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Abstract. In view of the shortcomings of the existing hot spinning process technology of the accumulator shell, a
method for optimizing themulti-spinning process parameters is proposed. The Johnson-Cook constitutivemodel
of the accumulator shell material – 34CrMo4 alloy steel � was established with its parameters obtained
experimentally. The finite element simulation was carried out for the hot spinning and closing process. Based on
which, three parameters with the greatest influence on the spinning formation were studied: spinning
temperature, spindle speed and friction coefficient. Combined with the central composite test, the response
surface model and the mapping relationship between the three parameters and the maximummises stress as well
as the maximum wall thickness increment of the shell were established. The Pareto optimized solution set was
obtained through multi-objective optimization. Under the condition of not affecting product quality, the
optimized solution with low spinning temperature and high spindle speed is selected to reduce energy loss and
improve work efficiency. The results indicate that the optimized process is experimentally verified to reduce the
process temperature by nearly 30 °C, and the efficiency is increased by 25%.

Keywords: Accumulator / hot spinning technology / finite element / response surface / multi-objective
optimization
1 Introduction

The accumulator is an energy storage device in hydraulic
and pneumatic systems that stores or releases the
compressive energy to ensure that the entire system is
under normal pressure. The shell of the accumulator is an
important part, and its manufacturing process is especially
important to ensure the stability of the system transmis-
sion [1,2]. Therefore, it is of great significance to study the
hot spinning process of the shell for its preparation. At
present, the processing method of the accumulator shell is
usually welding. However, there are obvious processing
defects in it because stress concentration and cracks often
occur at the welding points [3,4], which causes the
accumulator to be scrapped [5,6]. Compared with the
traditional welding process, the spinning process can
prepare a seamless accumulator, which fundamentally
avoids the processing defects caused by traditional
processing method, improves the accumulator quality
hupeihao_gp@163.com
and reduces the rejection rate and the processing cost [7,8].
The hot spinning process of the accumulator shell
mentioned above is a high-energy process. Due to the
current unreasonable process parameters, the effective
energy conversion ratio is not high, and most of the energy
is lost in the form of heat energy [9–11]. Therefore,
optimization of the parameters of the hot spinning process
for the accumulator shell is of vital importance for energy
saving and the emission reduction.

