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(a) Thread profile of the ISO basic thread (b) Thread profile of the UNJ thread

| 0.9985 P |
p/P=0.13~0.17 p/P=0.13~0.15
(c) Thread profile of the OMFS thread (d) Thread profile of the ISO

fatigue-proof thread

Fig. 2.4 Thread profiles which aimed at the improvement of fatigue strength
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23 EHFRERKEUREEHICEHT IHR

SWEINT) o B Z TR ZITV, TENENOFRMITB VTR D 72JE T IREE &
DR E R T2, HEEIEGZ IS ) IRE 0, BB Z RIS on & LT,
25T KO REFREMRXD NN D.

IR & D70, SV IAEORE FFIREMICITFHET S 5. PR & H TR O
T FER A R A, BB IS O RO BMEWTIE T or (51 5RAE SR E &
HOWmBE TR LM 2L, HEEE LIz oEosREMR (GBamiEY)
PEFRE oo &2 C, TD2 REFALELA TN OEMRAOLIIZEIND L
R L.

—RANZIE o RO LN TNRNWZ ENZ N LD, BB or DD Y
2, R0 ZEMOGIRRE op 2 HW TEAR TH ATZEIE Goodman #RIX, HA#E T
At AU T2 Gerber BRIXI, & 2 U IXRAEAZE dil (2 B (R 98 S oy & F U T HELER T A 72 Soderberg
M7 ENRFHCHLNDS Z ENE NP 72, (BIERTD) Goodman #EX 1%,
HEFERZ Eih 112 oy, BEFEREEN 112 o 2 W CHEM TR A ZZRRIX @9 L3 5 0k,
HEEEAE i 112 og/3, MEEEAEE 11Z o 2 AW CHEBRTREAZZRK @7 L3425 XA H
D, HDVENVIDRIED. TOID, KR TIIZORWLPAMETH 5 Z L0105, ow
Lo HEMMTHREATRIND I BB OEFIREMREZ, “VERO R RDE”
bOLLTHMYHES Z L L LT,

A :Notch-free specimen (Nishihara and Sakurai diagram)
B :Notch-free specimen (Modified Goodman diagram)

Cuwol —————=—_ _ C C:Notch-free specimen (Gerber diagram)

Stress amplitude o, MPa

Tl o D: Notch-free specimen (Soderberg diagram)
R BN R E :Bolt thread rooled before heat treated
F:Machined or grounded bolt
D
B

Oy OB (%)

Mean stress o;, MPa

Fig. 2.5 Fatigue limit diagram (Haigh diagram)
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—J, @WIGHETRB DR Ty MR OB EITIB T Junker®™ 51,

BICBES N (BRETIERSUEIE TN L - TRES L) R U ZROHR
v BT, T IREIT YIS 00 ITHEREMHRT, K220 CHOLIIZREINDEL
TV, BULEFZERE L7oA /L b T, EHREIRIZIE 241 m B350, Z0%
FIIRERKILH 22 O BMO LSRR E TRV OHmEZRTELTND. Zb
DT 2.6 Hi CHERDERDREIZEL T, HHARERATH LN TEXS.

NS THEZ TS, A b OREITMEIT G b, P8 o5 77 mE X
DIKTF3 5. 22T, A/ FORURIEICEIT DI 1R L% (Stress concentration
factor) % a, WHREL o, & L, FiERBRA (a=1) OEFBREL o0& T DL,
WSRO 1L, UTOXIICRTZENTES.

p=m (2.1)

ZD B EEIR ZHREK (Fatigue notch factor) k@@, PEd DI T XTIV TE
HY, a&ﬂ®F5§Jf+ U FO X1 zbi“bfb\é(“)

a) alXp Xz REN

b) a WIHESWYIRE, 77200 fRICIFTVIREELEENRKEI VD, HDWVIEHES
DEWGIREZD BIF a ITIFIFEFELW

) a BWHEBHMREWEIXRE, Thbb—RIIFUREERED/ NIV, HDHN
IZYLAZDIES DEWTIR X TIE, i a bR THY/NEI 2D

Rk s Fy MEGERICBO T BICEFBERRET 01X, T v kb
FTEHRLVEOE 1 RUAETHY, ZOWMAMICEITD ald 10 BREETWEENT
W5, ZOMEIZHEFEICRENED, fliEa LEXTHAELRBZEMDL, ALk
DI J7 R EE D A B O TR E L TR B PRI TE D2 DI TIERNWEF X 5.

70, ABOHY GEMIT 2.5 B12l) X, fo, IBEREN ORI D g
JEIZBTDIET)T, g ldfmbiOREIICEKRTL2ETHY, 2O o, DIEDIETT
BREEICEET S L LTWA., KESCNT, 2 e BMMEBGH N OHE LT a L ABO
BUCED pOEEFE LTS, EHITIACE, fEkFEER SN 7= ERFE R HIC
ARINTWDHHHRD 5 5REME %2 5 TZo%*%%Wﬁﬁ%ﬂ*%c:im“éﬂk%f%%m
FEA (EHRX) 280 h - Fy MEAGRICEHT L HITEEL, RO X5 72K
TRERDTVS.
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=145 +& +85+8, 485

£ =-026+0.1340,
& =1-exp(-0.07d,)
& =1-exp{-0.082(d, /r)}
& =1-exp[-12{1-(d, /d)j]
.

& =1-exp{~1.7(180 - 2a )7 /180}

ZZ T,
o : ANV MMELOGEFRE MPa
r: BRLCORENA L mm
di: BRLDOHEDE mm
a: BRLATLDOFA  deg
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2.4 BFMEHEHBOREREICET 3EEORE

PER DI FEFHIB W TR B pIE, “DIREICLDEHREDKRTHAE” &
WO EKRTHWONTE 2. a & pOBRICITERD DA, AHBIT, “OIXREICL
STRUREOAMMN IFIZHRD” ELTHE-TWDE., ZOLIREZFEHW5
&L ISTETIRE a ITX > TRPFTIS IO AN ZET HZ D, 2.4 HiT
ALz al pOMBRERLSHHATE S, 2070, MEOME L UG o R
TREEOERNOEFRELZHET D-OICIIIEFICHEDREZ T TH 5.

BT, INETHRE o /NS R, URZIEOHPLENRKEL
(BIREDEL) dé, Bl a b IZIEELWEERS. Z0 X5 UK EHEE
JIENEFRBOBAREEZEZ 256, OREEERB y ZHW25E603H5. 22T
n LA FICoRd (2.8) XTREND.

n=L—2 (2.8)

T BMIZa=p THDINGL, 0<p<l &b, bLyp=17bFa=pL75
N, MEHIOIREIZH LTHEETHDL E W, pg=0220iXp=1¢7422505, Y
RERDHH>THLZDOEM O HEEILD L HET LA ®, BIRXITH LHET
bHEEZXD.

H L, n BMEHZEADOERGIX, HOUREIZHONT g 2 ROTEBITIX, 20
MEHZR L TIE (22) REHWTEED a lZxT5 pA2KRDDZENTEDENR, i
IEMBHZE A O TIEZ2WNWZ E R P a B—E (TRbHLHLEOU X ZHM) OHAEIC
n B OTEIC LS TEMT L2 ERWENIINTVD. 5T, ak pnnbp
ZRDDHZ LT EBLAETIIRY. FZTHBIE, f OEWKE [ E
(M) (BT 2 DIl%, MERE D GE A+ pm NEO ¢ EIZBIT I8 TH S |
ELT, IWNEFHRE a EUIREEE L EOBEBIZONT, LLFO XD itz 2
ZLTW5.

IR EED DI RIS AE D TS, HOEEEz =x / p 20BN T2 S O & Kt
oo, UREEORKICNE onx T D&, old (23) XTEREIND (x: KIS
HABDF MR- Te Rk S, p: VIR EOMEELE).

O,

U (2.9)
(o

max
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e L,

-1 0o, 1 1 &%c
a, = — =Xp, a,=— L (2.10)
"o, Oz 0 P * 20, o0

max max

z=0

L3> T, H2DORBOUIREENS DIEREZ 6 & 341X, YIRS O 5758
owld, (2.5) XD XHI2FET 5.

o = (2.11)

Thwz, UIREHRELIE

2
ﬂ: OC;_WO :[1_a1(%j+a2[8_poj Foeeeenn ]a (212)

g0 lp 31 XD IEABMITAS TN,

ﬁ=a(1—alﬁ] (2.13)
2

L s,

ABOMRIN L, OIREDRWFEEM (p=w) IZBWTa=7T4bb, &
MEHER OIS NDIEFREICKEBET L LRI EREND Y, UIREHMOWEHE
FER T B, SFEMOESBEIVKFTT2Z2RB<HPATESL. LarL, B
BRET DO ETR gg DIEIZ DWW TIE, MERR2INTWDH OO E B
G- TELT, ZORPHEL L THRINLTNS.
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25 RLAREDEBRNDZEICHT 2STADRG

EHARCOCNT ARV - F oy MRS ET K LA BER L WS HE D,
Ty MERICTEWER L LR LOREGHRTHLH 1| R UAJED RFTHIIS XX
26 DX DN D EB R, AWIEN % 00, IHETREE o, YIRSHREEZ LT D
&, WRRIENE aon, WITREZRET DN, o, THDHLHHAL TN D,

munndlll

Fig. 2.6 Axial local stress distribution at the first thread root of a bolt

in bolt/nut assembly

A NMHERT D8RG] 0, 03X 2.7 (a) OXIBRBIRLUINITHD L X, g fF
BT DI 1K 2.7 (b) OLICE#HTD. 2F0, KL hORUREICEM
T LGS LIS HFEEIZTENEN, Bon B LV fo i D. DL x, K27 (b)
2B DI KIETT plo, +o, IRV S EFOBEIRIG 71 0y F 7213 0.2%T ) 60, % 2 72
WELTWS.

Blo, +0,)3 oy 11T 00, £V KREWEAIZIE, RFTRBRRAZEZ Y, HKKIED
X oy F700F 002 720, MO/ BAIEIRIC H 2 O TS HDIRIBIL fo, lICFEL WD &
272 %, ZOX D BT ARSI BB CEEM) OEFRELBZ 5 L X,
RV MIETRENREZ 5.

18



\ /A A
. A ; S
~__ " ) E B o
g A £ g 5 I
N N N
0 Time 0 Time

(a) (b)
Fig. 2.7 The relationship between the repeated nominal stress and the local stress at the

first thread root of a bolt in bolt/nut assembly

ZORBICHED &, RS ORI T D REMRKILX 2.8 (a) D XD
2725, FIRRBR A O IREMREK Z AgBeSy & T AL, IKFHIZ X B RV b DY IR
FEIZBSP £ 72 5.

