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Rolling Formability Optimization
of Locking Bolt Based on
a Double-Thread Structure
Composed of Coaxial Single
and Multiple Threads
In previous studies, we developed innovative anti-loosening bolts and nuts with a double-
thread structure (denoted DTB-IIC) composed of coaxial single and multiple coarse
threads. It was also experimentally proven that the DTB-IIC has high anti-loosening perfor-
mance. In this study, we analytically and experimentally investigated the effects of multiple
thread groove depths and rolling methods on the thread rolling formability of DTB-IIC fas-
teners. The bottom rise rate, which is the ratio of the bottom rise amount of the multi-thread
groove to the reference thread height, was set in three ways of 50%, 60%, and 70%. As the
bottom rise rate increased, peeling on the thread surface was suppressed and the high tem-
peratures produced by thread rolling decreased significantly, but the loosening resistance
against vibration clearly decreased. We compared three typical mass production processes
for bolts: the round die method, the flat die method, and the planetary method, with the
bottom rise rate set at 50%. It was found that the flat die method had the best rolling form-
ability in terms of screw-thread shape and surface quality. A finite element simulation con-
sistently reproduced the deformation process of the complex DTB-IIC thread and revealed
that the material shear flow due to over-rolling led to the occurrence of surface peeling.
[DOI: 10.1115/1.4067013]
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1 Introduction
Screw fasteners are clearly one of the most vital and useful

machine elements due to their ease of installation and removal.
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They have been used for a very long time in the Western world, and
currently are spread almost worldwide. In particular, bolt fasteners
smaller than M24 are manufactured in hundreds of billions annually
around the world through established mass production processes
using thread rolling. However, such small bolted joints have the
problem of loosening due to the return rotation of the nut when
dynamic external forces such as cyclic stress or impact force are
applied during service [1]. This problem has not been completely
solved, and fatal accidents caused by such failures are still being
reported around the world [2]. Therefore, many researchers have
investigated the cause of loosening of bolted joints [3–6] and con-
sidered many different countermeasures [7–10]. Most commercially
available anti-loosening screw-parts exhibit macro-slip on the nut-
bearing surface when subjected to a severe transverse vibration
load and cannot completely suppress rotational loosening because
most of them only enhance the frictional force between the bolt
and nut or between the nut and the bearing surface [5,11–14]. In
comparison, it has been proven that double-thread bolt (DTB)
fasteners, which have two types of coaxial screw thread with differ-
ent lead angles, have excellent anti-loosening properties [15–17].
For such fasteners, a higher lead nut is first installed, and then a
lower lead nut is added to form a double-nut structure. The
anti-loosening mechanism for DTBs is enhanced by mechanical
locking based on the interference effect of two kinds of nut with dif-
ferent loosening speeds.
Various screw-thread structures are possible for DTBs, but in

previous studies [18–20], we have devised the DTB-II with an inno-
vative double-thread mechanism composed of a single coarse thread
and multiple coarse threads, and investigated the optimization of its
structure, anti-loosening performance, and mass production poten-
tial. The results showed that the innovative anti-loosening bolts
and nuts with a double-thread structure (DTB-IIC) shown in
Fig. 1(a) has an overall superior structure from the viewpoints
of rolling formability, static and dynamic tensile strength, and vibra-
tion loosening resistance [20,21]. The DTB-IIC has a thread struc-
ture in which the number of multiple thread grooves is set to three,
then one thread groove is removed, the remaining two thread
grooves are aligned at a 1.5-pitch interval, and the depth of these
grooves is reduced by up to 50% of the thread height. Nut fastening
and torque management for DTB-II can be performed very easily
because the inner multi-thread nut, mounted first as shown in
Fig. 1(c), is also rotated when the outer single-thread nut is tight-
ened, solving most of the problems encountered with the conven-
tional DTB-I [16]. Mass production of the DTB-IIC is carried out
in the same way as a normal single-thread bolt (STB) using dedi-
cated dies with a complicated groove profile on the processing
surface, as shown in Fig. 2, which has almost the same contour
as the thread profile for a DTB-IIC bolt at each corresponding
angular position, as shown in Fig. 1(b). Previously, the machining
of the special grooves in DTB-IIC dies was carried out by electrical
discharge machining, which was very time-consuming and costly,
making it impractical. Thus, in our previous study [21], we success-
fully established a high-precision grinding system to manu-
facture a dedicated die for DTB-IICs with high speed and high
efficiency. As a result, the production cost and processing time
were reduced drastically, and by optimizing the die groove shape
(specifically, the length and depth of the parallelogram groove
shown in Fig. 2(b)), the mating state between a rolled DTB-IIC
bolt and the inner multi-thread nut could be adjusted appropriately.
However, some issues still remained, such as the occurrence of

