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 Construction of Aluminum Alloy Constitutive Model Based on BP Neural Network and the 

Study of Non-isothermal Hydroforming 

Xiao Jing Liu*·Xue Feng Ma·Chao Li·Jin Qin·Peng Chen 

Abstract With the continuous development of high-end technology in aerospace and automotive, in order to meet 
the needs of high performance, high precision and lightweight of parts, the materials used are lightweight and strong, 
but very difficult to deform, so it is difficult to obtain high-quality, high-precision parts. In order to improve the 
forming quality and precision of parts, taking 6061-T6 aluminum alloy cylindrical cup with spherical bottom as the 
research object, the non-isothermal hydroforming process is studied by combining numerical simulation with 
experiment. The key of numerical simulation technology lies in the accuracy of simulation, which depends on the 
establishment of a suitable rheological stress relationship. So, a constitutive model that can truly reflect the 
thermoforming characteristics of 6061-T6 aluminum alloy materials is established through a uniaxial tensile test 
and BP neural network. Applying the constitutive model to the study of numerical simulation of non-isothermal 
hydroforming, the cylindrical cup with spherical bottom with high quality is obtained through the optimization of 
non-isothermal process parameters. After experimental verification, the results of numerical simulation are highly 
compatible with the actual forming results of parts, and have high reliability. 
 

Keywords: Constitutive model, BP neural network, non-isothermal hydroforming, numerical simulation 

1. Introduction

With the continuous development of high-end 
technology in aerospace and automotive, the shape of 
various automotive components has become more 
complex, and some parts have been unable to achieve 
forming performance under normal stamping. At 
present, because of their low density and higher 
strength, aluminum alloy materials have gradually 
become the focus of research in aerospace and 
automotive[1,2]. However, due to plasticity restrictions, 
some parts are difficult to form precisely under 
complex stress states, which with complex surfaces or 
small fillets at the bottom, and often have problems 
such as rupture and wrinkle. 

In order to improve the forming performance of 
parts, domestic and foreign scholars have developed 
some new forming process, one of which is the 
Hydrodynamic Deep Drawing, that is, using the liquid 
chamber instead of the die, under the pressure of liquid 
in the liquid chamber, the blank is firmly attached to the 
punch during the downing process of the punch until it 
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is formed. With the further development of this process, 
a large number of forming methods have been derived 
by controlling different process parameters, such as 
applying independent radial hydraulic pressure, using 
double layered blank, and utilizing a combined floating 
and static die cavity (HDDC), effectively improving the 
forming limit, precision and forming quality of parts[3-
5]. Another method is the Thermoforming Process of 
aluminum alloy, mainly used in the 5 series aluminum 
alloy of low-strength, the production of many parts has 
been applied to the automotive industry [6-8]. The 
combination of thermoforming and hydrodynamic deep 
drawing has the advantages of these two advanced 
manufacturing techniques, that is, improving the 
performance of the material and having excellent 
forming effect on the precision of complex parts [9,10]. 

In this paper, 6061-T6 aluminum alloy material is 
selected, its constitutive model is established, the 
forming law is analyzed by numerical simulation, and 
the optimal forming parameters are selected for test 
verification. A constitutive model is established 
through a uniaxial tensile test and BP neural network, 
which can reflect the temperature deformation 
characteristics of 6061-T6 aluminum alloy materials, 
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and the model is applied to numerical simulation. The 
forming simulation is carried out in parallel between 
the hydroforming deep drawing and the non-isothermal 
hydroforming of the cylindrical cup with spherical 
bottom. Using the cavity pressure as the variable, the 
optimal cavity pressure curve is obtained by controlling 
the size of the cavity pressure to analyze the wall 
thickness distribution of the forming part. Then on this 
basis, by controlling the non-isotherms between the 
punch and the blank to explore the optimal temperature 
loading, providing guidance for the machining of such 
parts. 

2. Uniaxial tensile test 

A thermal tensile test is carried out using the MTS 
universal electronic testing machine (as shown in 
Figure 1). The chemical composition of the blank is 
shown in Table 1, where wt is the mass fraction. 