S5, ANVFORBETRERDIERF 22 %2 T, BN KZICERE L TRELEZRL B
D HRENM L9252 OB %2, R URENTRICRA UARRICHAET D85
DIEFEHREICITORBIZLDLDOTHDLELTWD. ZOHA, FREIGHITARL
TVEBENEEMTHD EEZOLNDDT, R UNEICIEMEZERZISNNFET D5
A O FTREMRIL, K28 (b) DX, IS or /BT IEOHHIZT 7 ML,
BSP L7 5.

RBEBLOKS OftdioMix, Wb RODHZENTED.

O-(B):(O-WO/ﬂ)O-T/(O-T+O-w0) (2.14)
O'(S)Z(O'wo/ﬂ)(ar_0'0.2)/(O'T_o'wo) (2.15)
=72 L,

Owo : AV MAMELO RV BEEJEAEE S RE MPa
or @ ™V MTELO Bk ETIS J1 MPa
00s : RV MEPEIORRIR)IEG J) MPa
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Stress amplitude o, MPa

MPa

Stress amplitude o,

A
Owo KO a
%
B, 7\
(=N
S
N
/y S
.s \\\\
68 el
A
Two /B~ B RN
~ P \\\\\\\
S \\\\\\
0 092
Mean stress o, MPa
(a) The case of non-axial residual stress at the thread root of a bolt
A
T wo 0 a
2
2,
B “\
0 (e
g,
N
/y S
-§ \\\\
68 e
O-WO /ﬂ\\ B \\\\\\
S S P
S
SS'= O /5
0 092

Mean stress o, MPa

(b) The case of compressive axial residual stress exists at the thread root of a bolt

Fig. 2.8 Fatigue limit diagram of a bolt derived from Yoshimoto’s hypothesis
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2.6 MHDORREHEESZRELFEDLDEERESR

RO T, [RFTRRKICIERREEZBZR N L LTnWsZEnb, A
VMBI E SRR TH D EMEL TS EE 2D, L LEBROMETIT,
JIFTRIG A3 3T, BRI 2B 2 CHIMNT 5. = 2 THIFE L ITEBRERCDOVE K
Iz, BERBPOEZREL TV,

B 2.9 1%, RAURIERICBT DAL ERFTIGNOBEKREZ, (#Fmo) EEG
HRBHDEELERVBERICHOVWTRLELDTHA, EFEZBIET o N2 WVEA
IZOWTHBT S, ERTRT I, H1D, 0mx =B Oma DBFRDELY SO,
S MCIRATHIS IR S ET . Z L OGS LI O3k & H 72 Vs,
O OEANERTHLETE D ETE, TOAR y 1T p I/ 21T
Thd. T7hbb, MEOHEICHES T, RETHIIED & ARG OE N TR % 12/
XL, Ml b, IR ENZ R Z T E (RS or) 1272,
WEIL—HTDEEZOND. W TR XL HERLTNRRERVOT, ZOROE
ENERHTHS (SHETHEZEMRTHEATRE) L35, EMOE-ZEISHINH
DAL, R CRT L O, RETRRBRREN S AT D23, Mikkic A
XIS TR A ICERT B2 b, REMIZIET RICEZETS.

oT - T
b
rd P
Y
. S 1
© o 4
s
e /
5 /
3 By
/ 002 Yield stress or (0.2 %) proof stress
I OT : True fracture stress
Or : Axial residual stress
/ ov.2/ B
L
/ O'R/ﬁ 00.2 oT
/ Nominal Stress o,
~ OR /

Fig. 2.9 The relationship between nominal stress and the local stress at the first thread

root derived from modified Yoshimoto’s hypothesis
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X 2.10 1Z, ZOEERFRICH > THWZR L S OEFRERK THD. A BN
S M ETOMIX, FIBMERRICEEIG T OEEL RELZ T DN, FHISIBE
I, TOEBIINEL D ENbnd. £z, BEISHNG D5E 0
IREEIZEREISH 2O R EBE TR LT or / 12, IEOHFEIZ S EN SHICTND
ZEmn, RINTOREFEENSHEML, EHIE T ORBENRE WEHIFANIAND Z &
272 %.

7285, 2003 4RI KIEIZ ST S vz VDI2230CY i, SE¥IIE T3 0.3 Rpos < 0m < Rpo

(Rpoo @ BEARRE T2 ITW N OB AE) OB T, (2.16) BV (2.17) OHEX%E
HxTWas.

CERIEB AL AR L b (SV & &RFD) T,

oqﬂ,=085@592+45) (2.16)

- BULERILERIE ARV B (SG & KFL) T,

JASG:(2—G%I)02]~O'ASV (2.17)

X 2.11 1%, g O & FMORETmET—2CVE2FAL T, K2.10 DRI X -
TRV PO REZHET LR TH D, ABRITCHE (58) OBFFE TEM S iz
H DT, FRHEICEIXBICE s THESINTZEEHNTNS.

FEBRAE R L HEEMIZERITIE R LRV, EEMICiE—& LTS, L,
NS OREFHAEBIZH W SRR A 138 2 (B E (BULEE) Sh7bDTH D,
MEFE R OMMIMEE LB TR > TV A AREN L H D E, BRI HREICE LT
LRBEICHERDD Z 0D, BRICEMERIET DICE > TV,
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MPa

Stress amplitude o,

Stress amplitude ¢, MPa

A,
Owo 1O =
Py
2,
B, N\
(=N
%
N
p Sy
-S \\\\
6¢ s
A
O wo //J)\\B Tl
~ el
S .
P\ Tt RN
0 0y, Or
Mean stress o, MPa
(a) The case of non-axial residual stress at the thread root of a bolt
A
JWO 0 (=N
%
BO N\
(=N
%
N
p) Sy
-S \\\\
6f s
B'
A
Owo /5 ~_ B N
S/ s p
s [ v O
SS' = O'R //J7 P “~~":‘_—:_:;_~~~ Sl
0 092 Or

Mean stress o, MPa

(b) The case of compressive axial residual stress exists at the thread root of a bolt

Fig. 2.10 Fatigue limit diagram of a bolt derived from modified Yoshimoto’s hypothesis
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(a) Fatigue limit diagram of SV bolt derived from fatigue tests
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(b) Fatigue limit diagram of SG bolt derived from fatigue tests

Fig. 2.11 Estimation of the fatigue limit derived from modified Yoshimoto’s hypothesis
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Fig. 2.12 Cause and effect diagram for the fatigue strength of the bolt

in bolt/nut assembly
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: Cold Thread Quenchin, Temperin; Thread
Wirerod  heading  rolling g pering rolling

\/ ‘ ’ ‘ ‘ 8.8-SV
(SCM440) o @ 5

? O O @ s
‘ ‘ ‘ 12.9-8G

880 °C || 650 °C || 460 °C
60 min 90 min J{ 90 min

Fig.3.1 Manufacturing procedures of the test specimens

Test piece

M10x1.25
40
14 7 70
Fig. 3.2 Tested bolt
Table 3.1 Specifications of tested bolt

Material SCM440

Heat treatment Quenching and tempering (p.c.8.8 and p.c.12.9)
Surface treatment | Rust prevented oil

Table 3.2 Specifications of test nut

e}
o o s:‘
397%0 5| Material | $45C
je)
= 2 E E Heat Quenching and tempering
(} E o © 5 treatment | (32~39 HRC)
=l =\ & : :
— Surface Electro zinc plating and
16 8.4 treatment trivalent chromate coating

Fig. 3.3 Test nut
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Test load W

Bolt
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Adapters jigs

Nut

Fig. 3.4 Fatigue testing device
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Fig. 3.5 Loading conditions of the fatigue tests
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Table 3.3 Fatigue test conditions

p v cl Manufacturing
Test No. roperty class sequence Loading condition
of tested bolt
of tested bolt thread
1 sv*!
. R,=0.1
2 SG™
3 . SV Om - Ay =19.6 kN
4 ' SG (0m = 0.5 Ryo2 = 320 MPa)
5 NAY om - As=34.3 kN
6 SG (om = 0.88 Rpp2 = 560 MPa)
7 SV
R,=0.1
8 SG
9 9 SV Om - As=33.7kN
10 ) SG (0m = 0.5 Ryo2 = 550 MPa)
11 SV Om* As=159.2 kN
12 SG (om = 0.88 Rpp2 = 968 MPa)

*1 : Heat treated after thread rolling
*2 : Heat treated before thread rolling
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Table 3.4 Fatigue test results

Finite life region Staircase region Fracture probability p %
Test Log N =a —fio, Difference Fatigue strength o,y MPa
No. S (2)

a s Ao, MPa 10 % 50 % 90 %
1 7.0360 0.0116 12.6 12.6 67.8 83.9 100.0
2 — — — 12.6 126.0 142.1 158.2
3 7.3214 0.0152 11.5 11.5 62.5 77.3 92.0
4 — — — 11.5 110.9 125.7 140.4
5 6.5088 0.0114 8.3 8.3 61.8 72.4 83.1
6 7.4710 0.0154 6.2 6.2 89.4 97.2 105.1
7 7.1023 0.0121 13.8 13.8 72.1 89.9 107.7
8 — — — 13.8 179.2 196.9 214.6
9 7.0947 0.0137 15.7 15.7 58.3 78.5 98.8
10 7.4051 0.0133 10.4 10.4 107.3 120.6 133.9
11 6.3521 0.0114 12.3 12.3 38.6 54.3 70.1
12 7.2372 0.0148 13.7 13.7 57.5 75.1 92.7
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(c) High mean stress condition (o, = 0.88 Rpo0.2)

Fig. 3.6 Results from staircase fatigue test (p.c.8.8)
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Fig. 3.7 Results from staircase fatigue test (p.c.12.9)
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Table 3.5 Values for estimation of the fatigue notch factor S

Property class

8.8 12.9
Proof stress of the full size bolt oy, MPa 77.7 123.5
Tensile strength o MPa 88.7 132.6
True fracture stress o1 MPa 173.5 207.1
Fluctuating fatigue strength oo MPa 38.8 56.1
Thread root radius » mm 0.18 0.18
Minor diameter d; mm 8.34 8.34
Nominal diameter d mm 10 10
Thread angle 2a deg 60 60
&) calculated by eq.(2.9) 11.63 17.51
&, calculated by eq.(2.10) 0.44 0.44
¢&; calculated by eq.(2.11) 0.98 0.98
&4 calculated by eq.(2.12) 0.86 0.86
&s calculated by eq.(2.13) 0.97 0.97
Fatigue notch factor # calculated by eq.(2.2) 5.2 7.4
Modified fatigue notch factor f calculated by eq.(2.14) 3.7 4.1
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(b) Property class 12.9 bolt

