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Table 1-1 Accidents caused by the failure of bolted joints.

Table 1-2 Comparison of some special bolt—nut connections.

Table 1-3 Three-dimensional FEM analysis in comparison with axi-symmetric FEM analysis.

Table 2-1 Material properties of bolt and nut.

Table 2-2 Comparison of prevailing torque for pitch difference nut, U-nut, super slit nut and
outer cap nut.

Table 2-3 Each value of M12 bolt and nut used for calculation.

Table 3-1 Material properties of bolt and nut.

Table 4-1 Material properties of bolt and nut.

Table 4-2 Prevailing torque 7, and loosening resistance torque TRuobtained by experiment.

Table 4-3 Comparison of FEM results T,, F, T%, T," when T=T>5¢,=45Nm and T=Ts59,=85Nm.

Table 4-4 Dimension of M12 bolt and nut used for equation (1).

Figure captions

Fig.1-1 Super Lock Nut

Fig.1-2 Hard lock nut.

Fig.1-3 Tightening method of double nut.
Fig.1-4 Super slit nut.

Fig.1-5 Outer cap nut.

Fig.1-6 U-nut.

Fig.1-7 Pitch difference and clearance.



Fig.1-8 Axi-symmetric model.

Fig.1-9 3D modelFig.2-1 Schematic illustration for (a) screwing process and (b) tightening
process.

Fig.2-2 M12 Bolt-nut specimen (unit:mm).

Fig.2-3 Pitch difference and clearance between bolt and nut threads (unit:pum).

Fig.2-4 Contact status when the prevailing torque appears between bolt and nut.

Fig.2-5 Stress strain relation for SCM435 and S45C.

Fig.2-6 FEM model and boundary conditions for prevailing torque analysis.

Fig.2-7 Torque measuring method and device (Torque wrench).

Fig.2-8 Prevailing torque experimentally obtained. The red points show the result of tightening
process. The blue points show the result of loosening process. Prevailing torque 7,=0
during A to B. Prevailing torque 7, gradually increase during B to D. Prevailing torque
T, converge during D to E.

Fig.2-9 Bolt thread surface after screwing experiment.

Fig.2-10 Detail of bolt thread surface in Fig.2-9.

Fig.2-11 Prevailing torque obtained by 3D FEM simulation with friction coefficient £=0.12 in
comparison with experimental results.

Fig.2-12 Shortened screwing process D-—D—D" in Fig.2-13.

Fig.2-13 Effect of friction coefficient u on the prevailing torque during the shortened screwing
process D-—D—D" in Fig.2-12.

Fig.2-14 Relationship between pitch difference a and T,7EM-S/T,EXF-S,

Fig.2-15 FEM model and boundary conditions for tightening process continued from Fig.2-8(d)
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with the nut position E->F—G.
Fig.2-16 Relationship between torque and tightening force of M12 bolt and nut.
Fig.3-1 Contact status when the prevailing torque appears between bolt and nut.
Fig.3-2 Schematic illustration for screwing process.
Fig.3-3 Pitch difference and clearance between bolt and nut threads in M10. (unit:pum)
Fig.3-4 Chamfer usually used for standard nuts larger than M6(JIS).
Fig.3-5 Screwing process of nut.
Fig.3-6 Torque measuring method and device (Torque wrench).
Fig.3-7 Prevailing torque 7, in the screwing process.
Fig.3-8 FEM model for M10 bolt and nut.
Fig.3-9 Boundary conditions.
Fig.3-10 The starting position n. of the prevailing torque in M10.
Fig.3-11 The starting position n. of the prevailing torque in M10.
Fig.3-12 Prevailing torque T %™(a) in M10.
Fig.3-13 Comparison of prevailing torque TF*P(a), TR (a) and Tf*M(a) in M10.
Fig.4-1 Schematic illustration for (a) screwing process (b) tightening process (c¢) untightening
process and (d) unscrewing process.
Fig.4-2 Variation of torque in screwing and tightening process of nut.
Fig.4-3 Screwing and tightening process of nut.
Fig.4-4 M12 Bolt-nut specimen (unit:mm).
Fig.4-5 Pitch difference and clearance between bolt and nut threads (unit: um).

Fig.4-6 Stress strain relation for SCM435 and S45C.
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Fig.4-7 Contact status when the prevailing torque appears between bolt and nut.

Fig.4-8 Boundary conditions of nut tightening experiment.

Fig.4-9 Nut tightening experiment device based on NST series (JIS B 1084).

Fig.4-10 Clamping force F vs tightening torque 7 of a=0.

Fig.4-11 Clamping force F vs tightening torque 7 under 7<T59%=85Nm and 7<Ts594=85Nm

obtained by experiment.

Fig.4-12 Prevailing torque 7,, loosening resistance torque 7r" vs pitch difference a.

Fig.4-13 FEM model and boundary conditions for tightening and untightening process.

Fig.4-14 Variation of torque 7 in screwing and tightening process of nut.

Fig.4-15 Clamping force F vs tightening torque 7T of a=35um.

Fig.4-16 Clamping force F vs tightening torque 7 of a=40um.

Fig.4-17 Clamping force F vs tightening torque 7 of a=50pum.

Fig.4-18 Clamping force F vs tightening torque 7 of =0 and a=50pm under7<Tsps% =85Nm.

Fig.4-19 Equivalent stress o.4 before tighten and when a=35um nut is tightened under tightening

torque T=T25¢4 and T=Tsp.

Fig.4-20 Clamping force F vs tightening torque 7 of a=0 and a=50pm under 7< Ts5p9 =85Nm.

Fig.4-21 Contact status in tightening and untightening process of nut.

Fig.4-22 Contact status of bolt nut threads of a=50pum.

Fig.4-23 Torque in tightening process.

