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Abstract. To improve the lightweight level of automotive body and solve the
internal hot stamping challenges on tailor-welded door ring such as cracking,
wrinkling and local distortion, a finite element model of integral hot stamping of
a tailor-welded door ring with differential strength and thickness was built. The
maximum thinning rate andmaximum springback of the door ringwere selected as
formability indexes, the forming temperature (600–900 °C), coefficient of friction
(0.1–0.5) and stamping speed (50–300 mm/s) were taken as variables, and then
the response surface method was used to establish the relationship between the
process parameter variables and the formability index. Finally, the multi-objective
optimization genetic algorithm was used to obtain the optimal combination of
process parameters, which provides theoretical guidance for practical production.
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1 Introduction

Auto body component is an important part of automobile, and its high performance
and lightweight of manufacturing is an important research direction. The hot stamping
process is capable of forming high strength, high stiffness and high precision auto body
components. The process is to heat and retain the boron steel blank in a furnace at
900–950 °C, making it completely austenitized, then send it to the die for stamping, and
finally the austenite is transformed into martensite by rapid quenching under pressure,
resulting in structure strengthening of the formed parts [1].

Hot Stamping Process of High Strength Steel is thermal-mechanical-phase transi-
tion coupling process, and the thermal, mechanical properties and microstructure of the
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material are closely related to temperature, so the temperature in the hot stamping pro-
cess directly affects the quality of the formed parts. Therefore, most of the research on
hot stamping has been focused on temperature [2, 3]. With the increased in size and
structural complexity of auto body components, single-strength hot stamped parts are
no longer able to meet the needs of lightweight and crashworthiness. The application of
laser tailor-welded blanks can significantly reduce the vehicle weight and improve the
material utilization, and also achieve the forming of parts with different strengths and
thicknesses to meet the requirements of the crashworthiness [4].

The door ring is a typical large size and complex structure of the auto body com-
ponent, which has attracted the attention of many scholars. The design of the door ring
determines the final performance distribution of the parts, so the design of the door ring
is particularly important. In order to improve the driving safety and reduce the mass of
the vehicle, most of the current research on door ring designs have been based on crash
simulations, which studied the thickness matching and the seam design [5]. Due to the
complexity of door ring forming, simulation studies on door ring forming are very lim-
ited, and the object of research is not the door ring with differential strengths differential
thicknesses [6]. In addition, some experimental studies have been carried out on defects
such as cracking, wrinkling and large springback in door ring forming, but most of the
experimental studies were based on process optimization using traditional methods [7,
8]. Therefore, the research on the hot stamping process of tailor-welded door ring is in
the initial stage, and some critical challenges still exist in actual production.

In this work, the response surface method combined with genetic algorithmwas pro-
posed for multi-objective optimization of door ring forming to improve the formability
of door ring.

2 Finite Element Modelling of Integral Hot Stamping
of Tailor-Welded Door Ring

2.1 Mechanical Properties the Used of Materials

B1500HS boron steel was used as the experimental material, and the specific heat capac-
ity, thermal expansion coefficient and thermal conductivity are listed in Table 1. Figure 1
shows the true stress-strain curves for 0.1 s−1, 1.0 s−1 and 10 s−1 at different temper-
atures from 600 °C to 900 °C. The true stress-strain curves shown in Fig. 1 indicate
that the flow stress decreases with increasing temperature and increases with increasing
strain rate. Figure 2 shows the forming limit curve of B1500HS at 850 °C [9].

Table 1. Thermo-physical properties parameters [9].

Specific heat [mJ/mm3K] Thermal expansion [1/K] Heat conductivity [W/mK]

4.37 1.3 × 10–5 32
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Fig. 1. Flow curves of B1500HS [9].

Fig. 2. FLC of B1500HS at 850°C [9].

Fig. 3. Three-dimensional diagram of door ring.

2.2 Finite Element Modelling of Door Ring Hot Stamping

Figure 3 shows the three-dimensional part diagram of an automobile door ring designed
by UG, which consists of A-pillar, B-pillar, threshold beam and roof side beam, and
five weld seams were used to merge each part. Its maximum profile size is 1800 mm ×
1400 mm.

The geometric model created by UG has been imported into AutoForm, using Aut-
oForm to define the stamping direction of the door ring, and then to design the process
tool face. The finite element model of the drawing process after completing the design
of the process addendum surface and binder surface is shown in Fig. 4.
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Fig. 4. Finite element model of drawing process.

