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In this paper, the load distribution of a bolt connection structure with a variable thread
profile at high temperature is investigated. The parameters of time-hardening creep model
of aluminum alloy at high temperature were obtained by fitting the uniaxial creep tensile
test data of aluminum alloy at 250◦C. Based on ABAQUS, a two-dimensional axisymmetric
model of the bolt connection structure was established, and according to the thread load
distribution considering linear elasticity, plasticity and creep characteristics, modification
of standard metric thread profile was carried out. The load distribution law of the thread
of the modified bolt connection structure were investigted. The results show that the load-bearing ratio of the first thread can be significantly reduced and the load-bearing distribution uniformity of all threads can be improved when the modified thread is applied to the
bolt connection structure.
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1.

Introduction

Bolt connection is one of the most commonly used components in engineering structures and
mechanical design. Because of its simple structure, convenient disassemblement and low cost, it
has been widely used, especially in many modern engineering structures (Hou and Liao, 2015).
In a combined structure of bolt connection, due to structural characteristics of the connection,
there are often problems such as stress concentration and uneven load distribution of thread
teeth. The stress concentration mainly occurs at the thread root, especially at the first thread
root, which affects strength and reliability of the bolt, connection to a certain extent (Chen et
al., 2010; Farrahi et al., 2018). Xie et al. (2020) observed that when a bolted composite structure
works in a high temperature environment, fluctuation of temperature and other environmental
factors may affect its structural strength and reliability, resulting in bolt loosening and premature
fatigue failure.
The cylinder head and cylinder block of an automobile engine are connected by bolts, and the
reliability of the bolt connection directly affects the reliability of engine operation. The material
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of the engine cylinder head bolt is steel, and the connecting parts are usually made of aluminum
alloy. Because the creep temperature of aluminum alloy is low, the use of aluminum alloy makes
the bolt joint structure more prone to creep relaxation, which leads to premature failure of the
bolt connection (Hashimura et al., 2019; An et al., 2011; Thoppul et al., 2009).
The bolt connection structure of the cylinder head is affected by a variety of environments
in practical use, especially in high temperature. Material and mechanical properties of metal
fasteners will change with temperature, which affects the performance of the bolt connection
structure. In actual conditions, the maximum temperature of the cylinder head bolt is about
200-250◦ , and the maximum temperature of the cylinder head is about 200-300◦ C. The creep of
the steel material used in the engine cylinder head bolt occurs when the temperature is above
400-450◦ C. Therefore, the creep can be omitted in calculation, but the creep of the aluminum
alloy material used in the cylinder head must be considered (Zhang et al., 2003; Brown and
Lim, 2017). In this paper, in view of the bolt connection combination structure, combined with
mechanical design knowledge, the design of new thread for bolt connection is improved. This
paper discusses the influence of different preloads on the load distribution of the thread of the
improved bolt connection structure. Through the research of this paper, a new thread profile is
designed, which will be better used in high temperature, and will improve reliability of the bolt
connection structure to ensure reliability of the engine.

2.

Bolt connection combination structure

The bolt connection structure is shown in Fig. 1. Among the loads of each thread, the load
on the first thread tooth is the largest, and the load is mainly concentrated on the first three
thread teeth. Hantouche et al. (2018), Welch (2018), Chen et al. (2017) showed that due to the
influence of the material and bolt structure, stress concentration often occurs at the root of the
thread, and the maximum stress is often found at the root of No. 1 thread.

Fig. 1. Schematic diagram of the bolt connection structure

Since the load-bearing ratio of the thread teeth is mainly concentrated on the front three
thread teeth, changing the contact area of the thread teeth can improve the uneven bearing of
the bolt (Zhou et al., 2015; Zhao, 1996; Wang and Hu, 2017). So, this paper only designs the
contact area of the front three thread teeth, and the other parameters of the thread teeth are
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unchanged. By reducing height of the thread to reduce the contact area of the thread, the load
of the thread will be reduced, which will make the load of all threads more uniform. The details
are as follows.
In this paper, we use M8 bolt, and 6 pairs of thread teeth contact. The average bearing ratio
of the thread teeth is
x=

N
1 X
xi
N i=1

(2.1)

where i is the number of the thread, xi is the load-bearing ratio of the thread i. Through the
finite element calculation of the standard thread, the bearing ratio of the thread is obtained:
x1 = 21.24%, x2 = 20.34%, x3 = 17.35%. N is the number of thread contact pairs.
The reduced thread height is
∆Hi = (xi − x)Hk

