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Abstract: The bolt-nut connections are widely used in varifieigls. In this paper, a slight pitch differense i
introduced between the bolt and nut in order tolysits effect on the fatigue performance. Here,comsider
that the pitch of the nut is a few microns lardert the pitch of the bolt. Fatigue experimentscareducted for
three kinds of specimens with different levels @tlp differences. The obtained S-N curves show that
fatigue life is extended to about 1.5 times byadtrcing a suitable pitch difference. Accordinglte tletailed
investigation on the fractured specimens, it imfibthat the fractured positions and the crack goméition are
totally different for different specimens. To firmit the mechanism of the improvement of fatiguersith,
Finite Element Analysis is applied in order to cddte the stress amplitude and mean stress atotbtenb of
each engaging bolt thread.
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INTRODUCTION

The bolt-nut connections are an important joiniaghnique widely used in various engineering fieltlse
fatigue failure and self-loosening of such conmedi usually lead to severe accidents. For instaace,
derailment of a Jet coaster happened in Osaka JapafA07, which result from that a left side whésl off
due to the fatigue fracture at the thread-conngqpiarts of the axle. To ensure the structure safegy high
fatigue strength, as well as, the anti-looseningppeance is required. High stress concentratictofs always

occur at the root of bolt thread and it is not emsymprove the fatigue strength of screws. A ey study



indicated that the fatigue strength may be improsdepending on the pitch error [1]. The effect &f thread
shape on the fatigue life of bolt has also beemrstigated [2]. The tapered bolts, called CD bdQstical
Design for Fracture), are widely used because siheyved higher fatigue strength experimentally [3Hua
Zhao analyzed the stress concentration factorsirwhblt-nut connections [5]. In terms of anti-loogey,

several special nuts were invented to deal withs#ieloosening problems [6-8].

This study aims to realize the combination of fagigtrength improvement and anti-loosening perfanady
considering one certain innovation on the screfvslight pitch difference: is introduced between the bolt and
nut. The authors previously analyzed the antidéoosy effect and stress reduction effect for thie éad nut
having a slight pitch difference by applying theite element method [9, 10].The authors’ prelimynsiudy
showed that the bolt fatigue life could be improvad introducing the pitch difference @Eamdge [11].
Moreover, in the anti-loosening study, the expentm@sults showed that=a.¢ is the most desirable pitch
difference to realize the anti-loosening perforngafit2]. As a further research, in this paper, naetailed
fatigue experiment is conducted systematically uraleseries of cyclic fatigue loads for three typds
specimens, i.e2=0, a=dmigae aNda=a1age, Wherea=0 represents the standard bolt-nut connectionsn,Tihe S-
N curves are obtained and the improved fatigueslawe discussed. To clarify the effect of pitclieddénce, the
finite element method is applied to analyze thesstamplitude and mean stress at the bottom arnyaging
bolt threads. The mechanism of fatigue life improeat is considered by comparing the experimentallie

to those obtained using the finite element method.
EXPERIMENTAL SET-UP
Material properties

The Japanese Industrial Standard (JIS) M16 bolts raris are employed, and the fatigue experimerds ar
conducted by using the 392 kN Servo Fatigue Tedtlaghine. Table 1 and Table 2 show the JIS stanaiadd
the material properties of bolt and nut in thisdgtuThe normal M16 bolt and nut have the same pitch
dimension as 2000m. Herein, the nut pitch is assumed to be (269@m. Three types of pitch differences:
namelya=0, amigge aNdaiarge, are considered. The clearance between bolt ainid assumed to have a standard

dimension as 12hm. The schematic diagram of bolt and nut is showrrigure 1. Figure 2 illustrates the



effect of the pitch difference on the contact stdiatween bolt and nut threads when a large piftégrehce is

introduced.
Table 1 JIS Standards of Bolt and Nut
Strength grade  Yield strength (MPaJensile strength (MP4)
Bolt 8.8 660 830
Nut 8 - -
Table 2 Material Properties of Bolt and Nut
Young’'s modulug Poison’s| Yield strength| Tensile strength
(GPa ratic (MPa (MPa;
SCM435 ( Bolt) 206 0.3 800 1200
S45C ( Nut) 206 0.3 530 980
7 C!Cﬂi'ﬂm
=125y m
Clamped
plate Nut
3 -2 11 2 3 45 6 7 8
F Bolt
Fig.1 Schematic diagram of bolt joint Fig.2 Contact status between bolt and oosiclering
pitch difference
Fatiguetests

