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1. Introduction 

In recent years, the rapid progress of the automo-

tive industry has led to increasingly conspicuous issues re-

garding resource scarcity and environmental pollution [1, 2]. 

According to statistics, if the vehicle weight is reduced by 

10%, the fuel efficiency can rise by 6-8%, and the emissions 

can be diminished by 4% [3]. Given that new energy vehi-

cles are not yet fully mature and conventional engine tech-

nology is becoming increasingly challenging to upgrade, au-

tomotive lightweighting undoubtedly constitutes the most 

efficacious measure for energy conservation and emission 

reduction. The weight of the vehicle body accounts for ap-

proximately 40% of the total vehicle weight, and the light-

weighting of the vehicle body plays a crucial role in the 

lightweighting of the vehicle [4, 5]. Aluminum alloy is re-

garded as a material with significant potential for automo-

tive lightweighting due to its advantages such as low density, 

high specific strength and stiffness, favorable impact re-

sistance, strong corrosion resistance, and excellent recycla-

bility [6, 7]. For instance, the Audi A8 adopted an all-alumi-

num body, which not only enhanced the torsional rigidity of 

the body by 60% but also reduced the weight of the car by 

50% compared to the steel body of similar models [5]. 

Therefore, aluminum alloy body forming has become an ef-

fective measure of automotive lightweight, and has been 

widely used in the automotive manufacturing industry.  

Aluminum alloy has poor room-temperature form-

ing plasticity, limited deep drawing ability, significant part 

rebound, and difficult control of dimensional accuracy. With 

the increase in deformation temperature, the plasticity of 

aluminum alloy sheets improves significantly, and the form-

ing capacity enhances significantly [8]. Currently, the hot 

forming process is commonly applied to the manufacturing 

of aluminum alloy components, especially for body parts 

with complex shapes and high dimensional accuracy, which 

are mostly formed through hot stamping [9]. Zhang et al. 

[10] conducted simulation analysis and experimental re-

search on the hot stamping process of the A-pillar welded 

sheet of aluminum alloy and investigated the influence of 

process parameters on the formability of the parts. Wang et 

al. [11] studied the deformation characteristics of the 

AA6082 welded sheet with different thickness combina-

tions during hot forming-quenching (HFQ). Harrion et al. 

[12] verified the feasibility of hot stamping the B-column 

outer plate of 7075 high-strength aluminum alloy through 

experimental research. Zhou et al. [13] analyzed the defects 

in the stamping forming of the anti-collision beams of alu-

minum alloy automotives. Jiang et al. [14] optimized and 

analyzed the process parameters of the hot stamping form-

ing of the rear windshield lower crossbeam in 6016 alumi-

num alloy automobiles. 

The hot stamping of aluminum alloy is a combina-

tion of hot forming and heat treatment. The forming process 

undergoes a dynamic temperature process, and the thermal 

deformation mechanism is relatively complex. For this rea-

son, many researchers have conducted numerous theoretical 

modeling and experimental studies [15-17]. Fan et al. [18] 

investigated the forming mechanism of the 6A02 aluminum 

alloy sheet using a hot-forming die at the deformation tem-

perature of 50-350°C, revealing the microstructure evolu-

tion and strengthening mechanism of the forming process. 

Wang et al. [19] studied the formability and failure mecha-

nism of AA2024 aluminum alloy hot-forming at 350-493°C, 

and described the corresponding relationship between the 

formability of the aluminum alloy and temperature. Gu et al. 

[20] employed high-temperature tensile tests and Nakazima 

experiments to simulate the HFQ process to study the high-

temperature rheological behavior and formability of 7075-

T4 aluminum alloy. Jiang et al. [21] studied the quenching 

sensitivity of 7046A aluminum alloy through end-quench-

ing tests and examined the mechanical properties and mi-

crostructure of the aged alloy. Jiang et al. [22] studied the 

influence of HFQ process conditions on the microstructure 

evolution and baking hardening effect of AA7075.  

However, there are many factors affecting the hot 

stamping process of aluminum alloy; the forming process is 

complicated; and the experimental research is costly and the 

cycle is long. In recent years, finite element simulation tech-

nology has been widely employed in the research of the hot 

stamping process [23-27]. Xiao et al. [28] carried out exper-

imental verification on the simulation of the deep drawing 

at high temperature and studied the effects of the forming 

temperature, stamping speed, blank holding force, and fric-

tion coefficient on the formability and mechanical proper-

ties of 7075 aluminum alloy. Ma et al. [29] studied the in-

fluence of the friction coefficient on the minimum thickness, 

thickness deviation, and failure mode of AA6111 aluminum 

alloy hot-stamping parts by combining finite element anal-

ysis and experimental verification. Ghiotti et al. [30] inves-

tigated the influence of process parameters such as the form-

ing temperature and normal contact pressure on the friction 
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behavior during AA7075 hot stamping through finite ele-

