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ABSTRACT ARTICLE HISTORY

Bolt nut connections are essential elements and widely used in industry. Received 29 July 2022
The authors have verified that introducing a slight pitch difference Accepted 3 December 2022
between the bolt and the nut may improve the anti-loosening perform-
ance and fatigue life of the bolt nut connections. Besides, the effect of
residual torque of pitch difference bolt-nut connections on the loosening i A ;

. . . . ifference; anti-loosening

resistance performance was discussed. In this study, the Junker loosening mechanism; Junker test;
test was investigated experimentally and analytically to confirm the anti- 3D-FEM
loosening performance of pitch difference bolt nut connections directly.
The FEA results are in good agreement with the experiments. It is con-
firmed that, for pitch difference bolt nut connections, the threads contact
status is different from the common bolt nut connections, and the torque
between the thread contact surface friction is the main reason of anti-loos-
ening performance improvement of the pitch difference bolt nut connec-
tions. In addition, the results showed that if the pitch difference is large
enough, the nut loosening angle equals the tightening angle for each
vibration, and nut loosening does not occur. If the pitch difference is rela-
tively small but just large enough to provide a prevailing torque, with
increasing of the vibrations number of the nut, the loosening speed
decreases gradually and finally the clamping force remains steady, which
means the bolt nut connections retain anti-loosening performance to
some extent.

KEYWORDS
Bolt nut connections; pitch

1. Introduction

Bolt-nut connections are standardized mechanical elements that are frequently and widely used in
the industry due to their low cost and ease of maintenance. For example, there are about
3000 bolt-nut connections used in one automobile. Loosening failure of the bolt-nut connections
may cause the failure of structures and even disasters. Until now, loosening failure of bolt-nut
connections has still been a big problem for industries. Therefore, many researchers focused on
the loosening resistance performance of bolt-nut connections (Chen, Shimizu, and Masuda 2012;
Izumi et al. 2009; Liu, Gong, and Ding 2018; Noda et al. 2008a, 2008b; Ranjan, Vikranth, and
Ghosal 2013; B. Yang et al. 2021; L. Yang et al. 2021; You et al. 2020; Zhang et al. 2018; Zhou
et al. 2018).
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There are mainly two methods widely used for preventing nut loosening. One is to use special
washers, and the other is to change the shape of the nuts (Bhattacharya, Sen, and Das 2010; Gong,
Liu, and Feng 2022; Panja and Das 2016, 2017; Samanta et al. 2012). Sawa et al. conducted a series
of Junker loosening experiments by varying washers with M12 nut shapes (Sawa, Ishimura, and
Yamanaka 2006; Shoji, Sawa, and Yamanaka 2007). It was found that loosening prevention perform-
ance was improved by using plate washers, spring washers, toothed washers, and Nord lock washers
compared to normal bolt-nut connections without them. Like a washer, a flange nut has a wide
flange surface at the bearing nut side, usually with a serrated shape, which contributes to anti-loosen-
ing. It was reported that 110 percent of the tightening torque is required to loosen the flange nut
(Barrett 1990). Flange nuts are mainly used for wood and plastic. Slotted nut, also known as Castle
Nut, has some slots on the free nut end side, and they are usually used together with a pin. This
type of nuts is suitable for situations when the initial tightening torque needed is small (Barrett
1990). Super lock nut (SLN) is a kind of wire inserted nut and is widely used in industries such as
transportation and bridges provided by Fuji Seimitsu Co. Different from the common nut, this type
of nut can be reused several times. Since a spring is inserted in the thread, the loosening energy can
be absorbed and transferred to a locking torque when vibrating the bolted joints.

Except for the special nut shapes mentioned above, prevailing torque-type nuts are widely used for
anti-loosening (Eccles, Sherrington, and Arnell 2010; Eccles 2010). Daiki industry and Tokyo univer-
sity developed the Super Slit Nut (SSN), whose slit provides a suitable pitch difference by pressing the
upper part of the nut to be deformed. The experimental study with FEM analysis for JIS M12 SSN
showed the prevailing torque Tp =15-19Nm contributing to superior anti-loosening performance
(Izumi et al. 2005b). Nishiyama et al. designed a kind of nut named Hyper Lock Nut (HLN) whose
shape is similar to SSN (Nishiyama et al. 2009). Although both of the nuts have a cut portion, in
HLN, instead of pressing the thinner nut part to be deformed by the press, a very small part of the
bearing surface side of the nut is cut, and the included angle of the cutting surface and the bearing
surface is 1 degree. HLN can provide good anti-loosening performance without a complicated tighten-
ing process. Gong et al. designed a kind with nut novel anti-loosening structure (Gong, Liu, and
Ding 2021). For the newly proposed thread structure, both internal and external threads are changed,
and it is considered that the modified thread shape can effectively inhibit relative sliding along the
radial direction. The Junker test results showed that the axial clamping force even became slightly
larger than the initial one after the vibration test. Wakabayashi designed a nut pair with an upper nut
and a lower nut that eccentrically engage with each other to avoid loosening, named Hard Lock. This
kind of bolt nut connection has witnessed the success of the Japan Shinkansen for several decades
(Wakabayashi 2002). For many special anti-loosening nuts, multiple parts, and special shapes or geo-
metries are needed, leading to a complex manufacturing process and high cost (Gong, Liu, and Ding
2021; Nishiyama et al. 2009; Wakabayashi 2002). Besides, there are also several researches on the
improvement of fatigue strength of bolt nut connections (Hirai and Uno 2005; Majzoobi, Farrahi,
and Habibi 2005; Noda, Xiao, and Kuhara 2011; Sawa et al. 2015).