Fig.4-24 Clamping force F vs tightening torque 7 under 7<T59%=85Nm.
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R -y MEEREERE, EHMEE, EEERAGVERERCTHY, KifitkThH D Z
Enb, Bl ITHBE 1B 3000 KBEMFAIND R L, WK ER S, EHELIIT
biLTWwWa. LaLl, RV MERERCERELRDFEOBNADINIENT DL, TOKRE
SWEkoT, RLOBERBRKICESSEYEEEANANLE - Fy bR UmEOER) %
FHEIZGERDH Y, FENDERNWZEOREE RS RLD. DO —F T, UMM
DEEPREAE &R 2R BEGFBHETHHELIEAEL, RMICITERERICE HESMBEL
Mo TS, R 1-1 10, BERESBEBINT-AURMBHOMENBEEGET 2 F6 2517,
K 1I-1 »obundEoC, AUMMEHOWBOS L, BENBEINDLI D LEEZD
NTWLDEFETEREATHD. £, MEOMAEMEANBRLZREET I HELZ V.
ZDRD, BHRICSKHELICS WAL ME#HEDMMKAR L LTRDEATEY, ZhZE
TIHEZL OEHDOFAEL ZONILICET 2 ER0MH ME O LICE T 2882 72 &
AT & 2. Bhattacharya HIIR /L M ORI A KE R D EMBDBRIBIZHRL R
HZ Lz L7z [4]. Pai 5%, FEMEF /LI, BV ICEETIERNZEIICET Y &~
JL, SEIERBEHRLT v AEZTHTELLERLTWAE]L Tzumi &%, A LA
ET7 AT —DTFTFA L OEERLETHDL Z 2R LE [6]. Kifoix, 7
Y MZOWVWTWLHEITONTOMFTZITV, By X 7REDDLEOREKELEHL N
[ L72[7]. Xiao LIIHEDF 2 — T OERITHAIEA N =X LDOPLTHY, &Kik
BRIt DOSFEEFER L TV D8] Ak S OMFFE I EhE A G AR LA R T DAL
EERDODDHICEHL T L2 HROERMNHEEL HoH R TN RN EAEML, EiEo

& RO ERmEEMIRREZ B E L7 FEMENT & D 5 B REFEBROME XL 0 BEtLz[9]. R
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b, A==V v bF v b (SSN) EMEIENDH8kT >~ OBV T, HHE 72K
DA TEEZT 528 70<, EHALEDERZFEHR T LHZ & 2R L7[10]. Noda &%, %F
By P THLZTUH—F vy 7Ty FPORABIZENT, TUZ—F ¥ v 7T vz
Dleth, TV —Fx v TE2ERSE, TUX—F vy FHEBEICRAUEMNDZE4ESE
HZ XY, ALEDHEREEHEBCEDHZ 2R LEE[1L]. YUY T ML 7T X
HDREAHFIEDHREZFAL, K<BEHEINTWDIRET Y hE LT, U v F23 1962 4R
BLEHEICL o THESR T [12].  Ranjan DX, fBEAIED OFBMEE HER L 2
5, Ty FZ2WMOWA L THMHATE L Z ERRIESIND L L2[13].  Kenny 6%, IS0
A—FNVEDOFTy FERLVFORLCINZBIT DM ESSME ERLS NI 50 % /Lo
(F 7= [14]. Hobbs H O HFZE LV, {R.Off B, OIS L o THEK S D RETIE 7] EE o 18

CHBTHETARNL NORG A EMET D2 LN b2 [15]. Majzoobi b d FEHR
M R, ISO FFHEOH VWAL SR FAMNAR T &AL LY b &V w2z &
S TWbZ &R LT [16]. Patterson H i, A4 b« F v MEKEORQ UL THRAET
DMEZAICOVT —HKHICZT AN TV LI2HEmEMFREBTRLEOMOFEELBLEL
7= [17].

Table 1-1 Accidents caused by the failure of bolted joints.

A H L i WHEE— R
2002 4 3 A JR HVEE - W HS%HEO T L —%F 0 2T |
[ E AR S OfE [1]
2002 4 10 A B P E KB MR EICBS T D Kb | Bvd b &
OORBKRE RO 77 0L 0IRERY
DK 1]
2004 £ 10 A | KRBT v 7 DOFRA =R FOREHE [1] Wy, WD
2007 4 3 A | NbE—F—0HFLERNBEERL DD DL H | [EEED D A
[2]
2007 4 5 H | Yz v ha—RX—O BN [1] By, DI
2007 ¢ 8 A | HEMZEEO ETEANRIL NORE [1, 3] TE¥EI X
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T, WS Oo»rDfERIEDT Yy FERITTD.
i, A=—N—uvys7F vkt

Bl 1-1 2R FT A —="—m vy 7 F v (SLN) &, A abilT 270N, L
HETHOMIEANDENDH Y, BHMIZIH> TERTE L2, LHEOF T T U —
EEABERSND. ZOMMEICEY, EHSETHOOERMCHT OB MbY, I

F B IEPERE N FEfH S 4 5 [18].
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! Thin walled
|

|

|

Vb Lower
threads

NN

I Detail

Fig.1-1 Super Lock Nut

ii.N—FmryZ7JF>vbh

K 1-21%, "—Fmrvy 27+ v FE3OMKKEZRT. "—FKuev 27+ v I, 1044

FleblroTHRFOLL DT AV r—varTEAENTEE. "—FurvyZF vk

X, MBOS SWRHEZMEH LT, @Okt rryey s NEeAEB T THT > bodh

WEHOAT A FEZICHDL/NS L, <ICELTHETS. MO L > b

iDL, Ny =T IVZHHBRAALLEBRIZAERINLIHDREE TS FEEREN

Hohnb19].
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Eccentricity

Fig.1-2 Hard lock nut.

iii.# 7 vF v b

Tty R X, —BKEORPLIAAERTHL. ¥7 vy FhEZHEUTICKHD D
&, REREHREEHFL MV RRETLIAREENDH LS. M 1-31F, FT7VF v 77TV 7
—Ya VOBEURKEDMH T FEE R LTS [20] L ETF, TETF Y P EBE ML THE
DT A, WL, EHFy MEBESNRLE M TR S, BTy N E2FTEDOAMEIC
REFL, E#EFy bETHFT Yy 2R LEICE > THAICEMINDSET, FTHFT v b
O DHHFMICET. MR D ERET H ORI EH STy N ThHHTZH, LEHT vy Fo b
7 WMUNCHE ST A2 ENEETHL. o, WAMOENELXZD2DIFT EHF Y T