material peeling on the rolled thread surface and the high tempera-
ture produced in the workpiece by thread rolling compared to the
temperature induced by STB processing. To further improve the
practicality of this technology in the future, it is necessary to estab-
lish a mass production process that improves rolling formability to
the same level as that of STBs. In the present study, to solve these
problems, we first focused on the bottom rise rate β of the multi-
thread groove, and made some modified DTB-IICs with β larger
than 50% of the value used in a previous study [20] and conducted
finite element method (FEM) simulations and experiments of thread

rolling. The first purpose of this study was to quantitatively evaluate
the effects of β on rolling formability, strength, and vibration loos-
ening resistance. Next, we evaluated three types of mass production
processes for bolt threads: the round die method, the flat die method,
and the planetary method. Until now, thread rolling experiments in
this research have only been conducted using the round die method,
because it is easy to change the rolling conditions. But, at actual
production sites, most high-demand M24 or smaller bolts are
thread-rolled using the flat die method or the planetary method
due to higher productivity. Hence, using the above-mentioned die
grinding system, we developed dedicated rolling dies that are com-
patible with the flat die and planetary methods, and carried out
rolling experiments and simulations using them. The second
purpose of this study was to comparatively evaluate the effects of
different thread rolling methods on thread formability.

2 Method
2.1 Thread Structure of Modified DTB-IIC. For the reason

given above, this study used a conventional DTB-IIC and its mod-
ified version as the research targets. Figure 1(a) shows the funda-
mental thread structure of the DTB-IIC, and Fig. 1(b) shows the
cross-sectional shape of the threads at each representative angular
position from 0 deg to 180 deg along the half circumference of
the bolt. Here, the bottom rise rate β for the multi-thread groove
is defined as the value obtained by dividing the amount of bottom
rise α by the reference thread height h, expressed as a percentage.
In this study, we investigated the conventional DTB-IIC with β
set to 50%, which is the effective diameter position, and two mod-
ified DTB-IICs with β set to 60% and 70%. Each specimen is
denoted as DTB-IIC50, DTB-IIC60, and DTB-IIC70, respectively.
The threads of these DTB-IICs were rolled using dedicated dies in
which the depth of the trapezoidal groove was adjusted according to

Fig. 1 Thread structure of DTB-IIC: (a) thread structure,
(b) cross-sectional profiles, and (c) mating details with two
types of nuts
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β, as shown in Fig. 2(a). Figure 3 shows the changes in the circum-
ferential direction of the thread cross-sectional area ratio, ξ, for each
DTB-IIC type, which was calculated by dividing the thread cross-
sectional area for three pitches at each angular position of the
DTB-IIC by that for the normal STB. As β increases, the minimum
value of ξ gradually approaches 100%, and its distribution becomes
linear. As a result, the thread shape for DTB-IIC70 in particular is
almost the same as that for a normal STB, which is expected to
improve rolling formability.