The experimental device used in the fatigue testghown in Figure 3. The bolt specimens are sidijetct a
series of repeated loadings. Table 3 shows theriexgtal loading conditions and the corresponditigss
according to the bottom cross sectional area obtieA:=141 mni. The cycling frequency of the loadings is 8
Hz. The stress amplitude under which the specimetams 2x10 stress cycles before failure occurs is

considered as the fatigue limit.
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Fig.3 Experimental device

Table 3 Experimental loading conditions

Load (kN) Stress (MPa)
Mean load Load amplitude Mean stress Stress ardplitu
30 22.6 213 160
30 18.3 213 130
30 14.1 213 100
30 11.3 213 80
30 8.5 213 60
30 7.1 213 50

EXPERIMENTAL RESULTS

Figures 4-6 show the fractured specimens subjabiedtress amplitude,=100 MPa. For the standard bolt-
nut connection, it is confirmed that the fractuh@ays occurs at the bottom of the first thread la@ws in
Figure 4. For the specimens @famigse anda=aiage, the fracture position are between thread No.ltarehd

No.3 of bolt. The fracture surfaces also show obwidifferent characteristics as varying the pitiffecences.
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Fig.6 Specimendcaiage, 0.~100MPa)

The SN curves with fatigue limit aN=2x10 stress cycles are obtained as shown in Figureig found that

the fatigue lives are clearly depending on theghewels of pitch differences. Table 4 shows thea@eement
ratio of the fatigue life normalized by the resubfse=0. When the stress amplitude is above 80 MPa, the
fatigue life fora=anmigae is about 1.5 times and the fatigue life é614.4 is about 1.2 times of the standard bolt-
nut connectionso=0). However, near the fatigue limit, the fatigie$ of the three types of specimens are

similar, and the fatigue limits remain at the saraklie of 60 MPa.
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Table 4 Enhancement ratio of the fatigue life
Pitch Stress amplitude, (MPa)
Difference

« (um) | 160 | 130 | 100| 80| 70

0 1 1 1 1 1

Omiddle 1.49 1.60 1.53 1.61 1.21

™

Glarge 126 | 1.22) 1.20] 1.21 1.0i

CRACK OBSERVATION

Figure 8 shows the observed trajectory of crackaglthe longitudinal cross section of the specinanthe
fatigue stress amplitudes=60 MPa, 70 MPa, 100 MPa and 160 MPa. &eb, small cracks occur at thread
No.1 and thread No.2. FolFomigge and a=ajage, large cracks occur between thread No.2 and thikad.
Moreover, with increasing the stress amplitude,dtsecks show different shapes indicating changenade
mixity.

It can be seen in Figure 8 that for the standattrad connections, the crack occurs at thread Nauising
finial fracture. However, for the specimensasfoniqge anda=aaqe the initial cracks start at thread No.5 or
thread No.6, extending toward thread No.1 and linfthcture happen nearby thread No.1l. From the S-N

curves in Figure 7 and the observations of cragjkedtories in Figure 8, we can conclude that thiguda life of



the bolt-nut connections may be extended by intodua pitch difference because the changes inkcrac

propagation trajectory may take place.
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Fig. 8 Observation of crack trajectories

FINITE ELEMENT ANALYSIS

Stress analysis at bottom of bolt thread

To analyze the stress state at the bottom of thethreads, finite element models are created lxyguBinite
Element Method (FEM) with MSC.Marc/Mentat 2007. &@amodels have different pitch differences, a0,
a=amidde aNda=aiage, IN @accordance with the experimental configuratiohthe test specimens. Figure 9 shows
the axisymmetric model of the bolt-nut connectiod ¢he clamped plate. Figure 10 shows the localdinate

at the bottom of bolt thread. An elastic-plastialgsis is performed for three models under the S, i.e.
F=30+14.1 kN. The material properties listed in Bablare used in the calculation and Figure 11tikbss the
stress strain relation for SCM435 and S45C. Théficamnt of friction between bolt and nut is 0.3gkre 12
shows the stress variations g o, and the equivalent von-Mises streggat each bolt tread from thread No.5
to thread No.8. Herein, the stress variatigns taken into account and the position of the maxmstress
amplitude is marked as shown in Figure 12. As iaidid in Figure 12, at each bolt thread from thidad to
thread No0.8, the maximum stress amplitude and tkannstress are investigated at the point where the
maximum stress amplitude appears. The endurandediagrams are obtained as shown in Figure 13hdén
endurance limit diagram, the Soderberg line [13}ladted. Herein, the point,represents the fatigue strength
corresponding to the case of complete reversgEQ), and the poinéy corresponds to the yield strength. It

should be noted that because of the stress gradientmaximum stress amplitude for fracture of hett



specimens is always larger than that of the plpetisnens. Therefore, the stress data plotted beffantine

((om/cg) +(c4/0,) >1) does not represent the real fracture at thetbaad.