Fig. 3.8 Fatigue limit diagram derived from modified Yoshimoto’s hypothesis
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Fig. 3.9 Vickers hardness distribution around the thread root of SV and SG specimen
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Load-elongation curves derived from tensile test for full-size bolts
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Fig. 3.11 Cumulative pitch error of SV and SG bolt specimen

40



33 UIREGRBROVERBLAICEHT H2BE

32 fil2B VT, EBRFER LA, URXIEE B LR UBIEDEENT or
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Table 3.6 Specifications of FE model

' Test bolt
4> of bolt/nut assembly
) Bolt
ajor diameter d mm .
Major di d 9.857
> d Adapters Pitch diameter d, mm 9.066
> i Minor diameter d; mm 8.340
> '.f.est Thread root radius » mm 0.186
7 cpns 1188
read pitc mm .
Thread pitch P 1.2483
;§> ol Nut
7
§§> Minor diameter D; mm 8.650
7
:’;§> Pitch diameter D, mm 9.268
7
é > Thread pitch P mm 1.2503
> Condition of contact surface
j: g Test nut
5 > Coefficient of friction u 0.2
“

Fig. 3.12 FE model
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Fig. 3.13 Material properties for the FE model
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Fig. 3.14 Comparison between load/elongation curves derived from

experiment and FE simulation for the M10x1.25 full-size bolt
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Fig. 3.15 Relationship between nominal stress and local stress
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Fig. 3.16 Comparison between the fatigue strength of the notch free specimen and

that of local stress at the thread root of the bolt in bolt/nut assembly (g = 30 pm)
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Fig. 3.17 Concentration factor o and fatigue notch factor f§ calculated by FEM analysis
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Table 3.7 Fatigue notch factor § calculated by equation (2.14) and FEM

Equation FEM
(2.14) & =0 pum &0 =30 pm
p.c.8.8 3.7 3.11 2.44
p.c.12.9 4.1 3.39 2.66
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# 3.8 17, JEITRBRE RN OISO THERI L7, I E s RFT
g8 (g0 =30 pm L E) IZHBTD2EZICHOME, #HE SOV X MREEIGI1HE
AW CEMNLUMEE R L CORT.

A a O EBRIZH W= AR FaBR S M10x1.25, 3E X5y 8.8 KTV 129 TH D DI
* L, #FHFEDOERTRIELZANL ML MI0, BEX) 88 THDH. MERXYILF
—Tb, MERBLBIELME, By FOEWICEI IR URENLLOENE) Z L, &
WIHMRE LT eg DIEN R D Z L 2#ZELTH, MEDOZEITH 65 L IFFITRZ V.
IOZENDLL, IKFLOEBRNRRIECHR L N OEFEEH T D= DX, A LA
KD OE%E EfEICHEET 2 ENEETHDL LEFRD.

Table 3.8 Comparison of the compressive axial residual stress at the thread root

of the bolt derived from estimation and X-ray measurement

Estimation Measurement®"
p.c.8.8 1200"" 270"
p.c.12.9 1600 —
: MPa

*1:80:30um,*2:80:50um
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WV SO TREDZEE, BREISTIOZETLE T THITE S,
TIRJCHEBME FEM fEHTIC K o THIR 485 g CEXIL TR T 5 R ETa i
FDOBMEK) ZHE LIZLE A, PITEBIEEZ RSN LR bho Tz,
L OYE 55BN HAGR 2RI U CHEE S 25 ok, 8 EIcqT
PN X BRI DRER R E T D L 6fFIFERELSRoTNDL L
MHY, RV NORETRE A RIERETHE TE DL LI T 57202,
NURIEDOEZIC N R ORFTISETOE&Z EMRICIEETILER’S S
tEZLND.
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EA4E HTNFy FERAL RS REETREORE

4.1 FANE

B3ETIE, SVEOSGANLNETF vy FOMERTICH L THESRBREZITV, SG
RV RO IEE EREHERLEZ. S5, EARORHCOEZFA LT, SGHRL K
DRURIE e BICHBIT DRI OEEHEE LIzE 25, MEXS 88 DAL FT
1200 MPa, 12.9 ® 7R /L kT 1600 MPa F& & O JEAE 8L It ) S AFAET UL, I8 55 R
DEFREZBHTEDZENboroTz. LML, ZOXI R RERBESTINE
TICHESNTELT, £72, 323 TELRLEZLIIC, SGAR/NLKME SV AL
DO CTHOR T OFENER2IITPER SN TV ARV, TZTAETIE, RUA/KED
il 5 W ER R RIS ) DB A EEMICHMET 52 2 A2 HME LT, HEED 525
ET 257005 KRELTESHNWLNDE X T VT v MfEICEBR T 5.

X7 F s MERT AR, EF oy R E Ty AR S 5P
RWKED” 2179 . ZOKRICHAET L0y X 7 NiE, R UREICEMS 24T
w5,

FEADEO K OFKIE D OB ERHCITIX, R UREICE T TV D EEIG S &
P2 BT 1 DAL CEBIE D> 7 b)) LA TWDH ), vy X7 1% 1E
A2 LickoT, HEEUORNEAEV T ZENTE, ZOETBEOL(E
Him T o Z EBGROMRFEIZE N L.

ZITIE, AVBMNCHEAEAT Ty NORESEZEZ T 2HEBEOX 7V MG
wizxtL, Bduayx 70 (mnyx 7 bvy) 2AEA S REE TR YRR
ATV, BHE ORIV b (T 7v)Fw MEGIRORE IR R & i 5 & ki,
TWRICHIYE FEM fRFTIC Z o C, Ty b EMNBRE I AN R URIED R/ FTHIIG 7
E@uERDDHI LT, vy T HPEHFBREICKIETTEELZHEIE L TND.

42 FTNF v MEEICE AT TRy F T HDOERK
K 41102, FT7NFy MERO Ty NIRRT 2. 2O GEO TR
TO#EY THS.

(1) Ty h& TiR5 by TR, SN F2%4E S8 5041 () ]

2) EFvbED (=T %22 A7 THDD. 2O, HEMSTHICERT
LFETNEZFOEETHD K 4.1 (b) ]

(3) kT FAEEELAVE S ICEHE LERET, Fhy b29 5ol
S, To/2d0yF 7 b EEHS®ES. OB, EFy beF
Ty NOBICR v SN R BREAET 2, LSy FEEE LTS
W, ¥R H FIE, FIE (1) O FoEE, i 3ES LAWK 41 (¢) ]
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y d Upper nut : dd Tightening torque ; dd
2 2 T R T, 1 2
3 i < Tightening 3 I be Locking g i S Locking
5& ! $ t(l)r/que h ® ‘jE $ 1;‘ ®  torque Tio lEE : jgl force Fioc
j; L t o P > p \I > <
® ﬁég # 4; ‘ ower nu > ! / 5 <E "i; ®

L

i =13 T
|
|
|

Clamp force F' Clamp force F'~ F
(a) Initial tightening (b) Secondary tightening (c) Locking

Fig. 4.1 Typical tightening procedure of bolt/double nuts assembly

FIE 3) 12T, EFy FETF Y MEHSFEISHE ST RIZKE O 5178 % “PR Vi
DT EMEY, TNk Tuy X 7 ERESEDLZLENTES. FIH 3) TF
FTy rEEEL, EFy bEaFEICHKDDLZE (EFy FEERE) Thbueyxr 7))
EHET DN, ZOGEGORMITHEr XU 7 HOBRIE, PHREVRTHICE
TSR OBRMEICEKFET S LR, BEICRA T D EE TS 2 XL
AN

X TSy MR, FifT T Rt am < BESE LR WG OREERD D 21k
HDELTHWOND Z ENZ WD, T HOEREZITHOMLERL D Z L1E, —&
DOffifs AL E 2RI L TH D LRI, vy X 7 N5 HFEICRE S ZET
Lz Lt XTFy MEREEIT O HBAICIE, Ty MERESER ST
5(66).
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4.3 JRFFAER

431 HEBAZE

RBRAIZIT AT, BIFORTRBRTHWEZRLFER oy hTEESNLTE
0, YA X% M10x1.25, FREEX Sy 12.9 OfREH LI Y Th 5 OB S EREIZK
32 K OE 3.1 2M). v M IS B 1080 (Fa UHLhh - 5laEMR 7775 - RBR 515K
OFEROFA) (CHESNDZAX AN T T v b (/T y FES 8.4 mm: IR &AL
FRIZK 3.3 R OE 322 M) LKW, BEXS 10HYOAZ A L3F v b (/T v
FEE Smm: AR EAERRIEXK 42 R UK 4.1 20R) THD. B, HETIIRERX
5y 12.9 DR b EFREXS 10 DF v b OMAETITREF S TWRWR, ZoF
N ABICHER LZMREXS 129 OFRL Mot T 2 SRBRCTH MEN MmN L
X, EIEOEHTARICL > THRBELTND.

Bl 43 ([ZEFRRICB T oy PREMOWESFZ, £ 42 ITRBROMEGE %
AT ARV e FTFy MESERORERIT, ERAALNET Y FOMEAEREITXL
THRBREETITY, (a) Y7ty MEGK, (b) ETHRAZA4 V1 F v b &
AWz 7 vty MEAER (e v 27 V7 Tiee = 1 Nm), (c) EFIHIZA
AN Ty bW E T LTy MEGHK (Te=40N'-m) KO (d) FF v MZ
AZALANI Ty bW T TF Y MEGH (T =40 N'm) D 4 FEIH Ol 1 1K 7E
ExHRELTTo. M4l LK 43 ik T2 &, RBROAMEMFIL F= Wain CTHf
T BT R RIS, 0~ Wi OFEIR LARBIER T 2546 & SMic 2.
B, vyX T hEar b= T570Ih Uk OEREBEEREICLTE
v, EFy roEmEALCH, ZR6EETL Ty NOER, AV MR CHEIC
WLEY 77 @A L, £OMOBEMEIIEEEE Lz, 28, FanoHifh o3k
a2 HWTRIE L by (BlEEfA) S oBR (K 4.1) 226, ZHEEY
TF RO BEEBR u X 1=0.074 TH Y, Toe=40Nm TOI v F 7 HiIE
FZ35kN DRI TND.

W RERIL, BRER O AT T — AW TR 6 A2 HWTIT ) R BR S IT,
SEENETTBERN Rg=0.1 (on=1.220,) & L72. ZHUE, EHBEIZLIET 2 v
THOEBEEZREL EHEEVWEDTHD. £, FHOToy R 7 E2ITH7120,
Oy X IOROERRETHILEEEBELT, BELY A, = 20 MPa & L 7=,
% 55 iR BRI 1T B — AR XL —EHF-EB100KN-20L i f L, #K U EE 14T o
BT 30Hz & LC, BT HE 0 K UL, N=5x10°& L7z,

52



120°

17.77 min.