The experiment selected 6061-T6 aluminum alloy 
blank with thickness of 2mm. According to the 
requirements of GB6395-86, the scale of tensile 
specimen is shown in Figure 2 and the specimen is 
shown in Figure 3. The test was conducted at three 
tensile rates of 10-1, 10-2, 10-3, and each tensile rate is 
tested 6 times at different temperatures. In order to 
ensure the reliability of the test results, three tests were 
carried out on the test pieces at the same temperature 
and at the same tensile rate, and the median value was 
determined to be valid. In order to ensure the uniform 
temperature in the furnace of the MTS universal 
electronic testing machine, the furnace temperature is 
heated to the desired temperature for drawing, and the 
temperature is expected to be maintained for one hour, 
then the furnace is opened and the sample is held, and 
then the temperature of the furnace is raised to the 
target temperature insulation for 5 minutes to begin the 
tensile test [11].

Tab.1 Chemical composition of 6061-T6 aluminum alloy 

Element Si Mg Fe Cu Mn Cr Zn Ti Al 
Content/ wt% 0.6 1.0 0.7 0.28 0.15 0.20 0.25 0.15 96.67 

 

Fig. 1 MTS universal electronic testing machine 

 

Fig.2 scale of tensile specimen 

 

 Fig. 3 The tensile specimen 

The results of the tensile of 6061-T6 with a strain rate 
of 0.1s-1 at different temperatures are shown in Figure 4, 
from top to bottom, it is 25℃, 50℃, 100℃, 150℃, 200℃, 
and 250℃. 

 

Fig. 4 Specimen with a strain rate of 0.1s-1 at different 

temperatures 

(The temperature is 25, 50, 100, 150, 200, and 250 from 

top to bottom) 



 

In order to solve the construction equation, the 
experimental data of the thermal uniaxial tensile test 
need to be converted to the true stress strain curve, as 
follows [12]： 

The engineering stress σn is converted as： 𝜎𝑛 = 𝐹𝑆0 —— (1) 

Where F is the load applied to the blank, S0 is the 
initial area of the specimen. 

The engineering strain εn is converted as： 𝜀𝑛 = ∆𝑙𝑙0 ——(2) 

Where ∆𝑙  is the distance between the gauge 
length,  𝑙0  is the amount of elongation between the 
gauge length.  

The interval between the gauge length is extended 
from 𝑙  to 𝑙 + ∆𝑙  during specimen drawing,  the 
amount of change is 𝑑𝑙, so the amount of strain change 

is converted as： 𝑑𝜀 = 𝑑𝑙𝑙  ——(3) 

Solve ε, and it is determined as follow： 𝜀 = ∫ 𝑑𝑙𝑙 = ln 𝑙 − ln 𝑙0 = ln 𝑙𝑙0 ——(4)   

Available in association with formula 2, ε can 
be determined as follow： 𝜀 = ln(1 + 𝜀𝑛) ——(5)  

Because of the principle of constant volume：  𝐴𝑙 = 𝐴0𝑙0 ——(6)      

Linked-up, the stress 𝜎 is shown as follow： 𝜎 = 𝜎𝑛(1 + 𝜀𝑛) ——(7) 
    The original stress strain data is converted using 
formula 7， which obtained by the universal electronic 
testing machine, and the true stress-strain curve at 
different strain rates is shown in Figure 5. 

 

(a) 𝜀̇ = 10−1                 (b) 𝜀̇ = 10−2                   (c) 𝜀̇ = 10−3 

Fig. 5 The true stress-strain curve at different strain rates 

As can be seen from Figure 5, the 6061-T6 has 
poor plasticity and lower limit strain value at room 
temperature. When the temperature reaches 150℃, the 
plasticity change is not obvious, the limit strain value 
is increased by 17% relative to room temperature, but 
at this time the intensity begins to decrease. when the 
temperature reached 250℃, the plasticity increased 
significantly, and the limit strain value was increased 
by 50% compared to room temperature. When the 
temperature is 200℃ to 250℃, the softening of 6061-
T6 aluminum alloy flow is obvious [13-14]，and the 
plasticity is strong in this temperature range. At a 
certain temperature, with the increase of strain rate, 
strain hardening becomes faster, tensile strength 
becomes larger, and elongation rate is decreases. 

3.Build neural network model 

Artificial Neural Networks（ANN）is a large class 
of parallel processes that mimic the brains of animals 
[15],  it can learn from experimental data, find the law 
between these data, and then fit the data. The essence 
of ANN is to identify and predict data by nonlinear 
equations. In this paper, the negative recurrent neural 
networks [16], BP Neural Networks, is used, its 
structure is shown in Figure 6.  

