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ABSTRACT

Aluminum alloy thin-walled structures are widely used in the automotive industry due to their advantages related
to light weight and crashworthiness. They can be produced at room temperature by the electrohydraulic forming
process. In the present study, the influence of the related parameters on the forming quality of a 6063 aluminum
alloy sinusoidal corrugation tube has been assessed. In particular, the orthogonal experimental design (OED) and
central composite design (CCD) methods have been used. Through the range analysis and variance analysis of the
experimental data, the influence degree of wire diameter (WD) and discharge energy (DE) on the forming quality
was determined. Multiple regression analysis was performed using the response surface methodology. A predic-
tion model for the attaching-die state coefficient was established accordingly. The following optimal arrangement
of parameters was obtained (WD = 0.759 mm, DE = 2.926 kJ). The attaching-die state coefficient reached the peak
value of 0.001. Better optimized wire diameter and discharge energy for a better attaching-die state could be
screened by CCD compared with OED. The response surface method in CCD was more suitable for the design
and optimization of the considered process parameters.
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1 Introduction

Thin-walled structures have been widely used in the automotive industry to absorb energy, due to their
advantages in crashworthiness and lightweight [1,2]. The strong demand to reduce fuel consumption has led
to the adoption of advanced lightweight materials by the automotive industry. Aluminum and aluminum
alloys are ideal candidates. The application of aluminum alloys in thin-walled tubes will grow rapidly in
the future [3–5].

Geometry and manufacturing defects are two factors that affect the performance of thin-walled tubes
during energy absorption. To ensure the absorption performance, a sinusoidal corrugation tube was
proposed. This geometry can achieve stabilized collapse mode and low peak crushing force [6]. The
traditional manufacturing methods included roll-type incremental forming, welding forming and hydraulic
forming, etc. [7,8]. However, among these conventional quasi-static forming processes, the low
formability of aluminum and aluminum alloys at room temperature has caused serious problems [9].
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The high-speed forming process can improve formability significantly compared with the quasi-static
forming process [10]. Three typical high-speed forming processes are the explosive forming process,
electromagnetic forming process, and electrohydraulic forming process [5]. During the electrohydraulic
forming process (wire-assisted), a pulsed current within a certain parameter range was injected into the
metal wire. Joule heat caused a sharp phase transition in the wire. It experienced solid state, liquid state,
gas state, and plasma state successively. The plasma channel was generated and expanded outward.
Shock waves were generated and propagated by the weak compressibility of the liquid medium [11].
Under the action of the strong shock waves, the metal plate hit the mold at a high speed and plastic
deformation occurred.

The electrohydraulic forming process (wire-assisted) could be divided into two steps. The first step was
the shock wave generation process. The second step was the high-speed forming process. Peak pressure,
specific impulse, and positive pressure action time were used to characterize the shock wave
characterization in the first step. However, the mechanism of shock wave generation and energy
conversion in the electrohydraulic forming process was complex. There is no complete theory to describe
it yet [12]. In recent years, scholars have carried out research on shock wave characteristics by means of
experiments. The rules between wire size, discharge parameters, and shock wave parameters under
specific conditions were given [13,14]. Some empirical formulas were given [11]. Increasing the energy
deposition prior to plasma formation could increase the shock wave intensity. Another way to increase
the shock wave intensity was to use a faster pulsed current source to increase the superheat coefficient
[15]. Using a large mass of wire to make most of the energy storage for metal phase transitions could
also increase the shock wave intensity [16].

Most of the published studies have focused on the improvement of formability and the analysis of the
electrohydraulic forming process in the second step. Golovashchenko et al. [17] indicated that the high strain
rate and the high hydrostatic stresses were the two factors that improved the formability. The formability
improvement mainly occurred in the contact area between the blank and the die. Maris et al. [18]
believed that high-speed impact between the sheet and die could improve the formability during the
forming of aluminum alloys and steel sheets. Another group of scholars [19,20] used electrohydraulic
forming in combination with a quasi-static preforming to improve the formability of the material.