TOT, EHF Y PR RESABETH D,

Upper nut strongly
Tightered by Tightened by tightened on
the top side the top side top side
1 t S i) t :’ . f:
3! 1§71 33
! % Lower nut has ! Eag;"‘::;tommg !
zero tight
=
Lower nut i tightenad Upper nut Is tightened Hold the upper nut stationary and

tighten the lower nut by
rotating In reverse

Fig.1-3 Tightening mgshod of double nut.



iv. 2—=RX—2Y v rF v b

B 1-41%, A—X_—RU vy b F vy bbZ2xRT. Ty bEHIZTLRY T MV o Z234E
EEDLZATV U ITHEEREMFL TS, AT Y IR Sy b ERICHRBIRT 25D,
i D IA BRI E DML L TA Y v FEGOMFXRNERAT Y 7 HTT ) v

TOHLVYTINEETRE LIkAIEDR R 2 FEES 5 [10].

EELTLS LS
BHAsM, MEE
ELEAFEALF 2D
WONETIEE/A
2ONTL2000 Y
U

Fig.1-4 Super slit nut.

v. T8 —%x vy 7T v b

1-5 1%, 7048 —F%x v 7Ty b haRT . KA, ZOT7VS =%y v T Ty MI, T
y hBEET L — MNCHEMT2ETCTRETCRAL—X AW IELENTED. 2L, T
VEA—F xSy bEMODIEE, TV —Fx vy T EERIE, T UE—F v v FHEK

TRUDOEEM D 2REITLHZLICE0, BRI EREALZFEH X SH[11].

Fig.1-5 Outer cap nut.
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vi. U-F v b

X 1-6 1%, U-F > h&ERT. T E, 7207 a7 RnAn bl

BT 2. 22 bRCWICH-T, 7V 7 a U nlkcbhripd TRV MRALEZ

MR, REXDORASIEFTLHOUSH)ERLVE-FT vy FPORALDEI 2KV E SN (X

T IWCEVETEHITIRY T My (BERNLVY) MMBIE, 2N d b0 EHE

.

Fig.1-6 U-nut.

1.2.2 B FEEZRITEZRLE - F v bRERKE

M 55 « MifEA2m ESELMHEL LT, M 1-TICRTEyFREZRITLRLE - T

v MEREEITHE S b REI N T W [21-25]. L2L, ENE2FEIELLHEITIZEALL

WMotz eOMIET, Vo FEILLDTVRY T VT OFRAENE D ER

s BERIICBERZ SN, ALEDHROBOLNLLIE Yy FEREROIIERSNTL. £,

By TFEasRTEZTy F2R L MCRHOMITIEDF Y MIZEXDAR VM E 7Y XY

Y7 M OB ED LICEARBRDER S, WMEAORERE v FENRD LN

[26-28]. & BT, xR ARERIE FEM)MTIC L > T, A UAREDISNRRD 51, ¥
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Y FEICLDETREN EO A D =X AN BFR I T [28].

—JF, RV PMEEOEEZRE, Ty FPOBEAICHEBET LI FI<MOoNATWD. %k
DM T, ALODHREREZFEMT S5 LT, Ty hOoRUAABRBIZBIT LS NY
TNV BEBZICEFRT A ENERMICHL NS NZ[29]. L2rL, v MZBT
L7V XY T RV ORMTICIE, BIERORLEBREAT L 3 KLETLVEHND L
BNDDH. £ ZTANZETIL, 22 UJE OIS T IZ W 728l 77 FEM £ 7 vicfibb - T,
“WIE FEM ET V& AW T+ 5. R MR 3 kot FEM f@fric>\W<T, Zh =
TIHMOIC K 2RRE DR EROR U INMESHEFICEL T 3 RLAREHRET L Lot
MARERET LV EH WM [30] 24 & LT, ROIZEDAN KGR EOE A 5
MM EICEDEHERDTERT XY OFFEALIZONTO ZRITEMBEN RNI{Thbh C&7-[6]. *
7o, BARFEE TNV LLATOM/N 28BN EIT T2 Z L3Sz [9]. JIS Bl LISt o
Frokik o kO ARV MG RZ RIS, TV T b ZIConTHRERRENTVD
[6,29,30]. L2 L, ZhHLDOMIETIE, 7YIVNRNY U7 M7 OFREBBLIERLE OES

WETEALLELDITRYE LR,

Nut

(1750+q)
1750 Bolt

Fig.1-7 Pitch difference and clearance.

£1-212, TNETRRESNEEREOLRBEHRLR LV T v MM A2 LB L TRT

ELAEDRFKRRBILE - T v ME, B OMRERN SR D D, £ OHERKER IR HRTE
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KEaHZATEBY, BEORLVNE Ty MIUAXTHEMELRRE T et AR 0nELERY, £

NWREHARL L Ty MCHERXT3HEBALIEIANMIORP L. TRICHAT, E

yFEAERTIZARNLE - Ty MERAEIE, BEOT vy FEIFEALLER LG ETRIETRE

ThY, BEOT vy hERIUFTETEORKEZHRRBTE LS. L, @BHEOT v PO 1.5

FEOMEaAFPRARERTHD. 62, MK - MEHLOMAZH ESEHELIETLH

5.
Table 1-2 Comparison of some special bolt—nut connections.
Anti-loosening | Fatigue strength | Machinability Low cost
performance improvement
This study © o o o
CD bolt[31] A o A A
Super slit nut[10] © A x X
Hard lock nut[19] o A X x
Standard bolt—nut A o o ©

x: bad, A: fair, o: pretty, ©: remarkable.