Fig. 4.2 Test nut

Table 4.1 Specifications of test nut

ST

30730 ; é

S| o

—| ©

Z =

B <

o &
8.4
(Style3)

Table4.2 Fatigue test conditions

(Style3)
Material S45C
Heat Quenching and tempering
treatment | (32~39 HRC)
Surface Electro zinc plating and
treatment | trivalent chromate coating

Symbol (a) S-N (b) D-N/N-1 (c) D-N/N-40 (d) D-N/T-40
Thread d x P M10x1.25
Bolt p.c.12.9
Upper — p.c.10, Stylel™! p.c.10, Stylel™
1 s I Ry R BT SRaCe e b
Lower p.c.10, Stylel™ p.c.10, Stylel™ p.c.10, Style3™

Locking torque 7T}, N'm

1

40

Loading condition

Rs = Wmin/Wmax =0.1

Lubricant for locking

MoS,; paste

"' Normal nut (nut height m = 8.4 mm)

“2: Thin nut (nut height m = 5 mm, machined from normal nut)
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Test load W

Test nuts <
M10x1.25

Nut
adapter

il g
Load W
=
-
>
-

jigs A

Head Time
adapter

Tested bolt
M10x1.25

Fig.4.3 Set up and loading condition of the fatigue test

(Upper nut and lower nut : stylel nut)

432 HEBHER

A2 NTHNET 29 TR R E2 K 4.3 KUK 4.4 12737 GURE R OFERINTA R
4105 43 BH).

WX T RT, THFYy FEDPHBEIRNVFOE 1R ULRIETHRELTEY, ¥ 7
Ny hTary®R T MLV Z2A40Nm & LA K44 )], 7Ty b IK
4.4 (a)] OHFAITH AT, RV RNORPTOREFHFREN 60 %Ll EmEL TS Z
EMNbIND.

—JF, BT NTFy MEGKRTr Yy X7 MV T B/NEW Tipe=1 Nm O 5,
TIF oy MEAGRE N TEFREIZIFEA LY EFH L TR, EHRBRE ICRR
FaEHRTEEZA, EF vy bENALAEIFRNNOFE 1 R URIKIZ, #2220k
Wrd 2 XN BAELTWDHZ ERNbholz., ZHIX, ayXR 7 ML BN/RE
WIS, By X 7)), 3 RDL Ty NOFRCIUNAHTHmENZEALEE
22 <, DEEVNIFEAE LTy NTIThnb2D, Ty NI T) E
A& DO, FERELTY I Ty MEAEREIZIZER CIREBIZR > TS
L0 THD. by NEHEONME TR MIEFTHENREL D L, Afr
Ty METTRAELR2TNERLT, Ty Mkday 7ty MR LIH
CIREEIZ2 D, THy henBEIE 1R UAECREMKZ2RZTZ LIRS,
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Table4.3 Fatigue test results

(a) S-N (b) D-N/N-1 (c) D-N/N-40 (d) D-N/T-40
Difference Ao, MPa 13.8 20
Fatigue strength oay MPa 89.9 100 150 130
200
53 180 i oay = 150 MPa
= 160 | Q QL 5 oav=130 MPa
R 140 | @)
g 120} oay=89.9 MPa oay = 100 MPa \
£ 100 | __ (c) Double nut (d) Double nut
= 20 [ — — (D-N/N-40) (D-N/T-40)
g . (b) Double nut
2 60 f (D-N/N-1)
5 40 | (a) Single nut .
) O: Failure
i (S-N) .
20 | O: Non-failure
0 L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L
1 2 3 45 6 1 2 3 45 6 1 2 3 45 6 1 2 3 45 6

Test sequence

Fig.4.4 Results from staircase fatigue test

44 FEM [ZX BB LCAEDILIENH

441 FITNLFy rI&BOvXFTHDORE

K45 FEET V&, £ 44 1CFTIVORCESTEZ RS RV OB
(43.13 (b) &H—& L7z

FENTE T WL R CHRIFRIETH Y, U—FAR O THLD, EEOr v F
TEEZHBTHZENTE R, £22C, EF vy bETFTFy NORIICTOARESE
(W EIAH &) 6 527 BT, “WHBALEZHFE LRV B2 ERLET
NEERLTWD ., ZORETHRELZMHBT L, V7 b ETIETy NEORIAH
ZOWKLEY2ELTHy MNEREEMSEDLZD, EFFy NEIKKFES, T7hb
bayXr 7V NERESELILITRD.

46 ICAREE s by X 7N . DBFRZRT. ZORERERD L, WHEDN
IIEHIERICH D Z B0 D.
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Test nut

Adapters

sl [T

Test
W jigs

-

T Test bolt

Fig. 4.5 FE model

40

(O8]
o

Locking force F),, kN
o
S

—_
(=]

Table 4.4  Specifications of FE model

of bolt/double nuts assembly

Bolt
Major diameter d mm 9.870
Pitch diameter d, mm 9.070
Minor diameter d; mm 8.340
Thread root radius » mm 0.176
Thread pitch P mm 1.25
Nut
Minor diameter D; mm 8.780
Pitch diameter D, mm 9.270
Thread pitch P mm 1.25

Condition of contact surface

Coefficient of friction u

0.2 and 0.074"

£ .
’ : Thread surfaces and nut bearing surfaces

respectively

0 10

20

30 40

Offset 0 pum

50

Fig. 4.6 Relationship between the locking force and the offset value




442 RFEFEEHORBAMIGAEBOHTE

F451%, M 44 OFEFREICHIET HAMNPL, EFFy hEnBRE I AL
2B, TRENOE 1 D LAJE e =30 um (28T 5 FATHIIG A B 2R o 7=
RTHDH M ClIny X7 7 INmDOSEMED) L v %27 RV 7 40 N'm
DOEM (c,d) IZRIET DR Y X 7 HE LT, THEIN Floe = 0kN L 35 kN % [
WTWh., ZORRERDLE, By XU I ANRKEVEME (o) KO (d) TiE, %
OIERIZE Y, RURIEDORPTHIZR2FEIE B RBIZED L TWDLZ LR b5,

X 4.7 1%, £ 4.5 TR LEEFMHICE T2 RATNANZ, FigM o557 MmeE &
WLIRERTH D, ok, FIBMOREITRERIL, %3 =L R SCHERC o M
BHI RS 2 mlER i T ST BREE T — % (040 = 550 MPa) & M O EMEWIE T (o7 =
2030 MPa) 7205, B OOFEWEZHWTHE L., ZOXNL, By X7 AR
FEEeThHOL X Ty MESIKR (b) TlE, EF v FENBEIRLVEDHE 1
NUAEICI T 2 RBATHIG A ElM o HREICEL (RPo[ 1), £ofEc
LoTTFFy henBEIE 1 RUBEDISHRHEA (Kfo[2]) LTwns e
W SN D, £2, myX U7 hREY (o) R (d) T, EF v henrs
HIRNBFDOH 1 REREICEWNT, D TEWRITR LIS on BNREET 5,
IGHOEENTIZEAERL, ZOZ LN, BTy FOF 13 U Tl 5 i %%
ELRWREEZEZBND.

—JF, Ty MZBW TR E SN AL N OGE OJEMERE IS T O
LR, myXr 7N oy 2R TEE22LICEY, BTG HIER o, 238K
LThEHENEE S, RATOEFRERA EL TSI D EBZIbND. F
7o, TOXIBHEEITTF Yy PVOREIICE-STETEEEZITTNDLN, SRO%
FRIZBWTIZEIEZ 7 V) v hOBFET60%L E, T+ v MK F vy FE2HAWEE
B TA40 %L L, BT OEFREN EH L TNWDHZENDND.
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Table 4.5 Local stress at the first thread root of the bolt mating with

the lower and upper nut (go = 30 um)

(a) (b) (c) (d)
Symbol
S-N D-N/N-1 D-N/N-40 D-N/T-40
Nominal | Fatigue limit o,y MPa 89.9 100 150 130
Stress | Mean stress o, MPa 109.7 122 183 158.6
Maximum stress o MPa 682 261 730 451
Local — N
Stress” Minimum stress on;, MPa 62 62 -264 -567
(LOW)er Fatigue limit ¢,” MPa 310 199 497 509
nut
Mean stress Om* MPa 372 261 233 -58
Maximum stress Omax* MPa — 785 1732 1797
Local — N
Stress” Minimum stress o, MPa — 105 1704 1777
(Upper | Fatigue limit o,” MPa — 340 14 10
nut)
Mean stress ¢, MPa — 445 1718 1787
" : First thread root of the bolt mating with the lower and upper nut (g, = 30 wm)
800

| — For notch-free specimen X . (a) Single nut

o0 = 380 MPa '@ 10| (b) Double nuts (D-N/N-1)

‘A i A (c) Double nuts (D-N/N-40)

'MW {0 (d) Double nuts (D-N/T-40)

\C First thread root in the lower nut

First thread root in the upper nut

or = 2030 MPa

Y

-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Mean stress 0, MPa

Fig. 4.7 Comparison between the fatigue strength of the notch free specimen and

that of local stress at the thread root of the bolt in bolt/double nuts assembly (gy = 30 pm)
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4.5 FLOH

AKETIL, 7ty MEflcB T se X 7 hE2EREICICANSTT, TF
v EDBA D E 1R DRI T MBS 2 EH S8 CRETRBREZITV, EY
EEICRIETHEBORREI T . ZOFELOELTIIRT

(1) FHFMEIMEN R, =01 DFEETHE T VT v MEAEROWETRAREITo 72

EZA, KIBBKNOR Yy X T T EHZHZ LI oT, A FORNT
DI FREN L TNV Fy MEGKREWRTERSY TV, Yy NOHAT
60 %Ll b, TF v MZIET v FEHAWTEEETA40 %L B B4 5 &0 )ik
ERfEoir.

(2)  TWRITEEFE FEM f#ATICBWT, v b OFERERBICHE O AR (£IA
B) EHEZLHZ LI oTry R U T ERESE, FEHREIZBIT L4
MM TORFHIS D E S Z R Lz & 25, FBRM oStz v T,
RNV RORNT OREFEREOEANBELLHIATE D2 N 0notz.
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BSE FREICLOTELIBEGCNEHALEFREHRTRF ORI

51 FaANLE

BAETIE, ¥7 Ty MEAGERICRT 2 FHREBEEZITY, ay X7 NIk -
TR UREICEMRC N EER S TRV FORDTORFTREN EFTDHZ & 20
WLz, F£7, ZWRoTHEME FEM @i 2 W<, E T v b ORI oA
BE (RIAR) 25252 TR yF U I HERAESETE T VT v NS &2 Bk
L, RUREDRATIIG I EE 2 FIRM O IRE L i+ 25 2 & T, ®HMmE L
Arel{HiHTEsZ xR LTx.