At present, hot spinning processing has broad applica-
tion prospects in the accumulator shell manufacturing
industry due to the advantages of good metal deformation
conditions, high material utilization rate, and significant
product performance [12,13]. Although the hot spinning
process has many advantages, there are still processing
defects and deficiencies due to improper process param-
eters, such as peeling, corrugation, cracks, pinch instability
and insufficient surface accuracy that may occur during
spinning [14,15]. Many scholars at home and abroad have
studied the improvement of spinning process parameters in
response to the above problems. Some scholars optimize
the spinning process parameters by the optimization
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algorithms. For example, Zhu [16] transformed multi-
objective optimization into single-objective optimization
through genetic algorithm, and finally found the optimal
parameters to improve the safety of the accumulator.
Hashemi Abbas et al. [17] used an adaptive optimization
algorithm combined with fuzzy logic control and annealing
optimization algorithm to find the optimal pressure load
curve to prevent wrinkling of the shell casing during
spinning contraction. Yoon et al. [18] used genetic
algorithms in the noise reduction study of accumulators
to reduce noise while reducing the transmission loss of
energy to high frequency vibration. In addition, many
scholars use simulation software to analyze the dynamic
model or numericalmodel of the accumulator, and optimize
the model parameters to achieve the purpose of process
parameter optimization. Chen et al. [19] established the
dynamic model of accumulator and pipeline through
AMESim software, and analyzed the relevant parameters
affecting the characteristics of the accumulator, optimized
themodel, and finally optimized the parameters to improve
the stability of the system. Lin et al. [20] studied the finite
element model of the influence of staggered spinning
parameters on the accuracy of parts. The optimization
parameters were obtained based on finite element analysis,
which improved the precision of machining. Li et al. [21]
used the ABAQUS software to establish a three-dimen-
sional model of the part in the forming method of
simultaneous spinning to produce two conical parts. The
processing parameters were determined by metal forming
principle analysis. Sedighi et al. [22] studied the spinning
manufacturing of aluminum conical tubes, using three-
dimensional dynamic explicit model to simulate and study
the strain distribution in the track, and finally found that
the hardness of the conical tubes increased significantly.
Takahashia et al. [23] studied the spinning process of
SUS409 tube, calculated the damage value of the fracture
criterion and the position of themaximumdamage value by
establishing a three-dimensional finite element model, and
determined the spinning condition without crack. Luo et al.
[24] studied the spinning technology of large-component
complex thin-walled shells used in aerospace, and proposed
a composite spinning process combined with back rolls to
establish roll-type spinning and multi-neck spinning. They
simulated the influence of different spinning process
parameters on the maximum equivalent stress as well as
maximum ellipticity of the sample with the finite element
model of press forming, and determined the back roller
spinning process parameters. Xue et al. [25] carried out
nonlinear finite element simulation on the neck-spinning
process, and studied the internal and external stress
distribution of the pipeline deformation zone during the
multi-pass shrinkage process. Zhanga [26] proposed a
process to optimize the spinning compression port, which
reversed the flow direction of the material and the direction
of the spinning roller, and found that the internal surface
precision was significantly improved. Roy et al. [27] used
the experimental-numerical method to carry out the
intermittent spinning test at room temperature on the
6061-0 aluminum alloy gas cylinder, and established a
numerical simulation model to obtain the effect of spinning
roller path on tube shape and thickness variation.
However, these studies have their shortcomings.
Firstly, they only considered the influence of the spinning
process on the quality parameters of the processed
products, while ignored that the hot spinning process
itself is a highly energy-intensive process and reducing the
manufacturing costs is also a strong desire of manufac-
turers which should ensure energy-saving manufacturing
and avoid the defects of spinning processing. Secondly, a
number of process parameters have an effect on the spin
forming. Considering the influence factors of the spinning
roller path alone, optimizing the spinning roller path is not
enough to characterize the optimization of the entire hot
spinning process. Finally, the accurate numerical model of
the accumulator material was not tested. It may result in
an optimization result that is not meaningful to actual
production guidance. Therefore, this paper makes a
Hopkinson pressure bar experiment to accurately deter-
mine the constitutive model of the material for the
accumulator material. For the problem of multiple
spinning process parameters, the response surface-based
central composite test [28] is used to determine the key
influence parameters, and then apply multi-objective
optimization algorithm for process parameter optimiza-
tion. Under the premise of accurate modeling, the
parameters are optimized for the high energy consumption
in production and the complexity of multi-parameter
problems, which reflects the novelty of this research.

In view of the high energy consumption and low
production efficiency, which is common in the hot spinning
process of accumulator shell [29,30], the process parameters
need to be optimized to achieve the purpose of energy-
saving manufacturing without changing the accumulator
quality. According to the above optimization objectives, an
optimization method of accumulator spinning process
parameters is proposed, which includes the following
procedures: establishing the constitutive model of the
accumulator shell material and the finite element model of
the neck-spinning, analyzing the response surface relation-
ship between parameters, and optimizing the process
parameter.

2 Materials and methods

In this section, the method of establishing the Johnson-
Cook constitutive model of the material of the accumulator
casing 34CrMo4 alloy steel, the process of using the
obtained model to make the finite element analysis of the
neck-spinning, the analysis method of the optimized
parameters and the experimental design of the optimized
parameters are introduced.
2.1 Johnson-Cook constitutive model of 34CrMo4
alloy steel

During the process of neck-spinning the accumulator shell,
the sample material is often subjected to elastic deforma-
tion, large deformation and large strain rate at high
temperature. Therefore, Jonson-Cook constitutive model
[31,32] is adopted to consider the influence of various
factors (strain, strain rate, thermal softening) on the
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hardening stress of the sample material. The Jonson-Cook
constitutive model formula [33] is as follows:

s ¼ AþBenP
� �

1þ Cln
_e
_e0

� �
1� T � T 0

Tmelt � T 0

� �m� �
ð1Þ

where,A is the yield strength under quasi-static conditions,
B is the strain hardening parameter, eP is the equivalent
plastic strain, n is the hardening index, C is the strain rate
strengthening parameter, _e is the equivalent plastic strain
rate, _e0 is the reference strain rate of the material, T0 is the
room temperature, usually 25 °C, Tmelt is the melting point
of the material; m is the thermal softening parameter.