(2.2)

where H is height of the original thread; k is the coefficient related to the height of the thread
tooth (k = 3.86).
The thread height after the design modification is
hi = H − ∆Hi

(2.3)

The design is carried out with the results obtained in a plastic stage at normal temperature,
and the results are shown in Table 1.
Table 1. Design dimensions of the variable thread teeth
Number of
thread
1
2
3

Load bearing
ratio of thread
21.24%
20.34%
17.35%

Thread height before
modification [mm]
0.575
0.575
0.575

Thread height after
modification [mm]
0.474
0.494
0.560

The final design of the variable thread bolt connection structure is shown in Fig. 1.

3.
3.1.

Determination of the creep model and its parameters

Creep model

In this paper, the first and second stages of creep are studied. In order to better simulate the
first and second stages of creep of metal materials, the most widely used time-hardening creep
model is studied
ε̇c = Aσ n tm

(3.1)

where ε̇c is the equivalent creep strain rate; σ is the test load; t is the creep time; A and m are
the creep test material constants; n is the test stress index, which is used to characterize creep
characteristics of materials. Taking the logarithm of both sides of formula (3.1), we get
ln ε̇c = ln A + n ln σ + m ln t

(3.2)

By creep test, the value of n can be obtained for the creep rate in the second stage of creep
under the same temperature and different stress.
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Since the creep test results show the relationship between the creep strain and time and the
equivalent stress, it is necessary to integrate formula (3.1). The results are as follows
εc =

A
σ n tm+1
m+1

(3.3)

where εc is the creep strain; A and n are greater than 0; −1 < m < 0.
Using formula (3.3) to fit the creep strain curve obtained from the test, three parameters A,
m and n can be obtained.
3.2.

Creep tensile test

A uniaxial creep test of a unidirectional loading specimen is adopted in this creep test, and
the creep material is aluminum alloy used for an engine cylinder head. The preparation of the
test pattern and test method are carried out according to GB/T 2039-2012 (metal uniaxial
tensile creep test method). The geometric dimension of the pattern is shown in Fig. 2, and the
actual test piece is shown in Fig. 3.

Fig. 2. Geometry of the high temperature creep test specimen

Fig. 3. Object of the high temperature creep test specimen

In order to explore the creep properties of aluminum alloy at high temperature, the test
temperature was set at 250◦ C. After the test temperature reaches the set temperature, it is kept
for 2 hours, then a constant load to fracture or creep for 60 hours is applied, respectively. The
creep strain data are recorded in real time. Figure 4 shows the creep test curve at 250◦ C.
3.3.

Creep parameter fitting results

Using formula (3.3) to fit the creep curves at different temperatures obtained from the creep
test, the parameters of the creep damage formula at different temperatures are obtained, see
Table 2.
Table 2. Material parameters of the time-hardening creep model
Temperature[◦ C]
250

A
1.935 · 10−9

m
−5.380 · 10−14

n
0.962
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Fig. 4. Creep curve of aluminum alloy material at 250◦ C

Fig. 5. Bolt connection structure finite element model: (a) bolt connection structure;
(b) thread contact part
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4.
4.1.

Finite element calculation of the bolt connection structure

Establishment of the finite element model

According to Chen et al. (2010), considering the symmetry of the bolt connection structure,
the simulation results of 2D and 3D models are basically consistent, which proves that the 2D
axisymmetric model can be used for thread load calculation. Therefore, this paper adopts M8
bolt and simplifies the connection structure to the 2D axisymmetric model. Therefore, the mesh
of the thread profile is refined, as shown in Fig. 5.
4.2.

Material properties

In this paper, the finite element analysis is carried out by ABAQUS software. Based on the
established bolt connection structure model, the influence of material linear elasticity, plasticity,
creep characteristics and other factors on the load distribution of the threaded teeth is considered. Because the creep property of aluminum alloy is greatly affected by a temperature change,
adding the creep property with the temperature change in the process of finite element calculation can more accurately simulate the load-bearing situation of the bolted composite structure
at different temperatures.
The bolt is made of steel, and the material properties are shown in Table 3. The connected
parts are made of aluminum alloy, and the material properties are shown in Table 4. The stress-strain curves of the two materials are shown in Figs. 6a and 6b.
Table 3. Stell material properties
Temperature
[◦ C]
Normal temperature
250

Elastic modulus
[GPa]
209
199

Poisson’s ratio
[–]
0.3
0.3

Coefficient of linear
expansion [◦ C−1 ]
1.159 · 10−5
1.232 · 10−5

Poisson’s ratio
[–]
0.31
0.29

Coefficient of linear
expansion [◦ C−1 ]
2.05 · 10−5
2.25 · 10−5

Table 4. Aluminum alloy material properties
Temperature
[◦ C]
Normal temperature
250

Elastic modulus
[GPa]
73
65

Fig. 6. Stress-strain curves of (a) steel materials and (b) aluminum alloy materials
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4.3.