TRTTERIRE TV E DT OMTIX, ERoEIEZIEFICHNHEKL D, &
WISHEFRREAET L L) RUREBICBOTOLRERSHEZITY 2N TE S
EWVWIHIRERFEARSHDL. L, HIECTHLHMNALZLIIC, EBEORQTIZBWNT
TV —=FBHFETHZLITE ST, 2AAVE1IRLTHICEWNTHREORAT LF
WHRELT DD, EHWEOR S L 2DE 1 A URIKICA U DJEMIG 1 KO
IS NEBOFHEIZONTI, FEMICRIET 26 ERH D, ZZTHSETIEET,
RV R - Ty MEGEET VOS] RRER & % 41 IR ST FEM f#HT 2170,
U= RRFETDLIZERCEVE IR CONAAEVRE (BRALELREIDRLD
F1IRCILOES) NELT D2 RN, RUAEDRATIG I RIETZEIC oW
THFTZITS . TO%k, “IRTHEIME FEM i#HT12 X - CTIERIC BTG D 2Rk
HZENTEDL, SVI—RZRLAVIFRBRAFZEEL, ZOFRVNE, THEZLZ
TERESH S Z L THENAIRREEIS N A LAREICBEIEZABR N IT OV TE
FRBR ATV, TWROTHYAME FEM fiEHTIZ X - TR O 72 R ATHIG S E 8 & OSEIE M O
JEGTIREE & D AT O 2 & T, JEIHMEHEE I ORIEL KA TWND.

52 MNAEBVE1IRLHBICEFTE2HORLOR BRSNS AICRIFTEE

521 FEWETIVERWTAE

51 kOES1IE, Ty hoE1RACLOES%Z (a) 1P, (b) 1/2P & L/ZFE
ETFTNVERLEHOSTELZRT. ZOXSRALVE - Fy MEAGERICTPHELIEMNS
®, FET LRGN OERS, ARG ERTURIEDRFTHIG T OBEFKIZ SN T
FET D, MATICIE, K32 (a) KO (b) ICAT5RE Xy 8.8 KN 12.9 DA EHRe
i LAY

60



Table 5.1 Specifications of FE model
of bolt/nut assembly

N Bolt

=he ¥—\ Major diameter d mm 9.857

Adapters

o Pitch diameter d, mm 9.066

i ‘W Minor diameter d; mm 8.340

F Test Thread root radius » mm 0.186

- jgs Thread pitch P mm 1.2483
° Nut

® Minor diameter D; mm 8.650

Pitch diameter D, mm 9.268

Thread pitch P mm 1.2503

Nut Condition of contact surface
(b)1 P model Coefficient of friction u 0.2

Fig. 5.1 FE model

522 fEWHER

52 KON S53 12, XS 8.8, 12.9 ™AL ML IZx 4 55 5ERAER & FEM fi#
Wb/ onleA L N ORE —MORNEZRT. ZORENL, R - OET
ETFIVICEMBRERZ A SET, o, TELHETREREREZ IS ZRLT
BIEICHEASE LD DTHE Fp%, TILELI35KN, 58kN LikE L.

54 FN5.5100, BEEXS 8.8 & 129 DR MZT v b EMAEE BT T
MZOWT, PE FBEEHIES 2 ETRAIELZAL NE 1 R UAEOE S
RIS I3z md . ABOIREICE T D egfBDIRE % =30 pm & E L THEH
ISNOEZERKRT DL, Ty FEITRAUILOEIN Yy FEDSLZ T, EEL
FI OB IRFRE XS 8.8 DRV kTl 140 MPa, 58 X4y 12.9 DR /L k TIiX 200 MPa
DENBECTEY, AVMIMHAEL Ty ME1RAUCILOEIN, BAET HHEEIS
NZKREREBERIIETZERNbMND.

5.6 KO 5712, BV MIBIEMEAERASEZHEO, AFISHEE 1
URIE e BIZB T2 RIS OBGRERT. ZO/MEERL &, AHIGTITHT
L RETHS I OIMERITIE, RIS T 2B ETIERny, Sy FE 1AL
DR DEEL TWDEZ LR 5D.

UEDZ End, RUAEICEWCRATIRMMEER 2 3L SH, BRI %%
EIRHEIETHELEICITY — RAREEET LD, ZWCHBEME FEM fi#HT
WX > TR UEREDKREIS T Z IEMICHEET 52720121, UV — FORunaAR L ki
FERWARLERD L EWVNZD.
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Tensileload F kN

Tensileload F kN

60 [

40 |

90 p
80 |
70 |
60 |
50 |
40 |
30 |
20 |
10 |

50 |

30 |
20 |

10 |

/ Calculation
Experiment
F,=35kN
Non macroscopic plastic deformation
0 0.5 1 1.5 2 2.5

Elongation AL mm

Fig. 5.2 Comparison between experiment and calculation

for the load-elongation curves of the full-size bolt (p.c.8.8)

Calculation
F,=58kN Experiment
Non macroscopic plastic deformation
0 0.5 1 1.5 2 2.5

Elongation AL mm

Fig. 5.3 Comparison between experiment and calculation

for the load-elongation curves of the full-size bolt (p.c.12.9)
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| or" | =579 MPa——=

¢ : (b) 1/2 P model

& : (a) 1 P model &0 =30 pm———=

0.5

0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05

Distance from thread root surface ¢ mm
Fig. 5.4 Axial residual stress distributions at the 1st thread root of a bolt
in bolt/nut assembly (p.c.8.8, Fp =35 kN)

¢ : (b) 1/2 Pmodel

¢ : (a) 1 P model
& =30 pm—>

0.5

0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1 0.05
Distance from thread root surface <& mm
Fig. 5.5 Axial residual stress distributions at the 1st thread root of a bolt
in bolt/nut assembly (p.c.12.9, Fp = 58 kN)
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(b) 1/2P model

Fig. 5.6 The relationship between nominal stress and local stress

at the 1st thread root of a bolt in bolt/nut assembly (p.c.8.8)
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Fig. 5.7 The relationship between nominal stress and local stress

at the 1st thread root of a bolt in bolt/nut assembly (p.c.12.9)
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58 KUK 521, U—KRZARLANLVNEDRUET X7 X OMERIZHT S FE £
FTHERUEHOTEEZTRT., DRALTHEX7ZOHE 1 RUILOES L, 5.2 #okk %R
L0 AP &Lz, B N OMBHSIEEEEE, X 3.13 (a) (Z/RTIREEX S 8.8 DA
BHEEZ VW5, RBRAICERZ2BEM Rz B E ST, o, RERKRICTE
DT RE R ERMEREIC N ERAESEDL DO THE Fr OMEIZOVWTH 5.2
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Table 5.2 Specifications of FE model

E Test bolt of bolt/nut assembly

: Bolt

E o—

g Major diameter d mm 9.868
H Adapters

E Pitch diameter d, mm 9.069
E Minor diameter d5 mm 8.342
i

E Thread root radius  » mm 0.177
E Thread pitch P mm 1.2483
H

i Nut

"

H Minor diameter ; mm 8.780
.

' Pitch diameter D, mm 9.268
H

E Thread pitch P mm 1.2486

Condition of contact surface

Coefficient of friction u 0.2

#HHH —— Threaded
adapter

Fig. 5.8 FE model
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Fig. 5.9 Axial residual stress distribution at the 1st to 7th thread roots of the leadless bolt
in bolt/adapter assembly (p.c.8.8, Fp = 35 kN)
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EREMEZHE L TITo 72 (77 07 OERIESRME K OEEfm EIZ DWW TR 5.1 &
W52 H).

Fo VT ETEIE, V—FKRLARLV AR ZRFET 72010 2F Ik
TRV, RBRPICTETERRCLOT7 T U7 HIZIH> TH|DZ E2MEIT57201C
M2 DU 4 RTINS EET HHEEICR > TWDRIETN, X 58I1C7"7 FEE
TNERSTND.

512102, IO v F ROAR S Z AT RABRIE, TREZEHIED
LRV BELEERECNORENRLBEICBND LHNEND, FHIEHO
BWEtETH D, IEHEER=011CBWTERKL, REBROFTHE 0 iR LT,
N=5x10° & L 7=.

MI10xL0 P1.25

[

ey
.

40

Fig. 5.10 Leadless bolt specimen

Table 5.3 Specifications of tested bolt

Material SCM440

Heat treatment Quenching and tempering (p.c.8.8)

Surface treatment | Rust prevented oil
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¢ D2: 9.188~9.348

¢D1:8.647~8912

0.63

™~

1.25

M10 X L0 P1.25

6% (3%)

d
d
3.2/ _B \L
o - O 3
S
A i‘E TA
20 —HA]
$30 @12
B-B
S Z
+|\ \OO
.é I
>y ¢ —¢ A —
4-M2 X 0.4
A-A
Fig. 5.11 Threaded adapter
Table 5.4 Specifications of threaded adapter
Material HPMI1

Heat treatment

Quenching and tempering (36 ~ 40 HRC)

Surface treatment

Zinc plating and trivalent chromate coating
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Test load W

Test bolt
M10xL0
P1.25

Adapter

Threaded
adapter

jigs

Load W

max

min

NI

Tmin _ ()]

max

Fig. 5.12 Fatigue testing device and test condition
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51312, AT T —AEEHN T To e TRRICE > THEE ST (a) Fp=
0kN, (b) Fp=35kN DU — K7 LA/ Mk O 55 9RE (N = 5x10° RER I 57 58
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Test sequence

Fig. 5.13 Results from staircase fatigue test
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2T, FHBRBRAOEFRERIT N E CHEA, CECYo RS EHI 3T 2 [
HR Y% ST R EE T — % (040 =380 MPa) & I8 O B WIS 71 (or = 1700 MPa) 7>
5, HHEODHEWEHWTHE L TWD. ZO/MBEE RS L, “RTHBEM FEM
RFTIC L > CHEE L72Y — RA LR bOREFIREL, Wb il o5 RE
ICIEVWVEZ R LTEBY, PHEZIEASELZLICEs TR UREICHEA LIZER
IS N BRFTH YIS IR T S, TOMRTEITBEN LA LTWD Z &2n550
L. ZOZ L, HEAROMMOZEYM A IRT LR, KT NEEICE SR
IV NEFREDOHEENAIEETHDIZ EETRBRTIHHDEEZEZOLNS.