To determine the constitutive model of the 34CrMo4
alloy steel, it is necessary to determine A,B,C,n,m in
formula (1). At room temperature and quasi-static, the
Jonson-Cook constitutive formula (1) can be rewritten into
formula (2), and the formula (2) can be rewritten as
formula (3) by the following formula:

s ¼ AþBenP ð2Þ

lnðs �AÞ ¼ nlnep þ lnB: ð3Þ
It can be seen from formula (3) that the values of A, B

and n in the constitutive model can be obtained by
experiments and data analysis under static conditions. In
order to obtain the quasi-static mechanical properties of
the 34CrMo4 alloy steel, experiment is carried out on the
CSS electronic universal testing machine. The model of the
machine is WEW-300B manufactured by Haocheng
Technology Co., Ltd., and the test used a cylindrical
sample with a diameter of 10mm and a height of 5mm. The
experiment is carried out at room temperature (20 °C), and
according to the national standard GB/T7314-2017 “Metal
material compression test method at room temperature”.A
is the initial yield strength of the material at room
temperature and quasi-static. A can be determined by the
test. The strain and stress values of the material obtained
in the experiment can be used to obtain a fitting curve. The
slope of the fitted curve is n, the intersection with the y-axis
is lnB, from which parameters B and n can be obtained.

To determine the parameters C and m in the
constitutive model, the dynamic mechanical test must
be carried out on the basis of the static parameters. The
dynamic mechanical performance test is carried out with
the Hopkinson pressure bar device. The device is operated
by Beijing Dexing Technology Co., Ltd., China. The
company’s productionmodel is ALT1000. The stress-strain
curve of the material at different temperatures and strain
rates is measured by the device. Considering the mechani-
cal properties of 34CrMo4 alloy steel, the cutting
temperature and the configuration of Hopkinson pressure
bar experimental device, it is determined that the
temperature range of the design test is from 950 °C to
1150 °C, and the strain rate is from 0.1 s�1 to 6.0 s�1.

The schematic of the Hopkinson pressure bar experi-
mental device is pushing the bullet in the gas chamber, the
speed measuring system can measure the speed of the
bullet, and the bullet impacts the input rod through the
force transmission to compress the test specimen and
finally to the transmission rod. The strain measurement
recording system records the strain gauge signal [34,35].

According to the incident wave, reflected wave and
transmitted wave measured by the experimental device,
the stress wave theory can be used to determine the values
of strain, strain rate and stress from the formulas (4)–(6).

e ¼ � 2C0

L0

Z t

0

eidt ð4Þ

_e ¼ 2C0

L0
er ð5Þ

s ¼ EA

As
ee ð6Þ

where, E is the Young’s modulus, A is the cross-sectional
area, C0 is the elastic wave velocity, L0 is the initial length
of the sample, As is the cross-sectional area of the sample,
ei is the incident strain wave, er is the reflected strain wave,
ee is the transmission Strain wave.

In the case of different strain rates at the same
temperature, the constitutive model formula of the
material can be rewritten as formula (7) as follows:

s

AþBePn
� 1 ¼ Cln_e

∗
: ð7Þ

The stress-strain relationship with the same tempera-
ture and different strain rate can be obtained by the
Hopkinson pressure bar experiment. The formula (7) can
be used to obtain the fitting curve, where C is the slope of
the fitting function.

In the case of different strain rates at different
temperatures, the constitutive formula of the material
can be rewritten as formula (8) as follows:

ln
ðAþB epn0 Þ � s

AþB epn0

� �
¼ mlnT

∗
: ð8Þ

The stress-strain relationship with the same strain rate
and different temperature can be obtained by the
Hopkinson pressure bar experiment. The formula (8) can
be used to obtain the fitting curve, where m is the slope of
the fitting function.

2.2 Finite element model of spinning

To establish of the finite element model of the accumulator
neck-spinning, it is necessary to analyze the motion
relationship between the spinning roller and the tube
billet. In the actual accumulator spinning process, in order
to process the work-piece that meets the design require-
ments, the spinning motion is decomposed into three
motion modes as shown in Figure 1: axial velocity V, its
own rotational angular velocity w1, oscillating motion w2,
and w3 is the billet rotation speed. After the actual
production analysis, the simulation motion parameters



Table 1. Parameters of spinning roller and tube billet.

Item Parameters Value

Spinning roller
parameters

Diameter 600mm

Thickness 130mm
Rounded corner 10mm
Materials 34CrMo4alloy steels
Spinning length 400mm
Diameter 600mm

Tube billet
parameters

Wall thickness 18mm

Density 7850 kg/m2

Elastic modulus 15000MPa
Poisson’s ratio 0.3

Fig. 1. Motion analysis.