Contact surface setting

The contact properties of the threaded pair (including normal contact property and tangential friction property) are defined, and the upper and lower contact surfaces of the thread teeth
are contacted. According to Housari and Nassar (2007), the influence of the friction coefficient
of the thread and contact surface on self-loosening of bolted connection under transverse load
is studied, and the friction coefficient between the contact surfaces of the bolted connection
assembly structure is set as 0.15. The contact pair chooses the surface with larger stiffness as
the main surface, and the surface with smaller stiffness as the secondary surface. Because the
relative sliding between the contact surfaces is very small, the small sliding contact is adopted.
4.4.

Boundary conditions and load application

The boundary conditions are applied to the bolt axis to restrict the lateral displacement
of all nodes on the axis, and the fixed constraints are applied to the bottom of the thread to
restrict the axial displacement of all nodes at the bottom. A 5000 N axial load is applied to the
bolt. The creep time is set to 10 hours.

5.
5.1.

Analysis of the results of finite element calculation

Comparison of analysis results of the bolt joint combination structure before and after
modification at room temperature

Figure 7 shows the comparison of Huber-Mises-Hencky stress distribution before and after the
new design of the thread teeth. From Figs. 7a and 7b, it can be seen that the maximum equivalent
stress of the bolt joint composite structure before the improvement design is 400.1 MPa, and
the maximum equivalent stress is 365.6 MPa. From Figs. 7c and 7d, it can be seen that the
maximum equivalent stress of the bolt joint composite structure before the improvement design
is 394.3 MPa, and the maximum equivalent stress is 361.1 MPa. It is shown that the improved
thread teeth can reduce the maximum equivalent stress of the bolt joint structure and reduce
stress concentration, which is conducive to improve the reliability of the bolt joint structure.
This is because the modified height of the first three thread thread is reduced, which reduces the
contact area of the front three thread teeth, and reduces the load on the front three thread teeth.
At the same time, the stress concentration is greatly affected by structural deformation. When
the material is in the plastic stage, deformation between the contact surfaces of the thread teeth
will be intensified, which makes the stress concentration change suddenly in the place where the
deformation occurs, and the stress concentration degree decreases.
Figure 8 shows the comparison before and after modification of the thread at normal temperature. It can be seen from the figure that the load-bearing ratio of the first thread of the
modified thread decreases, the load-bearing ratio of the first thread in the elastic stage decreases
from 23.81% to 21.88%, and the load-bearing ratio of the first thread in the plastic stage decreases from 23.22% to 21.33%. The load-bearing ratio of the last four threads increases, which
means that the load-bearing distribution of the modified thread is more uniform, which proves
that the modified thread can effectively improve uniformity of the load-bearing distribution of
the thread.
5.2.

Comparison of analysis results of the bolt connection structure before and after
modification at 250◦ C

Figure 9 shows the Huber-Mises-Hencky stress distribution of the bolt connection structure
before and after modification at 250◦ C. It can be seen that the maximum equivalent stress in
the elastic stage before modification is 397.1 MPa; the maximum equivalent stress in the plastic
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Fig. 7. Huber-Mises-Hencky stress distribution of the bolt connection structure before and after
modification at normal temperature: (a) elastic stage before modification, (b) plastic stage before
modification, (c) elastic stage after modification, (d) plastic stage after modification

stage is 359.7 MPa; and the maximum equivalent stress in the creep stage is 288.4 MPa. After
modification, the maximum equivalent stress is 363.6 MPa in the elastic stage, 340.8 MPa in the
plastic stage and 395.6 MPa in the creep stage. The maximum equivalent stress appears at the
root of the first thread in the elastic and plastic stages, and at the top of the first thread in
the creep stage after modification. Compared with that before modification, in the elastic and
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Fig. 8. Load distribution of the bolt connection structure before and after modification at normal
temperature: (a) elastic stage, (b) plastic stage