3 Matching Design of Door Ring Strengths and Dies Temperature

3.1 Matching Design of Door Ring Strengths

Based on the comprehensive consideration of the formability of the door ring, the
lightweight of the vehicle and the crashworthiness. The design of the door ring strengths
is shown in Fig. 3, as the final tensile strength of hot stamped parts are related to the
cooling rate, and local slow cooling can control the cooling rate, thus change the dies
temperature has been considered to achieve local slow cooling.

3.2 Matching Design of Dies Temperature

In this work, the relationship between the dies temperature and the tensile strength of the
part after forming is determined by the U-shape beam hot stamping simulation. The hot
forming simulation was carried out with the forming temperature of 850 °C, the friction
coefficient of 0.3 and the stamping speed of 125mm/s as the process parameters, the dies
temperatures set into AutoForm were 150 °C, 200 °C, 250 °C, 300 °C, 350 °C, 400 °C,
450 °C, 500 °C and 550 °C respectively [10]. The tensile strength of the part was obtained
as shown in Fig. 5. According to the influence of dies temperature on the tensile strength
of part, the dies temperatures at the positions of A-pillar, B-pillar, threshold beam, lower
end of B-pillar and roof side beam have been set to 300 °C, 200 °C, 300 °C, 550 °C and
200 °C respectively, the dies temperature design is shown in Fig. 6.

3.3 Preliminary Hot Stamping Simulation Results of Door Ring

With the forming temperature of 850 °C, the friction coefficient of 0.3 and the stamping
speed of 125 mm/s as process parameters for the preliminary forming simulation of
the door ring, the preliminary simulation results were obtained as shown in Fig. 7(a)
and Fig. 7(b), with a maximum thinning rate of 32.7% and a maximum springback of
7.768 mm after trimming. However, the thinning rate and the springback after trimming
directly affect the forming quality and accuracy of the final part. Therefore, it is necessary
to optimize the maximum thinning rate and the maximum springback after trimming.
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Fig. 5. Tensile strength of the door ring at different dies temperatures.

Fig. 6. Design of dies temperatures.

Fig. 7. (a) Thinning rate distribution of door ring, (b) Springback distribution of door ring.

4 Multi-objective Optimization of Door Ring Hot Stamping Process

As the different process parameters have different effects on the forming law, in order to
improve the forming properties and control the springback, the second-order response
surface model between the process parameters and the target was established using
the CCD (central composite design), and combined with the NSGA-II algorithm for
multi-objective optimization.
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4.1 Response Surface Modelling and Analysis of Variance

Design-Expert software was used to select 3 factors and 5 levels for the CCD, T (the
forming temperature), µ (the friction coefficient between the dies and the blank) and
v (the stamping speed) were used as the variables for the process parameters, and the
maximum thinning rate in the drawing process and the maximum springback after the
trimming processwere used as the objective responseY. The combinations of 27 different
factors were obtained, and these different combinations have been input and calculated
in AutoForm. The data on the maximum thinning rate of the drawing and the maximum
springback after trimming obtained according to the designs are shown in Table 2.

Based on the test design point data, the second-response model for the objective
function of thinning rateDf and the objective function of springbackDspr were obtained,
as shown in Eq. (1) and Eq. (2).

Df = 28.88 + 0.62T + 8.27µ − 3.68v − 0.025µ − 0.28Tv

− 0.37vµ + 0.49T 2 + 4.49µ2 + 2.89v2 (1)

Dspr = 5.03 − 0.71T − 0.32µ + 0.011v + 0.22Tµ + 5.875 × 10−3Tv

− 0.043vµ + 0.45T 2 + 2.39µ2 − 2.03v2 (2)

The second-order response surface models for the maximum thinning rate and max-
imum springback were calculated from the data in Table 2, and the F-values of the
two models were 50.29 and 32.03 respectively, and the P-values were less than 0.0001,
indicating that the effect of the models on the maximum thinning rate and maximum
springback was very significant and credible.

Figure 8(a) and Fig. 8(b) show the interaction of the forming temperature and the
friction coefficient on the maximum thinning rate and the maximum springback respec-
tively. It could be seen thatwhen the stamping speedwas constant, themaximum thinning

Table 2. Design matrix and simulation results of the experiment.