Fig. 2. Finite element model.
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were setas follows: thetubebillet rotation speed is200r/min,
the spinning roller axial speed is 400mm/min, the oscillating
motion angular velocity is 0.3 rad/s, and the spinning roller
rotation speed is 150 r/min.

In addition to the movement relationship between the
spinning roller and the tube billet, various material
parameters of the spinning roller and the tube billet are
required. The material size parameters are obtained
through actual measurement. The properties of the
material are provided by Buccma Accumulator (Tianjin)
Co., Ltd, and the material parameters are as shown in
Table 1.

According to the parameters in Table 1, the three-
dimensional model of the spinning roller and tube billet,
and the Johnson-cook model of the 34CrMo4 alloy steel
established in the previous section are used to analyze the
neck-spinning process of the accumulator with the finite
element software ABAQUS [36], which is a famous
engineering simulation of finite element software. The
software is powerful enough to help users solve many
complex nonlinear problems, and has a rich library of cells
that can simulate any geometry [37–39]. The Johnson-cook
model is used to establish the stress-strain constitutive
relationship of 34CrMo4 alloy steel. The model was meshed
and the finite element model shown in Figure 2 was
established.

The rigid joint in the ABAQUS is used to bind the
clamping device to the tube billet, eliminating the rigid
body displacement of both. At the beginning of the
simulation, a constant rotation speed is applied to the tube
billet, and the contact relationship between the spinning
roller and tube billet is set. The contour of the spinning
roller is always tangent to the outer contour line of the tube
billet during the spinning process.
2.3 Spin forming response surface model and
optimization

The spin forming quality of the accumulator shell is
affected by the spinning temperature, friction coefficient
and spindle speed. In order to construct the response
surface model, these three parameters are used as the
influencing parameters of the central composite design.
The variation range of each parameter is measured by the
actual accumulator spinning production process. The
actual production process parameters are provided by
Buccma Accumulator (Tianjin) Co., Ltd. The range of
spinning temperature is from 950 °C to 1150 °C, the range
of friction coefficient is from 0.1 to 0.3, the range of spindle
speed varies is from 150 to 250 r/min.

The central composite design method [28] needs to
select two parameters that have important reference value
for spin forming as the optimization target. In this study,
the maximum stress and wall thickness increment are
selected as the target variables, and the central composite
design parameters shown in Table 2 are obtained.



Table 2. Test parameters of response surface model.

No. The spinning
temperature x1 (°C)

Friction
coefficient x2

Main spindle
speed x3 (r/min)

Maximum
stress y1 (MPa)

Maximum thickness
increment y2 (mm)

1 1150 0.20 250 290.6 4.6
2 1050 0.30 250 271.6 5.1
3 1150 0.30 200 274.2 4.2
4 1050 0.20 150 282.8 4.5
5 1050 0.20 200 282.8 4.5
6 950 0.20 150 317.7 5.4
7 1050 0.10 250 304.2 4.0
8 950 0.20 250 321.3 5.5
9 950 0.30 200 308.7 6.0
10 950 0.10 200 333.4 5.1
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In this paper, the response surface method is used to
establish the mapping relationship between the maximum
stress, thickness increment and parameters. There are two
commonly used approximate models in the response
surface method: the first-order response surface model
and the second-order response surface model. Because of
the nonlinear relationship between the maximum stress,
the thickness increment and the three influencing param-
eters, the first-order response surface model cannot satisfy
the regression effect. Therefore, this paper adopts second-
order response surface model to establish the spin-sleeve
model of the accumulator shell. The second-order response
surface model expression [40,41] is:

_y ¼ a0 þ
XN
i¼1

aixi þ
XN
j¼1

ajx
2
j þ

XN
ijði<jÞ

aijxixj ð9Þ

where,
_y is the response predicted by the approximate

model, x is the design variable,N is the number of variables,
a is the undetermined coefficient [42], which can be
determined by formula (10).

a ¼ XTX
� ��1

XTy ð10Þ

where,X is the experimental sample point matrix,XT is the
transposed matrix of x, y is experimental observation
vector.