ment simulation. Li et al. [31] utilized numerical and exper-

imental methods to study the effects of process parameters 

such as the forming temperature, blank holding force, die 

size, and local thickening of sheets on the residual stress dis-

tribution of hot stamping aluminum alloy parts. Additionally, 

with the development of computer technology, various ad-

vanced mathematical modeling methods are gradually ap-

plied to the optimization of process parameters [9, 32]. Jens 

et al. [33] used a variety of machine learning methods to 

model the deformation behavior of 7075 aluminum alloy, 

such as support vector machine, gradient lift, random forest, 

ridge regression, lasso regression, adaptive enhanced re-

gression model, extreme gradient lift, multi-layer percep-

trons, etc. It was found that the extreme gradient lifting 

model was the most advantageous in modeling the defor-

mation behavior of aluminum alloy. Xie et al. [34] proposed 

an improved hybrid model based on the constrained Boltz-

mann machine and backpropagation neural network, estab-

lished the mapping relationship between process parameters 

and forming quality, and used the multi-objective particle 

swarm optimization algorithm to perform multi-objective 

optimization of the hot stamping process parameters. Liu et 

al. [35] established a general IHTC model applicable to hot 

and warm stamping of aluminum alloys and integrated it 

with the CCP diagram to determine the key process param-

eters during hot/warm stamping of aluminum alloys. How-

ever, the forming performance of aluminum alloy parts is 

affected by multiple process parameters, including forming 

temperature, friction coefficient, stamping speed, blank 

holding force, die size, etc. Different forming processes and 

forming methods directly impact the forming quality of the 

parts. Therefore, the combination of finite element simula-

tion and algorithm optimization is an effective measure to 

optimize the forming process and performance prediction of 

aluminum alloy auto body parts under complex process con-

ditions.  

Based on this, the rear windshield lower crossbeam 

of an aluminum alloy automobile was taken as the research 

object in this paper. The hot stamping process scheme of the 

part was optimized by finite element simulation. The mod-

ular hot stamping die that can realize different forming 

methods was designed and developed, and the simulation 

results were verified by the hot stamping experiment of the 

rear windshield lower crossbeam. The influence of process 

parameters such as deformation temperature, friction coef-

ficient, stamping speed, and die clearance on part thinning 

under two forming methods was analyzed through simula-

tion. The gradient boosting regression tree machine learning 

model and NSGA-II algorithm were used to optimize the hot 

stamping process parameters of the part. This research can 

provide a significant reference value for the selection and 

optimization of hot stamping process for aluminum alloy 

auto body parts. 

2. Hot Stamping Finite Element Modeling 

The dimensions of the rear windshield lower cross-

beam of aluminum alloy automobiles are shown in Fig. 1, a, 

and the thickness of the sheet is 1.5 mm. Fig. 1, b shows the 

die surface diagram designed according to the geometry 

structure of the part. The finite element geometry model of 

the rear windshield lower crossbeam hot stamping is shown 

in Fig. 2. 

6016 aluminum alloy was selected as the part ma-

terial with a density of 2.7 kg/m³ and a Poisson's ratio of 

0.3. The stress-strain curve at high temperatures was ob-

tained through thermal physical simulation experiments 

overheating in the previous research, as shown in Fig. 3. The 

sheet mesh was generated using Belytschko-Tsay shell ele-

ments through automatic meshing, with maximum element 

sizes of 20 mm and minimum sizes of 5 mm, employing a 

fourth-order adaptive optimization coefficient. The die ma-

terial used was H13 steel. Given the minimal mold defor-

mation, it was treated as a rigid body in this model, with 

maximum element sizes of 5 mm and minimum sizes of 1 

mm. The final meshing results include 529 sheet elements, 

31,398 upper die elements, and 35,470 lower die elements. 

During the hot stamping of the rear windshield lower cross-

beam, the sheet temperature can reach up to 550°C. The in-

itial temperature of the die was only 10°C (The die adopted 

a water-cooled system). The temperature disparity between 

the mold and the sheet material fosters contact heat transfer 

between them. In order to ensure the accuracy of the finite 

element simulation, the heat transfer coefficient between the 

die and the sheet needs to be defined. The heat transfer co-

efficient at the interface contact between the die and the 

sheet can be effected by the interfacial pressure and distance. 