1.3 By FEERTFLALVE - Ty MEEERICETLIINE TORAERR

IHE THFE T, MI6 (JIS) A/ bk « F v FEEMAENEIY PS5, R b o

EyFLV Ty bOEYTFRDOTNIIREIVGEERIMESINLTL. By FEDODEVEA L

T, BEBEOEY Yy FENDLLILGAORTHRBRM ToN, WY RE vy FEZEATD

LIk, RNV NOEFTEMELEITT LN TELZERHLNIINTE. RLDDL

HARKZE G HRARBERIEIZCL > TET AV LEMITICEL->T, AV FEFT Yy FEHOR

CIllo#Efic ko THELDZIENERTRNRDOENT. £77, Vo TFEDREHRE ~DEE

MBLEIN, WURE Yy FELZEANTDLIZLT, RAORNLFALOYYST) &S NIR
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ENL,EAILEDHERERBGEOLNDD, By FENDRETE DL, R b OO T EE A
BKTF2Z2 e rmanle. EyFEOPTHMBIREIR, 770 TRNDEKRI ZERIER
IEOHREEZFLILELDICERBEEFLWVWE Y FETHL IR bhrole. RLIAAZL T rE X

WWAHAREREZEMAT 22 LI2EY, Ty POoRUCLTRERBEHEERELIBEL, By
FEPFFICRELS D,

L4RAVDE - Ty MERKED SKREARERIEMRT L ARIXOER
1.4.1 RNk - F v FREKED SKRTARERIEMRHT

RIEI CH Rk o1, ¥y FEEHFRITEZALEL - F v MEHBEDOZ L E TOFIETIX
it FRE T ANEA SR (X 1-8), WHHFEMOLE EEAD EEREICOVTEREN S
nic. La»L, TOEFETFTALTIE, ALILOBERREZEZEEL TV RWVWD T, & 2iE, &
AKE72, RV Ty hZ2RLALEGE, MOVWS> 2 LN TERY. 207D, R
DICAKBEWICHEEST LT IRV VT M I EAEEZETE o, T TAMMETIE

SWITHBEEEZEH TS (X 1-9) . 20O 3RICEFTALTIEZ, ALOEBIERIREZ ZE
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ERBLETHDLZEEEMHLE [6]. KFBIX, 740ty MZOWTW D HEITHON
TOMMEITV, By XU TR EDDIABOBEB{EHLICLET]. 2L O E
CEHEDOFT Yy MCEREZYTTWD[4-7], BEFy MITELT, ®blk, Z—"—27
v by b (SSN) EMEENDH LTy PZRBICHBWT, 3WITMITICTEVEALD
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WRIZBNT, BWEMHTTT IR 7 MV &fighr Lz [11].

1B INFETITAT o 2B FRAEHNT & A E1T 9 3 RTr Z tbige L TR 9. AR b -
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HZENTERWV., KoTARNLV N F, kDD T, BBENIZTYRY 7 MLy
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Fig.1-8 Axi-symmetric model Fig.1-9 3D model

Table 1-3 Three-dimensional FEM analysis in comparison with axi-symmetric FEM analysis.

Axi-symmetric 3D-FEM analysis
FEM analysis

£, O O

7, X @)

F-T relation X O
Vibration

Anti-Loosening X O

Clamping force F
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F2E EyvFEEFTIANVDE - Ty MEREORLIALZBRED

3R THRERIEMEIT

2.1.1 3

R b Ty MRERERIL, BERAEE, BEEEFAGVWERERTHY, KMk THDZ
Enb, Bl ITAEBE 1B 3000 KBEMAIND R L, WK ER S, EHELIIT
b TWwd. oL, AV MEFERCERLENSEOBNANINIERT L L, TOKRE
SWEkoT, RLOBERRICESSEYEEANRANLE - Fy bR UmEoE#RN %
ERIZGERHY, MiENERNETOMRERZI R D, ZOMKE, BIETH H
OMERFICB O THEAICERTL2HELEPIBEEL TND. 207D, EHAICSSHMBEL
WS WAL MERENKRE L TRDODOLNLTEBY, ZTNETITHLEL DELOFRAE L Z
ORI T 20 [1-10] 0 M E oM EICET 20 [11-16] A s TE 2.
Mg 55 « A2 m ESEL098E LT, K23 WXRTEYFELZRITEALVE S
FMEBRIIELS PO EIN TN [16-20]. L2L, TREEIELEZHFEITIFEALALER
Wi bpinol., 22T, FEXELIXECHEO LY vy FEEE XD L THERB LSRR
BondZtizrTEEbic, EHERICL-T, boFHOY vy FETIIE T Hmb
mbESE/L EaRLizl2],22]. &6IC, WA RESRE FENBETICE->T, AL
BEDIENZRD, Vv FEICLDETREMEDO A=A L %2BE5 L [23].
—J, RV IMEEOEERIL, 7y FOBRACHEKT LI LFE<AmbhTnd. 22
TEHELIX, ALODHIRZFFMT 2 LT, Ty hohULiAABRIZCEBITA TSI XRY
AN PERERICEMRT LS EEERMICHL NI L TEZ[10]. flx X, 77U~V »

TN K bmEALEOHRERMBAL, K<HEHEATWLIRHEST Yy FELTU T v b
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RN1962 FITHE SN T WD [24]. UF vy FUACHE T U RY 7 v 2 f M L7 Rk
Ty FRALNADZ OO, FHAIEDHREZTEENITHLNIZ LIS DITR YL 20,
Ty MCBFLIFTIXRY T MV OMITICIE, BESZORLEREAT 2ET VEH
WDREND Y, UKD RN W8l kt B FEM £ 7 v icflb - T, =&t FEM
ETNTHNT T2 L1105,

T T, R#@XTIE, RUAABBICT L2777 XY T MV OFEMe 282 EZBRIZ
ETDEEBIT, 3 RTAREEMITICELILZ T IRV T I I DY I alb—Y gy
LD, B, TAURLBE] Ok TFoAr@ERE) X [EO@EE] 2
HHTOHY, 5%OICHNBARESZSZD. LoT, KX FEEZIEIEL T, EMICIE

By FEME Ty hOERAMEZBITEELZROWMENPOBHAT L TETHD.