2.2 Thread Rolling Experiments. For a comparative evalua-
tion, thread rolling experiments were conducted on DTB-IICs with
a nominal size of M12× 1.75 as in a previous study [20]. The bolt
materials were AISI 1045 raw material and AISI 4135 heat-treated
material. For DTB-IIC50, we conducted thread rolling experiments
using the three processes mentioned above, but for DTB-IIC60 and
DTB-IIC70, we used only the round die method, which allows
us to flexibly change conditions such as the amount of die radial
feed and the number of times the workpiece is rolled. Round die
rolling was carried out by attaching dedicated round dies to a
manual hydraulic rolling machine with a two-roller die plunge
feed (FA-16U, Nissei Co., Ltd.) with a die rotational speed of
62 min−1 and a rolling time of 3 s including 1 s of dwell (approxi-
mately 30 rotations of the workpiece). Flat die rolling was per-
formed in an inverter-type thread rolling machine (HR-FM2,
Higashida Machinery Co., Ltd.), in which dedicated dies were
attached to both the fixed and movable sides, and a one-side
sliding method was used. The processing time was approximately

0.45 s with seven rotations for workpiece forming and two rotations
for dwelling. For the planetary method, a rotary rolling machine
(SSR-50D, Sakamura Machine Co., Ltd.) was used, and a dedicated
segment die on the stationary side was installed with appropriate
eccentricity relative to the dedicated round die on the drive side.
The processing time was approximately 0.33 s with nine rotations
of the workpiece. The initial diameter of the bolt material and the
amount of die radial feed were adjusted as appropriate based on
the thread forming condition and inspection using a gauge nut.

2.3 Thread Rolling Simulation of DTB-IICs. To analyze the
rolling formability of DTB-IICs, thread rolling simulations were
performed using simplified 3D FEM models. The commercial
code Simufact.forming ver.15 was adopted. Figure 4(a) shows
the initial FEM mesh for the cylindrical workpiece. The height
of the workpiece was restricted to an approximately 6-pitch
length of the STB to reduce the calculation time, and the initial dia-
meter was set to 10.8 mm due to the volume constancy condition.
A semitransparent refinement box (RB) was placed in the region
from an inner diameter of 8 mm to an outer diameter of 14 mm;
this region was divided by fine hexahedral elements with a refer-
ence size of 0.4 mm. The mesh-rezoning procedures were con-
ducted about 20 times during a whole thread rolling process. The
material properties were assumed as the stress–strain relations cor-
responding to AISI 1045 raw material expressed in the form of
power law by

�σ = 900�ε0.17 (1)

where �σ (MPa) is the equivalent stress and �ε is the equivalent
strain.
Figures 4(b) and 4(c) show the flat die and planetary FEM simu-

lation models, respectively, in which the workpiece is an elasto-
plastic material and the rolling dies are rigid bodies. The round
die and flat die FEM models are basically the same, but performing
a simulation using round dies under the same rolling conditions as
the experiment would require too much calculation time (approxi-
mately 3 months), so it was replaced with the flat die model.
During processing using flat dies in Fig. 4(b), the two dedicated
dies were placed on both sides of the workpiece, each was moved
synchronously in opposite directions (see arrows in the figure)
and simultaneously pushed into the workpiece at the same constant
speed by a specific amount of δmax, dwelled, and then released. The
workpiece was subjected to seven rotations for forming and two
rotations for dwelling, as in the fabrication experiment. In the
actual planetary rolling process, the segment die was fixed, only
the round die was rotated, and the material was moved planetarily
around its outer circumference to cut the threads. However, with
the same approach, the RB cannot be placed around the workpiece
because its spatial position is fixed in the simulation. To solve this

Fig. 3 Comparison of changes in sectional area ratio of screw
threads at each angular position