In order to obtain themapping relationship, the second-
order response surface linear regression can be performed
with variables in Table 2 by using the Design-Expert
software. Design Expert [43–45] is feature-rich experimen-
tal analysis software developed by Statease. It provides
drawing functions, which can draw function graphs,
analysis graphs, coordinates, and chemical reaction graphs.
The software can draw response surface analysis graphics.
The graph can analyze the influence relationship between
the maximum mises stress and each parameter, and the
relationship between the thickness increment and each
parameter.

The accumulator process optimization studied in this
paper is a multi-objective optimization problem, which is
the optimization design of two or more objectives at the
same time. The optimal solution obtained by multi-
objective optimization is the result of trade-offs among
various goals. The optimal solution obtained may not be
the optimal solution of a single goal, but it is the solution
that makes each sub-goal reaches the optimal solution as
far as possible. The NSGA-II algorithm enhances the
ability of choosing solutions near the Pareto, which
accelerate to obtain the optimal solution.

According to the obtained parametric formulas for
multi-objective optimization, the problems to be studied
are described in combination with the actual situation.
Within the range of variation allowed by the independent
variables x1, x2 andx3, it is desirable to simultaneously
obtain the minimum value of the maximummisses stress y1
and the minimum value of the thickness increment y2.

Isight software is used for multi-objective optimization.
Isight [46,47] is engineering design development system
software developed by the Ph.D. of the Massachusetts
Institute of Technology. It is recognized by the world as a
“software robot” that integrates CAD/CAM/CAE and
PDM systems. The regression formula and the initial
values of the design variables x1, x2 and x3 are input into the
computer, the upper and lower limits of the variable are set,
and the NSGA-II algorithm [48,49] is selected to solve all
the solutions of Pareto.

2.4 Experimentation

The Isight software provides a set of optimal solutions for
the actual accumulator spinning production. To verify the
validity of the optimized spinning process parameters,
experiment is performed on the spinning machine of the
Buccma Accumulator Co., Ltd. The spinning machine
model is YR-420, which is manufactured by Yongrun High
Pressure Container (Taizhou) Co., Ltd., and is shown in
Figure 3. This machine is used to produce the accumulator,
and the residual stress of accumulator is compared between
the former process and the optimized one to verify whether
the optimized product qualifies or not.

In order to investigate whether the optimized process
parameters improve the efficiency of the accumulator
manufacturing, it is necessary to calculate the production
efficiency, and calculate the time takenby the spinning roller
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to spin the tube billet once. The formula is as shown in
formula (11). The efficiency calculation formula is shown in
formula (12). It is determined that the feed ratio of the
spinning roller is to be introduced. The feed ratio of
the spinning roller is one spinning of the main spindle and
thedistance that the spinning rollermoves.The formula is as
shown in formula (13). The feed ratio is a very important
parameter in the spinning forming process, and whether the
value is selected properly directly affects themolding quality
of the spinning product. According to Buccma Accumu-
lator’s years of experience in the manufacture of accumu-
lators, the quality of the accumulator is best when the feed
ratio f is fixed at 2.

t ¼ l

v
ð11Þ

h ¼ t0 � t

t0
ð12Þ

f ¼ v

n
ð13Þ
Fig. 3. Spinning machine.

Fig. 4. Results of static compression test:(a) st
where, f is the feed ratio of the spinning roller, v is the feed
speed of the spinning roller, n is the spindle speed, t0 is the
time it takes for the spinning roller to spin once before
optimization, and h is the efficiency.

The formula for calculating the efficiency that can be
derived from the above formulas (11)–(13) can be rewritten
as formula (14).

h ¼ n� n0

n0
: ð14Þ

In order to verify the effectiveness of the optimizedprocess
parameters, theresidual stressof thespinningpartsbeforeand
after optimization is analyzed by the Proto-LXRD X-ray
residual stress analyzer [50], which ismanufactured byProto,
Canada, and candetect residual stress atdifferent positions of
a part. By comparing the residual stresses at different
positionsoftheaccumulatorbeforeandaftertheoptimization,
it can be verified whether the accumulator manufactured is
qualified after optimization.
3 Results

3.1 Johnson-cook constitutive model

The stress-strain curve of the 34CrMo4 alloy steel obtained
by the CSS electronic universal testing machine is shown in
Figure 4a, according to the formula (3) and the stress-
strain curve, the fitting curve can be obtained as shown in
Figure 4b.

Therefore, the initial yield strength of the material can
be obtained by static compression test:A=824.6MPa, and
the parameters of the constitutive formula can be obtained
according to the fitting curve shown in Figure 5b:
B=524MPa, n=0.71.