2.2 R UAZIBRE DM@ FIE

2.2.1 BERZITbh7ZR LD 3 RILHEN

AR TIEER TIRMBEAERERB SN TVDE y FEMB L KA (72 LA H»
W NCBT AT INRY 7 MLy @ 3KIE FEMfENT 217 5 . 2 Z Tlia UiA % (Screwing)
W I 2-1 R T RO, Ty hEARALBMIHALTWE, giEMICET 220
WRTH Y, HhEEWICHEM L 72% O THEO AT (Tightening) i@ ] E XA L THWD.
HBHEORNLE «Fy FTHEH, RLIARICHEHT DL MV ZIET=0THDLMK, KAV TFvh
DYy FEERELTDHE, WbWd [FY Y7 hvr (Prevailing torque) 7, #
0] WAELD. 22T, 2OFT IRV T ML ZHEOMTEBRETAEL D THDOAHT H
/b7 (Tightening torque) | & XHILTHWS.

RV kSR D 3 ot FEM AT I DWW T, 2 F TIZ Chen HIZ L 2 kEHE DR AR O R
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CIIffESHEFICEALT 3 Wt ARERET LV EMMHARERET V&2 AT T
[25] &0 & LT, ROICEDARNV MM EOBEA MM EICLDZ2EROTERT Y
DFEHFNZDNT O ZRIGEEMHT BTN TE 4], £/, BREm T <0 LLAT O #HUh
REEHRDEATT D L 2B M LI [26] 038 5. £ 72, JIS KA LS O KBk 4R 2 1L O R
VNKERER R BT I RY T ML ZICoOVWTHRESA TS [27-29]. L2rL, Th

LOMETIE, TOREBBRLERLOEGICETELLEL DTV,

Prevailing torque T, appears Tightening torque T appears

Clamping force F appears

(a) Screwing process (b) Tightening process

Fig.2-1 Schematic illustration for (a) screwing process and (b)

2.2.2 RN TIE

M 2-2 ICARMRCTHEMT AL - F v b M2OFEEZRL, K2-31ZAL KTy
FHOZ V77 2BLOEy FEOHMAZRT. ihmors )7 I 2F, A G
=59um & L. Ty MZlE, AVMIHEHXRT EFREVWEYyTFEHE XL, ZO/RE,
MI2A NV ROE vy F P =1750puniZxt LT, Ty bOEyF 1750+ta um & 725 (¥ 2-3 5
B)., ffELEZEyF 2 %, hEWIEIZ30um, 40um, 50um &3 5. K2-412F v b
RURALBRICBT LTI NY 7 PV REEZLDORL NET v b OHEMIRREZ KT,

K2-1ITHWEARVE Ty FOYMHEZRL, 25 2RV bk« Ty FOIEHOT 7
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MU ERT. TIXY 7 bR, By FECIDLIANLE - Ty MU R o8

NP RERDT Y M bIERAECIHRD 5.

2-6 ICHMERMFTET NV EHERKMEZRT. Ty MiZOoWTERALTIALEIZ b

7 EEMESE LA AME sy 2L, 2HEZ AT vy FELTET T S (M2-6(a)).

BHERENLT 3 KRV vy FEFZHWT, R b Fy FRACIHOBIERKZEREL,

A2 U OMRBE I 1T i/ 0.048mm O MU AR ZESE 2 AW CTHERR L7c. ZEHREEL 9.3X104 f@#,

J— FIZ 15.1X104 A TH 5. NV 7 ML ANSYS16.2 ZfF L, #HE#HBY, WM,

fit 2 B L 72 ERIE AT 2 0 5. 2-5 (D) IZ/RT & D ITH R R AMFIT AV EHER Z 1 ok

L, 7 v bzBsHEY G J51m) i Eg.

(1) 7V RY T AT OITIEL, 7V RV T M7 NREE LD DA E TR &2

W, Ty hEE@UILERN 5. 7)2 8 FHEl - LET RbLbLEEN Ao To%K 2.3 AR

DR UCIAALVTHNTZRK D, RPCHB LA LIZOE, Ty oA IR Ao

e, PV IJRXEHRRLNLTEO THD.

(2) 7V RU T MV OIS0, WU RBEEEHEZHAVWILERSD. 2 E

TOMETIEEARNL S -F > FETOEESLEIL0.05~0.15 OIAEIAIZ O 5 HE N HE S

MNTWD[27-33]72, KEBRTHWS “HfbkEY 77 "= MTRETHIE, b -

F v P OBEEAEIX0.09~0.12 L SN TWVWAH[34]. ZZTiE, Ak -F v FHOE

Bz OmRAIREEEZER LT, SWE . =0.12 2 AW THITT 5.

(3) (2) ITBWTTIUIRY T MV OFFENTCTHEM LI BEEERIH v, =0.12 3% Tbh

DMERIET DML ENSHDH. 2T, BELEEZZLLIE T, RUAALABREO NV Y OfE

Frairtvy, ERERELETD. ZOMIFICHV 2 BERARICE, FaRMNE2RT, KO

4. =0.10, 0.12, 0.14 10> 7-.
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(1750+ )

1750 Bolt

55

ra
<

Fig.2-2 M12 Bolt-nut specimen

Fig.2-3 Pitch difference and clearance
between bolt and nut threads
(unit:pm) .

e
SCM435(Bolt)

Contact

Contact 1000

S45C(Nut)

0
0 0.0050.010.0150.02 0.025 0.03 0.035 0.04
Strain £

Fig.2-4 Contact status when the Fig.2-5 Stress strain relation

Table 2-1 Material properties of bolt and nut.

Young's Poisson’s tYleldth Tensile
modulus ratio S r?g strength o,
S?Bl\gﬁ?5 206 0.3 800 1200
S45C ( Nut) 206 0.3 530 980

Screwing

Wnlt [N

o 3 .

§ .1l
. &\ <
s N n
N

(a) FEM model M12 bolt and nut (b) Boundary conditions

Fig.2-6 FEM model and boundary conditions for prevailing torque analysis.