The simulation has been an important tool for analyzing the forming process. Mamutov et al. [21]
developed a model based on the application of energy in the plasma channel by channel expansion and
pressure pulses through water to the plate. Hajializadeh et al. [22] modeled EHF as an underwater
explosion forming. Another group of scholars [23–25] used the pressure waves originating from electrode
positions as the loading for the forming process. Hassannejadasl et al. [26] represented the pressure
waves by accelerating the hemispherical surface in a liquid medium. The experiment was another reliable
tool to analyze the forming process. Other researchers [27] have studied the electrohydraulic forming of
sheets through experiments. The key parameters in the forming process were studied. However, the
forming of aluminum alloy sinusoidal corrugation tubes at room temperature by means of the
electrohydraulic forming process has not yet been studied. The key parameters of the forming process
and the evaluation of forming quality need to be studied.

In this study, the electrohydraulic forming process was used to manufacture an aluminum alloy
sinusoidal corrugation tube. Firstly, experiments were designed based on the orthogonal experiment
design (OED) and central composite design (CCD) technology. Secondly, experiments were carried out.
The influence of the wire diameter and the discharge energy on the attaching-die state was analyzed.
Subsequently, the optimal arrangement of parameters was given to achieve the best attaching-die state. It
was verified by experiments. Finally, the two experimental design methods were compared. The wall
thickness distribution was analyzed.
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2 Materials and Methods

2.1 Materials
The commercial material 6063 aluminum alloy was used. The thickness of the aluminum alloy tube was

1 mm. The outer diameter of the aluminum alloy tube was 50 mm. The length of the tube was 203.5 mm. The
chemical composition is presented in Table 1. The density was 2.7 g/cm3. The tensile strength was 216 MPa,
and the Poisson’s ratio was 0.33.

2.2 Electrohydraulic Forming Experiments
The tube was formed by the electrohydraulic forming process. The schematic and equipment of the

electrohydraulic forming process are presented in Figs. 1a and 1b. The equipment was divided into two
parts: the pulse generator and the forming device. The capacitance of the pulse generator was 408 μF.
The maximum energy it could provide was 48 kJ. The forming device included die, upper plate, lower
plate and electrodes. The electrodes were made of steel and wrapped with insulating bushings to prevent
unnecessary short circuits. The aluminum wire was fixed between the two electrodes. The wire was
located in the axial center of the die (facing the third peak). The wire length was 20 mm. Initially, electric
energy was stored in the capacitors. When the switch was closed, the high amplitude pulse current passed
through the wire. Shock waves were generated. The tube was plastically deformed. Tap water was used
in all experiments. For ease of operation and to ensure reasonable utilization of energy, the wire
diameters were set to 0.6, 0.8 and 1 mm. The discharge energy of 2.25, 2.5 and 2.75 kJ were selected.

The profile of sinusoidal corrugation and forming process are depicted in Fig. 2. The sinusoidal
corrugation tube had 5 peaks. These peaks were labeled 1, 2, 3, 4 and 5 in order of location. The Eq. (1)
was used to describe the corrugation profile of the ideal tube walls [6]:

y ¼ D

2
þ A� sin

2px
W

� �
(1)

Table 1: Compositions of the 6063 aluminum alloys (wt. %)

Alloy Si Fe Mg Cu Mn Cr Zn Ti Al

6063 0.2∼0.6 0.35 0.45∼0.9 0.1 0.1 0.1 0.1 0.1 Bal.

Figure 1: The schematic and equipment of the electrohydraulic forming process: (a) The schematic, (b) the
equipment
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where, D is the mean diameter, A is the amplitude, W is the wave length (the vertical distance). The
parameters are shown in Table 2. The wire was located at the center of the peak 3 during the
electrohydraulic forming process.

2.3 Forming Quality Evaluation
After the electrohydraulic forming process, the following function was defined to evaluate the attaching-

die state of the tube:

C ¼
Pn
i¼1

Di

D0
� Dþ 2A

D0

� �2

n
(2)

where, C is attaching-die state coefficient, Di is the diameter at each peak after deformation, D0 is the
initial outer diameter of the tube, n is the number of peaks. A small value of C indicates good attaching-
die state of the tube. All samples were collected in triplicate, the average of the three measurements was
presented.