 

Fig. 6 the structure of neural network 

3.1 Data normalization 

A large amount of experimental data are obtained 



 

from the uniaxial tensile test, the floating range of the 
data is relatively large, and in order to facilitate the 
calculation, the data need to be normalized and 
organized into a certain area. In this paper, the max-min 
standardization is used for normalization, and it is for 
class 𝑎 is normalized, as shown as follows： 

 𝑌 = 0.1+0.8 × 𝑎x−min 𝑎max 𝑎−min 𝑎  ——(8) 

Where 𝑌  is the normalized data, min 𝑎  is the 
minimum value in class 𝑎 , and max 𝑎  is the 
maximum value. The temperature and stress of uniaxial 
tensile test are normalized by using this method. 

Due to the strain rate changes greatly, using this 
normalization method results in a large difference 
between the data, which affects accuracy. Therefore, 
the method shown in formula 9 is used.               ε̇ = (3+lg ε̇−0.95(3+lg ε̇min))

1.05(3+lg ε̇max)−0.95(3+lg ε̇min) ——(9) 

3.2 The selection of parameter  

This article selects the structure of the single 
hidden layer. The number of neuron nodes in the hidden 
layer is usually determined by empirical formulas. As 
shown in formula 10.  𝛿 = √𝑚 + 𝑛 + 𝑎 ——(10) 

Where 𝛿  is the neuron node, 𝑚  is the input 
node, 𝑛  is the output node, 𝑎  is the adjustment 
parameter and 𝑎 ∈[1~10].  

This paper explores the constitutive relation in the 

warm state of 6061-T6 aluminum alloy, the main 

factors are temperature 𝑇, strain 𝜀, strain rate 𝜀̇, and 

stress 𝜎 .The temperature 𝑇 , the strain 𝜀  and the 

strain rate 𝜀̇ are used as inputs, and the stress 𝜎 is 

output. That is, 𝑚 = 4, 𝑛 = 1, 𝑎 = 4, and the number 
of hidden nodes 𝜎 = 6. 

A total of 342 data sets were participating, with 85 
per cent training data and 15 per cent test data. After the 
simulation run, the target accuracy is set to 1 ∗ 10−3, 
the learning rate to 1 ∗ 10−3, and the maximum times 
of learning is 1100. 
3.3 determination of the transfer function and 
the processing of the results 

The transfer function uses the Sigmoid function, 
whose function definition is shown as follows: 𝑓(𝑥) = 11+𝑒−𝑥 ——(11) 

The input form is： 

𝑛𝑒𝑡 = 𝑥1𝜔1 + 𝑥2𝜔2 + 𝑥3𝜔3 + ⋯ + 𝑥n𝜔n ——(12) 
The Sigmoid function output is ：  𝑦 = 𝑓(𝑛𝑒𝑡) = 11+𝑒−𝑛𝑒𝑡 ——(13) 

The conductor output of the Sigmoid function is： 𝑓′(𝑛𝑒𝑡) = 11+𝑒−𝑛𝑒𝑡 − 1(1+𝑒−𝑛𝑒𝑡)2 = 𝑦(𝑦 − 1) ——(14) 

The S-type function and derivative curve are 
shown in Figure 7.  

  
Fig.7 S-type function and its derivative curve 

As can be known from Figure 7, its derivative is 
positive at 𝑛𝑒𝑡 ∈(-5,0) and the value is getting larger. 
This shows that the value of 𝑓(𝑥) is getting larger and 
the growth rate too. But its derivative is positive 
at 𝑛𝑒𝑡 ∈(0,5), the value is getting smaller. Explain that 
the value of 𝑓(𝑥) is getting larger but the growth rate 
is slowing. In order to facilitate the neural network 
training in this paper, the 𝑛𝑒𝑡  should be controlled 
within the fast convergence interval. 