2.3 RLIAZBRRIIBITILZFIRI T MV T ODER L BT O LK
2.3.1 RBRF &L EBREM

NUABRBRICH WD JISMI2 OA L b -F > I, A/ MTREX S 8.8 @ SCM435,
BYLBAS, Ty MIZFREX Sy 8 D S45C # T, FEEUIHNIC THEZ £0.003 mm Z H £ 4
CIMT&E L. 7y @S 10mm, AL S 7TI(HRY Z2FRE 4.34 ) Db Oz Hv
% .

B FIEIT JISB 1056 ICHE SN TWAH[3B]NZ 2Tk, M2-7TIZRT LI, ¥4
YR P L oF (BR) A RAEFFR DB5ON) (€ 2-7) 2 MV, A b« F v @D
RUBWBMELY &Y (BlEEM 0° ), 2206 Ty MalieE hvy OfFEEE v T4
IZET 2. 45° EEIELIBIC b7 @Al & L. 7y haEm (R UL~
5.UO)MAN MZRUAENTZE, S OICHEE S G 8 mis S 7. HEmicix Zame

V777 ) —=RAAT L —PRO((K) =—F v ) & iz,

Torque Force

: Boundary condition
N

Fig.2-7 Torque measuring method and
device (Torque wrench).

2.3.2 ZUIRY U T NI OERER

B 2-8 27 VRV T MU EERTCRODEMSEREZ, Ty boEEKEORAKE LT
AT, 22T, KM 2-8(a)~(c)F D A->B—=>C—>D—E 1L, X 2-8(d)IZ/RT R LIAHRERED
Ty hOMETHDL. TROLEAITT Yy BRIV MO TERM LZAE, & BT

URY 7 b7 BNOTEAETDAE, A CIETYNY 7 M7 3L TWv 5k
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FOMNE, RDIFFy boRUUuREHRALAENTAE, REIXST > b2 8 A L 2L
EThb. 2-8(a) ~ ()T T v PR LIA LR (Screwing process) D ~ /L7 DT,
F v AU K L (Unscrewing process), E=»D—=C—=B—=A®D /L7 HL /R L TW5H.

M 2-8Z/RT LI, 7IVRV T MLy TdRCIALBREOESTICIEE CTELLT S,
£, RUIAAFMOTIRXY T M2, TEPL 8EICHTTIRE-ELRDLD
T, TOVYWEICERL L35, —F, RURLEFMOSI XY 7 M7 ix, 5
JE 2 T OFEEEICER LTEE, AUR LM OMEICER LT ET 5.

Bl 2-8(a)-(c) £V, RATLIAAZBBIZEWVWT, ¥y FEZaPNRKREIRDITHON, IR
YT MV TP RRELSMRDIEPERTESL., RURLBEBRTIE, IR 7 b
W TEXad R CIABBEDO Z O T LIZIE—HL T2, M2-8 () O&IHIT,
ZOHBWMIIBLTLHIHENHDL. Ev T ERRELIRDIIFIEZOWPDEIIRELL LD
ZEDRDbND.

TVRY T M7 OEBERDE, RBLLREDICHIT THREMNICEML TWS.
L, RBRERICBITZSZRALAHLZEIH (M 2-8(dDORBBR)DOE vy FEICEY, /XD
FCHMilm L HEAENEINL WD EBZIOND. £, R DUFEDO NI DOE
L, SIS TET DBEER DA, BT, EICL2BLLE200D. 20Kk b
NI DOEMTEFRADELCSTVWE Yy FE PRENVEZIFTEREIRoTND (M 2-
10(b) Z ) .

X 2-9 ICRUAAERBZEORL FRALEHOBEMEEZTRT. K 29@ XV, a=0un
T, A UHEICIEES > T2 EIX 72 0. 2-9(b)~(d £V, Hnltt vy FET X TTHE
ZAE D Bl o0 E BEFE (Scratch wear) W R 6405, X 2-1012 @=30,50pum 23 25 o

XEENALONATG S0 EZ T, X 2-10(@) D 2=30un TIEARNL MR LUEIZHT
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DFHERR O, THURGl oS ERLEZAOND. ZO5] >N EFOIEITK 2-10(b) D
a=b0pum T XVHMBEIIRONL, S6IC5 >N EERICKDERRA (Scratch with
adhesion) D ENBEEND. K2-9, 2-10 b, oy FENRKRELI DL, Kb -
Ty FEIOEMEDNNRELS 2D, HEBHORAZREIBALBNERBZEMNPEL D
TEBNTFBEND., TNLOBEMEE, RUAK, AURLBRICEVTHEML TV
BbohdANVvE - Fy bMHORUBEICOAELTWNWDLZ D, BREITAUIALBREOD

RBNPHLAELTWD EEZEZDHND.

20— . 0r—rrrrrrr .
a=30um ] =40 m ]
30 | 30 ¢ Screwing process ]
C [ XP-S_ (5.58) ]
'E 20 | 7EXPS Screwing process E 20 TE \-14'6Nm D E]
“""Q N P =4.7Nm (D: Rotation cycles 5.61) ] “—’Q E = S '“T-“'"E"
= 10F c D E — 10} C." ]
% : A B T Sl % i A B -..-. ]
b L A ] L ot TTTTTTTTTT ]
2 ® T 2 St ]
bgﬂ -10 » Unscrewing process ] E] -10 / * °'....E
E L ] _E [ Unscrewing process [
-20 [ XP-U _ ] -20 | /
£k T, ave=-3.0Nm ] ok TEXPU _ 2 AN ]
i ] [ AVE " ]
-30 [ TEXPY =7 0Nm ] 20f ° ]
L MAX - ] [ XP-U _ ]
‘ P ] i 7 yax=-15-0Nm]
— A0 Do v e b s o @ S o e —40 ]
0 1 2 3 4 5 6 7 8
40_....,.7...,......5..s ..... I .
[ — crewing process ]
5 | ¢ =50gm o E]
: “‘- D -“““ ]
—_ F o (5.58)
1 20 F -
2 | TE%PS=29.9Nm%,
Y :
o) F -
3 A B.»
E 0 mmmm--!-:.—’—.:.- ________________________ .
2 e
£-10 e %
g -20 Unscrewing process ]
a [ EXPU ]
r =-9.3Nm <
_ AVE - ]
wp P 7 ax=-32.0Nm——
T T

