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This paper focuses on obtaining the optimum process parameters and improving the mechanical properties of ultrahigh strength
steel BR1500S. Many experimental data are obtained, and then response surface methodology (RSM) is used to obtain the
optimum parameters. Combining the experimental data with RSM, some conclusions are summarized. When the cooling rate
reaches 30°C/s, martensite content in microstructure reaches up to 95%. The optimum regions of quenching hardness, tensile
strength, and elongation are obtained when the temperature is about 900°C, and the holding time is about 0~4 min. Results of
multiobjective optimizations show that global optimal value is gained at 906.5°C, and the holding time is 0 min. Predicted
optimum values of quenching hardness, tensile strength, and elongation are not less than 51.03 HRC, 1,671 MPa, and 8.75%,

respectively. The application of RSM is notably successful in predicting the process parameters of hot forming.

1. Introduction

Ultrahigh strength steel (UHSS) can form thin parts to meet
the requirements for automobile components because of its
higher strength, lighter weight, lower fuel consumption, and
higher security. If the usage of UHSS in auto body reaches up
to 80%, the total weight of auto body decreases by 20% on the
premise of the same cost [1]. Thus, the UHSS and its hot
forming technology hold wide prospects in the automobile
industry, especially for some critical crash components such
as A-pillars, B-pillars, and side rails [2-4]. During the hot
stamping process of UHSS, the blank is initially austeniti-
zation. Hot stamping is a thermal coupling process. In this
process, many parameters must be considered, such as
properties of deformed materials, quenching time, heating
temperature, holding time, and cooling rate [5-7]. These
parameters are very crucial to the eventual mechanical
properties for deformed UHSS [8-10]. So, many researchers
have struggled to investigate the technological parameters of
the hot stamping process in order to attain the best strategies
for the hot stamping process. Turetta has studied the hot
deforming process of 1.5 mm thick 22MnB5 steel and drawn

a conclusion. The minimum cooling rate to avoid the ap-
pearance of bainite is 30°C/s, and the martensitic trans-
formation temperature (Ms) for this steel is 382°C [11]. But
the martensitic transformation rate of this steel has not been
investigated in his paper, even though this is very important
to the form and homogeneity of martensite during the hot
stamping process. Naderi et al. have studied the martensitic
transformation temperature and holding time to get the
conclusion that the maximum content of martensite can be
obtained at 950°C holding for 3 minutes [12, 13]. In this
study, the author has also proposed that the forming of
austenite directly affects the martensite transformation. But
the effect of bainite in the final microstructure on the quality
of formed parts has not been analyzed deeply. Some scholars
have done some researches about the influence of cooling
rate on the characteristic of the martensite transformation
under high strain rates. It has been pointed out that the hot
stamping process would be affected by an excessive strain
rate. Unfortunately, the study has not been proceeded deeply
[3, 5, 14-16]. Nikravesh has selected four boron-free alloy
steels as the experimental subjects to conduct the hot
stamping experiment with refrigerating media water and
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liquid nitrogen. It has turned out that with liquid nitrogen,
the steel has superior strength and wholly martensite mi-
crostructure. However, with water as cooling media, the steel
shows better formability but lower strength because there is
ferrite in the final microstructure, but not much [17]. As
known, it is hard to industrialize to select liquid nitrogen as
refrigerating media. Nikravesh et al. have studied the effect
of hot plastic deformation and cooling rate on Ms and
austenite transformation temperature of 22MnB5 steel. It
has been found out that lowering the cooling rate can elevate
the Ms point and also descend Mf point, while hot plastic
deformation can hinder martensitic transformation result-
ing in lower Ms and Mf. But this analysis is not qualitative
[18-20].