2.4 Experiment Design

2.4.1 Orthogonal Experiment Design
OED is one of the important statistical methods for studying multi-factor and multi-level experiments

and analyzing factor design [28,29]. An orthogonal table was used to arrange the experimental and
analytical results in the experiment design. An orthogonal table of L9 (3

2) was selected. In this study, the
orthogonal table contained two design variables (discharge energy and wire diameter). The three levels of
variables were set as low, intermediate, and high. The OED is listed in Table 3. Table 3 shows that each
variable of each level and another variable of each level intersect once, showing orthogonality. Nine sets
of combined experiments were conducted.

2.4.2 Central Composite Design
CCD is a method suitable for multivariate analysis. This method could determine linear relationships

and interactions between variables. The importance of variables relative to the response can also be
determined. Information about variables and experimental errors could also be obtained by this method

Figure 2: The profile of sinusoidal corrugation and forming process

Table 2: The parameters of the ideal sinusoidal corrugation tube

D/mm A/mm W/mm

53.2 1.6 20

876 FDMP, 2024, vol.20, no.4



[30]. Two variables (discharge energy and wire diameter) were investigated in this study. Table 4 shows the
groups of CCD. CCD was used to analyze the same tests as in OED to ensure accuracy. All samples were
obtained in triplicate.

2.5 Data Analysis

2.5.1 Direct-Vision Comparison Method
Direct-vision comparison and indirect vision comparison were used to compare the measurement results

of the same indicator directly or indirectly. The direct-vision comparison method is a comparison method that

Table 3: Orthogonal experiment design

Samples Wire diameter Discharge energy C

1 0.6 mm 2.25 kJ 0.00290259

2 0.6 mm 2.50 kJ 0.00289698

3 0.6 mm 2.75 kJ 0.00236309

4 0.8 mm 2.25 kJ 0.00489241

5 0.8 mm 2.50 kJ 0.00214569

6 0.8 mm 2.75 kJ 0.00212129

7 1.0 mm 2.25 kJ 0.00868135

8 1.0 mm 2.50 kJ 0.00827654

9 1.0 mm 2.75 kJ 0.00500894

Table 4: Central composite design

Samples Coded value Real value C

A B Wire diameter Discharge energy

1 −1 −1 0.6 mm 2.25 kJ 0.00290259

2 0 −1 0.8 mm 2.25 kJ 0.00489241

3 0 0 0.8 mm 2.5 kJ 0.00214569

4 −1 0 0.6 mm 2.50 kJ 0.00289698

5 1 1 1.0 mm 2.75 kJ 0.00500894

6 1 0 1.0 mm 2.50 kJ 0.00827654

7 0 0 0.8 mm 2.5 kJ 0.00214569

8 0 0 0.8 mm 2.5 kJ 0.00214569

9 0 0 0.8 mm 2.5 kJ 0.00214569

10 −1 1 0.6 mm 2.75 kJ 0.00236309

11 0 1 0.8 mm 2.75 kJ 0.00212129

12 0 0 0.8 mm 2.5 kJ 0.00214569

13 1 −1 1.0 mm 2.25 kJ 0.00868135
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does not rely on any functional relationship. It was adopted to compare the attaching-die state coefficient of
each sample in the OED.

2.5.2 Response Surface Method
The response surface method is a statistical method for solving multivariate problems [30]. In this study,

the experimental data were obtained by means of the CCD method and experiments. The functional
relationships between attaching-die state coefficient and variables (discharge energy and wire diameter)
were obtained by the following second-order polynomial regression model:

C ¼ b0 þ
Xk
i¼1

biAxi þ
Xk
i¼1

biix
2
i þ

X
i

X
j

bijxixj (3)

where, β0 stands for regression intercept, βi, βii, βij are the linear, quadratic, and linear interaction effects of
the variables, respectively. xi, xj are variables in the electrohydraulic forming process. The model could be
used to optimize the attaching-die state coefficient according to the domains of variables. The optimal set
of variables could be obtained. Data analysis was performed using the range analysis and analysis of
variance (ANOVA).