Clamped
plate

e

Fig. 9 Axisymmetric finite element model of boltireonnections Fig. 10 Local coordinate at bottirholt thread
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Fig. 11 Stress strain relation for SCM435 and S45C
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(a) Stress at bottom of thread No.5 (b) Stress at bottom oétd No.6
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Fig.12 Stress at bottom of thread-§igge, F=30+14.1 kN)
From Figure 13(a), it can be seen that for thedstethbolt-nut connections, the bottom of threadiNwas the
highest stress amplitude, which corresponds tofrdrture position in the fatigue experiment assitated
previously. In Figure 13(b), when a pitch differeraf a=aqqe iS introduced, on one hand the stress amplitude
decreases at the bottom of thread No.1 and ontttex band, the stress amplitude at threads No.6; Biad

No.8 increases significantly. Fara .4, the severe stress state occurs nearby threadsaNd.No.7 as shown

in Figure 13(c).
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Effects of incompletethread and Clearance

The analysis shows that by introducirgoniqge high stress appears at threads No.7 and No.8etkmwthe
crack observation shows that the initial crack esat thread No.5 instead of threads No.7 and No.8rder
to further investigate these results, the effe€th® incomplete thread and the clearance betwetrabd nut
on the stress state are discussed. Figure 14 sthewsSE model for the incomplete thread bolt. Figlib¢a)
shows a comparison between the results for themptzie and complete threads. It is found that thess
amplitude at threads No.7 and No.8 decreases anstitbiss amplitude at thread No.6 increases bydmirg
incomplete thread. In Figure 15(b), the effect lebicance (see Figure 2) is indicated by compategésults
for clearance of 125 pm and 250 pm. In this expemimthe clearance between the bolt and nut isated at
125 um, however, the nut may be inclined and tearahce become larger, i.e. 250 um. Figure 15@ysh
that with increasing the clearance the stress &migliat threads No.7 and No.8 decreases and ths str
amplitude at thread No.6 increases. This may exle reason why no crack is observed at threads &l

No.8 and crack initiates around thread No.5.
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CONCLUSIONS

In this study, a slight pitch difference is designed between the M16 bolt-nut connectidrge fatigue

experiment has been conducted for three levelstcih gifference, i.ea=0; a=amdqe Which has been studied

previously that it has an effect on the fatigue lihprovment, and=a,.¢ Which is the most desirable pitch

difference to realize the anti-loosening perforngamnc the previous anti-loosening study. The effefcpitch

difference on the stress state at the bottom obtiethreads has been numerically analyzed usiadihite

element method. The conclusions can be summariéallaws:



(1) It is found thatu=onige IS the most desirable pitch difference to extemel fatigue life of the bolt-nut
connection. Compared with the standard bolt-nuinection, the fatigue life fot=anqqe Can be extended to

about 1.5 times.

(2) It is found that the stress amplitude at thétdmo of thread No.1 decreases significantly whepiteh
difference is introduced. Fof=aqqe, the FEM results shows that high stress amplitatrirs at the bottom of

threads No.6, No.7 and No.8, which almost corredpda the experimental observations.

(3) For the specimens witt=aniqae, it is found that the crack occurs at thread No.$he first place, then
extends toward thread No.1 until final fracture eaps nearby thread No.l1. Therefore, the fatigwedifthe

bolt is extended compared with the standard bdlienaonection.

(4) To investigate the reason why in FEM analysih Istresses appear at threads No.7 and No.8, while
experimental observation the cracks happen at dhMd@5, the effects of the incomplete thread arel th
clearance between bolt and nut on the stress atatvestigated. The simulation results of theoinplete
model and the large clearance model show that cadpa the normal model, the stress amplitude ratatls
No.7 and No.8 decreases, while the stress ampliatdéhread No.6 increases, which is closer to the

experimental results.

The M16 bolt-nut connections (JIS) are employec lzex the study objective. The extended study vatiuss

more connections of different sizes in a furtheeszch.
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