In order to facilitate the neural network's 
processing of data, the input data is normalized, so it is 
necessary to reverse the stress 𝜎  processing of the 
output [17]. The reverse processing formula is shown 

as follows. 𝜎 = 𝜎min + 1.25(𝜎n − 0.1)(𝜎max − 𝜎min)——(15) 

Where 𝜎 is the predicted true stress value, 𝜎max is 

the maximum value in the stress test sample, and 𝜎min is 

the minimum value in the stress test sample. 𝜎n is the 

stress value after normalization. the correlation curve 

between the neural network prediction value and the true 

value is shown in Figure 8, where the fitting coefficient R is 0.9991, which means the fit is good.  
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Fig. 8 Correlation curve 

3.4 Comparison of forecast results 

The true stress-strain curve from the uniaxial 
tensile test is compared with the stress strain predicted 
by the BP neural network model at different strain rates 
and temperatures, the results are shown in Figures 9,11 
and 12.  

   

(a) at 25 ° C                 (b) at 100 ° C                      (c) at 200 ° C  

Fig. 9 The stress-strain contrast curve at strain rate ε̇ = 0.1 

   

(a) at 50 ° C                    (b) at 150 ° C                  (c) at 250 ° C 

Fig. 10 The stress-strain comparison curve at strain rate ε ̇= 0.01 

   

a) at 100 ° C            b) at 150 ° C             c) at 200 ° C 

Fig. 11 The stress-strain comparison curve at strain rate ε ̇= 0.001, 

As can be knows from Figures 9, 10 and 11 above, 
the data predicted by the BP neural network are very 
highly fitted with the true stress strain data, and the 
stress strain curve between different temperatures at the 
same strain rate is more and more fitted as the 
temperature increases. It can be seen that the BP neural 
network has a good effect in the prediction of the 6061-
T6 aluminum alloy constitutive equation, and the 

constitutive model can be applied in the numerical 
simulation to provide data that approximates the 
properties of the true material. 

3 The study of numerical simulation 

4.1 The size of part and blank  

In this paper, the 6061-T6 aluminum alloy blank 
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is used as the research object to analyze cylindrical cup 
with spherical bottom under non-isothermal 
hydroforming. The mechanical property of 6061-T6 

aluminum alloy is shown in Table 2, and the CAD 
model of cylindrical cup with spherical bottom is 
shown in Figure 12. 

Tab.2 Mechanical property of the blank of 6061-T6 aluminum alloy 

yield strength 𝜎𝑠 

/MPa 

tensile strength 𝜎𝑏 

/MPa 
elastic modulus /GPa Poisson's ratio elongation /% 

276 310 68.9 0.33 12 

 

Fig. 12 CAD model of cylindrical cup with spherical bottom 

The blank size is estimated by the BES blanking 
project of DYNAFORM software. It is concluded that 
the blank size is 128mm in diameter. A 3D model of the 
mold is built in Creo software, and the detailed tool size 
is shown in Table 3. The models of mold and blank are 
imported into Abaqus to create a numerical simulation 
model of the cylindrical cup with spherical bottom, as 
shown in Figure 13. The initial coefficient of friction 

between the blank and the punch and die is 0.1. The 
analysis process is selected: display-temperature-
power-displacement, the total duration of the analysis 
process is set to 0.5s, where in the first 0.1s is the pre-
swelling duration, the stamping stroke is 64mm, and 
the stamping speed is 10 mm/s. 

 

Fig.13 CAE model of cylindrical cup with spherical bottom 

Tab.3 Size of molds 

Radius of Punch 

(mm) 

Depth of  

Punch(mm) 

 Inner Diameter 

of Die (mm) 

Depth of die 

(mm) 

Length of 

Flange(mm) 

Fillet Radius of Punch and Die 

(mm) 

30 64 62.2 70 10 5 

4.2 Effect of cavity pressure curve on forming 

In order to determine the optimal cavity 
pressure curve, a total of 9 cavity pressure 
combinations，5MPa, 10MPa, 15MPa, 20MPa, 25MPa, 
30MPa, 35MPa, 40MPa and 45MPa, were simulated. 
and the numerical simulation cavity pressure curve was 
shown in Figure 14. The wall thickness distribution 
map after the simulation is shown in Figure 16.  