3 Results and Discussion

3.1 Direct-Vision Method and Range Analysis in OED
The formed sinusoidal corrugation tubes are shown in Fig. 3. The experimental design data and results

obtained from the orthogonal experiment are presented in Table 3. The influences of wire diameter and
discharge energy on attaching-die state are shown in Fig. 4. When the wire diameter was 0.8 mm and the
discharge energy was 2.75 kJ, the attaching-die state coefficient of the tube was the smallest, which was
0.00212129. As shown in Fig. 4, when the wire diameter was the same, as the discharge energy
increased, the attaching-die state coefficient decreased. The attaching-die state of the sinusoidal
corrugation tube increased.

The comparison of the attaching-die state coefficient of the sinusoidal corrugation tube at three discharge
energies is shown in Fig. 5. As the wire diameter changed, there was no obvious law in the change of the
attaching-die state coefficient. When the discharge energy was 2.25 kJ, as the wire diameter increased, the
attaching-die state coefficient increased. The attaching-die state of the sinusoidal corrugation tube became
bad. When the discharge energy was 2.5 and 2.75 kJ, as the wire diameter increased, the attaching-die

Figure 3: The formed sinusoidal corrugation tubes
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state coefficient first decreased and then increased. When the wire diameter was 0.8 mm, the attaching-die
state coefficient was the smallest. The sinusoidal corrugation tube had the best attaching-die state. This
may be due to the different energy required for the plasma channel expansion of different diameter wires.

The range analysis was performed on the results of the orthogonal experiment. The effect of process
variables on attaching-die state coefficient can be found. T represents the sum of a certain factor and a
certain level. The T1, T2 and T3 were calculated using Eqs. (4)–(6):

T1 ¼ C1 þ C2 þ C3 (4)

Figure 4: Attaching-die state coefficient in the orthogonal experiment

Figure 5: The comparison of the attaching-die state coefficient at three discharge energies in the orthogonal
experiment
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T2 ¼ C4 þ C5 þ C6 (5)

T3 ¼ C7 þ C8 þ C9 (6)

where, C1, C2, C3, C4, C5, C6, C7, C8, andC9 denote attaching-die state coefficients of 9 samples in OED. The
t1, t2 and t3 were calculated as follows:

t1 ¼ T1=3 (7)

t2 ¼ T2=3 (8)

t3 ¼ T3=3 (9)

The range of the attaching-die state coefficient caused by the different levels can be calculated using
Eq. (10):

R ¼ maxðti � tjÞ
i ¼ 1; 2; 3; j ¼ 1; 2; 3

(10)

where, R denotes the range of the attaching-die state coefficient. The larger the R value, the greater the
influence of the corresponding factors on the attaching-die state coefficient. The result of the range
analysis in the orthogonal experiment is shown in Table 5. The results showed that the influence of the
wire diameter on the attaching-die state was greater than that of the discharge energy.

ANOVA was performed. The results are listed in Table 6. The coefficient of determination (R2) value
was selected to describe the proportion of the variability in the data explained by the ANOVA model and
its value of 0.901 suggested acceptable accuracy of the model.

ANOVA results showed that for different wire diameters, the average value of the attaching-die state
coefficient was significantly different. For different discharge energies, the average value of the attaching-
die state coefficient was not significantly different. The results of ANOVA also showed that the influence
of the wire diameter on the attaching-die state was greater than that of discharge energy.

3.2 Response Surface Method in Central Composite Design
The response parameters (attaching-die state coefficient) and the experimental design data obtained

using the CCD are shown in Table 4. The attaching-die state coefficient of the response surface is

Table 5: Results of range analysis in the orthogonal experiment

Wire diameter Discharge energy

T1 0.00816266 0.01647635

T2 0.00915939 0.01331921

T3 0.02196683 0.00949332

t1 0.002720887 0.005492117

t2 0.00305313 0.004439737

t3 0.00460139 0.00316444

R 0.00460139 0.002327677

Primary and secondary order Wire diameter > discharge energy
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presented in Fig. 6. The quadratic regression equation for the attaching-die state coefficient of the sinusoidal
corrugation tube after the electrohydraulic forming process was:

C ¼ 0:04103� 0:044323x1 � 0:015706x2 � 0:015665x1x2

þ 0:059367x21 þ 4:71649� 10�3x22
(11)

where, x1 and x2 represent wire diameter and discharge energy, respectively. R2 = 0.9404 suggested that the
experimental and predicted values were in good agreement based on the response surface method.

