, of steel E.

BFESS) CHEH (MEHFS3) DHLEMAZEREL LT
ZThoD% Fig. 8 IZ/RT, 7272 L, ESIOVTER
(1) #HOWTKRD-MNEBEBEEIBLUSOZhEFhDEY
BEERLTWS, 72, Fig. 8121k, R (1) 2HVWTEE
L7230 b 2RO ARES R L T 5, B-GLH]
KEHMET > 72OFTRAOEAAR L MZDOWTE, HEUR
CEHOLBMARREIMNFERLDE£EL, ZhoDHid3
BEThE, T, Z20&3 s KkZEEDEVNVZ E
SROFIGTIOEND A TIIFATE v,

WREMIL % & TEAINEHOTARIC K > THOIEL
PEARFBRE R AR T B Z L AH ST 5 32D, &t
5N TVBHRL PORALRIETIE, BHERRLBARO A
RRET 5720, LB KERZIERMLLTVWEZTIOH
5, L2L, EHOECRCE (MNEFSS) 27Ul RN
MBI L KRBT EIT - -8R, dEE2E0IMIE
ARIO BB KZRZREE TH D (Fig. 6), KEH
HNDR L BERORNERREAROTADEEI/NE O
RThs,

VRO B ) THRE TR EBEIBXIZ WD TR R
BRBRET > B IR F FEA OHBMAKER # Fig.9
12T, 72720, Gl B XU GI13135[5R5E A5 1100 MPa
s KU 1300MPa RO X V#TH Y, HI3 BELU HIS
13 1300 MPa 35 & UF 1500 MPa #% D Cr-Mo #fl (SCM435) T
b5, WHEBOMD TN T ZFAL MW TY, ALy
BT HEDRPEROTANGFEL, EHMEAROERM
BEIDPTNnEEALNS, LA L, Fig 9 TIHEUAR
U & MBSO AREIXIZIZTFEL XL TH D, KL
F NDHEEARBEDO A HAND R U BEDIEIEHREH O
FTHROEEBIINXHERTH S,

AR ICHONMHEARL ~ (AS~FH#) Oz Y
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Fig. 9. Diffusive hydrogen content of threaded portion and
body of bolts which were tightened in elastic stress
and exposed at Okinawa seashore site.

ACHD 1% WHUETHBZ eh 5, FECRUHETIEE
WA AR L TWbEELLNE, 72, KU Mt
T EEDE I 5 TRl X B0 U EBDEIIIR S (Table 4)
i, WTHOHETE 1S4 SikBHR 12X 5 02% & [H
BELE>TVWBIENLE, HUR U TIZ2MEAYE
HEFELTWEEELILNS, ZhicHL T, HEEDF
PRI 02% & D &/hEnZ ehs, AL MY
RIS T T IC L 2 BHOTAROEAR ENEDEE L
bNhd. RO K ST, HOHIET > ZEHMDOETRCE
(REFRSS) IC\WTid, WEOIEEREAKER S fil
ICHRTEOVERTH - 72 (Fig. 6) LEDZEHS, 5
B R S h - PR BEO A I, R CBEWmoE
HOTAOHEENKRENWEELI OGNS,
RCBEOFKERNZIAFER L ECRLTEDZTH
EDEAREL, BHOTARSAUBENE LD B KEW
LEZON, HHBEAKEOEMIEI DR TV, LirL,
REBBEDRSIEHHLHEM O T AIBOKE Xi&, M2+
U P TIEERImm ITTH 5 LA FEM BFic& - T
RENTNB, RHRICEWT, R M AOTEEEARE
DA RIETTHEDOIRTIE PR LB T ADEEH/N
EVDE, KESTIH LU Y TLERIZED S Zhs
DEMDENE N WL ELIZOEND,
4.2 SBEICLZLHMEEKEROER

4-1 TR~ KS 2, KEFESICK D RDARR
BRBHBPORAL ZKFRES &5 KK P AZHL 727K
KEEELFIWA3DOTHD, REEEIIBAL ZKER
BEHBET5LEA6N S, HEAAL FOEF LR LER
WThE2HEAE CTELh TED, BRICK 2 RERED
SfERZERIIED LT, RALLARRE S IZITAREE
TholzBbhd, EE (KEFESD BLURALE
(NEBES7) OHBMKRERE Figlo IR T, EHE &
CRCETE, SEROIBEMKEREOERIIFECA L
(Fig. ) IZHART/hNEWEENZH 5, & < IZTESPDOIHEUE
AKERITOThOHMES 0.02ppm TIHT—ETH 5,
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Fig. 10. Diffusive hydrogen content of head (position No.
1, Hp,) and end (position No. 7, Hp,) of exposed
bolts.