Bolt nut connections with pitch differences were proposed as a technique for improving fatigue
resistance and loosening resistance at low-cost many years ago, but no research was found to prove
this. Therefore, in the previous papers (Chen et al. 2016; Noda et al. 2016, 2021; Xin et al. 2015), the
authors experimentally verified that the anti-loosening performance and fatigue life could be improved
by providing an appropriate pitch difference between the nut and the bolt. The authors also indicated
that the prevailing torque in the nut screwing process is closely related to the loosening resistance
property (Chen et al. 2016; Noda et al. 2016). Furthermore, by applying a 3D FEM to the nut loosen-
ing process where torque is applied in the loosening direction, the loosening resistance was discussed
experimentally and analytically. Then, those screwing, tightening and untightening processes were
expressed in terms of the F-T relation (clamping force F vs. tightening torque T) (Liu et al. 2021;
Noda et al. 2020, 2022; Wang et al. 2021). However, the effect of the pitch difference on the loosening
resistance has not been clarified yet so far under real operating conditions.
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Therefore, instead of “the untightening process in the F-T relation”, this paper considers the
Junker loosening test as “the loosening process in an F-n relation (clamping force F vs. vibration
cycles n)”. Then, the F-n relation will be clarified by comparing a 3D FEM analysis with a Junker
loosening experiment, which is common and reliable method for testing and comparing the security
of bolt nut connections (Pai and Hess 2002, 2004). Especially when the nut is subjected to a large
number of vibrations, FEM simulation will be performed considering the specifications in the DIN
standard demonstrating anti-loosening ability. This is to clarify the loosening/anti-loosening mechan-
ism since the real nut loosening usually occurs when the nut is subjected to a large number of vibra-
tion cycles. Also, the present F-n relation will be studied by comparing it with the previous F-T
relation. To clarify the nut loosening/anti-loosening mechanism, the 0;-n relation (loosening angle
0y, vs. vibration cycle n) will also be newly investigated through the FEM simulation.

2. Experimental method and results for Junker loosening test
2.1. Loosening process in Junker test vs. untightening process

Figure 1 illustrates four stages of the nut in usage (a) screwing, (b) tightening, (c) loosening, and
(d) untightening. As shown in Fig. 1(c), this paper mainly concerns the loosening process in the
Junker loosening test under transverse loading after the nut tightening. In the loosening process,
the clamping force F decreases under transverse vibration applied to the clamped body. Since the
untightening process in Fig. 1(d) has been discussed in the previous study (Noda et al. 2022), the
loosening process in Fig. 1(c) will be discussed in this paper.

2.2, Specimens

JIS M12 normal coarse thread in Fig. 2 is considered in this study. Both pitch of the bolt and nut
is p=1750 um. As shown in Fig. 2(b), for the pitch difference nuts, the nut pitch is o um larger
than the bolt pitch. In this study, the pitch differences used are o=35, 40, 50 um. The clearance
in the axial direction is C,= 59 um between the bolt and nut threads. Figure 2(c) shows the con-
tact state between the bolt and nut thread surface during the screwing process of a pitch

prevailing to que Tightening torque Cyclic transverse displacement u,

Tp appears T appears

=Y

Clamped body Clamping force Clamping force F changes
F increases

(a) (b) (c) Tightening torque

T d?eases

Clamping force
F decreases
(d)

Figure 1. Schematic illustration for FEM modeling in (a) screwing process (b) tightening process (c) loosening process (d)
untightening process.
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Figure 2. Dimension description (a) M12 Bolt-nut specimen [unit: mm]; (b) Pitch difference and clearance between bolt and nut
threads [unit: um]; (c) Pitch difference and clearance between bolt and nut threads [unit: um].

difference nut. The bolts and the clamped body are made of Chromium-molybdenum steel SCM
435, for which the yield strength and tensile strength are 800 MPa and 1200 MP, respectively. The
nuts are made of medium carbon steel S45C, for which the yield strength and tensile strength are
530 MPa and 980 MP respectively. The constitutive models of the materials are shown in Fig.
2(d). Both the bolt and the nut are made by cutting with the manufacturing error within 3 um.

2.3. Experimental method

Figure 3(a) shows the Junker testing machine used for the loosening tests belonging to Fuji Semitsu
Co., Ltd. Figure 3(b) is a schematic illustration of the main part. The movable plate is fastened to
the fixed plate with bolts and nuts via rollers, and the initial clamping force before loosening is
F»,3% = 15kN. Since the movable plate is supported by rollers, the friction with the fixed plate can
be ignored, as shown in Fig. 1(c). As shown in Fig. 2(c), before the whole nut is screwed onto the
bolt, the prevailing torque T, appears from the point the nut end threads contact, and T, increases
until the whole nut is screwed onto the bolt. During the loosening process, due to the rotation of
the eccentric shaft in Fig. 3(a) at a frequency of 8 Hz, the moveable plate (the clamped body in Fig.
Ic) vibrates in the transverse direction. The applied displacement u, = *1mm in Fig. 3 is deter-
mined from DIN 65151 by loosening the normal nut «=0 as F=0 (no clamping force) at
n=300%100. The revised DIN25201 prescribes no less than 80% of the initial clamping force at
n=2000 as the anti-loosening criterion. Instead, this study uses no less than 80% of the initial
clamping force at n=1500 for anti-loosening (HARDLOCK Industry Co. Ltd 2022).