The results obtained by the Hopkinson pressure bar
experiment are shown in Figure 5. Figure 5a is the true
stress-strain curve of the 34CrMo4 alloy steel with a
hardness of 45HRC at room temperature and different
ress-strain curve and (b) fit curve of B and n.



Fig. 5. Results of Hopkinson pressure bar experiment: (a) stress-strain curves at different strain rates and (b) stress-strain curves at
different temperatures.

Fig. 6. Results of linear fitting: (a) fit curve of C and (b) fit curve of m.
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strain rate. Figure 5b is the stress-strain curve of 34CrMo4
alloy steel with a hardness of 45HRC at the same strain rate
of 3.0 s�1 but different temperatures.

According to the experimental data of Figure 5 and the
formulas (7) and (8), the fitting curves can be respectively
obtained, as shown in Figure 6. Therefore, according to the
fitting curve Figure 6a and b, the parameters of the
constitutive formula can be obtained: C=0.0072, m=1.6.
Therefore, the Jonson-Cook constitutive model of
34CrMo4 alloy steel was finally determined:

s ¼ 824:6þ 524e0:71P

� �
1þ 0:0072ln

_e
_e0

� �

1� T � T 0

Tmelt � T 0

� �1:6
" #

: ð15Þ
3.2 Finite element model

The simulation results of the different states of the
accumulator shell spin forming progress are shown in
Figure 7, and Figure 7e is the equivalent stress curve of the
bottle over time.

Figure 8 shows the strain simulation results. The strain
increases with the forming progress. When the neck-
spinning is completed, the strain value reaches the
maximum. It can also be seen from Figure 8e that when
the roller spins the bottle mouth, the strain changes
greatly.

3.3 Response surface model and optimization

The second-order response surface linear regression of
independent variable x1, x2, x3 and dependent variable y1 in
Table 2 was performed by the Design-Expert software



Fig. 7. Stress simulation results: (a) original state, (b) the first state, (c) the second state, (d) the third state and (e) the equivalent
stress curve over time of the bottle neck.

8 B. Li et al.: Mechanics & Industry 21, 402 (2020)
package. The regression formula of the prediction model is
as follows:

y1 ¼ 343:70� 0:1:65x1 � 2:64x2 þ 2:09x3

�0:18x1x2 � 1:77x1x3 þ 0:25x2x3

þ 8:75x2
1 � 1:97x2

2 � 2:77x2
3 ð16Þ

A three-dimensional map composed of the maximum
mises stress and the influencing parameters of the
accumulator forming can directly reflect the influence of
each variable on the response variable. The impact of the
independent variable on the maximum mises stress is
shown in Figure 9.

A second-order response surface linear regression was
performed between the independent variables and depen-
dent variable y2 in Table 2 using the same method. The
regression formula of the prediction model is as formula
(17). The effect of the independent variable on the



Fig. 8. Strain simulation results: (a) original state, (b) the first state, (c) the second state, (d) the third state and (e) the strain curve
over time of the bottle neck.
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thickness increment is shown in Figure 10.

y2 ¼ 4:65� 0:39x1 þ 0:85x2 � 0:11x3 � 0:15x1x2

� 0:15x1x3 þ 0:05x2x3 þ 0:49x2
1 þ 1:7 � 10�2x2

2

þ 0:24x2
3 ð17Þ

Multi-objective optimization was performed by Isight
software to obtain all the Pareto solutions. Part of the
Pareto solutions is shown in Table 3. A scatter plot
between the maximum misses stress y1, the thickness
increment y2 and the independent variable can be observed
in the Isight window, as shown in Figure 11. The
highlighted point in the figure is the scatter point of the
Pareto optimization solution on the coordinate axis.
Figure 11b shows the distribution of the Pareto optimized
solution set on the 3D coordinate axis.

By analyzing the distribution of the Pareto optimized
solution set on the 3D coordinate axis, combined with
the specific data given in Table 3, it can be seen that the
optimized solution set is mainly concentrated in some
specific range, and it has important reference value for the
optimization and design of target quantity.



Fig. 9. (a) Influence of friction coefficient and temperature on maximum mises stress and (b) influence of temperature and spindle
speed on the maximum mises stress.

Fig. 10. (a) Influence of friction coefficient and temperature on thickness increment and (b) influence of temperature and friction
coefficient on thickness increment.