Rotation cycles of nut n

(¢c) a=50 pm (d) Screwing process of nut

Fig.2-8 Prevailing torque experimentally obtained. The red points show
the result of tightening process. The blue points show the result of
loosening process. Prevailing torque 7,=0 during A to B. Prevailing
torque 7 gradually increase during B to D. Prevailing torque 7%
converge during D to E.
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o S

(b) =40 pum (c) a=50 pm

Fig.2-9 Bolt thread surface after screwing experiment. (S: Scratch
wear. T: Top of threads)

(a) Detail of Fig. 9(b) a=30 (b) Detail of Fig. 9(b)a=50 pm
um.
Ad: Scratch with adhesion. S: Scratch wear.
Fig.2-10 Detail of bolt thread surface in Fig. 9.
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2.3.3 U RY T MVI ORENRER

FEBEFEE, FEMY I 21 —3 3 > CTA—=B=C=D—EDF v hORLAHRL, E—D—
CoB=ADFT v FORUELEMITL, K2-11I127 YRV T hv7OF v koA
EOMBRELTHRT. 2-11(a) (b)) XV, By F#E a=30,40um TiLi Uik »JE O R
MR ERBREMIFIE-HLTWVD. K 2-11(c) £V a=50pu m TIXARHREF I EBR K
RELERT/HAESLS R, THEF, By TFEPRESLSRQVEMEANDRESLSRDZET
REROBEBRED, M THOIZEERE «~0.12 LYV RS ot EXZDBND. R
CRLBERIZEBWT, YUY 7 FLry OFERMEIZACIAABRE & IEXT TR 2258 T
B LT B ocx LT, B CIETBAIICHE D LT WA, ik, M CILEREF 2
A IRV, BREFOEBIZEID MV Z7OELOERRBATETCLRNEEZDL
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Fig.2-11 Prevailing torque obtained by 3D FEM simulation with
friction coefficient « ;=0.12 in comparison with experimental
results.
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(¢c)Nut position D* where the nut rotates by 1.5 degree
from the nut position D .

Fig.2-12 Shortened screwing process D'—»D—D" in Fig. 13.
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Fig.2-13 Effect of friction coefficient Fig.2-14 Relationship between pitch
u on the prevailing torque FEM-S ;p EXP-S
during the shortened screwing p )
process D 5>D—D" in Fig.2.12.
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Table 2-2 Comparison of prevailing torque for pitch difference nut, U-nut, super slit nut
and outer cap nut.

Prevailing torque by Prevailing torque by
. Yield .
Pitch experiment FEM
. Material Strength
Type difference (bolt/nut) O TEXP—S TEXP—L' TFEM—S FEM -U
(04 (pm) (MP} ) V3 p MAX P P
a (Nm) (Nm) (Nm) (Nm)
4.2 4.1
30 4.7 7.0 (H (M
Pitch =0.12) =0.12)
difference 16.8 15.5
nut SCM435 800
JIS M12 40 S450C 530 14.6 15.0 (U (H
(This =0.12) =0.12)
50 29.9 32.0 (H (H
=0.12) =0.12)
U-nut not not
JIS M12 SCM435 800 1.5 0.6 indicated | indicated
; 17-19 15-18
SuPIfitSht _ S45C 530 135 not (U (U
SGD3M 320 : indicated ’ )
JIS M16 =0.15) =0.15)
not not O(,Ll s 12(,” s
Outer cap SUP9 85 indicated | indicated | =g 15) —0.15)
nut - -
JIS M12 _ SUP10 1080 not not ol 3.3(H
indicated indicated =0.15) =0.15)
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Fig.2-15 FEM model and boundary conditions for tightening process
continued from Fig.8 (d)with the nut position E-»F—G.
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Fig.2-16 Relationship between torque and tightening
force of M12 bolt and nut.
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Prevailing torque T, appears Tightening torque T appears Tightening torque T decreases Prevailing torque T,

Clamping force F appears . Clamping force F decreases

(a) Screwing process (b) Tightening process (c) Untightening (d) Unscrewing process

Fig.4-1 Schematic illustration for (a) screwing process (b) tightening process (c)
untightening process and (d) unscrewing process.

50 prrrrrree prrerrrers prrrreeers A .
Tightening process @
40 Screwing process G :
€ B
Z 30 F =
~ (.
g w
20 =]
: :
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0
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Number of nut rotation n Number of nut rotation n
(a) Variation of torque 7'in screwing (b) Variation of torque 7 in
process. tightening process. (This

study)

Fig.4-2 Variation of torque in screwing and tightening process of nut.
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Unscrewing process
Screwing process

Untightening process

Tightening process

Fig.4-3 Screwing and tightening process of nut.
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Fig.4-4 M12 Bolt-nut specimen Fig.4-5 Pitch difference and clearance
(unit:mm). between bolt and nut threads
(unit:pm).
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Fig.4-6 Stress strain relation for 18- revaiolrilnac tsraulelzs w :n earz
SCM435 and S45C. p g q pp

between bolt and nut.
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Tightening torque
Fixed Clampedbody s applied on nut

Bolt Nut

N
Clamping force can be obtained

Fig.4-8 Boundary conditions of nut tightening experiment.

Stress Sensor

Wrench with
torque sensor

Extension part Bg Nyt

&
(a) Photo of tightening experiment (b) Schematic illustration of
device. tightening experiment
device.

Fig.4-9 Nut tightening experiment device based on NST series
(JIS B 1084).
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Fig.4-10 Clamping force F vs tightening torque 7 of a=0.
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Fig.4-11 Clamping force F vs tightening torque 7 under 7<7j,,
=85Nm and 7<7,,,~85Nm obtained by experiment.
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Fig.4-12 Prevailing torque 7, loosening resistance torque T," vs pitch
difference a.