2.4. Experimental results and discussion

2.4.1. F-n relation in Junker loosening test
Figure 4 shows the relationship between the clamping force F and the load cycle n experimentally
obtained after starting the vibration test. The clamping force F was recorded three times in every
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Figure 3. Junker loosening experimental device based on DIN 65151. (a) Photo of Junker’s device; (b) schematic illustration.
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Figure 4. Experimentally results of the relation between clamping force F and loading cycles n. (a) 0-1500 cycles; (b) 0-50
cycles. (Stage A: Loosening progressing stage; Stage B: Loosening stopping stage).

vibration cycle. Since the experimental data is unstable in the early vibration stage (n < 10), the
experimental results are considered for n >10. The initial clamping force was set as F=15kN
before the vibration of the plate.
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The F-n relations in Fig. 4(a) show that the reduction of the clamping force F becomes smaller
for larger o. When o is large enough to generate the prevailing torque in the screwing process
(Noda et al. 2016), the F-n relation can be classified into two stages. One is “the loosening pro-
gressing stage A” where the clamping force F decreases significantly, and the other is “the loosen-
ing stopping stage B” where the clamping force hardly decreases. For example, for oo =35 um in
Fig. 4(a), a significant change can be seen for the decrease rate dF/dn around n = 300.
Therefore, n <300 can be regarded as stage A and n >300 can be regarded as stage B.

As shown in Fig. 4(a), the experimental results showed that the pitch difference o =
40-50 um satisfies the DIN25201 anti-loosening standard prescribing that the residual clamping
force F should be larger than 80% of the initial clamping force. Although o = 35 pum does not
satisfy the standard but sustains a certain amount of F. For example, when n=1500, the residual
clamping force F=4KkN is 27% of the initial clamping force suggesting that « = 35 um has a vir-
tual anti-loosening ability. The detail will be discussed in Sec. 3.3.

155 ¢ ; ; e 155 ¢ . . ; . ]
15 f 15 £ :
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é 14 : é 14 )5 ]
w 135 E w 135 E ]
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Figure 5. Enlarged F-n relation to clarify the local variation of F. (@) n=10-15 cycles; (b) n=45-50 cycles; (c) n=500-505
cycles; (d) n=1000-1005 cycles. (Dotted point denotes where F is measured.).
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2.4.2. Waveform in F-n relation in the loosening process

Figure 5 shows the enlarged F-n relation used to discuss the waveform. For example, Fig. 5(a)
shows the F-n relation during n =10-15. As shown in Figs. 5(a) and 5(b), when o=0, 35 um,
some waveforms of the lines occurred. However, when o =40, 50 um, there is no waveform of
the lines. Since the waveform of n =10 ~ 15 in Fig. 5(a) is almost similar to the waveform of
n =45 ~ 50 in Fig. 5(b), the loosening progresses steadily after n =10. The waveform becomes
steadier during n =45-50. For example, when o =35 um, three “step-like reduction waveforms”
are seen during n = 10 ~ 15 in Fig. 5(a), but during n =45-50 in Fig. 5(b), four “step-like reduc-
tion waveforms” were observed. Similarly, when o =40 um, and two “step-like reduction wave-
forms” are seen during n = 10 ~ 15 in Fig. 5(a), but during n =45-50 in Fig. 5(b), a “step-like
reduction waveforms” is observed.

Although the F-n relation of o =35 um is significantly decreasing during n <300, as shown in
Figs. 5(a) and 5(b), a "concave waveform" can be seen almost once every five cycles. Also, in the
range other than Figs. 5(a) and 5(b), a "concave waveform" can be confirmed every five cycles for
o =35 um. Instead, when o« =40 um, one or two “concave waveforms” can be seen; and when
o=0, no “concave waveforms” can be seen. The "concave waveform" in o =35 um as well as in
o=40 um is the key to consider the anti-loosening mechanism since in « =0, no “concave wave-
form” can be seen. In other words, the "concave waveform" of o =35 um in the F-n relation dur-
ing n <300, “the loosening progressing stage A” suggests that the F-n relation becomes constant,
as shown in Figs. 5(c) and 5(d) during n > 300, “the loosening stopping stage B”.

3. FEM simulation for Junker loosening test to compare the experiment
3.1. Simulation method for nut loosening

To clarify the anti-loosening performance of the pitch difference nut, numerical simulation is also
performed to obtain the F-n relation by FEA. The fastening part of the Junker loosening experi-
ment in Fig. 3(b) is simplified, as shown in Fig. 6. As shown in Fig. 6(a), the hexagonal part of
the bolt head and nut is replaced with a simplified cylindrical shape. The dimensions of the mov-
able plate are 40 x 40 x 15mm (length x width x thickness). Here, 8-node elements are used
for meshing, and the minimum mesh size is 0.048 mm. The total number of elements is about
8.0 x 10*, and the number of nodes is about 15.1 x 10*. The penalty method is used for the con-
tact analysis, and the material’s nonlinearity is considered. The thread friction coefficient p,=0.12
and the under-head friction coefficient factor p, = 0.17 are applied as in the previous studies
(Noda et al. 2022). The finite element method analysis software ANSYS Workbench 16.2 is used
for this simulation.

In this analysis, the nut is tightened until the clamping force reaches F = 15kN as in the
experiments. During the tightening process, the bearing side of the bolt head and the opposite
surface to the bearing surface of the clamped body are fixed, as shown in Fig. 6(b). To save the
calculation time, the distance between the movable plate and the nut is set as 0.05mm at the
beginning of the analysis. After the clamping force F reaches to 15kN, the boundary conditions
are changed as shown in Fig. 6(c), and the clamped body is no longer fixed and becomes move-
able in the x-direction. Here, the displacement u, with the amplitude u, = *1mm is provided as
a sine wave similar to the experiment. In this simulation, each cycle is discretized into 20 steps.
Then, the simulation is performed until n =50, when the loosening process becomes stable.

Figure 6(d) illustrates the relation between the clamping force F and the tightening torque T
obtained by FEM simulation. The details of F-T relations were discussed in the previous study as
well as the prevailing torque Tp(Tp = supT when F = 0) (Noda et al. 2022). It can be seen that
the tightening torque T for F,; 304 = 15 KN increases with increasing of the pitch difference o.
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Figure 6. FEM model and boundary conditions for tightening process and loosening process. (a) FEM model; (b) Boundary con-
ditions of tightening process; (c) Boundary conditions of loosening process due to transverse loading; (d) Clamping force F vs.
tightening torque T during the tightening process.