ZhizH LT, #HTIIROWNERIC & - 785 TR R
NPk TREREVNEEBRERTH - 7= (Table 3).
HORFEHHML D PPEMTH > 72 D M TIIILBMEAE
ENBECRAUSICHE TS 0.02ppm LA %< (Fig. 5),
BENPEETH - -EMTIHEVR UHBOHEMARRIIN
0.1ppm M E & £\ (Fig. 6) R TH 57z, 4- 1 THNRZ &K
512, FhZhOMAFIL PATIPANL T L ORBHEE L

BRI L OMBEERNEOERTH 72, LA L,

FEO R CBMOEBMEKRE 2R FEATHRT S &%
BEHIFEETHY, BALLEAERENZVWERDLDIELED
BHBEARELZVERERO NS,

=L, AMETHOERA L P EARICHRERD %
fFo-fhdRnL MIZBEAL TiZ, #REIC X 3 RERIOEN
BZhSLRESTWZ RS, HEOREREE LI
PAFROZER IR FIRAEBAOEIA A Y RARE
EDBRBERTOERENCERTAEDOTHD, MHBETIZE
33D TIREVEERbNS, KUICHZERZ SN TUIFE
i 2 G RBEICRE X W TWRIERR A AT, RHEEE
PHBEMAERIFEICLSTIZIIRBETHH I LN
5, AHFEDLERS BB % & DOFH Ti3IREA
FRICRETHHREFOEBIINEWEEILNS,
4.3 BHEAREREFNEFTKER

EHAEL  OFBNBIIER P OBEA KR L EHINRF K
KB H AHEALLZIIRET S, WThOGNL KX#
BRERIZBOTHEINICE > T EWI &5, HHORE
AERIZ H AZBELTOEWETTHE, 22T, A
WAL P ORKBERRE L BINER KRR E 2]
B¥5,

bhbhid, ILFGEER/POFEICECT, AV —F
Fx — O THEBM AR LB B2 v FFEHRBH OH
NIRRAKER H,. #5HEL T 5, IDEPHRE49, B
57 096, PEATIE, BHRISHWELERS DR T ¥ E
# (0.20C—0.08Si-0.97Mn—0.15Cr-0.001B-bal.Fe) D5 |5R5 &
1339 MPa ¥4® H, i3 0.56ppm TH - 7=®, I T, KHf

4

SAVEIR DT TR THBIRBRE L 72K )L T NOWRER RS 1

RTHOEHAEL MZVTFhe, VR T ZE0HK
15y MMERENSTEAETHREIEE T (Table 1), K
FEhBRSHEITHEORX VW RBRELHERTH S
(Table 2)0 & >T, FVZERL IO H BVWTFREKRES
BHiksZ i3, Lo B @ISRV EEL 0.1ppm
DA—-F—THBLEILOND,
HHAHAZAMOERTIZ, A, C#d, DB K UF
OB AL AKZERIZ, WTHEAE S DETRUEICE
WT, ZRZ#H 0.05ppm, 0.08 ppm, 0.02ppm ¥ K T° 0.05
ppm T& o 7= (Fig. 4, 5)c TN 5 DRLGAANL + DBEAR
B3, EEBICESICRIERIEVLRLTHSEEA
bh3, AehUHsEIE L TKRESNET>7EM
lIZoWTI, fE 4 OFECRCEID 0.3ppm BERKTH -
7= (Fig. 5)o ESITIREINBAKRR L BRARBAKRE L A
R4 —4—Thbh, SEFML AL bOLE»TIEZREE
IR AE S -2 DEEL NS,

5. &8

AR DB TR T TR BBRBICH L 2mh A
F OREAKRBRODHIREEFNR, IBH - OFTARELE
DOBE THEMARDO A HBERORET #17 - 7=8R, LT
DT Lhbhroiz,

(1) W S h =P ARBE IR L PATH—TIR
%<, BhBEORZ DTV U TEWERRR
Hh, IEAKEDOFHMIZ AL PHDOKKRAMEZEL
TIIRBELRD B Z LR S,

(2) BECREBAOHLBHEAROSAERE LT,
BT L DREIRIER A CABRDIR N H 25 & DB/
X, EURUHEWMHOEUELAOHEN KT VEEZ
shi,

(3) SMlicBEEENG CRE ShAEFPR CERDYL
BMAFERIIOThOMRAEL P EERBETH D, H
HERM O TRIREAZRNOMBRRAFOREII/N TV
ZeBmENS, EEL, FTHFRABOERTIRERAR
b4 A v A EDBBEEHORNVCKDRERENRL
D, REHNFEETH -7~ & DIIHHEMEKREN S WEEH
Rohiz,

(4) VThoOHFEL IFMORBERERIC BV THMIC
BoTOENWI EA5, FHOBREAKRRITENRANKE
BIZBELTWANWI L ARL TS, EBAIAIOBRAKE
Bi, EFTCIIEIIERAZRRELFEA — 4 —DIETH 528,
ZFOMIZBENBERAKERID IEFIEDNLARNLTSH >
7=

EMETHW-RBAL P FREHFL T ZEZEELL
(1) HABRERHBE - FHAL PBRATESE@H#H
LEd, £, IREZRITTII2h720, Ak lBE%
W72 % £ L7 NKK A REERNTER, (FREET
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