Fig. 2 Appearance of dedicated rolling die for DTB-IIC:
(a) cross-sectional profile at each angular position and (b) A–A
cross-sectional profile of the parallelogram groove
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problem, as shown in Fig. 4(c), the center of curvature of the pro-
cessing surface of the segment die was placed eccentrically by a
specified amount with respect to the rotation center of the round
die, and thread rolling was performed by rotating both dies synchro-
nously in the direction of the arrows. In either rolling method, the
dedicated groove shown in Fig. 2 was precisely provided on the
processing surface of all dies, and the workpiece was only
allowed to rotate around its central axis and move in the die
thrust direction. Coulomb’s friction law was assumed in the
contact area between the die and the workpiece, and the coefficient
of friction was set to 0.2. Note that rolling simulations for
DTB-IIC60 and DTB-IIC70 were conducted using the flat die
method, which enabled us to reduce the calculation time signifi-
cantly and to provide stable solutions compared to the round die
method. Due to the volume constancy condition, δmax was set as
0.64 mm for DTB-IIC50, 0.67 mm for DTB-IIC60, and 0.70 mm
for DTB-IIC70.

2.4 Tensile Strength and Vibration Loosening Tests.
Tensile strength tests and vibration loosening tests were conducted
to compare the strength and loosening resistance of the three types
of M12 DTB-IIC with different β values rolled using round dies.
The bolt material was a chrome-molybdenum steel bar meeting
specification AISI 4135 with a strength rank of grade 8 in SAE J429.
For the tensile tests, we used a universal tensile testing machine

(AG-25TB, Shimadzu Corp.) equipped with a special rig with a
self-aligning function in the axial direction. The under-head full
length of the bolt specimen was 110 mm and the length of the
screw portion was 58 mm. A test specimen mounted with a single
screw nut 12 mm tall was placed in the rig and extended at a cons-
tant speed of 5 mm/min.

Vibration loosening tests based on ISO 16130 [22,23] were con-
ducted using the Junker fastener test bench (J121, Vibrationmaster)
shown in Fig. 5(a), which enables sequential observation of
changes in the axial load of a bolted joint during testing. The bolt
specimens were fully threaded with a length below the neck of
60 mm. Figure 5(b) illustrates the principle of Junker testing, in
which a shear load due to transverse vibration of a glider plate is
applied to the bolted joint, causing the nut to rotate backwards
and loosen. This device allows for the optional specification of
the initial axial preload FM of the bolt, the transverse displacement
amplitude A of the glider plate, the oscillation frequency f, and the
total number of oscillations N (denoted as load cycles). FM was set
to 20 kN to approximate actual use, and A was set to 0.80 mm
according to the self-loosening condition of a normal STB tightened
using one nut as in the previous study [21]. f was set to the most
severe condition of 12.5 Hz, and the test was terminated when N
exceeded 2000 cycles (approximately 160 s) or when loosening
of the bolted joint became apparent. The amount of FM for the
DTB-IIC joint was managed by adjusting the fastening torque of
only the outer single-thread nut, and the back rotation of the inner
multi-thread nut was omitted because the inner nut, which is
mounted first, also rotates when the outer nut is tightened, as men-
tioned above. Molybdenum disulfide was used as a solid lubricant,
and it was applied to the bolt threads before tightening the nut.

3 Results and Discussion
3.1 Effect of Bottom Rise Rate β on Rolling Formability.

Figures 6(a), 6(c), and 6(e) compare the equivalent plastic strain
distribution, �ε, in the final deformation state for the three types of
DTB-IICs with different β values obtained by FEM simulation.
Figures 6(b), 6(d ), and 6( f ) show the outer appearance of

Fig. 5 Vibration loosening test apparatus: (a) Junker fastener
test bench and (b) cross-sectional schematic diagram

Fig. 4 FEM simulation models: (a) FEM mesh of the workpiece,
(b) flat die rolling model, and (c) rotary planetary rolling model
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experimentally thread-rolled samples made of the AISI 1045 raw
material. Figures 7(a)–7(c) compare the screw-thread shapes for
the three types of DTB-IICs obtained in the fabrication experiment.
These figures are obtained by dividing the DTB-IIC into 12 sections
at 15 deg intervals from 0 deg to 180 deg in the circumferential
direction, measuring the thread profile at each angular position
using SURFCOM 1800G (ACCRETECH), and connecting them.
Figures 8(a)–8(c) compare the mating states for the three types of
DTB-IICs and the corresponding inner multi-thread nut at 0 deg.
Figures 9(a) and 9(b) show the filling state transitions for the mate-
rial at the 0 deg and 45 deg positions of the die grooves at each die
radial feed rate η [η = (δ/δmax) × 100%, where δ is the amount of die
radial feed at each deformation stage and δmax is the final amount of
die radial feed obtained from the FEM simulation.
Figure 6 shows that the final material piled-up state and the