3.2. F-n relation obtained by FEM to explain Junker loosening experiment

Figure 7 shows the F-n relation during n<50 obtained by FEM simulation. Comparing Figs. 7(a)
and 4(a), it can be found that the loosening order expressed by the slope dF/dn is the same, that
is, «0=0 < a=35pum < a=40 yum < o =50 um. As shown in Fig. 7(c), when
o =35 um, the “convex waveform” can be seen in FEM simulation immediately after the movable
plate reaches a maximum displacement u, = lmm. Instead, as shown in Fig. 5(b), "step-like
downward waveform" and "concave waveform" are observed in the experimental results different
from Fig. 7(c). From Figs. 7(c) and 7(d), « =35 um and o =40 um have the same waveform
when F changes immediately after the moveable plate reaches the peak values u, = *1mm.
Instead, when o = 0, the waveforms are totally different since F ~ 0. Although the waveforms of
oo=35pum and o =40 um are similar, the decreasing rate of F is totally different in stage A. The
position of the maximum displacement and the position of “convex waveform” are expressed in
the following Egs. (1) and (2) independent of n by using the Gauss symbol [n] to represent the
integer part of the vibration cycle n.

Position of the maximum u,:n — [n] = 0.25, 0.75. (1)
Position of the “convex waveform”: n — [n] = 0.25-0.35, 0.75-0.85 2)

In Fig. 7, the anti-loosening mechanism of pitch difference nut can be clarified by comparing
the waveforms of the standard nut o =0 with the one of o =40 um, which satisfies the DIN anti-
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Figure 7. FEA relation between the clamping force F and loading cycles n. (a) n=0-50 cycles; (b) n=10-15 cycles; (c)
n =45-50 cycles; (d) n=45-47 cycles.

loosening standard. Figures 8(al)-(a4) illustrates the clamping force F and the bolt axial force
F, for «=40um in comparison with Figs. 8(bl)-(b4) for o =0. As indicated in Figs.
8(al)-(a4), since both ends of the nut are in contact with the bolt thread due to the pitch differ-
ence, the bolt axial force F, > 0 appears (Noda et al. 2016). In Figs. 8(al)-(a4), since the max-
imum displacement u, = 1mm ~ is applied to the nut with o =40um at n =4525~, the
clamping force F is changing as F+AF. As shown in Fig. 7(d) at n=45.25~, since the "convex
waveform" appears, AF > 0. Then, F, is changing as F, + AF, with AF, < 0. As shown in Figs.
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Uy, = lmm~ u, = Imm~

Clamped
Body

Clamped
Body

Fey Fg, Fes Feq

Ff;: Frictional force
F;: Contact force

Fy;: Frictional force
F;: Contact force

Torque from bolt Torque from bolt

(a2) (b2)

(a3) (b3)

(ad) (b4)

Figure 8. (a1) AF and AF, due to uy = 1mm when « > 40um; (a2) Frictional force F; direction when o > 40um; (a3) Resultants
(Fy — F) and F, when o > 40um (F, denotes the bolt axial force due to the nut both ends contact); (a4) Bolt clamping force F
and F, which is the bolt axial force due to the nut both ends contact; (b1) AF due to uy = 1mm when o = 0; (b2) Frictional
force Fg direction when o =0; (b3) Summation of resultants equal to F when o =0; (b4) Bolt clamping force F. (In (a1) and (b1),
AF is the change of F= the bolt clamping force F and AF, is the change of F,=the bolt axial force due to the nut both ends
contact; Here, AF=change of bolt clamping force F, AF,=change of the bolt axial force between the nut threads F, due to the

nut both ends contact).
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Figure 9. Variations of bolt axial force due to the nut both ends contact F, (in Figure 8(a4)), clamping force F, and the resultant
force of the left side part of the nut onto the bolt (F,-F) (in Figure 8(a3)) for the loading cycle n =45-47 of o =40 um.

Table 1. Frequency of concave/convex shape wave in F-n relation for n = 10-50.

ou=0 o =35 um o =40 um
Experiments X A A
FEM simulation X O O

O: Always after peak in |uy|, A: Sometimes, x: Never

8(al)-(a4), the direction of the thread contact force F.;, F, in Fig. 8 are different from the ones
of =0. Due to the spiral of the threads, the directions of the frictional force Fs;, Fy, are also
different. This is closely related to the appearance of the "convex waveform" in the simulation
when o= = als

Figure 9 shows variations of the bolt axial force F,, the clamping force F, and the difference
between the two forces (F, — F) during n = 45-47. As shown in Figs. 8(a3) and (a4), the bolt
axial force F, is produced as the resultant in the axial direction at the right side of the nut on the
bolt thread (Fc3 4 Fe4) and (Fy3 + Fy4). Similarly, (F, — F) is the resultant force in the axial direc-
tion at the left side of the nut on the bolt thread (F. + F.;) and (Fs; + Fy;). As shown in Fig. 9,
it can be seen that after the displacement reaches the peak value u, = 1mm at n = 45.25 ~,
(Fy — F) decreases at first and then increases. Similarly, F, decreases at first and then increases.
However, since the value change of F, is larger than the value change of (F, — F), the “convex
waveform” in the clamping force occurs.