During hot stamping, the interaction forces and clearance 

between the sheet and die will vary with deformation. As the 

contact interface pressure increases and clearance decreases, 

the thermal conductivity coefficient rises, as shown in Ta-

ble 1 [36, 37]. Based on this, a thermal contact model be-

tween the sheet and die was established. In the hot stamping 

simulation, the punch was constrained in the vertical direc-

tion until contacting the sheet metal, while other displace-

ments were set to zero. The concave die remained stationary 

throughout the process, meaning it was subjected to a fully 

fixed constraint. 

 

a 

 

b 

Fig. 1 Rear windshield lower crossbeam: a – dimensional 

diagram of part, b – die surface diagram 

The one-step direct forming process was first tried, 

and the forming process parameters were set as follows: 

forming temperature 510°C, friction coefficient 0.15, 

stamping speed 50 mm/s, mold clearance 1.05t (t is the 

thickness of sheet metal). The thickness distribution and 

temperature distribution of the rear windshield lower cross-

beam were obtained by simulation, as shown in Fig. 4. It can 

be seen from Fig. 4, a that the maximum thickness of the 

part reached 1.899 mm, with a maximum thickness increase 

rate of 26.6%. Meanwhile, the minimum thickness was 

measured at 0.904 mm, showcasing a maximum thinning 

rate of 39.7%, which meant that the part had cracked and 

failed. The obvious thinning areas were concentrated in the 
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middle of the cross section of the rear windshield lower 

crossbeam. This phenomenon was attributed to the non-uni-

form size distribution of the cross section, making the con-

vex position in the middle of the cross section prone to 

cracking. Fig. 4, b demonstrated that upon completion of 

stamping, the lowest temperature of the part was approxi-

mately 344°C, and the highest temperature reached around  
 

Fig. 2 Finite element geometry model of rear windshield 

lower crossbeam hot stamping 

 

a b c 

Fig. 3 True stress-strain curves of 6016 aluminum alloy at high temperature deformation: a – 450°C, b – 500°C, c – 550°C 

Table 1 

The relationship between coefficient of heat conduction, 

pressure and clearance of aluminum alloy sheet and die 

Pressure, 

MPa 

Coefficient of heat 

conduction, 

W/m2·K 

Clearance, 

mm 

Coefficient of heat 

conduction, 

W/m2·K 

0 0 6 0 

10 50 5 0.5 

20 55 4 0.65 

40 60 2 1 

50 60 0 3 

 

a 

 

b 

Fig. 4 Simulation results of rear windshield lower cross-

beam using one-step forming: a – thickness distribu-

tion, b – temperature distribution 

525°C. The temperature in most areas was maintained be-

tween 400°C and 500°C, indicating the part remained in a 

high temperature state even post-stamping. 

3. Hot Stamping Process Optimization 

3.1. Optimization simulation 

To address the concerns regarding potential crack-

ing or excessive thinning of the rear windshield lower cross-

beam during one-step forming, a stepwise forming process 

plan was devised. This method was divided into two form-

ing steps: initially preforming the middle section of the parts, 

followed by stamping the two sides of the parts. The finite 

element geometric model of two-step forming is shown in 

Fig. 5, a. The forming process is executed as follows: the 

concave die (inside) can be pushed out to the highest plane 

of the concave die (outside) about 50 mm. As the punch 

moved down, the middle convex position of the part was 

pre-formed, and then the concave die (inside) moved down-

ward with the punch to complete the stamping on both sides 

of the part. The shape change of the sheet during the two-

step forming process is illustrated in Fig. 5, b. 

The forming process parameters were also set to 

forming temperature 510°C, friction coefficient 0.15, 

stamping speed 50 mm/s, mold clearance 1.05t. Using the 

two-step forming process, the thickness and temperature 

distributions were simulated, as shown in Fig. 6. It can be 

seen from Fig. 6, a that the maximum thickness of the two-

step formed part was 1.807 mm and the maximum thicken-

ing rate was 20.5%, and the minimum thickness was 1.277 

mm and the maximum thinning rate was 14.9%. The maxi-

mum thickening rate decreased by 6.1% and the maximum 

thinning rate decreased by 24.8% compared with the one-

step forming. The thickness distribution of the part showed 

a good consistency, which effectively avoided the phenom-

enon that the middle convex position of the part was easy to 

crack. Fig. 6, b illustrates that after stamping, the tempera-

ture of most areas ranged between 300°C and 400°C, with 

the highest temperature recorded at approximately 417°C 

and the lowest at around 45°C, primarily concentrated in the  
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a 

 

b 

Fig. 5 The two-step forming process of rear windshield 

lower crossbeam: a – finite element geometric model, 

b – part shape change process 

 

a 

 

b 

Fig. 6 Simulation results of rear windshield lower cross-

beam using two-step forming: a – thickness distribu-

tion, b – temperature distribution 

middle convex position. This phenomenon was due to the 

continued contact of the middle convex position with the die 

after forming, facilitating a quicker temperature drop. And 

because of the effect of heat conduction, the temperature of 

the two-step formed parts was significantly lower than that 

of the one-step formed parts, which can further improve the 

efficiency of quenching while using the die forming. 