2000 p

1500 |

FPZOkN

1000 |

500 |

Local stress ¢ MPa

-500 |

-1000 —_—
0 200 400 600 800
Nominal stress ¢, MPa

Fig. 5.14 Relationship between the local stress and the nominal stress

at the 1st thread root of the leadless bolt in bolt/adapter assembly (¢p = 30 um)
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Fig. 5.15 Comparison between the fatigue strength of the notch free specimen and

that of local stress at the thread root of a leadless bolt in bolt/adapter assembly (gy = 30 pm)
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(a) Geometry of grooved specimen (b) Profile of the rolling die

¢ 170

Fig. 6.1 Specifications of grooved specimen (d; = ¢ 7.59 mm)

Table 6.1 The conditions of rolling process for grooved specimen

Major diameter of rolling die Dp mm 170
Rotational speed of die V', min™ 7
Processing time ¢ s 8
(Time of forming process ¢, s) (7.6)
(Time of finishing process fs) 0.4)
Diameter of workpiece dy mm 9.02
Minor diameter after thread rolling d; mm 7.59
Number of rotation for workpiece Ny 17
Penetration rate R, mm/rev. 0.04
Maximum rolling force Fr kN 52
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Fig. 6.2 Relationship between maximum rolling force and groove root diameter
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Table 6.2 Conditions of X-ray stress measurement

X-ray tube Cr/ K, /40 kN /40 mA
Measurement method sin’y method, Side inclination method
Peak search method Half-value-breadth method
X-ray stress constant -318 MPa / deg
Collimator diameter 0.15 mm
157
156.8 |

- SV grooved specimen
156.6 | s P

156.4 |
156.2 |

156 f
155.8
155.6 |
1554 |
155.2

155

260

SG grooved specimen

.2
sin”y

Fig. 6.3 sin’y— 26 diagram for SV and SG grooved specimen

100
- - )
0F SV grooved specimen
-100 |
200 |
-300 F
-400 |
500 F SG grooved specimen

oR MPa

&————— SN grooved specimen

600 |
700 |
-800 b~

74 7.6 7.8 8 8.2 84 8.6

Axial residual stress

Groove root diameter d3 mm

Fig. 6.4 Relationship between groove root diameter and axial residual stress

at the groove root surface obtained by X-ray diffraction method
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Fig. 6.5 Metallographic structure (Fiber flow) around the root of grooved specimen
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Fig. 6.6  Vickers hardness distributions around the groove root

of the SV and SG specimen (d; = ¢ 7.59 mm)
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Fig. 6.8 Axial residual stress distribution around the groove root

obtained by X-ray diffraction method
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Fig. 6.9 Axial residual stress distribution on the groove root surface to the axial direction

EHRFDLEATOMESREEZER 63 17T, ZERLE, RLOE Y FHRN 1.25
mm ORCIZEBW T, BEISN DGR —ETH D EARELHPHIT La= = 25 1
mBEBETHY, ZOFETHEELITAS X HI1Z, BIE “Auto MATE” TR CT&E %
BAVE (630 pum) D) A—FEHNCHIEMERZEZ £ 10 pm T THE
TH, M20%DWERENELDIBENRODLEEZD. £, BO/NHhI Nz R
— 2 &M LIcGE, X MRS EPH N O R SR O T S HIERAE S INb 5 72
W, RN DR REICEEL G X DERBIC N A+ RBETHELL> ET5 L,
BURTIEI M64 F2E (B F P =6 mm) O A XRNEITARD, BER O 7B
ZITHOZEIIREETH D, T LD BREREEZ AL, REOR/L M LT X
IS BPEE A EH U CEREIS 2 RE L, FRFICETRBRAIT 5 2 &38R TIET
XhNWeEBEZOLND. LER s TAMAETIHERCNHEELZET L2100 FIEL
LT, FEMiETZ HWiaE M T oYy I 2 b—v g Vv E®RRT 5.

82



0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

\La| /7
Fig. 6.10 Measurement error of the axial residual stress

induced by measurement point misalignment

Table 6.3 Conditions of X-ray measurement within the definite area

of the axial residual stress distribution

Grooved specimen M10x1.25

Thread (Groove) root radius 3.12 mm 0.156 mm
Definite area of

axial residual stress distribution + 0.5 mm +25 pum

Diameter of collimator ¢ 0.15 mm ¢ 30 um

Misalignment allowance +0.42 mm + 10 pm
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Fig. 6.11 FE model and material property for rolling process simulation

of the groove rolled specimen

84



632 RIRALBRBRAROERBIENDHETE

FEE OB IIERER T OEREN T ClE, BT EBRIINITHRICT 7 0271348 17
FiEZ L TR, TOBRICTEEINOL2mmHiAENLTHWAEZ b, TRIZT T
7M1 [AlEE 502 0.04mm ffIAE N TWDH Z LiZid. £2C, YLalb—v
9 VR TREOROBENERIE (ds=7.59 mm) ([Z¥T5< Xk 91T, EENLHICHEAT
HZATV TRy 7800 mmEEEBLCT T 7 OROEE d =¢ 7.66 mm & Ik
ELTFEETVEEKRL, 631 HIIRTHIETYIal—rar&{Toi.

Bl 61212, I alb—a il THELNLT T 7 OEEA & iR E O
RERT. ZERDE, 631 HITRT AT v 7 4 38T U T IR 8 CHRIE fif 82N —
EMICINR L, KEEEMEOFEMIE, ERHEE —H LWL R o0d. 72
B, vIal—varilioTHLNIEADRIT D =6 7.57 mm & 720, FEHIfE &
ZIERZETH - 7.

B 6.1312, Y alb—vaillo THLNTEEIS 15 E, XS HEIC
Lo THELNEH BRSO AOMIEHEEZ/RT. i A5 E, FFEMEITIEN
fEE LS —HLTEY, RFEICK > TEEEM LRI AT 5 5 IG 1070 % IE
ICHEE C& D ATREMED fERR T & 72

85



Rolling force Fi kN

Fig. 6.12

op MPa

Axial residual stress

100

]
(e}

D
(=]

o
(e

[\
S

2000
1500
1000

500

-500
-1000
-1500

-2000

@ : Loading
@ : Rolling
¢ : Unloading

Measurement

180 360 540 720 900 1080 1260

Rotation angle of workpiece @y deg

Relationship between the rolling force and the rotation angle of workpiece

i Measurement with
- compensation

Calculation

0 0.5 1 1.5 2 2.5 3 3.5 4

Distance from groove root surface ¢ mm

Fig. 6.13 Comparison of the axial residual stress distributions among

calculation and measurement
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(a) Geometry of leadless bolt specimen (b) Profile or rolling die

Fig. 6.14 Specifications of leadless bolt specimen

Table 6.4 The conditions of thread rolling process for leadless SG bolt specimen

Major diameter of rolling die Dp mm 164.5
Rotational speed of die V', min™ 60
Processing time ¢ s 1
(Time of forming process 1, s) (0.5)
(Time of finishing process fs) (0.5)
Diameter of workpiece dy mm 9.07
Minor diameter after thread rolling d; mm 8.34
Number of rotation for workpiece Ny 9
Penetration rate R, mm/rev. 0.04
Maximum rolling force Fr kN 50

87



642 TIal—>armAhE

Bl 6.15IC FEET /NERT. 7707 OMBHEEIE, X 3.13 (a) 12”7, HREX
53 8.8 HH Y DM BIRF M & 38 ] L 72

FELZZV—FR2LAN FRBAFORLEZ T 40mm THY, ZZIZKEIND
RUILOKIIEBLZERLTHS. Z0RLCILOETE FE T WL LIESGA, T
DHBENRKREL RV T L LRBEIND. ZZTARMIETIE, 63 HiTiTokz
BRINIERBR A OIGEE Y I 2L —v g VEFREORKEEZREICT2EWRTYH, fixidk
TH3ILUDZHKEHLTET MEL TS, EEOERENT CIX, WBFHICT T~
7 HR MRS TR, 777 OERE dy=09.07 mm, SEL DR DR dy = ¢ 8.34
mm CHHIEND, 1 HEEHZYORGFROE(EITBELZ 008 mm &5, %
T, RIBRBRICAT Y TNy I BRRETH I EEFE LT, BBIEMN T oR R
THHT T DEOE dy =¢ 8.41 mm, L H & O EEBMAE A 1 =0.125 & &
ELEFEETAEZERL, 631 HIRT HETYIalb—rar&a{Toi.

6.16 (ZHAE fif EE DO FEMME &, FEM fETICB T St RMEEZ =T, ZOREE R
Hl, BIRIERBRAICBIT AV I 2 b—y g VR EERRIC, 6.3.1 HICRT AT
v 74 PHET LT R CHRIERTE S — EMICINR U, e KRR IE R E o FH A S FEH)
BELIZFE—HLTWDLZERNg0d. 8B, YIalb—raililoTHELILER
DRIL d;=¢835mm & 720, FEHE L IFIFRZETH - 7=,

Workpiece (elastic-plastic body)

[OAN
—o —
O— g==s
/ ?
® 4
-—@
®—>
dy =¢ 8.37
| |

Rolling die (rigid body)

Fig. 6.15 FE model and material property for the thread rolling process simulation

of the leadless bolt specimen
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Fig. 6.17 Axial residual stress distribution calculated by 3-D FE simulation
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Fig. 6.18 Metallographic structure (Fiber flow) around the thread root of leadless bolt
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Fig. 6.19 Vickers hardness distribution around the thread root of SV and SG leadless bolt
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Fig. 6.20 Fatigue testing device and test condition
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Appendix Table 3.1 Chemical composition of the material (SCM440)

C Si Mn P S Ni Cr Mo
Elements
x100 x100 x100 x1000 x1000 x100 x100 x100
. Min. 38 15 60 - - - 90 15
Spec.
Max. 43 35 90 30 30 25 120 30
Results 39 17 63 12 6 1 95 18
" JIS G 4053

Appendix Table 3.2 Rolling conditions

SV SG
Property class — 8.8 12.9
Processing time s 1.0 1.0 1.5
Die rotation speed rev / min 60
Die displacement mm 1.21 1.35 1.53
Blank diameter mm 9.07
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Appendix Table 3.3 Maximum rolling force of M10x1.25 bolts

SV SG

Property class — 8.8 12.9
1 37.0 46.1 65.2

2 36.0 47.9 68.3
3 359 53.4 70.9
4 39.3 51.5 70.9
5 39.3 52.8 70.2
6 35.3 50.0 66.9
7 36.0 51.0 66.7
8 38.4 51.9 71.4
9 39.0 51.7 66.8
10 40.2 48.1 70.1
11 40.1 47.8 67.5
12 39.0 47.8 71.2
13 37.1 50.6 70.6
14 38.4 47.5 69.0
15 38.0 48.3 69.3
16 38.8 47.0 70.4
17 38.4 51.5 71.4
18 37.2 50.4 70.6
19 37.0 51.1 69.9
20 37.6 49.8 68.9
Max. 40.2 53.4 71.4
Mean 37.9 49.8 69.3
Min. 35.3 46.1 65.2
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Appendix Table 3.4 Result of fatigue test
(Tested bolt : SV-p.c.8.8, Test condition : Ry =0.1)