No. Temperature
[°C]

Friction
coefficient

Stamping speed
[mm/s]

Thinning rate
[%]

Springback
[mm]

1 825 0.3 175 30.9 4.956

2 825 0.3 175 30.9 4.956

3 750 0.3 237.5 26.9 4.617

4 750 0.3 112.5 32.7 5.014

5 750 0.3 175 28.7 4.825

6 750 0.3 175 28.7 4.825

...
...

...
...

...
...

26 900 0.1 50 32.7 5.509

27 900 0.1 300 25.3 4.722
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Fig. 8. (a) Response surface of the maximum thinning rate, (b) Response surface of the maximum
springback.

Fig. 9. Effect of process parameter solution set on springback and thinning rate.

rate and the maximum springback tended to increase approximately with the increased
in forming temperature and the friction coefficient, but the influence on the maximum
springback is complex. In order to ensure that the thinning rate of the drawing pro-
cess reaches the production requirements and the springback after trimming is as small
as possible, it is necessary to use the multi-objective optimization to obtain a suitable
combination of process parameters.

4.2 Multi-objective Genetic Algorithm

NSGA-II is an improved multi-objective optimization algorithm of the NSGA (Non-
Dominated Sorting Genetic Algorithm), which is widely applied in the multi-objective
optimization of process parameters. In order to ensure that the maximum thinning rate
after drawing meets the part thickness requirements, and that the maximum springback
after trimming is as small as possible, the objective function and constraints for multi-
objective optimization were established as follows:

F = min[Df (%),Dspr(mm)]
⎧
⎨

⎩

600 ≤ T ≤ 900◦C
0.1 ≤ µ ≤ 0.5

50 ≤ v ≤ 300mm/s

(3)
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Fig. 10. (a) Thinning rate distribution of door ring, (b) Springback distribution of door ring.

By the multi-objective optimization algorithm, the Pareto optimization solution of
the objective function space was obtained and is shown in Fig. 9. Each point in Fig. 6
represents a non-inferior optimal stamping process parameter solution obtained by the
optimization.

5 Optimized Simulation Verification of Tailor-Welded Door Ring

5.1 Simulation Verification

From Fig. 9, taking the maximum thinning rateDf ≤ 25% and the maximum springback
Dspr to be the smallest possible as the ultimate optimization objective. Therefore, point
A in Fig. 7 was chosen for the verification. The combination of process parameters of
point A (T = 875 °C, µ = 0.146, v = 195 mm/s) was input into AutoForm for the
verification. Some of the optimization results are shown in Fig. 10, Fig. 10(a) shows
that under the combination of process parameters at point A, the larger thinning rate
appears in I, II, III and IV areas, and the maximum thinning rate is 23.7% (Df ≤ 25%).
Figure 10(b) shows that the maximum springback after trimming is 3.552 mm, it can
provide reference for springback compensation. The simulation value is close to the
optimized prediction value, and the forming quality is good.

5.2 Structure Analysis

Figure 11 show the martensite distribution of the part obtained by simulating with the
process parameters at point A. Figure 11 indicates that the martensite transformation in
the V, VI, VII and VIII areas was full, while in the IX area the martensite transformation
rate was mostly between 70 and 80%. Figure 12 show the tensile strength and design
tensile strength distribution of the part obtained by simulating with the process param-
eters at point A. As can be seen from Fig. 12, the average tensile strength was close to
design tensile strength.

Although the transformation of martensite in V and VII areas is full, but the cooling
rate is lower when the martensitic phase transformation occurs compared to VI and
VII areas, so the martensite structure is thicker, and the tensile strength is lower. The
proportion ofmartensite in the IX area is low and the bainite is relatively high. Because of
the martensite is hard phase, so the lower the martensite component, the smaller tensile
strength and the better crashworthiness [11].
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Fig. 11. Martensite distribution of door ring.

Fig. 12. Tensile strength distribution of door ring.

6 Conclusion

Aiming at the integral hot stamping of door ring with differential strengths and thick-
nesses, the matching design of dies temperature was carried out and the partial cool-
ing scheme was determined to achieve partial softening. The central composite design
and genetic algorithms to achieve multi-objective optimization was adopted to change
process parameters.

Simulation results show that the prediction values were close to the target value (Df
= 23.7%< 25.0% and Dspr = 3.552 mm). The local tensile strengths, thinning rate and
springback of the door ring meet the design requirements.
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