3.2. Experimental verification 

The hot stamping die of the rear windshield lower 

crossbeam of aluminum alloy automobile is shown in Fig. 7. 

The upper and lower die cores used split assembly structure, 

which was conducive to the cooling pipe processing. In or-

der to achieve a one-step forming and two-step forming at 

the same time, the middle part of the die was designed as a 

moving block. During the one-step forming, the bottom sur-

face of the middle moving block was parallel to the plane of 

the fixed block of the lower die. During the two-step form-

ing, the middle moving block of the lower die was pushed 

out by using the ejecting cylinder of the press. The ejection 

height can be adjusted up to 350 mm. The upper and lower 

dies were each equipped with two inlet and two outlet ports 

for cooling water, which was maintained at approximately 

10°C. 

The materials used in the experiment were 6016-

T6 aluminum alloy sheets with a thickness of 1.5 mm pro-

duced by Southwest Aluminum (Group) Co., Ltd. The 

stamping speed was 50 mm/s, graphite lubricant was used 

on the sheet surface and the die surface (friction coefficient 

was close to 0.15), the holding time was 8 min, the transfer 

time and the pressure holding time were 10 s, and the form-

ing temperature was 480°C, 510°C, 540°C and 570°C. As 

shown in Fig. 8, a, the qualified rear windshield lower cross-

beam forming parts were finally obtained by two-step 

stamping. However, the convex position in the middle of the 

part would crack by the one-step stamping, as shown in 

Fig. 8, b. 

 

a 

 

b 

Fig. 7 Hot stamping die for the rear windshield lower cross-

beam of automobiles: a –  design drawing,  

b – physical view 

To further validate the reliability of the finite ele-

ment simulation results, the thickness size of the section po-

sition depicted in Fig. 9 was measured. The wire cutting ma-

chine was used to cut the cross-section 130 mm from the left 

end of the part, and the thickness of the cross-section posi-

tion was measured by Vernier caliper. The average value of 

the data of each point was taken from three times of meas-

urement, and the thickness of the cross-section was obtained 

in 29 points. The thickness of the section at the same posi-

tion was extracted from the finite element simulation results. 

The comparison between the simulation results and experi-
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mental results at a forming temperature of 510°C is illus-

trated in Fig. 10. The findings indicate that the simulation 

outcomes closely align with the experimental data, with 

some minor deviations observed at the transition corners of 

the section. These variations could be attributed to forming 

errors and measurement inaccuracies easily occurred in the 

position of transition corners. For the selected section, the 

minimum thickness of the part appeared at the position  

 

 

a 

 

b 

Fig. 8 Formed parts: a – two-step formed parts, b – the 

fracture location of the parts using one-step forming 

 

Fig. 9 Section position of rear windshield lower crossbeam 

 

Fig. 10 Section thickness distribution of parts 

where the leftmost end of the section is concave. Addition-

ally, a noticeable thinning phenomenon was also observed 

at the bottom of the part section. 

Comparing simulation predictions with experi-

mental results under two forming methods revealed that 

both methods consistently predicted fracture occurrence in 

one-step formed parts, with fracture locations (at the central 

raised area) matching simulation predictions. The two-step 

forming method achieved qualified parts across different 

temperatures. As shown in Fig. 10, the formed part at 510°C 

exhibited a maximum cross-sectional thickness of 

1.512 mm and a minimum of 1.469 mm, while the simula-

tion model predicted a maximum thickness of 1.508 mm 

and a minimum of 1.461 mm, with an error margin within 

1%. This demonstrates that the developed finite element 

simulation model for aluminum automotive rear windshield 

crossbeams can effectively predict part formability, provid-

ing guidance for process selection and optimization. 

4. Influence of Process Parameters on Part Thickness 

During the hot stamping of aluminum alloy, the 

process parameters such as deformation temperature, fric-

tion coefficient, stamping speed, and die clearance play sig-

nificant roles in the forming quality of parts. In this study, 

the influence of the above process parameters on the mini-

mum thickness of the part under single factor variables was 

studied by the finite element simulation, using the one-step 

stamping and the two-step stamping respectively. The spe-

cific process parameters are shown in Table 2. 

Table 2 

Hot stamping simulation process scheme 

No. 