The results of the ANOVA are given in Table 7. Considering 95% reliability, the model with a
probability value (the minimum significance level that may make the null hypothesis H0 negative) below
0.05 was considered significant [27]. According to the ANOVA results and the statistical analysis, the
quadratic regression model had an F-value of 22.08, a significantly low probability value of 0.0004 and a
lack of fit whose sum of squares was close to 0, indicating that the model was significant. The quadratic
regression equation could describe the relationship between variables and response values. The attaching-
die state coefficient of the formed sinusoidal corrugation tube can be predicted and analyzed by the
quadratic regression equation.

In the ANOVA, the linear terms x1 and x2 had no significant influence on the response. The quadratic
term x1

2 had a significant influence on the response. The quadratic term x2
2 did not have a significant

influence on the response. The interaction term x1x2 did not have a significant influence on the response.

Table 6: Analysis of variance in orthogonal experiment design

Source Sum of squares df Mean square F value Sig.

x1-WD 3.951 × 10−5 2 1.975 × 10−5 15.126 0.014

x2-DE 8.152 × 10−6 2 4.076 × 10−6 3.121 0.153

Error 5.224 × 10−6 4 1.306 × 10−6

Cor total 5.288 × 10−5 8

Figure 6: Response surface of the attaching-die state coefficient in central composite design
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The results indicated that the influence of the parameters on the attaching-die state coefficient of the
sinusoidal corrugation tube was not a simple linear relationship.

To analyze the influence of various parameters on the attaching-die state of the formed tube, it was
necessary to study the main factors in these parameters and their interactions. Fig. 7 represents the
contour of the interaction between the wire diameter and the discharge energy. When the wire diameter
was 0.8 mm, as the discharge energy increased, the attaching-die state coefficient of the formed sinusoidal
corrugation tube firstly decreased and then increased. The attaching-die state was gradually better and
then worse. When the discharge energy was 2.5 kJ, as the wire diameter increased, the attaching-die state
coefficient of the formed sinusoidal corrugation tube firstly decreased and then increased. The attaching-
die state was gradually better and then worse. By analyzing the quadratic regression equation, it was
found that when A = 0.759 and B = 2.926, the theoretical minimum value of C was 0.001. This meant
that in EHF process when the wire diameter was 0.759 mm and the discharge energy was 2.926 kJ, the
attaching-die state coefficient of the sinusoidal corrugation tube was the smallest. The attaching-die state
was the best. To verify the model, experiments were performed on the optimal combination of
parameters. The experiment result is shown in Fig. 8. When the wire diameter was 0.76 mm and the
discharge energy was 2.926 kJ, the attaching-die state coefficient reached 0.0010028 which was quite
close to the predicted value of 0.001. Therefore, the model can be used to predict the optimal process
parameters.

3.3 Comparison of OED and CCD
According to the intuitive observation of experimental data, the optimal process parameters in OED are

shown in sample 6 in Table 3. The optimum process parameters in CCD were obtained by Eq. (11). It was
found that both experiment design methods OED and CCD can be used to optimize process parameters in the
electrohydraulic forming process of the sinusoidal corrugation tube. But the results of parameters optimal
arrangement were different. The attaching-die state coefficient of the formed tube reached the peak value
of 0.00212129, when the wire diameter was 0.8 mm and the discharge energy was 2.75 kJ in OED. When
the wire diameter was 0.76 mm and the discharge energy was 2.926 kJ, the minimum attaching-die state
coefficient of the formed tube was 0.001. The minimum attaching-die state coefficient of the formed

Table 7: Analysis of variance in response surface method

Source Sum of squares df Mean square F value Prob > F

Model 6.256 × 10−5 5 1.251 × 10−5 22.08 0.0004 Significant

x1-WD 1.626 × 10−6 1 1.626 × 10−6 2.87 0.1341

x2-DE 1.035 × 10−7 1 1.035 × 10−7 0.18 0.6820

x1x2 2.454 × 10−6 1 2.454 × 10−6 4.33 0.0760

x1
2 1.557 × 10−5 1 1.557 × 10−5 27.48 0.0012

x2
2 2.400 × 10−7 1 2.400 × 10−7 0.42 0.5360

Residual 3.967 × 10−6 7 5.667 × 10−7

Lack of fit 3.967 × 10−6 3 1.322 × 10−7

Pure error 0.000 4 0.000

Cor total 6.653 × 10−5 12
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sinusoidal corrugation tube in OED was higher than that in CCD. The best attaching-die state of the formed
tube in OED was worse than that in CCD. Therefore, the conclusion was that CCD was more suitable for the
electrohydraulic forming process of the sinusoidal corrugation tube.