Test No. o, MPa Repeatedly number N Fracture area

1 170 113470 First thread root of the bolt

2 135 230170 First thread root of the bolt

3 100 540720 First thread root of the bolt

4 65 5x10° Non-failure

5 205 43840 First thread root of the bolt

6 100 1387320 First thread root of the bolt

7 135 276520 First thread root of the bolt

8 170 94110 First thread root of the bolt

9 205 60900 Incomplete thread of the bolt

Staircase part

10 77.6 5x10° Non-failure

11 90.2 1817710 First thread root of the bolt

12 77.6 5%10° Non-failure

13 90.2 1004750 First thread root of the bolt

14 77.6 5x10° Non-failure

250
Om = 1.22+ 04y (R=0.1)
53 200 | O S(0,) = 12.6 MPa, oay = 83.9 MPa
=
Ny
o 150
g Staircase method
& e S N
g 100 | (@) (@) .
S i _ _ A
a 50 | [
: O: Failure
[ : O: Non-failure
0 ‘ ‘
10* 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.2 S-N diagram
(Tested bolt : SV-p.c.8.8, Test condition : Ry =0.1)
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Appendix Table 3.5 Result of fatigue test
(Tested bolt : SG-p.c.8.8, Test condition : Ry =0.1)

Test No. o, MPa Repeatedly number N Fracture area
1 190 76310 Under filet of the bolt
2 150 282860 Under filet of the bolt
3 160 779490 First thread root of the bolt
4 150 910200 First thread root of the bolt
5 140 5x10° Non-failure
6 145 2156360 First thread root of the bolt
Staircase part
7 140 5x10° Non-failure
8 152.6 867720 First thread root of the bolt
9 140 2078260 First thread root of the bolt
10 127.4 5%10° Non-failure
11 140 5x10° Non-failure
12 152.6 756850 First thread root of the bolt
170
Om = 12270,y (R=0.1)
160 | S(6,) = 12.6 MPa, ooy = 142.1 MPa
[aW)
P
S 150 |
Q
s
2
£ 140 |
<
g
v 130 |
Q: Failure
QO : Non-failure
120

3 4

Test sequence

Appendix Fig. 3.3 S-N diagram

(Tested bolt : SG-p.c.8.8, Test condition : R, =0.1)
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Appendix Table 3.6 Result of fatigue test
(Tested bolt : SV-p.c.8.8, Test condition : 6, = 0.5 Ry0.2)

Test No. o, MPa Repeatedly number N Fracture area
1 165 44620 First thread root of the bolt
2 130 137550 First thread root of the bolt
3 95 993000 First thread root of the bolt
4 60 5%10° Non-failure
5 200 26090 First thread root of the bolt
6 95 1163950 First thread root of the bolt
7 130 144530 First thread root of the bolt
8 165 77430 First thread root of the bolt
9 200 22990 First thread root of the bolt
Staircase part
10 71.5 5x10° Non-failure
11 83.0 1951210 First thread root of the bolt
12 71.5 5%10° Non-failure
13 83.0 2232660 First thread root of the bolt
14 71.5 5%10° Non-failure
250
Om = 0.5"Ry0> =320 MPa

< 200 | S(6,) = 11.5 MPa, oay = 77.3 MPa

=

) 150 f ©

;% © Staircase method

g 100 | ( A \‘

» T O O -

é 50 | ,

& ! O: Failure

i QO: Non-failure
0107 0 10° 5><l106

Repeatedly number N

Appendix Fig. 3.4 S-N diagram
(Tested bolt : SV-p.c.8.8, Test condition : o = 0.5 Rpo.2)
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Appendix Table 3.7 Result of fatigue test
(Tested bolt : SG-p.c.8.8, Test condition : g, = 0.5 Rp.2)

Test No. o, MPa Repeatedly number N Fracture area
1 100 5x10° Non-failure
2 120 5x10° Non-failure
3 135 268020 Under filet of the bolt
4 150 189210 Under filet of the bolt
5 135 207030 Under filet of the bolt
6 130 629080 First thread root of the bolt
7 120 5x10° Non-failure
Staircase part
8 131.5 800540 First thread root of the bolt
9 120 5x10° Non-failure
10 131.5 1250450 First thread root of the bolt
11 120 5x10° Non-failure
12 131.5 1415850 First thread root of the bolt
150
Om = 0.5 'Rp0_2 =320 MPa
B S(6a) = 11.5 MPa, ooy = 125.7 MPa
S 140 |
N}
(]
o
2 130 |
=
g | e L N AN __
<
o .
S 120 | )
Q: Failure
O: Non-failure
1 10 L L L L L L L

Test sequence

Appendix Fig. 3.5 S-N diagram
(Tested bolt : SG-p.c.8.8, Test condition : g, = 0.5 Rpy2)
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Appendix Table 3.8 Result of fatigue test
(Tested bolt : SV-p.c.8.8, Test condition : 6, = 0.88 Rp.»)

Stress amplitude o, MPa

Test No. o, MPa Repeatedly number N Fracture area
1 165 35690 First thread root of the bolt
2 130 89050 First thread root of the bolt
3 95 298110 First thread root of the bolt
4 60 5%10° Non-failure
5 200 20150 First thread root of the bolt
6 95 346730 First thread root of the bolt
7 130 78740 First thread root of the bolt
8 165 38180 First thread root of the bolt
9 200 19020 First thread root of the bolt
Staircase part
10 68.3 5x10° Non-failure
11 76.6 1724090 First thread root of the bolt
12 68.3 5%10° Non-failure
13 76.6 831740 First thread root of the bolt
14 68.3 5%10° Non-failure
250
0m=0.88 Ry, = 560 MPa
200 | S(c,) = 8.3 MPa, gy = 72.4 MPa
150 |
Staircase method
100 | P A N
_________ + I),x )\7:),4 ),jja__'_
50 | T
: QO: Failure
| | : O Non-failure
10* 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.6 S—N diagram

(Tested bolt : SV-p.c.8.8, Test condition : o = 0.88 R02)
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Appendix Table 3.9 Result of fatigue test
(Tested bolt : SG-p.c.8.8, Test condition : g, = 0.88 Ry )

Stress amplitude o, MPa

Test No. o, MPa Repeatedly number N Fracture area
1 165 73630 First thread root of the bolt
2 140 161150 First thread root of the bolt
3 115 500280 First thread root of the bolt
4 90 5x10° Non-failure
5 190 39460 First thread root of the bolt
6 115 724090 First thread root of the bolt
7 140 177500 First thread root of the bolt
8 165 86770 First thread root of the bolt
9 190 41800 First thread root of the bolt
Staircase part
10 96.2 832580 First thread root of the bolt
11 90 5%10° Non-failure
12 96.2 5%10° Non-failure
13 102.4 713600 First thread root of the bolt
14 96.2 5x10° Non-failure
250
Om = 0.88'Rp0_2 =560 MPa
200 | S(6,) = 6.2 MPa, g,y = 97.2 MPa
150 f Staircase method
AL
g Y
v N (5/0:6/(340\_0{ et —
[
!
| |
>0 i Q: Failure
; O : Non-failure
0 . . |
10* 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.7 S-N diagram
(Tested bolt : SG-p.c.8.8, Test condition : o, = 0.88 Ry,02)
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Appendix Table 3.10 Result of fatigue test
(Tested bolt : SV-p.c.12.9, Test condition : Ry = 0.1)

Stress amplitude o, MPa

Test No. o, MPa Repeatedly number N Fracture area

1 165 103650 First thread root of the bolt

2 130 231880 First thread root of the bolt

3 95 1171090 First thread root of the bolt

4 60 5%10° Non-failure

5 200 71230 First thread root of the bolt

6 95 1356200 First thread root of the bolt

7 130 242280 First thread root of the bolt

8 165 87590 First thread root of the bolt

9 200 61810 First thread root of the bolt

Staircase part

10 73.8 5x10° Non-failure

11 87.6 5%10° Non-failure

12 101.4 1724090 First thread root of the bolt

13 87.6 5%10° Non-failure

14 101.4 852130 First thread root of the bolt
250

Om= 12270,y (R=0.1)
200 | (o5 S(6,) = 13.8 MPa, ooy = 89.9 MPa
150 | .
© Staircase method
100 |
50 |
: Q: Failure
| | : QO: Non-failure
%10 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.8 S—N diagram
(Tested bolt : SV-p.c.12.9, Test condition : Ry = 0.1)
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Appendix Table 3.11

Result of fatigue test

(Tested bolt : SG-p.c.12.9, Test condition : R; = 0.1)

Test No. o, MPa Repeatedly number N Fracture area
1 120 5x10° Non-failure
2 130 5x10° Non-failure
3 150 5x10° Non-failure
4 180 5x10° Non-failure
5 190 5x10° Non-failure
6 210 183160 First thread root of the bolt
7 200 180500 First thread root of the bolt
8 200 3798350 First thread root of the bolt
9 210 121190 First thread root of the bolt
10 205 1821110 First thread root of the bolt
Staircase part
11 203.8 991910 First thread root of the bolt
12 190 5x10° Non-failure
13 203.8 1415280 First thread root of the bolt
14 190 5x10° Non-failure
15 203.8 1036580 First thread root of the bolt
220
Om=122"0,y (R=0.1)
S(6.) = 13.8 MPa, oay = 196.9 MPa
o]
& 210 |
>
g
(]
]
2 200 |
=)
&
<
g
& 190 1
QO: Failure
O: Non-failure
180 L L L L L L L

Test sequence

Appendix Fig. 3.9 S-N diagram
(Tested bolt : SG-p.c.12.9, Test condition : R, = 0.1)
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Appendix Table 3.12 Result of fatigue test
(Tested bolt : SV-p.c.12.9, Test condition : o = 0.5 Rp.2)

Stress amplitude o, MPa

Test No. o, MPa Repeatedly number N Fracture area
1 160 56310 First thread root of the bolt
2 125 238380 First thread root of the bolt
3 90 1230250 First thread root of the bolt
4 55 5%10° Non-failure
5 195 37210 First thread root of the bolt
6 90 918550 First thread root of the bolt
7 125 105750 First thread root of the bolt
8 160 56670 First thread root of the bolt
9 195 37890 First thread root of the bolt
Staircase part
10 70.7 5x10° Non-failure
11 86.4 484280 First thread root of the bolt
12 70.7 5x10° Non-failure
13 86.4 651500 First thread root of the bolt
14 70.7 5%10° Non-failure
230 Om=0.5*Ry> =550 MPa
200 | o S(c,) = 15.7 MPa, o,y = 78.5 MPa
150 |
Staircase method
N
100 | o :/_ 0 0 o
N W
i O Failure
0 ‘ ‘ : O: Non-failure
10* 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.10 S-N diagram
(Tested bolt : SV-p.c.12.9, Test condition : o, = 0.5 R02)
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Appendix Table 3.13 Result of fatigue test
(Tested bolt : SG-p.c.12.9, Test condition : o, = 0.5 Ry2)