As described above, the directions of the thread frictional forces Fy, Fr, in Fig. 8(a3) at nut
ends are different from the ones of o =0. That is to say, the anti-loosening torque is caused by
(Ff3 4 Fy4), and the loosening torque is caused by (Fy; + Fy,). Since (Fy3 + Fyy) is larger than
(Ff1 + Fy;), the whole torque due to frictional forces is acting in the anti-loosening direction. as
a loosening resistance torque. During n = 45.25-45.3 in Fig. 9, since AF,, is smaller than
A(F, — F), (Fpi + Fp) is smaller than (Fs; + Fry). Consequently, since A(Fs3 + Fry) — A(Fpy+
Ff;)>0, the anti-loosening torque increases.

From the above discussion in Fig. 9, F,, F, (F, — F) take peak values at n = 45.3. As shown
in Fig. 9, the decreasing rate of F, is smaller than the decreasing rate of (F, —F) when
n = 45.25-45.3. Consequently, the decreasing rate of (Fy, + Fy,) is also smaller the decreasing rate
that of (Ffs + Fpy). Since A(Ff3 + Fpy) — A(Fp1 + Fr2) €0, the anti-loosening torque due to the
friction increases. From Fig. 9, it can be seen that during n = 45-46, the value of
‘(ng + Fpy) — (Fn1 +Ff2)| is almost constant. Therefore, except for the "convex waveform", the
fastening force F does not change, and therefore, the nut hardly loosens.
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0.5mm

S:Scratch wear; C:Crest; R:Root

Figure 10. The thread surface of the bolt after the screwing in and screwing out process. (@) « = 0; (a) « = 30um; (@) « =
40um; (@) o = 50um.

When o =0, the nut does not twist since only the thread surfaces opposite to the bearing side
are in contact, and this is different from the situation when o =40 um. Therefore, the loosening
resistance is small, and the vertical movement of the movable plate reduces the fastening force F
and the nut loosens.

Table 1 summarizes the frequency of appearing the “concave/convex waveform” during
n=10-50 in the experiment in Fig. 4 and the FEM simulation in Fig. 7. Focusing on the experi-
mental results in Table 1, the frequency of the concave waveform is 0-2 times in 5 repetitions for
both «=35um and o =40 um as denoted by A: Sometimes in Table 1. Focusing on the FEM
results in Table 1, a convex waveform is always observed after the peak of displacement for both
o=35um and o =40um as denoted by (O: Always after peak in |u,| in Table 1. As shown in
Table 1, o =35um and o =40 um have a similar frequency of the “concave/convex waveform”,
o=35pum may have a similar anti-loosening performance like o =40 um, which satisfies DIN
standard. Instead, when « =0, such a “concave/convex waveform” cannot be observed suggesting
that the anti-loosening performance is significantly inferior.

The difference of the waveforms between the FEM and the experiment can be explained from
the change of the contacted thread surface conditions due to the wear and the generation of wear
debris in the experiment. The bolt threads after the screwing in and screwing out process are
shown in Fig. 10. The thread wear can be seen clearly for the pitch difference nuts. In the
ANSYS FEM simulation, the friction coefficients between the threads cannot be changed and are
assumed to be a constant value in the whole process (Noda et al. 2020).
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Figure 11. Nut loosening angles 6, = Oy — 0z vs. loading cycles n. Here, 0y = the nut rotation angle, 63 = the bolt rotation
angle, Stage A: Loosening process; Stage B: Loosening stop process. (a) Nut loosening angle 0, when initial tightening force
F=15kN for Stage A when o =0, 35 um, Stage B when o =40 um; Nut loosening angle 6, when initial tightening force F =6 kN

in order to simulate Stage B when o =35 um; (c) Nut loosening angle 0, when initial tightening force F=15kN for Stage B
when o =35 um.

4. Fem simulation for nut loosening angle

4.1. Nut loosening angle 0,versus vibration cycle n (0,-n relation) obtained by
FEM simulation

Figure 11 shows the nut loosening angle 0; vs. the vibration cycle n (0, - n relation) obtained
by FEM simulation. The nut loosening angle 0; can be defined 0, = Oy — 0p, where 0Oy repre-
sents the nut rotation angle and 0p represents the bolt rotation angle. Figure 11(a) illustrates the
results for n=0-2 after applying the initial clamping force F = 15 kN. It is seen that « =40 um
is in loosening stopping stage B and o =0 but « =35 um are in loosening progressing stage A. To
express stage B (n>300) of o = 35um with small calculation time, Fig. 11(b) shows the result
for n=0-2 after applying a fictitious initial clamping force F =6 kN. To express stage B
(n>300) of o = 35um by applying the real value F =15 kN, Fig. 11(c) shows the result for
n =1300-302, which can be obtained by using workstation HP Z440 (CPU E5-160 v4 @ 3.70 GHz,
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RAM32.0GB) with a large calculation time more than two months. Note that the similar wave
shape can be seen in Figs. 11(b) and 11(c), indicating loosening stopping stage B.

As shown in Fig. 11, the 0 — n relation includes several types of local stage denoted by I *,
I, IIg. As an example, the local stage IIp can be defined where 0;, decreases as A0, < 0 con-
tributing the nut tightening instead of the nut loosening. Local stages I *, IIg, Il observed in the
F-n relation will be discussed in detail in the next section.

4.2. Stage I, I, lll in F-T relation and local stage 1 *, lIg, llg in F-n relation

As shown in Figs. 11(b) and 11(c), the local tightening stage Il can be confirmed as well as the
local loosening stage IIy in the F-n relation (clamping force F vs. loading cycle n) in stage B. In
the previous study, tightening and untightening the nut were investigated in detail and expressed
as the F-T relation (clamping force F vs. torque T). In this section, therefore, the F-n relation will
be compared with the F-T relation in terms of nut loosening and the nut tightening.