periodically changing thread profile for each DTB-IIC in the anal-
ysis (Figs. 6(a), 6(c), and 6(e)) agree well with the experiments
(Figs. 6(b), 6(d ), and 6( f )). Figures 7(a)–7(c) indicate that the
target thread shapes for all cases are obtained for the entire external
surface. It can also be clearly seen that as β increases, the DTB-IIC
thread shape gradually approaches that of an STB. However, as
shown in Fig. 8, the nominal contact area between the multi-thread
groove and the inner multi-thread nut in the DTB-IIC70 is remark-
ably reduced compared to the DTB-IIC50, which may possibly
have a negative effect on the vibration loosening resistance. Com-
parison of �ε in Fig. 6 reveals no large difference among them, but
since δmax increases somewhat as β increases, �ε near the groove
bottom of the single-thread groove becomes slightly larger: �ε ≅
8.0 for DTB-IIC50, 8.3 for DTB-IIC60, and 9.0 for DTB-IIC70.
In contrast, �ε near the bottom of the multi-thread groove becomes
smaller as β increases: �ε ≅ 5.0 for DTB-IIC50, 4.5 for
DTB-IIC60, and 3.9 for DTB-IIC70. The reason for this is that in
the DTB-IIC50, the shallower die grooves are almost completely
filled at η = 63%, as shown in Fig. 9(a), and the material at the

Fig. 6 Comparison of equivalent plastic strain distributions as
calculated by FEM simulations and final products in experiments
for three types of DTB-IICs: (a) DTB-IIC50 by FEM, (b) DTB-IIC50
in the experiment, (c) DTB-IIC60 by FEM, (d ) DTB-IIC60 in the
experiment, (e) DTB-IIC70 by FEM, and ( f ) DTB-IIC70 in the
experiment

Fig. 7 Comparison of DTB-IIC rolled thread shapes in experi-
ments: (a) DTB-IIC50, (b) DTB-IIC60, and (c) DTB-IIC70

Fig. 8 Comparison of mating conditions between DTB-IICs
and inner multi-thread nuts in experiments: (a) DTB-IIC50,
(b) DTB-IIC60, and (c) DTB-IIC70
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bottom of these grooves then becomes over-rolled. In contrast, for
the DTB-IIC70, the completion of filling of the shallower die
grooves is delayed at η = 75%, as shown in Fig. 9(b), which
reduces the degree of over-rolling. The material near completely
filled grooves flows along the same single screw thread to the
unfilled deeper grooves, and this material flow in the circumferen-
tial direction causes severe shear deformation, leading to material
peeling at the surface. Accordingly, reducing the degree of over-
rolling suppresses material peeling. In fact, comparison of the
product thread surfaces in Fig. 6 shows that the DTB-IIC50 in
Fig. 6(b) has a rough surface with small peeled regions in some
places, while the DTB-II70 in Fig. 6( f ) has a relatively smooth
surface with slight peeling only at the groove bottom. In contrast,
almost no peeling is observed for the heat-treated AISI 4135,
even with DTB-IIC50. Table 1 compares the surface temperatures
of various DTB-IICs immediately after thread rolling, measured
using a non-contact thermometer (R-4601, Anritsu Meter Co.,
Ltd.). It can be seen that the temperature clearly decreases as β
increases, and this tendency is particularly noticeable for the
DTB-IIC70 compared to the DTB-IIC50. These results indicate
that the rolling formability can be clearly improved by increasing
β by 50% or more.