plastic stages, the maximum equivalent stress decreases after modification. When the material
is in the creep stage, the maximum equivalent stress increases greatly. This is because the stress
concentration is largely affected by structural deformation. When the material is in the creep
stage, the height of the first tooth is reduced, and the deformation will be reduced, so the stress
concentration phenomenon will be more obvious. Although the maximum stress of the modified
bolt is larger, the maximum stress does not exceed the yield stress of the bolt, and the modified
thread tooth bearing is more uniform, which indicates that the modified bolt bearing capacity
has been improved.
Figure 10 shows the load distribution of the thread before and after modification at 250◦ C. It
can be seen from Fig. 10a that in the elastic stage, the load-bearing ratio of the first thread and
the second thread before modification is 23.36% and 20.86%, respectively, and the load-bearing
ratio of the first and second thread after modification is 21.50% and 20.90%, respectively. The
load-bearing ratio of the last thread after modification is increased, and the load-bearing ratio
of all threads is increased. Examples are more focused. This shows that the load distribution of
the thread will be more uniform in the elastic stage of the modified bolt connection at 250◦ C.
It can be seen from Fig. 10b that in the plastic stage, the load-bearing ratio of the first thread
and the second thread before modification is 20.44% and 20.96%, respectively, and the loadbearing ratio of the first and second thread after modification is 18.41% and 20.41%, respectively.
The load-bearing ratio of the last thread after modification is increased, and the load-bearing
ratio of all threads is more concentrated. This shows that the load distribution of the thread is
more uniform in the plastic stage of the modified bolt connection at 250◦ C.
It can be seen from Fig. 10c that in the creep stage, the load-bearing ratio of the first thread
and the second thread before modification is 20% and 20.58%, respectively, and the load-bearing
ratio of the first and second thread after modification is 16.39% and 19.31%, respectively. The
load-bearing ratio of the last thread after modification is increased, and the load-bearing ratio
of all threads is more concentrated. This shows that the load distribution of the thread is more
uniform in the creep stage of the modified bolted connection at 250◦ C.
When the bolted composite structure is at high temperature, the plastic and creep characteristics have a great influence on the load-bearing capacity of the thread, and the higher
the temperature is, the more obvious this influence is. It can be seen from Figs. 10b and 10c
that in the plastic and creep stage, the load-bearing ratio of the first thread greatly decreases,
and more load will be transferred to the later thread, especially in the creep stage. This is be-

477

478

L. He et al.

Fig. 9. Huber-Mises-Hencky stress distribution of the bolt connection structure after modification
at 250◦ C: (a) elastic stage before modification, (b) plastic stage before modification, (c) creep stage
before modification, (d) elastic stage after modification, (e) plastic stage after modification,
(f) creep stage after modification

cause the modified height of the first three threads is reduced, and the contact area of the first
three threads is reduced, so that the load-bearing ratio of the first three threads is reduced,
and the load is transferred to the last few threads, so that the load distribution of all threads
is more uniform. Because the material properties are affected by temperature, the higher the
temperature, the smaller the yield strength of the material, which makes the first three threads
easier to deform, resulting in a reduction of the contact area between the thread contact pairs
and the corresponding bearing ratio. At the same time, the creep characteristics of the material also exhibit thread creep deformation, which makes this phenomenon more obvious. Because the additional bending moment makes the last thread contact more close, the last thread
increases.
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Fig. 10. Load distribution of the bolt connection structure after modification at 250◦ C: (a) elastic stage,
(b) plastic stage, (c) creep stage

6.

Conclusion

In this paper, a new bolt connection structure is designed based on the load distribution of the
structure. The validity of the solution is verified by finite element analysis. The main conclusions
are summarized as follows:
• The modified bolt connection structure can reduce stress concentration in the elastic and
plastic stage, which is conducive to improve the reliability of the bolt joint structure.
• The modified bolt connection structure is designed, and the load distribution of the thread
teeth is more uniform considering the plastic and creep characteristics of the material.
• For the modified bolt connection structure, the load distribution uniformity of the thread
teeth is improved at normal temperature and 250◦ C.
• In the creep stage, the maximum stress of the modified bolt is larger than that before, but
the maximum stress does not exceed the yield stress of the bolt, and the modified thread
tooth bearing distribution is more uniform.
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