Figure 12 shows the F-n relation and the F-T relation when o =35 um and o« =40 um. Figures
12(a) and 12(c) includes stage A where F decreases, and stage B where F becomes constant. To
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Figure 12. F-n relation (Clamping force F vs. loading cycles n relation) explained by F-T relation (a) Clamping force F vs. loading
cycles n of o =35 um; (b) Clamping force F vs. tightening torque T of & =35 um; (c) Clamping force F vs. loading cycles n of
o =40 um;(d) Clamping force F vs. tightening torque T of & =40 um.
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explain stage A and stage B, the F-T relation can be utilized (Noda et al. 2022). As shown in
Figs. 12(b) and 12(d), the nut untightening process in the F-T relation can be classified into stage
I, stage II, and stage III for o =35um. Note that the loosening behavior of o =35 um is totally
different from the behavior of o> 40 um where there is no stage II. The local stage I *, IIg, Il
in the F-n relation can be defined in a similar way of stage I, stage II, and stage III in the F-T
relation. As already indicated in Fig. 10, the 0, — n relation is explained in terms of stages I-III
defined as follows.

4.2.1. Stage | in the F-T relation

During stage I in Fig. 12(b), the nut rotates almost together with the bolt. Then, the initial twist
energy of the bolt is released as indicated between point G and point G,, in Fig. 12(b). The con-
tact portion of the thread surface and the F-T relation are the same irrespective of «. During this
stage I, the clamping force F almost does not change.

4.2.2. Local stage | * in the F-n relation

Similar to stage I in Fig. 12(b), the Junker type loosening in Fig. 11(a) as well as Fig. 12(a)
includes the local stage I * at n#=0-0.07 where 0, increases sharply. In the local stage I *, the
bolt and nut rotate completely integrated. For o = 35 um in Figs. 11(a) and 11(b), stage I * can
be seen in both stage A and stage B where the bolt and nut are completely integrated and 0,
does not change.

4.2.3. Stage Il in the F-T relation

In the F-T relation, during this stage II, the nut thread starts slipping from the bolt thread. As
shown in Fig. 12(b), « = 35um has stage II, but as shown in Fig. 12(d), o« = 40 um does not
have stage II. During stage II for o = 35 um, the contact status from G, to F, in Fig. 13 is the
same as the one of « = 0. Only at F, in Fig. 13, which is at the end of stage II, both nut ends
come into contact with the bolt thread. Therefore, as shown in Fig. 12(b), the F-T relation from
G, to F, is the same for o = 35um and o« = 0. Instead, as shown in Fig. 12(d), o = 40 um has
no stage II because both nut ends are always in contact with the bolt thread with no status from

172}
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Figure 13. Contact status in tightening and untightening process of nut of & =35 um.
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G, to F, in Fig. 13. Therefore, the F-T relation of o = 40 um is always different from that of o =
35 um from the beginning of loosening as shown in Fig. 12(d).

4.2.4. Local stage IIg, IIg in the F-n relation

As shown in Fig. 11, in the F-n relation of the Junker loosening test, there are two local stages;
one is the local stage IIz where the nut loosens and the other is the local stage IIz where the nut
is tightened. In stage A for o = 35um in Fig. 11(a), only the local stage IIr can be seen but in
stage B for « = 35 um in Figs. 11(b) and 11(c), both of the local stages IIz and IIy can be seen.

4.2.5. Stage Il in the F-T relation

As shown in Figs. 12(b) and 12(d), this stage III is the last stage of the F-T relation. During this
stage III of o =35 um, Fig. 13 shows the contact status from F, to E, where both ends of the nut
contact the bolt threads. Then, the thread contact force at the bearing surface side increases and
takes the maximum value when the nut is separated from the clamped body. During this stage
II1, the bolt axial force between the threads F, also increases and the clamping force F decreases
and finally becomes F=0. Since the thread contact status is different from the status of « =0, the
F-T relation is also different as indicated in Fig. 12(b). Then, the clamping force F is hard to
decrease since the loosening resistance torque Ty = |T|,.,— |T|,., with T < 0 appears (see
the Appendix). In this way, stage III contributes to anti-loosening for o =35 yum when the clamp-
ing force becomes smaller as F < 8 kN. Therefore, as shown in Fig. 12(b), the anti-loosening effect
becomes larger when the initial clamping force F < 8kN. When o =40 um, loosening resistance
can be expected from the initial stage of loosening because of stage III starts from the beginning
of the loosening.

4.3. Loosening progressing stage a and loosening stopping stage B in F-n relation

In Sec. 2.4, from the F-n relation experimentally obtained, stage A was defined as where the loos-
ening is in progress; also, stage B was defined as where the loosening is stopping. In Sec. 4.1,
from the F-n relation, the local stage I *, IIg, Il were discussed; also, from the F-T relation, stage
I, II, IIT were discussed. In this Sec. 4.3, from the 0;-n relation obtained by FEM, stage A and
stage B will be investigated.

As shown in Fig. 11(a), the loosening angle 0 increases more sharply during n= 0-0.05. It
should be noted that in the experiment the bolt head may rotate with the nut together by the
frictional force, whereas in the FEM simulation the bolt head is fixed. Thus, the loosening angle
in at the first stage becomes larger in the simulation. During n= 0.05-2, the 0-n relations of o
= Oum and o = 35um can be regarded as stage A where the loosening angle 0, increases grad-
ually. Stage A is composed of the local stage IIr where 0 increases and the local stage I* where
0; remains constant.

On the other hand, for « =40 pum in Fig. 11(a), stage A can be seen when n=0-0.05, stage B
can be seen when »n > 0.05. In stage B, 0 is almost constant but the detail observation indicates
that stage B of o =40 um is also composed of the local stage IIz (A0, > 0), I* (A0, = 0) and
Iz (AO; < 0). However, the fluctuation A0y is very smaller compared to that of « =0 pum and
o =35 um. As indicated in Fig. 11(a), Stage A of & = 35 um is composed of the local stage IIp
and I*. Instead, as indicated in Figs. 11(b) and 11(c), stage B of o = 35 um is composed of the
local stage IIp, I*, IIp. In particular, stage B includes IIz where A0, < 0.This is the reason why
stage B no loosening. In other words, since « =0 pum and o =35 um in Fig. 11(a) are in stage A
without including IIz, nut loosening happens.