Table 4-2 Prevailing torque 7, and loosening resistance torque T," obtained by

experiment.
(a) T= T25%=45Nm (b) T= T50%=85Nm
. Loosening o Loosening
Prevailing torque . Prevailing torque .
resistance torque resistance torque
T, (Nm) Tp (Nm)
Tr*(Nm) Tr*(Nm)
a=0pm 0 0 0 0
a=35pm 16.9 6.3 17.5 4.5
a=40pm 20.9 8.5 18.4 7.2
a=50pm 25.1 9.2 23.7 8.1
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Torque T(Nm)

(a) Torque 7 vs rotation angle of nut 6.

Clamping force F (kN)

(a) FEM mesh model for M12

Fig.4-13 FEM model and bound
untightening process.
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Fig.4-14 Variation of torque
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35 e

30 F c £ .

z | a=35um3 ]

B (2] o 1] -

25t £ a .%E ]

[ 3 = A ]

L =~ ] 4

20 N "‘-l__n. 1

F25%=1E.8kN_ ]

15 [ i

10 : Fu"-... E

5 FTH=6.3Nm___ 3
U

100 -75 -50 -25 0 25 S0 75 100

Tightening torque T (Nm)
(a) Under 7'<T,;, =45Nm.

Fig.4-15 Clamping force Fvs ti

Fixed Clamped body 9

Bolt

(b) Boundary conditions.

ary conditions for tightening and

w
9 b
g g
o o
a0 Q
= oy
- £
2 3
L -~
) =
=] 20
o 1=
>
(b) Illustration tightening and
untightening process.
T in screwing and tightening
35 e A Saasaans
30 5 F500=33.7kN 5
2 b a=35um 5
W 5 s ]
Q c P el ]
E 20 % s E ]
o ) S Fo
g— [ I& I-‘Q‘ § 4
@B R I
£ ]
£ 10 Frugsym FY EM | 1
[T ~ ]
O 5t N Xp .
EY /
0 Liaals | L I [ A ] Ll
2100 75 50 -25 0 25 50 75 100

Tightening torque T(Nm)
(b) Under 7<T},,, =85Nm.
ghtening torque 7 of a=35um.



35 e M . e —
— 30 F {1 —~ 30 d 1
Z b % a=40um§ 1 = ;
=25 f T ‘%n.?& = 5k -
L [ w [
) : 3 & Q .
£ 2 E ) op16.8kN 3 £ 20 é ]
S et S g | i
téo 15 a FU * o 15 E & 3
g' 10 | ' g’ 10 | ]
K TH'=8.5Nm—_| © C
O s} O s [#=12 -
Eu\ b
0 Divssnsnin il 0 Lol i dy T
100 -75 50 25 0 25 S0 75 100 100 75 50 -25 0 25 50 75 100
Tightening torque T(Nm) Tightening torque T (Nm)
(a) Under 7<T,,, =45Nm. (b) Under 7<T,,, =85Nm.
35 e 11 3 prrpre
— 30 F % . .30 5 F500=33.7kN E
< . g a=50umz < : o=5 ]
E' 25 F ??Q = 1 E’ 25 F ]
w g -5 g, % w - ]
@ s W s ) - 1
O 20 g © 20 [ £ £
o F250:=16.8kN 1= 5 @ 21
w“ L “— s 1]
ao 15 f o 15 =3 S
c r c S B
(o} L o L ]
£ 10 E FU\ ‘\FEM = 10 g ;
L F 74-0.3Nm ~F £ F R EM |
O 5 R — Xp Q 5t 1
EY — ] g ]
0 Covw v uvs iy T M s bau e eaa ] 0 Cow oo lioinusiy I -
100 75 50 25 0 25 50 75 100 100 -75 50 25 0 25 50 75 100
Tightening torque T (Nm) Tightening torque T(Nm)
(a) Under 7<T,;, =45Nm. (b) Under 7<T;,, =85Nm.

Fig.4-17 Clamping force F vs tightening torque 7 of a=50pm.

Table 4-3 Comparison of FEM results 7p, F, T", 7¢ when 7= T25%=45Nm and 7'=
T504=85Nm.

(a) T= T25%=45Nm (b) T= T50%=85Nm
Ty 7 (kN) Tu Tpu T, F Tu Thu
(Nm (Nm) (Nm) (Nm (kN) (Nm) (Nm)
a=35pm 11.98 17.47 34.00 5.08 11.98 32.93 66.14 0.48

a=40pm | 20.30 16.78 34.48 16.71 20.30 33.24 66.50 4.30

a=50pm | 31.31 13.01 38.27 26.37 31.31 33.03 66.41 14.05
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Fig.4-18 Prevailing torque 7, and residual prevailing torque Tp”
vs pitch difference a.
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Untightening process

e

35 peeeree e e
F G G
= C
=
w 25 —
[0} [
g 20 r F
(= X u
o 15 F ]
e : ]
E‘ 10 L a=50[.1m:
8 5 - Normal nut]
r Cl=0 ]
0 :II]JIIIIIIJIIIEIUI 14 L4 I T O
-100 -75 -50 -25 O 25 50 75 100

Tightening torque T(Nm)

Fig.4-20 Clamping force F vs tightening torque 7 of a=0 and
a=50pm under 7< 7,, =85Nm.
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Fig.4-21 Contact status in tightening and untightening process of nut.
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Table 4-4 Dimension of M12 bolt and nut used for equation(1).

Half
) Friction coefficient . Bolt bearing
Pitch angle Pitch Bolt hole
) ) surface outer .
diameter of . difference ] diameter
Thread Bearing diameter
d,(mm) thread p (mm) d, (mm)
surface us | surface uw d,(mm)
£ (°)
10.863 30 0.12 0.17 1.75 18 13.2
T =TThreud +TAxial +TBeorr‘ng ™ =TThread 'TAxr‘of +TBear’ing

TBeoring TThread TAxr‘m‘ TBemfng TThread

Clamped body

Fixed T : Tightening torque
Bolt ™ : Untightening torque
N Nut Tgearing * Frictional torque at
bearing surface
i 1 d Taxiat  : Torque due to bolt
T elongation
Trnread - Frictional torque at

thread surface
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Fig.4-24 Clamping force F' vs tightening torque 7 under 7<7},,
=85Nm.
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