Forming tem-

perature,  

°C 

Friction coef-

ficient 

Stamping 

speed, 

mm/s 

Die clear-

ance,  

mm 

1 
480/510/540/

570 
0.3 200 1.10t 

2 540 
0.15/0.3/0.45/

0.6 
200 1.10t 

3 540 0.3 
50/100/150/

200 
1.10t 

4 540 0.3 200 
1.05t/1.10t/ 

1.15t/1.20t 

 

The effects of process parameters on the minimum 

thickness of the rear windshield lower crossbeam of alumi-

num alloy using different forming processes are illustrated 

in Fig. 11. Under the same process conditions, the choice of 

forming method had a significant influence on the thickness 

of parts, and the minimum thickness of the two-step formed 

parts was greater than that of the one-step formed parts.  

Fig. 11, a shows the curves of the minimum thick-

ness of the rear windshield lower crossbeam of aluminum 

alloy automobile under different deformation temperatures. 

At the same deformation temperature, the minimum thick-

ness of parts with the two-step forming was greater than that 

with one-step forming. This meant that the maximum thin-

ning rate of parts with the two-step forming was lower than 
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that with one-step forming. Across the temperature range of 

480-570°C, the maximum thinning rate of the parts re-

mained around 15% using one-step forming, with only mi-

nor fluctuations. As a contrast, when the deformation tem-

perature was lower than 540°C, the change value of the min-

imum thickness of the part was less than 0.01 mm, and the 

maximum thinning rate was not more than 9% using the 

two-step forming. But the maximum thinning rate of the 

two-step formed part increased to 12% at 570°C.  

Fig. 11, b shows the variation curves of the mini-

mum thickness of the rear windshield lower crossbeam of 

aluminum alloy automobiles with different friction coeffi-

cients. After the aluminum alloy sheet is heated, the surface 

viscosity increases, resulting in an increase in the friction 

coefficient between the sheet and the die. Under the same 

friction coefficient, the minimum thickness of the two-step 

formed parts was greater than that of the one-step formed 

parts. With the increase of friction coefficient, the minimum 

thickness decreased and the maximum thinning rate in-

creased. Compared with the two-step forming, the friction 

coefficient had a significant effect on the thinning of the 

parts using the one-step forming. When the friction coeffi-

cient was 0.15, the maximum thinning rate of the parts under 

the two forming methods was about 9%, and the difference 

was not much. However, with the increase of friction coef-

ficient, the curve of minimum thickness of the one-step 

formed part decreased sharply. When the friction coefficient 

was 0.6, the minimum thickness of the one-step formed part 

was 0.95 mm, and the maximum thinning rate reached 37%, 

while the maximum thinning rate of the two-step formed 

part was only 12%. 

Fig. 11, c shows the change curves of the minimum 

thickness of the rear windshield lower crossbeam of alumi-

num alloy automobiles at different stamping speeds. At the 

same stamping speed, the minimum thickness of the two-

step formed parts was greater than that of the one-step 

formed parts, that is, the maximum thinning rate of the two-

step formed parts was lower than that of the one-step formed 

parts. Taking the stamping speed of 150 mm/s as an example, 

the maximum thinning rate of the part is 24% using one-step 

forming, and the maximum thinning rate of the part is 12% 

using two-step forming. With the increase of the stamping  

   

a b 

   

c d 

Fig. 11 Influence of process parameters on minimum thickness of rear windshield lower crossbeam: a – deformation tem-

perature, b – friction coefficient, c – stamping speed, d – die clearance 
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speed, the minimum thickness of the two-step formed parts 

increased linearly. It is worth mentioning that for the one-

step forming process, only when the stamping speed ex-

ceeded 100 mm/s, the minimum thickness of the part in-

creased with the increase of the stamping speed. This indi-

cated that when the stamping speed reached a certain degree, 

the heat dissipation could be reduced, which was conducive 

to the uniform flow of the material. 

Fig. 11, d shows the change curves of the mini-

mum thickness of rear windshield lower crossbeam of alu-

minum alloy automobiles under different die clearances. 

Under the same die clearance, the minimum thickness of the 

two-step formed parts was greater than that of the one-step 

formed parts. With the increase of die clearance, the mini-

mum thickness of parts decreased and the maximum thin-

ning rate increased. Compared with the two-step forming, 

the influence of the die clearance on the thinning of the parts 

is more significant using the one-step forming. When the die 

clearance was 1.05t, the minimum thickness of the parts un-

der the two forming methods was relatively close, and the 

maximum thinning rate was between 9% and 10%. With the 

increase of die clearance, both the curves of the two forming 

methods declined obviously. When the die clearance was 

1.20t, the maximum thinning rate of the one-step formed 

parts was 21%, and that of the two-step formed parts was 

16%. 