3.2 Effects of the Rolling Process Type on Rolling
Formability. Figures 10(a) and 10(b) show the equivalent plastic
strain distribution, �ε, and the material filling state in the final
thread rolling stage for the DTB-IIC50 obtained by FEM simulation
of the planetary method. Comparison of Figs. 10(a) and 6(a) shows
that the flat die rolling process resulted in the desired thread with a
sufficient height at all angular positions. In contrast, in the planetary
process, two complete threads are formed at the 0 deg and 180 deg
positions, but the thread height in the area surrounded by the dashed
ellipse near 90 deg is insufficient (see Fig. 10(b)); the cause of this is
currently unknown. In both processes, �ε becomes a maximum at the
bottom of the single thread, and its maximum value �εmax is

approximately 9 in the flat die method and approximately 11 in
the planetary method. This difference in �εmax depends on the
number of workpiece rotations during forming: seven rotations
for the flat die method and nine rotations for the planetary method.
In the thread rolling experiments, because the initial diameter of

the material and the die radial feed rate were adjusted appropriately,
screw threads with sufficient height were obtained over the entire
external surface in all rolling processes, as verified by inspection
using a gauge nut. Thus, to evaluate the thread forming state in
more detail, we compare the planar expanded 3D thread profiles
for DTB-IIC50 obtained by each rolling process in Fig. 11. With
the flat die method, as shown in Fig. 11(a), the desired threads
were completely formed on the entire cross section, and the
heights of the small threads around the ▾ marks at the 45 deg and
135 deg positions were also sufficient compared to those for the
round die method shown in Fig. 7(a). However, this seems to be
an issue with die machining accuracy, not with the rolling
method. In contrast, with the planetary method shown in
Fig. 11(b), the height of the thread in the elliptical region indicated
by the dashed line is insufficient from 45 deg and 135 deg around
the ★ mark on the left helical thread, as in the FEM simulation.
However, the middle and right-side spiral threads were formed as
intended. Figures 12(a) and 12(b) compare the product thread sur-
faces for the DTB-IIC50 made of AISI 1045 raw material rolled
using the flat die and planetary methods. With both methods,
there was almost no surface peeling of the material seen for the
round die method shown in Fig. 6(b), and, in particular, the smooth-
est rolled surface was obtained with the flat die method. The main

Fig. 9 Comparison of filling-up state in each die groove cross
section, as calculated by FEM simulations: (a) DTB-IIC50 and
(b) DTB-IIC70

Table 1 Bolt surface temperature after thread rolling

Bolt specimen

Surface temperature (°C)

AISI 1045 AISI 4315

DTB-IIC50 105 110
DTB-IIC60 82 100
DTB-IIC70 68 70

Fig. 10 Final deformation state for DTB-IIC50 rolled by the plan-
etary method, as calculated by FEM simulations: (a) effective
plastic strain distribution and (b) filling up state at 90 deg
position
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reason for this is that, compared to the round die method, the total
number of workpiece rotation during forming is less than one-third
(9/30), and the contact area between the material and the die is con-
siderably larger for the flat die method.

3.3 Tensile Strength of DTB-IIC Specimens. Figures 13(a)–
13(c) compare load-stroke diagrams for the three types of DTB-IICs
obtained from the static tensile tests. Each figure shows the results
of three experiments. The failure mode for all bolt specimens was
breaking of the base material without shear fracture of the screw
threads. Comparison of these results shows that the tensile strength
FB for all DTB-IIC specimens exceeded the minimum tensile
strength of 1040 N/mm2 for SAE J429 strength grade 8 bolts. In
addition, β had no effect on the tensile strength of the bolt
specimens.