Fig. 14 Loading path of the cavity pressure 
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d)=20MPa                       e)=25MPa                       f)=30MPa 

 

g)=35MPa                       h)=40MPa                       i)=45MPa 

Fig. 15 Wall thickness distribution map after simulated forming 

As shown in Figure 15, when the cavity pressure 
increases from 5MPa to 45MPa, the thinnest part 
gradually diffuses from the top to the part where the 
ball floor is combined with the straight wall area, 
peaking at 35MPa. As the pressure continues to 
increase, the minimum thickness of the blank gradually 
decreases. When the cavity pressure is increased to 
45MPa, the minimum wall thickness has been reduced 
to 0.734, at which point the maximum thinning rate is 
greater than 25%, proving that the top is nearly cracked 
at this time, and the part is not qualified. When the 
cavity pressure is less than 14MPa, with the 
downstream of the punch, it is less than the pressure of 
the pre-expansion, it is not possible to reduce the 
friction between the blank and the die, the flow of the 
blank in the flange area can be regarded as equivalent 
to the effect of normal rigid mold deep. Therefore, it 
will lead to excessive thinning of the area where 
spherical bottom is combined with the straight wall 
area. When the cavity pressure reaches 15MPa to 
35MPa, the friction between the die and the blank is 
gradually reduced with the lubrication phenomenon of 
the fluid in the cavity, the flow of the blank is enhanced 
in the flange area, and the wall thickness of the top area 
of the spherical shape is evenly distributed. When the 
cavity pressure is 35MPa, the blue area reaches the 
maximum, and the minimum wall thickness of the 
hemispheric part is 0.8759 parts, the overall wall 
thickness distribution is more uniform, and the forming 
effect is better. With the further increase of cavity 
pressure, when the it is 45MPa, the slow flow of the 

blank causes the it to accumulate too much in the flange 
area, and the top area of the spherical shape is thinned 
seriously, resulting in cracking. The minimum wall 
thickness is distributed with the cavity pressure as 
shown in Figure 16. 

 

Fig. 16 Minimum wall thickness distribution 

4.3 The effect of non-isothermal on forming 

The numerical simulation of non-isothermal 
hydroforming needs to build the non-isothermal 
environment. This paper is simulated in the Abaqus 
software, applying a separate temperature to the punch, 
and another separate temperature to the die, blank and 
blank holder, and to achieve the non-isotherms by 
controlling the difference between the two 
temperatures. 
4.3.1 The scheme of non-isothermal simulation  

When the 6061-T6 aluminum alloy cylindrical 
cup with spherical bottom part is non-isothermal 
hydroforming, it is very important to control the 
temperature of each area of the blank. In order to 
facilitate the experimental operation, this paper 

0 10 20 30 40 50

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

w
al

l 
th

ic
k

n
es

s/
m

m

cavity pressure/mm

  



 

simulates the application of non-isotherms to punch 
and die. The temperature of the die is used below to 
refer to the temperature of the die, blank, and blank 

holder. In order to systematically study the effect of 
non-isotherms of punch and die on the deep drawing, 
the simulation scheme is shown in Table 4.  

Tab.4 Simulation scheme of punch and die temperature combination 

Combination  Punch Temperature /℃ Die Temperature/℃ 

1 25 150 

2 50 150 

3 100 150 

4 150 150 

5 25 200 

6 50 200 

7 100 200 

8 150 200 

9 25 250 

10 50 250 

11 100 250 

12 150 250 

4.3.2 The effect of non-isothermal hydroforming of 
on equivalent plastic strain  

The plastic changes caused by the temperature 
increase during the forming of the blank are evaluated 
by Plastic Equivalent Strain (PEEQ). The PEEQ is the 

index of accumulative plastic strain in the deep drawing 
of the blank. And the PEEQ distribution map derived 
from the numerical simulation of non-isothermal 
hydroforming is shown in Figure 17.  

 

Combination 1           Combination 2            Combination 3 

 

Combination 4           Combination 5            Combination 6 

 

Combination 7           Combination 8            Combination 9 



 

   

Combination 10           Combination 11            Combination 12 

Fig. 17 Equivalent plastic strain distribution map  

Combination 1 to 12 in Figure 17 corresponds to 
the non-isothermal simulation scheme in Table 4, at the 
beginning of the deep drawing process, the deformation 
of the flange region is mainly elastic deformation, and 
the part contacts with the punch begins to plastic 
deformation, and as the punch continues to deform to 
the full forming stage, the deformation is mainly plastic 
deformation. It can be seen from the numerical 
distribution of medium-effect plastic strain in the figure 
that the plastic strain is greatest in the flange area. The 
blank is compressed and deformed from the flange into 
the die, so the plastic strain in the flange area is greatest. 
The minimum plastic strain occurs at the bottom of the 
ball, when the punch comes into contact with the blank, 
the area where the punch comes into contact with the 
blank is thinned and the plastic strain is small.  