The reason account for this difference was the different characteristics of the two test design methods.
The traditional OED was a design method using a linear mathematical model, which can find the best
combination of multiple factors. However, OED can only analyze discrete data, and had the
characteristics of low accuracy and poor prediction. The CCD and the response surface method used a
non-linear model to obtain high-precision regression equations and made reasonable predictions to find
the optimal process conditions.

The attaching-die state coefficient reached a peak of 0.001 when the wire diameter was 0.76 mm and the
discharge energy was 2.926 kJ in CCD, but the samples with same parameters arrangement did not appear in
OED. Compared to the parameter combination of 0.8 mm and 2.75 kJ, the superheating conditions in the
wires were increased due to the larger discharge energy released in the wire of smaller mass. The

Figure 8: Optimize experiment result

Figure 7: Contour of the interaction between the wire diameter and the discharge energy

FDMP, 2024, vol.20, no.4 883



intensity of the shock wave increased. The attaching-die state coefficient of the sinusoidal corrugation tube
was small.

3.4 Wall Thickness Distribution
The thinning rate is one of the important parameters to evaluate the forming quality of bellows. The

thinning ratio Rt can be calculated by Eq. (12).

Rt ¼ t0 � tbð Þ=t0 (12)

where, t0 is the initial thickness of the tube, tb is the thickness of the bellows. A large thinning ratio indicates
severe thinning. The experimental results showed that the maximum thinning ratio was at the center of the
sinusoidal corrugation tube (the peak 3 position). Possible reasons are as follows. Firstly, the deformation
was the largest at the peaks. Secondly, the center of the tubes was the closest to the explosion position of
the wire. The shock load was the largest. Finally, in the high-speed forming process, the material at both
ends could not flow to the center in time. The maximum thinning ratio of the sinusoidal corrugation tube
under different discharge energies was compared under the condition of wire diameter of 0.8 mm. The
result is shown in Fig. 9.

The results showed that the maximum thinning ratio of the sinusoidal corrugation tubes increased with
the increase of discharge energy. As shown in Fig. 8, as the discharge energy increased, the attaching-die state
coefficient decreased. When the discharge energy was increased from 2.5 to 2.75 kJ, the thinning rate
increased by 21.86% and the attaching-die state coefficient decreased by only 1.4%. Possible reasons are
as follows. The increase in discharge energy resulted in an increase in shock wave intensity and
deformation velocity. The material flow rate was much lower than the deformation rate. However, the
amount of deformation due to die limitations was similar. The attaching-die state coefficient did not
change much, while the thinning ratio changed significantly.

4 Conclusions

The electrohydraulic forming process of the 6063 aluminum alloy sinusoidal corrugation tube was
studied. The experiments based on OED and CCD were carried out. The influence of process parameters

Figure 9: The maximum thinning ratio and the attaching-die state coefficient under different discharge
energies (wire diameter was 0.8 mm)
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on the attaching-die state was found. The optimal arrangement of parameters was given to achieve the best
attaching-die state. The main conclusions could be drawn as follows:

(1) Better optimized wire diameter and discharge energy for a better attaching-die state can be screened
by CCD compared with OED. The response surface method in CCD was more suitable for the design and
optimization of process parameters in the electrohydraulic forming process of the novel 6063 aluminum alloy
sinusoidal corrugation tube.

(2) The influence of the parameters on the attaching-die state coefficient of the sinusoidal corrugation
tube was not a simple linear relationship. The results of the nonlinear regression model of the attaching-
die state coefficient were in good agreement with the experimental results, indicating that the model can
accurately predict the attaching-die state coefficient.

(3) When the wire diameter was 0.76 mm and the discharge energy was 2.926 kJ in CCD, the attaching-
die state coefficient reached the peak value of 0.001. The outer surface of the formed tube was in good
contact with the inner surface of the die.
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