Although in Sec. 2.4, stage A and stage B in the F-n relation are defined, they can be redefined
in the following way in terms of the 0;-n relation.
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Stage A and stage B in the F-n relation in terms of the 0;-n relation:

The stage A can be redefined as where consists only of the local stage I* (A0, = 0) and Il
(AO, > 0) and therefore the loosening always progresses. Instead, the stage B can be redefined as
where the local stage Iz (A0, > 0), I' (A0, =0) and IIz (A0, < 0) occur alternately in one
vibration cycle and therefore almost no loosening.

4.4. Anti-loosening investigation for pitch difference o =35 um

Since the F-n relation for o =35 um has distinct stage A and Stage B, the anti-loosening property
of «=35um will be discussed in detail in this section. Figure 13 compares the experimental
results with the FEM simulation results when the vibration cycle n < 302. In the analysis, as
shown in Fig. 6(b), the nut is tightened until the initial tightening force reaches F = 15KkN, which
corresponds to 22.3% of the bolt strength. In the experiment, there are a movable plate and a
fixed plate as shown in Fig. 3, but in the FEM simulation, the fixed plate is omitted in a similar
way as in the previous study (Izumi et al. 2005a)and as shown in Fig. 6(a), the lower side of the
bolt head is fixed to the left side of the movable plate (Zhang, Jiang, and Lee 2007). Due to these
differences in the boundary condition, both bolt-nut integrated rotation and nut loosening rota-
tion occur in the experiment, but in the analysis, the integrated rotation does not occur, and only
the loosening rotation occurs. Therefore, in Fig. 14(a), there are some differences, but the same
tendency can be seen. In this FEM simulation, the reduction of F becomes smaller after n =50.
Figure 14(b) shows the relation between the vibration cycles and the loosening angle 0p =
On — 0p, the nut rotation angle 0y and the bolt rotation angle 6p obtained by FEM when the
pitch difference =35 pum. As shown in Fig. 14(b), the reduction of the loosening angle A0 also
becomes smaller after n =50. Figure 14(b) shows that 0y and 0; increase in the whole process,
whereas 0p is almost constant except at the beginning of n. Therefore, 0; almost equals to Oy
as 0;2=20y.

Figure 15 shows the details of the nut rotation angle Oy (=20;) in Fig. 14(b). Figure 15(a)
shows when n= 0-2 no local stage Iz (AON* < 0) and therefore ) increases monotonically.
Figure 15(b) may include some local stage IIz (A0, < 0) when n= 10-12 but the increment A0L"
is almost zero as AHJI\I,B =~ (. Instead, Fig. 15(c) shows when n = 48-50 the certain local stage II
but the tightening angle A0}’ is less than the loosening angle A0y as |AOY|<|AOY|. Instead,
Fig. 15(d) shows when n= 300-302 the tightening angle A0}* is nearly equal to the loosening

angle AOY in one vibration cycle as |A011\I,B| = |AON|. Figures 15(a)-(d) show with increasing #,
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Figure 14. Loosening experiments and analysis for « = 35 um (a) Comparison of F-n relation obtained by FEM and experiment;
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Figure 15. Nut rotation angle 0y in Figure when (a) n=0-2, (b) n=10-12, (c) n =48-50, (d) n =300-302.

the amount of tightening angle |A0;| in one cycle increases and approaches the amount of the
loosening angle |Afg| in one cycle.

By comparing Fig. 15(a)-(d), it may be concluded that for pitch difference nut the loosening
angle A0y in one vibration cycle becomes smaller with increasing n. At the meantime, the tight-
ening angle A0}’ in one vibration cycle becomes larger with increasing n. Thus, the total loosen-
ing angle (A0 — AON) becomes smaller, and decreasing the nut loosening accordingly.
Consequently, in «=35 pm, as shown in the simulation and experiment, the nut loosening is in
progress in the early stage of n as shown in Fig. 14(b), and becoming slower and slower due to
the nut both ends contact as shown in F, in Fig. 13. Then, even under no clamping force F =0
the residual prevailing torque remains (Noda et al. 2020).

5. Conclusions

In the previous studies, the authors verified that a suitable pitch difference nut might improve
fatigue strength and anti-loosening at a low cost. In addition, the authors clarified the effect of
the pitch difference on the F-T relation to explain the anti-loosening property indirectly. This
study aims at confirming the anti-loosening property under real working conditions. JIS
M12bolt-nut connections were treated when the pitch difference =35, a =40, o =50 um in
comparison with normal nut &« =0. A Junker vibration loosening experiment and a three-dimen-
sional FEM analysis were conducted to investigate the nut loosening mechanism considering the
DIN standard demonstrating anti-loosening ability. The effect of pitch difference on the anti-



MECHANICS BASED DESIGN OF STRUCTURES AND MACHINES . 19

loosening performance of bolt nut connections is newly discussed when the nut is subjected to a
large number of vibrations equivalent to the DIN specifications. The conclusions can be summar-
ized as follows.

1. The Junker’s experimental results showed that the pitch difference o =40-50 um satisfies
the DIN25201 anti-loosening standard, which prescribes that the residual clamping force F,
should be larger than 80% of the initial clamping force. Although o = 35 um does not satisfy
the DIN standard, « = 35 pm sustains a certain amount of the initial clamping force F,,
for example, after the vibration cycle n =1500, F =4kN remains, which is 27% of the initial
clamping force (see Fig. 4a).