The plastic equivalent strain is in transition at the 
area that the straight wall area in contact with the 
bottom of the ball, and the equivalent plastic strain 
value is more balanced. The punch has the same 
temperature in same column in Figure 17, and the die 
has the same temperature in the same row. Equivalent 
plastic strain increases as the temperature of the die 

increases in order in each column, and the trend occurs 
in each row that first increase and then decrease, with 
the maximum equivalent plastic strain appearing in 
50℃of punch in each row. The maximum point of 
equivalent plastic strain value appears in combination 
6, its value is 8.466, and the minimum value of 
equivalent plastic strain is small. The conclusion of the 
uniaxial tensile test is verified, and the softening effect 
of 6061-T6 aluminum alloy is best when the 
temperature of die is 50℃and the plasticity reaches the 
maximum in the combination. 
4.3.3 The effect of non-isothermal hydroforming on 
thickness distribution  

This section evaluates the effect of temperature 
changes on part thickness during the non-isothermal 
hydroforming by the thickness distribution of the 
cylindrical cup with spherical bottom. According to the 
simulation scheme shown in Table 5, there are 12 
combinations of non-isotherms. In the ABAQUS 
software, the numerical simulation of non-isothermal 
hydroforming is carried out, and the thickness 
distribution of the cylindrical cup with spherical bottom 
base is shown in Figure 18.  

 

Combination 1            Combination 2             Combination 3 

 

Combination 4           Combination 5            Combination 6 



 

 

Combination 7           Combination 8            Combination 9 

 

Combination 10          Combination 11         Combination 12 

Fig.18 Wall thickness distribution map 

As shown in Figure 18, the punch has the same 
temperature in each column, and the die, blank, and 
blank holder have the same temperature in each row. 
The areas with the greatest thinning rate are mainly 
concentrated in the bottom and the transition area of the 
bottom to the straight wall, and thickening appears at 
the flange and the transition area that the flange to the 

straight wall. The part with a thinning rate of 0 occurs 
in the middle position of the straight wall. Due to the 
flange area can be removed the later, the thickening 
value of the transition area from the straight wall to the 
flange is used as the thickening analysis. The maximum, 
minimum and difference of the wall thickness are 
shown in Table 5.  

Tab.5 The maximum, minimum and difference of the wall thickness  

Combination maximum (mm) minimum (mm) difference (mm) 

1 1.511 0.8796 0.6314 

2 1.456 0.8539 0.6021 

3 1.506 0.8629 0.6431 

4 1.460 0.8233 0.6367 

5 1.476 0.8675 0.6085 

6 1.461 0.8612 0.5998 

7 1.461 0.8588 0.6022 

8 1.476 0.8675 0.6085 

9 1.506 0.8629 0.6448 

10 1.511 0.8776 0.6034 

11 1.454 0.7766 0.6774 

12 1.470 0.7640 0.706 

As can be known from the data in Table 5, when 
the punch temperature is 25 ℃ (Combination 1, 5 and 
9 in Table 4), the minimum thickness of the blank 
decreases gradually as the die temperature increases. 
This is because the blank has a higher temperature 
relative to the punch, the temperature difference is large 
between blank and punch. During contact, the 
temperature drops too fast, resulting in the "shock 
chilling" effect, similar to quenching in heat-treating. 

Due to extreme cooling the pull strength increases but 
the plasticity decreases, the area of punch fillet is 
thinned excessively, and the difference between 
thinning rate is larger and the molding effect is poor. 
Although a lower temperature of punch is required for 
the thinning rate of the part, it is not appropriate to use 
a low temperature of punch for the uniformity of the 
wall thickness distribution.  