Table 3. Part of the Pareto solutions.

No. The spinning
temperature x1 (°C)

Friction
coefficient x2

Main spindle
speed x3 (r/min)

Maximum
stress y1 (MPa)

Maximum thickness
increment y2 (mm)

1 969.91 0.239 148.65 310.5 4.39
2 976.86 0.169 182.09 312.6 4.34
3 1013.5 0.209 158.3 314.6 4.25
4 1000.9 0.172 210.44 309.1 4.93
5 1081.3 0.169 192.09 300.9 4.06
6 1008.4 0.170 171.44 306.6 3.82
7 1005.7 0.261 192.18 305.9 4.07
8 1122.1 0.175 211.25 296.7 3.53
9 1114.5 0.232 191.25 301.6 3.36
10 1021.2 0.173 197.56 298.62 3.42
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3.4 Verify experimental results

The optimal solution provided by the Isight software in all
optimization solutions is: spinning temperature 1021.2 °C,
friction coefficient 0.173, spindle speed 197.56 r/min.
Compared with the production process parameters (spin-
ning temperature 1050 °C, spindle speed 150 r/min) of
Buccma Accumulator (Tianjin) Co., Ltd, the temperature
is reduced by nearly 30 °C and the spindle speed is increased
by nearly 50 r/min. This paper will verify the obtained
optimal solution experimentally.

The optimal solution obtained above was taken as the
process parameter and verified by experiments on the
spinning machine of Buccma Accumulator (Tianjin) Co.,
Ltd. The tube billet has a diameter of 600mm and a wall
thickness of 18mm. After the spinning is completed, the



Fig. 11. Distribution of optimal solutions: (a) optimal solution distribution of maximum mises stress and thickness increment and
(b) optimal solution distribution of stress, temperature and friction coefficient in 3D view.

Fig. 12. Test point.
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diameter of the bottle mouth is 234.48mm, while the
diameter of the simulated test is 247.26mm, and the error is
5.45%, within the error tolerance. The maximum thickness
from experiment is 23.52mm, while it is 24.46mm from
simulation, and the error is 3.99%, which is within the
allowable range.

The residual stress of the accumulator shell was
analyzed by a Proto-LXRD X-ray stress analyzer. Three
points A, B, and C at the mouth of the bottle with intervals
of 120 degree are selected as test points, as shown in
Figure 12. The analysis results and simulation results
before and after optimization are shown in Table 4. Except
for the slightly larger error of point C, the error of all other
points is within the acceptable range, which proves that the
above modeling is reliable. Comparing the residual stress
values at the three points before and after optimization, it
is found that the quality of the optimized accumulator is
basically unchanged, which can ensure that the optimized
process parameters have reference value for the actual
production accumulator. The spindle speed is increased
from 150 r/min to 200 r/min after optimization. Calculated
by formula (14), the efficiency is also increased by 25%.
4 Discussion

It can be seen from the simulation results in Figure 7 that
the neck-spinning process is smooth. The second state has a
significantly larger maximum equivalent stress than the
first one, which is due to the smaller closing amount of
the tube billet and the less stress generated in the first state.
The third state has a smaller maximum equivalent stress
increment than the second one, because the second state
required spin pressure is the same as the third one.
Shrinkage causes an equivalent stress to increase. It can
also be seen from the equivalent stress curve of the bottle
neck of Figure 7e that the stress is gradually increased, and
the maximum stress during the spinning process is about
460MPa. After the spinning is completed, the maximum
mises stress is about 310MPa. However, under the ultimate
stress, no fracture occurred.

The response surface graphs of Figure 9 visually reflect
the effects of temperature, friction coefficient, and spindle
speed on the maximum mises stress. The maximum mises
stress decreases as the spinning temperature increases,
because the fluidity of the metal material increases as the
temperature increases, thereby lowering the internal stress.
As the friction coefficient increases gradually, the maxi-
mum mises stress increases, which are due to the decrease
of the fluidity of the metal material according to the
increase of the friction coefficient, and the internal stress is
increased. The spindle speed has little effect on the mises
stress.

The influence of the independent variable on the
thickness increment can be seen from Figure 10. The
increase of temperature will lead to the increase of material
fluidity, so that the material in the stressed area is more
prone to diffusion and the deformation of the wall thickness
is more uniform when the spinning roller squeezes the tube
billet. The increase of the friction coefficient leads to an
increase in the friction between the spinning roller and the
tube billet, so that the fluidity of material of the tube billet
is lowered, and the material is difficult to be sufficiently
diffused, and the local thickness of the tube billet is



Table 4. Experimental and simulation results.