3.4 Vibration Loosening Tests. Figures 14(a)–14(c) show
the variation in the residual rate of axial load κ with the number
of load cycles N for the three types of DTB-IIC with different β
values in the Junker vibration test. Each figure shows the results
of three experiments. Here, the inner multi-thread nut of the
DTB-IIC was fastened first by hand, and then the outer single-
thread nut was fastened until the initial axial preload P0 reached
the specified value of 20 kN. According to the results reported in

Fig. 11 Comparison of rolled thread shapes for DTB-IIC50s in
experiments: (a) flat die method and (b) planetary method

Fig. 12 Comparison of final products rolled by flat die and plan-
etarymethods in experiments: (a) flat die rolling and (b) planetary
rolling

Fig. 13 Tensile strength test results: (a) DTB-IIC50, (b)
DTB-IIC60, and (c) DTB-IIC70
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a previous paper [20], there was no difference in vibration loosening
resistance between β = 0% and β = 50%. However, as shown in the
figure, when β increased by more than 50%, κ clearly decreased.
Specifically, in all cases, κ dropped rapidly from the start to
N ≅ 50 cycles (called initial loosening). The rate of decrease was
approximately 7% or less for the DTB-IIC50, whereas it was
approximately 15% for both the DTB-IIC60 and DTB-IIC70.
After this initial loosening, κ for the DTB-IIC50 gradually
decreased until N ≅ 200 cycles, and then remained constant; its
final value was more than 90%, which meets the rating-1 specified
in ISO 16130, indicating good self-locking behavior. In contrast, κ
for both the DTB-IIC60 and DTB-IIC70 gradually decreased until

N ≅ 1000, and then continued to decrease very slowly until the
test end. As a result, the final values of κ for the DTB-IIC60 and
DTB-IIC70 varied widely, decreasing by 70–75% and 60–65%,
respectively, which corresponds to rating-2 in the ISO standard,
meaning acceptable loss of clamping force. These results are
assumed to be due to the contacting condition between the multi-
thread grooves of the bolt and the threads of the inner nut as
shown in Figs. 8(a)–8(c) and show that β has almost no effect on
the vibration loosening resistance of DTB-IIC up to 50%, but
clearly decreases the resistance beyond that value.

4 Conclusions
The following main outcomes were obtained from thread rolling

simulations and experiments, and performance evaluation tests for
DTB-IICs with different β values.

• The rolling formability of the DTB-IIC was much improved by
increasing the bottom rise rate β for the multi-thread groove by
60–70%, and the problems of material peeling on the thread
surface and high temperature produced by thread rolling,
which remained issues in the previous study, were completely
resolved.

• There was a clear difference in the rolling formability of the
DTB-IIC due to the difference in processing methods, and
the flat die and planetary methods more easily suppressed
the occurrence of material peeling and improved the rolled
thread surface finish compared to the conventional round die
method. Comprehensive evaluation showed that the flat die
type thread forming method was the best.

• The tensile strength for the DTB-IIC was hardly affected by
higher β values, and its strength level exceeded the
minimum tensile strength of SAE J429 strength grade 8.

• The results of the Junker vibration loosening test indicated that
with the DTB-IIC50, the residual rate of the axial force after
2000 load cycles was more than 90%, which corresponds to
rating-1 in the ISO standard. The vibration loosening resis-
tance of the DTB-IIC clearly decreased when β increased by
more than 50% because of a significant decrease in the
contact area between the multi-thread nut and the screw
threads. However, even with the DTB-IIC60 and
DTB-IIC70, the axial force residual rate (70–75% and
60–65%, respectively) satisfied rating-2 in the ISO standard.
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Nomenclature
f = oscillation frequency in a Junker test
A = transverse displacement amplitude of the glider plate in a

Junker test
N = total number of oscillations in a Junker test

FM = initial axial preload of the bolt in a Junker test
α = amount of bottom rise of the multi-thread groove
β = bottom rise rate for the multi-thread groove
δ = amount of die radial feed

δmax = final amount of die radial feed
ε = amount of deviation of the tips of the left and right

parallelogram protrusions
η = die radial feed rate
κ = residual rate of axial load
ξ = thread cross-sectional area ratio

Fig. 14 Variation in residual rate of axial tension in Junker vibra-
tion loosening tests: (a) DTB-IIC50, (b) DTB-IIC60, and
(c) DTB-IIC70
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