The data in the table5 show that the wall thickness 



 

difference of the blank is large when the temperature of 
punch is greater than or equal to 100 degrees C (3, 4, 7, 
8, 11 and 12 of table 5), which proves that the blank 
uniformity is poor. This is because the temperature 
difference is too small between the punch and the blank, 
which causes the blank to cool down slowly, the 
increase rate of plasticity is much higher than the rate 
of decrease in tensile strength. In particular, the 
difference is maximum in wall thickness distribution 
when the punch is greater than 100 degrees C, such as 
combination 11 and 12, the maximum wall thickness is 
1.454 in combination 11, and 1.470 in combination 12. 
The value is not very large in terms of the maximum 
wall thickness alone, this is because the blank 
temperature is 200℃ and 250℃at the beginning of 
drawing, and 6061-T6 aluminum alloy began to appear 
softening behavior at 200℃, blank fluidity increased 
but the maximum thickness of the flange area becomes 
smaller. The minimum thicknesses of combination 11 
and 12 are 0.7766 and 0.7640, respectively. As can be 
seen from the combination 16, the minimum wall 
thickness is distributed at the transition area from the 
bottom to the straight wall area, this area is excessively 
thinned due to a significant decrease in tensile strength, 
and the minimum wall thickness value is 0.7640 in the 
combination 12, which has reached the edge of rupture. 
Therefore, in order to improve the part quality, the 
temperature difference should be smaller between the 
punch and the blank, and the punch temperature must 
not be greater than 100℃.  

In the wall thickness cloud map of the punch 
temperature from 25℃ to 100℃, it is found that the 
minimum wall thickness increases and then decreases, 
when the punch temperature is 50℃, the wall thickness 
difference is minimal, so the optimal temperature of the 
punch is 50℃. Observe the die temperature change 
when the punch temperature is 50℃(combination 2, 6 
and 10 in Table 5),  The wall thickness difference is 
larger in combination 2, mainly because the blank 
temperature is low, and the plasticity has not been 
significantly improved. Therefore, there is not much 
different between this result and the environment in 
which the non-isothermal is not applied. The maximum 
thickness is 1.461 in the combination 6, at which point 
the blank has reached 200℃, and the softening 
behavior has begun to appear of 6061-T6 aluminum 

alloy, as can be seen from the wall thickness 
distribution cloud map of Figure 16, the difference is 
minimal when the minimum wall thickness value is 
0.8612. In combination 10, the rate of blank plasticity 
increase and tensile strength decrease do not match, 
resulting in uneven wall thickness distribution and 
large difference. 

In this section, the numerical simulation forming 
effect of non-isothermal hydroforming is analyzed 
from the maximum wall thickness value, minimum 
wall thickness value and wall thickness difference. The 
analysis leads to the following conclusions: the 
temperature difference between die and punch should 
be as large as possible, in this way, the plasticity of the 
blank to be reduced and the tensile strength to be 
enhanced, because of the heat exchange generated by 
the contact between the blank and the punch. However, 
the punch temperature cannot be too low, the optimal 
temperature is 50℃, and the temperature of the blank 
cannot be selected too high, When the temperature is 
greater than 250℃, the rate of tensile strength 
decreases far beyond the increase rate of plasticity, and 
the transition area is excessively thinned or even 
cracked between the part ball bottom and straight wall. 
Therefore the optimal temperature of blank, blank 
holder and die is 200℃. 

4 Experimental verification 

The blank material is 6061-T6 aluminum alloy 
rolled blank, the thickness is 1mm, and the blank radius 
is 128mm. Place a plastic film between the plate and 
the die to protect the surface of the die.  

The cavity pressure is 35MPa, the blank holder 
gap is selected at 1.1mm, the punch temperature is 50℃, 
the temperature of die, blank and blank holder is 200℃, 
the speed of deep drawing is 10mm/s and the depth is 
64mm. 

The experimentally obtained parts are shown in 
Figure 19, where 19a is the ordinary hydrodynamic 
deep drawing, 19b is the non-isothermal hydroforming, 
using the MT500 ultrasonic thickness gauge shown in 
Figure 20, the wall thickness value is measured from 
bottom to top along test point shown in Figure 19. Each 
part is measured 70 times and the measurement data is 
fitted in the origin software. The fitted wall thickness 



 

distribution is shown in Figure 21. 