5. Multi-Objective Optimization of Process Parameters 

5.1. Gradient boosting regression tree machine learning 

model 

The maximum thickening rate and the maximum 

thinning rate of a part are usually used as important evalua-

tion indexes to judge the wrinkle and crack failure. In order 

to accurately reflect the highly nonlinear relationship be-

tween hot stamping process parameters and the maximum 

thickening rate and maximum thinning rate of parts, ma-

chine learning algorithm was used to establish the prediction 

model of the maximum thickening rate and maximum thin-

ning rate. Latin hypercube sampling (LHS) was used to 

build sample data sets. The principle of LHS is to divide 

each independent variable into several intervals of equal 

spacing, and randomly select points as sampling points in 

each interval to finally compose sample sampling results 

[39]. It can reduce the number of sample points as much as 

possible while ensuring the uniform distribution of sample 

points, especially for large sample sampling. The range of 

process parameters was set as shown in Table 3. 300 sam-

ples were collected from the range of parameters using LHS 

method, and python code was used to control the solver for 

automatic simulation. 

The specific steps are as follows: Fig. 12 shows the 

recognition sample of the simulation results image. The 

maximum and minimum thickness values in the simulation 

results need to be extracted, namely the values 1.695 and 

1.149 in the red box. The Opencv module in the open source 

program Python was used for binary processing to extract 

image pixels in the fixed area of the image, and then 

Pytesseract, the OCR character recognition module in Py-

thon, was used for digital extraction. The images of the sim-

ulation results were stored in the folder in order. Since each 

picture was of the same size, it was only necessary to  

 

 

Fig. 12 Recognition sample of the simulation results image 

Table 3 

Range of LHS process parameters 

Process pa-

rameter 

Forming 

temperature 

T, °C 

Friction co-

efficient 

μ 

Stamping 

speed 

V, mm/s 

Die clear-

ance 

λ, mm 

Sampling 

upper bound 
480 0.05 50 1.05t 

Sampling 

lower bound 
570 0.60 500 1.20t 

 

digitally identify the position of the red box shown in the 

sample image to obtain the corresponding results of each 

group of process parameters. 

Using Eq. (1), the identified values were converted 

to the maximum thickening rate η and the maximum thin-

ning rate τ: 

100

100

max

min

E E
%,

E

E E
%,

E





− 
=  


− = 



, (1) 

where, E is the thickness of the original sheet, Emax is the 

maximum thickness of the formed part, and Emin is the min-

imum thickness of the formed part. The complete set of 

identified data is provided in Table 4. 

Before machine learning model training, the max-

min normalization method was used to normalize the sam-

ple data set, and the data was converted into dimensionless 

form, so that the model prediction results could converge 

more quickly and the training speed was faster. The data was 

converted to the range of interval [0,1] using Eq. (2). 

min

max min

x x
x

x x

−
=

−
, (2) 

where, x̅ is the normalized data, x is the original data, xmin is 

the minimum value in the original data, and xmax is the max-

imum value in the original data. At the same time, the sam-

ple data set was divided into the training set and the test set 

according to the ratio of 8:2, and the sample order was shuf-

fled. 

Gradient boosting regression tree (GBRT) is a ma-

chine integrated learning algorithm proposed by Friedman 

for regression, classification and ranking tasks [40]. GBRT 

algorithm uses Classification and Regression Tree (CART) 

as the basic learner, and each CART tree learns to fit the 

residual of the previous CART tree until a specified number 

of CART trees are generated or the error is below the set 

value. GBRT algorithm adjusts the parameters of each tree 

by gradient descent method similar to neural network to 

gradually reduce the training error of the current data set. 
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Table 4 

Sample set of process parameter 

No. 

Training sample parameter values 

Forming 

temperature 

T, °C 

Friction 

coeffi-

cient 

μ 

Stamping 

speed 

V, mm/s 

Die 

clear-

ance 

λ, mm 

Maxi-

mum 

thicken-

ing rate 

η,% 

Maxi-

mum 

thinning 

rate 

τ, % 

1 547.939 0.361 289.655 1.10t 15.067 23.600 

2 491.791 0.191 411.231 1.10t 13.200 18.867 

3 563.909 0.301 465.939 1.10t 4.530 6.267 

4 532.425 0.219 156.389 1.15t 13.730 36.200 

5 534.673 0.517 279.150 1.20t 13.400 27.467 

6 511.738 0.245 339.290 1.05t 13.677 17.067 

7 550.006 0.514 371.394 1.05t 4.867 10.000 

8 551.614 0.109 61.797 1.10t 11.334 31.400 

9 515.508 0.072 122.708 1.15t 21.267 32.134 

10 496.446 0.543 362.932 1.10t 13.467 28.134 

11 488.285 0.053 392.877 1.05t 8.800 12.134 

12 537.012 0.284 80.356 1.20t 7.600 47.867 

13 504.923 0.084 384.234 1.20t 11.600 22.667 

… … … … … … … 

300 492.886 0.379 93.771 1.10t 15.334 38.400 

 