2. Regarding « = 35 um, the F-n relation (clamping force F vs. vibration cycles n) can be clas-
sified into the loosening progressing stage A (n <300) and the loosening stopping stage B (n
>300). Note that the DIN25201 standard is not suitable for evaluating such peculiar anti-
loosening behavior of o = 35 um.

3. In the loosening stopping stage B for o=35-50 um, the identical waveform can be con-
firmed. Even in the loosening progressing stage A for o = 35 um, the same waveform also
can be seen.

4. Different from a = 35-50 um, all portions of the F-n relation of the normal nut « = 0 belong
to stage A and no portion belongs to stage B. Compared to o = 0, the generation mechanism
of stage B for o =35-50 um was clarified from the thread contact force and slip (see Fig. 11).

5. The peculiar anti-loosening behavior of « = 35 um in the F-n relation can be explained from
the F-T relation (clamping force F vs. tightening torque T) discussed in the previous studies.
Only at the end of the nut loosening process, denoted as stage III, both ends of the nut con-
tact the bolt thread. Due to this thread contact, the loosening resistance torque becomes
larger when the clamping force F <8kN as shown in Fig. 12(b). Then, the loosening stop-
ping stage B appears for o = 35 pum in the F-n relation when n > 300.

6. The 0r-n relation (loosening angle 0 vs. vibration cycle n) was investigated through the
FEM analysis. The loosening progressing stage A consists of the local stage I* where the
loosening angle in one vibration cycle A, = 0 and the local stage IIr where A0y, > 0. This is
the reason why the loosening always progresses in sage A. Instead, the loosening stopping
stage B consists of three local stages IIr (A6, > 0), I* (A6, =0) and Il (Af, <0) in
one vibration cycle. Due to the local stage IIz (A6, < 0), almost no loosening in stage B.

7. During stage A (n < 300), with increasing n, the loosening angle in one cycle decreases and
the tightening angle in one cycle increases. Then, during stage B (n > 300), the loosening
angle is equal to the tightening angle in one loading cycle and therefore no loosening.
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Appendix: F-T relations for pitch difference nut with the definition of T,, T,
® Tor Ty

Figure Al illustrates the screwing, tightening, untightening and unscrewing the pitch difference nut. Those proc-
esses were studied experimentally and analytically by using FEM (Liu et al. 2021; Noda et al. 2022, 2020; Wang
et al. 2021). Figure A2 illustrates the F-T relation (the clamping force F vs. the tightening torque T) for o =45 um
and H=10.5mm obtained by FEM analysis. The green line of o =45 um is compared with the gray line of a=0.
For example, Fig. A2(b) shows the F-T relation during the nut position changed as E - F-=G—G, — F,—E, in
Fig. Al(e).

The clamping force F appears by applying T >0 for «=0. Instead, the clamping force F of o =45 um appears
by applying T>T, when the torque exceeds the prevailing torque Tj,. The prevailing torque T, can be defined in
Eq. (A.1) at E in Fig. Al(e).

Tp = supT when F=0, T>0 (A.1)

With increasing T>T), the clamping force F increases. When T = T,5 or T = Tsqy, F becomes largest as F =
Fynax at F in Fig. Al(e) as shown in Eq. (A.2).

Fimax = Max|F| when T = Tasy, or T = Tsgy, (A.2)

Here, T)sy, = 45Nm is the torque T producing F = Fyss,= 16.8KN for a =0 and Ts5y, = 85Nm is the torque T
producing F = Fspy= 33.8KN for oo=0. It should be noted that F = F,,,,, varies depending on o.
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Figure A1. lllustration for (a) Screwing process; (b) Tightening process; (c) Untightening process; (d) Unscrewing process and (e)
Tread contact status change when the nut position is changed as A—B— ... - F—-G—Gu—Fu— ... =Bu—Au.

After T reaches T = T,59 or T = Tsqy, untightening torque is applied as T < 0. Initially, F is almost constant
as Fr F,, since the bolt-nut rotates together. After |T| reaches the slip torque Ty, defined in Eq. (A.3), the nut
rotates independently. Then, F starts decreasing with decreasing |T| as F < F,,,, from Point G, in Fig. A2(b).

Tqip = Max |T| when T < 0 after T = Tasy or T = Tspy (A.3)

As shown in G, — F, in Fig. A2, during F decreasing under untightening T < 0, initially the F-T relations
are equal for o =45 ym and o =0. During F,—E, in Fig. Al, the light green zone illustrates the difference between
=0 and «=45 pm. The difference can be considered as a loosening resistance torque Ty contributing to anti-
loosening, which is defined in Eq. (A.4) (Liu et al. 2021).

Ty = |T)ys0 — |T],eq when T <0,

Tk >0 when 0 < F < h, i.e. h = supF when T}y >0 (A4)
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Figure A2. Relation between the clamping force F and the tightening torque T: (a) when o =45 um under T < T,50,=45 Nm; (b)
when o =45 um under T < T500,=80 Nm.

At E, in Fig. A2, even no tightening force F=0, Ty > 0. Therefore, the loosening resistance torque Ty can be
characterized at the value when F=0. The value T} at F=0 can be named the residual prevailing torque and
defined in Eq. (A.5).

Tp = Ty when F=0 (A.5)

The residual prevailing torque Tj above may represent the anti-loosening performance (Liu et al. 2021; Noda
et al. 2022; Wang et al. 2021). However, T} is changing during F,—E,. Therefore, the median loosening resistance
torque can be considered and defined in Eq. (A.6).

TZ =|T|,n0 — |Tl,eo when F=h/2 and T <0 (A.6)
The median loosening resistance torque may represent Ty variation during F,—E,,.

Regarding the normal nut a =0, Tp =Ty =Tp = T; =0
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