   

                   a)                     b) 

Fig.19 cylindrical cup with spherical bottom drawing 

 

Fig.20 MT500 Ultrasonic Thickness Gauge  

 

Fig. 21 Wall thickness distribution map 

The wall thickness distribution is shown in Figure 
19, with the same process parameters but different 
temperature conditions, room temperature and non-
isotherms. From Figure 19a, it can be seen that the 
blank appeared wrinkles in the flange area, because of 
the low plasticity at room temperature, the 
accumulation caused by the difficulty of the flow of 
blank. In Figure 19b, the plasticity of the blank material 
is improved at non-isotherms, so there is no wrinkle in 
the flange area. By measuring the thickness of the test 
point, the wall thickness distribution obtained after 
fitting is shown in Figure 21. It can be found from the 
figure that blank thickness uniformity is better under 
the non-isothermal hydroforming, the difference is 
small between the maximum and minimum values of 
the wall thickness, but the difference is larger at room 
temperature. The distribution of wall thickness 

obtained by the experiment is more consistent with the 
law obtained by numerical simulation, and the 
minimum value of wall thickness appears in the bottom 
area, while the wall thickness is relatively flat in the 
transition area between the bottom and the straight wall. 

5 Conclusion 

In this paper, 6061-T6 aluminum alloy cylindrical 
cup with spherical bottom is as the research object, the 
temperature forming performance of 6061-T6 
aluminum alloy is studied by uniaxial tensile test, and 
the thermoforming constitutive model is constructed 
based on BP artificial neural network. This model is 
used to simulate the process of the non-isothermal 
hydroforming in the ABAQUS software to arrive at the 
optimal combination of parameters. The conclusions 
obtained are as follows： 

1. Comparing the BP neural network model prediction 
with the true stress-strain curve from the data converted 
from the uniaxial tensile test, the fit is R=0.9991 
between the data predicted by the neural network and 
the true stress-strain data, and the accuracy reaches the 
required 0.001. At the same strain rate, the fit is getting 
higher and higher as the temperature increases. It can 
be seen that the BP neural network has a good effect in 
the prediction of the 6061-T6 aluminum alloy structure 
equation, and the model can be applied to the numerical 
simulation to provide data that is closer to the 
properties of the real material. 

2. With the downstream of the punch, due to the low 
cavity pressure, it is not possible to reduce friction 
through overflow, which can lead to excessive thinning 
of the straight wall area near the flange. With the further 
increase of cavity pressure, the slow flow of blank 
causes it to accumulate too much in the flange area, the 
top area of the spherical shape is thinned seriously, 
resulting in cracking. The part is better formed when 
the pressure of the chamber is 35MPa. 

3. The blank temperature is lower at the bottom of the 
punch, the material strength is higher, and the 
temperature at the corner of the die is high, and the 
softening effect is obvious but the intensity is low of 
the flowing blank. The optimal difference temperature 
is set to 50 ℃ for the punch, and 200℃ for the die, 
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blank holder and blank, at which point the equivalent 
plastic strain and thickness are evenly distributed.  

4. Using the data of the best cavity pressure curve and 
optimal temperature combination, the results show that 
the wall thickness distribution of the experimental part 
is more consistent with the numerical simulation, the 
hydroforming difference temperature drawing 
improves the plasticity of the plate material, and the 
wall thickness distribution of the experimental part is 
more uniform. 
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Figures

Figure 1

MTS universal electronic testing machine

Figure 2

scale of tensile specimen

Figure 3

The tensile specimen The results of the tensile of 6061-T6 with a strain rate of 0.1s-1 at different
temperatures are shown in Figure 4, from top to bottom, it is 25, 50, 100, 150, 200, and 250.



Figure 4

Specimen with a strain rate of 0.1s-1 at different temperatures (The temperature is 25, 50, 100, 150, 200,
and 250 from top to bottom)

Figure 5

The true stress-strain curve at different strain rates

Figure 6

the structure of neural network

Figure 7

S-type function and its derivative curve



Figure 8

Correlation curve

Figure 9

The stress-strain contrast curve at strain rate  = 0.1

Figure 10

The stress-strain comparison curve at strain rate  = 0.01



Figure 11

The stress-strain comparison curve at strain rate  = 0.001,

Figure 12

CAD model of cylindrical cup with spherical bottom

Figure 13

CAE model of cylindrical cup with spherical bottom



Figure 14

Loading path of the cavity pressure

Figure 15

Wall thickness distribution map after simulated forming



Figure 16

Minimum wall thickness distribution

Figure 17



Equivalent plastic strain distribution map

Figure 18

Wall thickness distribution map

Figure 19



cylindrical cup with spherical bottom drawing

Figure 20

MT500 Ultrasonic Thickness Gauge

Figure 21

Wall thickness distribution map