For the Optimization problem of loss function H(θ) with a 

single variable, the variable θ is added in the direction of 

minimum gradient in each update iteration, and H(θ) gradu-

ally reaches local optimization in each iteration of parameter 

update. When H(θ) is locally optimal, the optimal θ is then 

determined, as shown in Eq. (3): 

( )1t t H  


−


= −


. (3) 

In Eq. (3), α is the learning rate, θ is the parameter. 

The variable θ is extended to the entire feature 

space, that is, for the entire GBRT algorithm, the estimate of 

the first m CART trees is obtained, and the Eq. (4) can be 

obtained by using gradient descent method: 

( ) ( ) ( )1m m mf x f x h x−= − . (4) 

In Eq. (4), fm(x) is the estimated value of the first m CART 

trees, fm-1(x) is the estimate of the previous m-1 CART tree, 

𝛼 is the learning rate and hm(x) is the loss function. 

The loss function of GBRT was set as root mean 

Table 5 

GBRT hyper-parameter settings 

Hyper-pa-

rameter 

Learning 

rate 
Basic model 

Number of 

trees 

Depth of 

tree 

Set value 0.1 
Decision 

tree 
99 4 

 

a 

 

b 
Fig. 13 Comparison between GBRT model and experiment: 

a – maximum thickening rate, b – maximum thin-
ning rate 

square error (RMSE), and the specific hyper-parameter were 

set as shown in Table 5.  

Taking coefficient of determination (R2) and mean 

square error (MSE) as evaluation indexes, the results of 

maximum thinning rate and maximum thickening rate are 

shown in Fig. 13. The R2 of the GBRT model is close to 1, 

which means that the model can explain the variation in the 

data very well. At the same time, the validity of GBRT 

model applied to the modeling of maximum thinning rate 

and maximum thickening rate was verified in the acceptable 

range of MSE. 

 

 

 



76 

5.2. Multi-objective optimization based on NSGA-II algo-

rithm 

The Non-dominated Sorting Genetic Algorithm II 

(NSGA-II) is a multi-objective optimization algorithm 

based on biogenetics. In order to obtain the multi-objective 

optimization solution of the hot stamping formability of the 

rear windshield lower crossbeam of 6016 aluminum alloy 

automobile, the established GBRT model was as the objec-

tive function F(x) to optimize, which contained two sub-

functions, namely the maximum thinning rate and the max-

imum thickening rate. Usually, when the maximum thicken-

ing rate of aluminum alloy hot stamping parts is less than 

10%, the maximum thinning rate is less than 20%, the parts 

show good formability. Optimization parameters include 

stamping speed x1, die clearance x2, sheet initial forming 

temperature x3 and friction coefficient x4. The constraints of 

optimization parameters are shown in Eq. (5). 

In Eq. (5), GBRT is the proxy model of GBRT of 

the thickening rate and thinning rate of 6016 aluminum alloy, 

M and N are the output matrices, M*GBRT(X) is the maxi-

mum thickening rate output of the GBRT model, 

N*GBRT(X) is the maximum thinning rate output of the 

GBRT model. 

( ) ( ) ( )

   ( )

 

  ( )

1 2 3 4
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50 500;
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x
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x ;
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

 (5) 

After iterative operation, the optimal data set ob-

tained is shown in Fig. 14. It can be found that the maximum 

thickening rate of all Pareto solution sets is less than 7%, 

and the maximum thinning rate of that is less than 10%. Be-

cause of the fractional number processing, there is a weak 

domination relationship in the solution set, but in fact a non-

domination relationship. The optimal solution of the hot 

stamping forming process parameters of the rear windshield 

lower crossbeam of the 6016 aluminum alloy automobile is 
 

 

Fig. 14 Optimal solution set for maximum thickening rate 

and maximum thinning rate of parts 

Table 6 

Optimum process parameters for hot stamping of rear 

windshield lower crossbeam 

Process pa-

rameter 

Forming 

temperature, 

°C 

Friction co-

efficient 

 

Stamping 

speed, 

mm/s 

Die clear-

ance, 

mm 

Optimal 

value 
568.867 0.1502 450.717 1.05t 

 

shown in Table 6. In order to obtain the best match between 

the maximum thickening rate and the maximum thinning 

rate of the formed part, the optimal forming process param-

eters should be selected as follows: a forming temperature 

of 570°C, a friction coefficient of 0.15, a stamping speed of 

450 mm/s, and a die clearance of 1.05t. 