Test No. o, MPa Repeatedly number N Fracture area
1 210 61380 First thread root of the bolt
2 175 325850 First thread root of the bolt
3 140 516920 First thread root of the bolt
4 105 5x10° Non-failure
5 245 38840 First thread root of the bolt
6 140 412330 First thread root of the bolt
7 175 260180 First thread root of the bolt
8 210 71190 First thread root of the bolt
9 245 29750 First thread root of the bolt
Staircase part
10 115.4 5%10° Non-failure
11 125.8 4769750 First thread root of the bolt
12 115.4 5x10° Non-failure
13 125.8 2359510 First thread root of the bolt
14 115.4 5x10° Non-failure
250
Om = 0.5 'Rp0_2 =550 MPa
< 20l S(c,) = 10.4 MPa, o,y = 120.6 MPa
=
N (@)) Staircase method
150 1 N
3 @) 4 D
s N 2;OAQAOAOAUA# _
= i
g 100 .
S i
7 |
& 50 | !
: Q: Failure
[ Q: Non-failure
0 L L L
10 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.11 S-N diagram
(Tested bolt : SG-p.c.12.9, Test condition : o, = 0.5 R02)
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Appendix Table 3.14 Result of fatigue test
(Tested bolt : SV-p.c.12.9, Test condition : o, = 0.88 Ry,0.2)

Test No. o, MPa Repeatedly number N Fracture area
1 145 37770 First thread root of the bolt
2 110 80670 First thread root of the bolt
3 75 379440 First thread root of the bolt
4 40 5x10° Non-failure
5 180 24060 First thread root of the bolt
6 75 460520 First thread root of the bolt
7 110 94020 First thread root of the bolt
8 145 51790 First thread root of the bolt
9 180 25020 First thread root of the bolt
Staircase part
10 52.3 2442000 First thread root of the bolt
11 40.0 5x10° Non-failure
12 52.3 5%10° Non-failure
13 64.6 1177480 First thread root of the bolt
14 52.3 5x10° Non-failure
250
Om=0.88"Ry, = 968 MPa
aﬁj 200 | S(c,) = 12.3 MPa, g5y = 54.3 MPa
p=
bﬂ!
=
§ 100 + a Staircase method
< AL
2 e ~N
g ! .’::)
@ 50r Q: Failure (Ij 1@)
QO : Non-failure :
0 ‘ ‘ i
10* 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.12 S-N diagram
(Tested bolt : SV-p.c.12.9, Test condition : o, = 0.88 Rp2)
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Appendix Table 3.15 Result of fatigue test
(Tested bolt : SG-p.c.12.9, Test condition : o, = 0.88 Ryy0.2)

Stress amplitude o, MPa

Test No. o, MPa Repeatedly number N Fracture area
1 155 66730 First thread root of the bolt
2 120 189210 First thread root of the bolt
3 85 1767250 First thread root of the bolt
4 50 5%10° Non-failure
5 190 32190 First thread root of the bolt
6 85 1166820 First thread root of the bolt
7 120 142910 First thread root of the bolt
8 155 85500 First thread root of the bolt
9 190 37210 First thread root of the bolt
Staircase part
10 63.7 5x10° Non-failure
11 77.4 839690 First thread root of the bolt
12 63.7 5%10° Non-failure
13 77.4 5%10° Non-failure
14 91.1 625430 First thread root of the bolt
20 0= 0.88- Ry, = 968 MPa
S(c,) = 13.7 MPa, opy=75.1 MPa
200 | - (02) AN
150 |
00 Staircase method
100 |
50 |
QO: Failure i
O: Non-failure | | :
%107 10° 10° 5%10°

Repeatedly number N

Appendix Fig. 3.13 S-N diagram

(Tested bolt : SG-p.c.12.9, Test condition : o, = 0.88 Rp.2)
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Tensile load F kN

30

30

M10x%x1.25

() < Ra<63
I e -
\
-y 30
7 70

Appendix Fig. 3.14 Schematic of machined test piece

25 |

20 |

—

0.5 1 1.5 2 2.5 3

Elongation AL mm

(a) p.c.8.8

25 |

20 |

0.5 1 1.5 2 2.5 3

Elongation AL mm

(b) p.c.12.9

3.5 4 4.5

Appendix Fig. 3.15 Load-elongation curves derived from

tensile test for machined test pieces
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Appendix Fig. 4.1
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Appendix Table 4.1

Tightening torque

20 30 40
T N+m

Result of fatigue test

(Tested bolt : SV-p.c.12.9, Upper nut : Stylel, Lower nut : Stylel

50

Clamp force/tightening torque curve derived from experiment

Tioc = 1 N'm, Test condition : Ry =0.1)
Test No. o, MPa Repeatedly number N Fracture area
First thread root of the bolt
! 160 341983 (Mating with lower nut)
2 140 5%10° Non-failure
First thread root of the bolt
3 160 398246 (Mating with lower nut)
4 140 5x10° Non-failure
First thread root of the bolt
> 160 608745 (Mating with lower nut)
6 140 5%10° Non-failure
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Appendix Table 4.2 Result of fatigue test

(Tested bolt : SV-p.c.12.9, Upper nut : Stylel, Lower nut : Stylel
Tioc = 40 N'm, Test condition : Ry =0.1)

Test No. 0. MPa Repeatedly number N Fracture area

First thread root of the bolt
! 110 1841736 (Mating with lower nut)
2 90 5x10° Non-failure

First thread root of the bolt
3 110 1343313 (Mating with lower nut)
4 90 5x10° Non-failure

First thread root of the bolt
> 10 1347696 (Mating with lower nut)
6 90 5x10° Non-failure

Appendix Table 4.3 Result of fatigue test

(Tested bolt : SV-p.c.12.9, Upper nut : Stylel, Lower nut : Style3
Tioc = 40 N'm, Test condition : Ry =0.1)

Test No. o, MPa Repeatedly number N Fracture area

First thread root of the bolt
! 140 376195 (Mating with lower nut)
2 120 5x10° Non-failure

First thread root of the bolt
3 140 107390 (Mating with lower nut)
4 120 5x10° Non-failure

First thread root of the bolt
> 140 339799 (Mating with lower nut)
6 120 5x10° Non-failure
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Appendix Table 5.1 Rolling conditions for the M10xL0 P1.25 bolts

SV SG
Property class — 8.8
Processing time s 1.0 1.0
Die rotation speed rev / min 60
Die displacement mm 1.21 1.35
Blank diameter mm 9.07

Appendix Table 5.2 Maximum rolling force of M10xL0 P1.25 bolts

Sv SG

Property class — 8.8
1 37.0 46.1

2 36.0 47.9
3 35.9 53.4
4 39.3 51.5

5 39.3 52.8
6 353 50.0

7 36.0 51.0

8 38.4 51.9

9 39.0 51.7
10 40.2 48.1
11 40.1 47.8
12 39.0 47.8
13 37.1 50.6
14 38.4 47.5
15 38.0 48.3
16 38.8 47.0
17 38.4 51.5
18 37.2 50.4
19 37.0 51.1
20 37.6 49.8
Max. 40.2 53.4
Mean 37.9 49.8
Min. 353 46.1
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Appendix Table 5.3 Result of fatigue test
(Tested bolt : M10xL0 P1.25 SV bolt-p.c.8.8, Fp = 0 kN, Test condition : Ry = 0.1)

Test No. o, MPa Repeatedly number N Fracture area
1 90.2 2487239 First thread root of the bolt
2 77.6 5x10° Non-failure
3 90.2 1015513 First thread root of the bolt
4 77.6 5%10° Non-failure
5 90.2 1826532 First thread root of the bolt
6 77.6 5x10° Non-failure

Appendix Table 5.4 Result of fatigue test
(Tested bolt : M10xL0 P1.25 SV bolt-p.c.8.8, Fp = 35 kN, Test condition : R; = 0.1)

Test No. o, MPa Repeatedly number N Fracture area
1 125.4 1862232 First thread root of the bolt
2 102.8 5%10° Non-failure
3 125.4 1922533 First thread root of the bolt
4 102.8 5%10° Non-failure
5 125.4 904257 First thread root of the bolt
6 102.8 5%10° Non-failure
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Appendix Table 6.1 Rolling conditions for the groove rolled specimen

SV SG
Minor diameter mm 8.49 8.03 7.59 8.49 8.03 7.59
Property class — — — 12.9 12.9 12.9
Processing time s 8.0 8.0 8.0 8.0 8.0 8.0
Die rotation speed rev/ min 7 7 7 7 7 7
Die displacement mm 0.85 1.35 1.85 0.98 1.53 1.92
Blank diameter mm 9.07 9.07 9.07 9.02 9.02 9.02

Appendix Table 6.2 Maximum rolling force of the groove rolled specimen

SV SG

Minor diameter mm 8.49 8.03 7.59 8.49 8.03 7.59
1 16.1 21.3 27.3 34.4 43.6 52.2

2 16.6 20.8 26.6 34.5 44 .4 51.4

3 15.4 21.0 27.6 33.6 44.7 51.3

4 15.5 20.5 27.7 34.4 43.9 51.8

5 16.1 22.0 27.0 34.9 44.3 51.7

Max. 16.6 22.0 27.7 34.9 44.7 52.2

Mean 15.9 21.1 27.2 34.4 44.2 51.7

Min. 15.4 20.5 26.6 33.6 43.6 51.3
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Appendix Table 6.3 Result of fatigue test
(Tested bolt : M10xL0 P1.25 SV bolt-p.c.8.8, Test condition : Ry =0.1)

Test No. o, MPa Repeatedly number N Fracture area
1 90.2 2487239 First thread root of the bolt
2 77.6 5x10° Non-failure
3 90.2 1015513 First thread root of the bolt
4 77.6 5%10° Non-failure
5 90.2 1826532 First thread root of the bolt
6 77.6 5x10° Non-failure

Appendix Table 6.4 Result of fatigue test
(Tested bolt : M10xL0 P1.25 SG bolt-p.c.8.8, Test condition : R, =0.1)

Test No. o, MPa Repeatedly number N Fracture area
1 131.4 1435672 First thread root of the bolt
2 118.8 5%10° Non-failure
3 131.4 1134954 First thread root of the bolt
4 118.8 4251258 First thread root of the bolt
5 106.2 5%x10° Non-failure
6 118.8 5x10° Non-failure
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