Point Stress value before
optimization (MPa)

Stress value after
optimization (MPa)

Simulated
stress (MPa)

Optimization and
simulation error

A 311.24 312.43 295.34 5.47%
B 308.72 298.52 284.56 4.67%
C 305.59 305.36 282.27 7.56%
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increased. The spindle speed has little effect on the wall
thickness, and as the spindle speed increases, the wall
thickness increases slightly.

From the comparison between the finite element model
of the neck-spinning and the actual data of the company’s
spinning machine in Table 4, it can be analyzed that, in
actual working conditions, the temperature of the
deformed region of the tube billet is not uniform with
the heat loss and local heating of the supplemental heat
device. However, the simulation temperature is constant,
which causes errors between the experimental simulation
and the actual machining. If we study the energy loss
during the spinning process and the temperature distribu-
tion of the tube billet, modifying the model parameters will
create a more accurate simulation model.

From the comparison of the residual stress values of the
accumulator bottle mouth test points before and after
optimization in Table 4, it can be seen that the residual
stress value has a slight error, but the maximum error does
not exceed 10MPa. The error may be related to the
selection of the testing point or the measurement error.
Since the error is very small, it can be considered that the
optimized process parameters do not affect the quality of
the accumulator.

5 Conclusions

In this study, a method of finite element model analysis and
multi-objective optimization for process parameter opti-
mization was proposed. Firstly, the parameters of the
Johnson-Cook constitutive model of 34CrMo4 alloy steel
were obtained experimentally, and the constitutive model
of the material was established. Secondly, based on the
constitutive relationship, the finite element simulation of
the hot neck-spinning of the accumulator shell was carried
out, and combined with the central composite design,
several process parameters that have great impacts on the
forming were analyzed. Finally, for the multi-parameter
optimization, this paper used the multi-objective optimi-
zation method to obtain the optimal combination of
process parameters. And the hot spinning process experi-
ment verified the validity of the optimal process param-
eters.

In the finite element simulation of the neck-spinning of
the accumulator shell, the constitutive model of the
accumulator casing material 34CrMo4 alloy steel was
determined, which had a great effect on the accuracy of
the simulation. It can be seen from Table 4 that the
difference between the optimized simulation results
and the experimental results was very small, and the
maximum error in the test points does not exceed 8%,
which proved that the simulation accuracy of the neck-
spinning was high.

Under the premise of not affecting the quality of the
product, the spinning temperature was reduced from the
original 1050–1060 °C to 1020–1030 °C, achieving the
purpose of reducing energy loss. The spindle speed had
been increased from the original 150 r/min to 200 r/min,
which had improved the production efficiency and
improved efficiency by 25%.
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and the Natural Science Foundation of Tianjin of China
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Nomenclature
A
 Yield strength under quasi-static conditions,
formula (1)
A
 Cross-sectional area, formula (6)

AS
 Cross-sectional area of the sample

B
 Strain hardening parameter

C
 Strain rate strengthening parameter

C0
 Elastic wave velocity

E
 Young’s modulus

f
 Feed ratio of the spinning roller

L0
 Initial length of the sample

m
 Thermal softening parameter

n
 Hardening index, formula (1)

n
 Spindle speed, formula (13)

N
 Number of variables

t0
 Time it takes for the spinning roller to spin once

before optimization

T0
 Room temperature, usually 25 °C

Tmelt
 Melting point of the material

v
 Feed speed of the spinning roller

V
 Axial velocity

w1
 Rotational angular velocity

w2
 Oscillating motion

w3
 Billet rotation speed

x
 Design variable

x1
 Spinning temperature

x2
 Friction coefficient

x3
 Main spindle speed
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X
 Experimental sample point matrix

XT
 Transposed matrix of x

y
 Experimental observation vector

y1
 Maximum stress

y2
 Maximum thickness increment

_y
 Response predicted by the approximate model

a
 Undetermined coefficient

eP
 Equivalent plastic strain

_e
 Equivalent plastic strain rate

_e0
 Reference strain rate of the material

ei
 Incident strain wave

er
 Reflected strain wave

ee
 Transmission Strain wave

h
 Efficiency
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