6. Conclusions 

In this paper, the integrated application of new pro-

cess, simulation prediction, die development, and intelligent 

optimization has been implemented in a typical automotive 

component forming study. An innovative composite hot 

stamping forming process combining cold die forming with 

synchronous quenching was applied to the rear windshield 

lower crossbeam, a typical automotive body component. 

This study explored the feasibility of using this new process 

for forming complex automotive parts and proposed a two-

step forming method based on the part's geometric charac-

teristics and forming challenges. Finite element simulations 

were conducted to compare the formability of the part under 

two forming methods and analyzed how process parameters 

affected thickness distribution. By developing a set of seg-

mented hot stamping die with cooling system, two forming 

methods can be achieved using a set of die. Building on this 

foundation, a gradient-boosted regression tree machine 

learning model and NSGA-II algorithm were employed to 

optimize hot stamping process parameters through multi-

objective optimization. This approach offers an efficient, 

precise, and cost-effective solution for digitalizing and in-

telligentizing the forming process of aluminum alloy auto-

motive components. The conclusions drawn from this study 

are as follows: 

The finite element simulation model of hot stamp-

ing of the rear windshield lower crossbeam of aluminum al-

loy automobiles was established. The results showed that 

the parts using the one-step direct forming had a greater risk 

of wrinkling and cracking, especially the middle convex po-

sition of the part was the most serious thinning. By using the 

two-step forming process, the thickness distribution of the 

parts showed a better consistency. Compared with the one-

step forming method, the maximum thickening rate and the 

maximum thinning rate of the two-step formed parts were 

reduced by 6.1% and 24.8% respectively. The average tem-

perature of the two-step formed parts at the end of the form-

ing was about 100°C lower than that of the one-step formed 

parts, which significantly improved the efficiency of 

quenching while using the die forming. 

A modular hot stamping die was designed for the 

rear windshield lower crossbeam, which can realize both the 

one-step forming and the two-step forming. The experi-

mental results showed that cracks appeared in the middle 

convex position of parts using one-step forming, while all 
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qualified parts were obtained using two-step forming at tem-

peratures between 480-570°C The simulation results for the 

thickness distribution of the part were in good agreement 

with the experimental data, confirming the precision of the 

simulation model. 

The effects of hot stamping process parameters on 

the rear windshield lower crossbeam of aluminum alloy au-

tomobiles under two different forming methods was com-

pared. The results showed that the choice of forming method 

can significantly affect the thickness of parts under the same 

process conditions. Notably, the minimum thickness of the 

two-step formed parts exceeded that of the one-step formed 

parts. A gradient boosting regression tree machine learning 

model was developed to predict the maximum thickening 

rate and maximum reduction rate of the parts. By employing 

the NSGA-II multi-objective optimization algorithm, an op-

timal set of process parameters for hot stamping of the rear 

windshield lower crossbeam was determined, suggesting a 

forming temperature of 570°C, a friction coefficient of 0.15, 

a stamping speed of 450 mm/s, and a die clearance of 1.05t. 
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H. Zhao, J. Xu, J. Huang, Y. Xiao, H. Fu, B. Jiang 

SIMULATION AND OPTIMIZATION FOR HOT 

STAMPING PROCESS OF REAR WINDSHIELD 

LOWER CROSSBEAM OF ALUMINUM ALLOY AU-

TOMOBILES 

S u m m a r y 

The simulation of the hot stamping process for the 

rear windshield lower crossbeam in aluminum alloy auto-

mobiles was carried out. Contrasted with the one-step form-

ing process, the maximum thickness increase rate was low-

ered by 6.1% and the maximum thinning rate was decreased 

by 24.8% using the two-step forming process. Under iden-

tical process parameters, the minimum thickness of two-step 

formed parts was greater than that of one-step formed parts. 

The forming experiment was conducted by employing the 

self-developed modular hot stamping die. A gradient boost-

ing regression tree machine learning model for the maxi-

mum thickening rate and the maximum reduction rate of the 

parts was established, and the optimal process parameters 

matching for the hot stamping of the rear windshield lower 

crossbeam were obtained based on the NSGA-II multi-ob-

jective optimization algorithm, namely, forming tempera-

ture 570°C, friction coefficient 0.15, stamping speed 

450 mm/s and die clearance 1.05t. 

Keywords: aluminum alloy, hot stamping, machine learn-

ing, process optimization, mechanical simulation. 
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