All the above studies have one common point that the
interaction effects of these three parameters (cooling rate,
austenite transformation temperature, and holding time)
have not been taken into account. Considering this, in this
paper in order to reduce the blindness of repeated ex-
periments and get the best quenching process parameters,
BR1500HS has been selected as the experimental subject,
and the effect of cooling rate on the mechanical properties
of BRI1500HS is studied to obtain an appropriate cooling
rate range firstly. Next, the effects of austenite temperature
and holding time on quenching hardness, tensile strength,
and elongation of BR1500HS are optimized with response
surface methodology based on the results of cooling rate.
The optimum value of each single-objective model is
firstly obtained by using the response surface models.
Then, RSM Method is chosen to find the global optimum
value of this multiobjective, and it is used to form the
UHSS A-pillar of auto body to verify the reliability of
results.

2. Materials and Methods

2.1. Materials. The material used in this experiment is
BR1500HS. The thickness of the experimental material is
1.8 mm. The chemical composition (wt%) of BR1500HS is
shown in Table 1.

It should be paid attention that there are amounts of
boron (B) in BR1500HS, which could expedite the mar-
tensite transformation and improve the hardenability of
steel.

2.1.1. Microstructure and Mechanical Properties of the
Materials. The original microstructure of BR1500HS is
shown in Figure 1. It shows a typical low carbon steel banded
structure, which leads to anisotropy mechanics. The tensile
strength and elongation of parallel direction are superior to
the vertical direction. In order to ensure whether the
strength of the hot forming parts meets the requirements,
standard tensile samples are cut perpendicular to the rolling
direction as shown in Figure 2. The stress-strain curve of
original material BR1500HS is obtained at room tempera-
ture, as shown in Figure 3. It can be seen that the yield
strength and the tensile strength of BR1500HS are 462 MPa
and 627 MPa, respectively.
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TaBLE 1: BI500HS composition (wt%).

C Si  Mn P S Cr B Al Ti
0.21 0.27 1.33 0.0098 0.0011 0.12 0.0023 0.039 0.047

FIGURE 1: Microstructure of BR1500HS boron alloy steel at room
temperature.

2.1.2. Forming Performance of the Materials. The main
factors influencing the hot stamping performance of UHSS
are material hardening exponent and rolling of anisotropy
[14, 21]. The plasticity of BR1500HS at high temperature is
rather much better, and the elongation can reach up to 50%.
But there are still many fractures when forming complex
components such as A-pillar as shown in Figure 4. This is
because there are uneven deformation distribution, local
thinning, as well as fracture.

2.2. Experimental Methods. In order to clarify the effect of
austenite and quenching on mechanical properties of ma-
terials accurately, effects of cooling rate are investigated
firstly in this paper. Austenite temperature and holding time
are studied by multiobjective optimization.

2.2.1. Cooling Rate Tests. As for UHSS, homogeneous
quenching in the mould is hard to realize because it easily
leads to inhomogeneous mechanical properties. The cooling
rate is an important parameter during the hot stamping of
UHSS. It can affect the quality of forming parts directly. In
this paper, the effect of different cooling rates on mechanical
properties of UHSS is investigated, in order to determine the
best cooling rate range for BR1500HS in the mould.

Different cooling rates are studied in this paper, as
shown in Table 2. Gleeble 1500 thermal simulation testing
machine is used as shown in Figure 5(a). The test method as
shown in Figure 5(b) is as follows: (1) samples are heated to
950 °C at 10°C/s; (2) samples are put into the heating furnace
for 120 s to make them fully austenite; (3) the heating sample
is cooled down to 850°C at 30°C/s and kept heating pres-
ervation for 10s; (4) tensile experiment is conducted for each
sample at a strain rate of 0.3 s™* to a true strain of 0.2 with
Gleeble 1500; and (5) these samples are cooled down at a
cooling rate of 20°C/s, 30°C/s, 40°C/s, 50°C/s, 70°C/s, and
100°C/s to room temperature, respectively. Effects of cooling
rate could be concluded by observing the microstructure of
these samples.
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FIGURE 2: Specimen of the tensile test: (a) specimen size and (b) tensile device.
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FIGURE 3: True stress-strain curve of BRI500HS at room temperature.

FIGURE 4: Fractures of the A-pillar during hot stamping.

2.2.2. Multiobjective Optimization Design. In order to in-
vestigate the effects of austenite temperature and
holding time on mechanical properties of BR1500HS, the
experimental schemes for these two variables are con-
firmed as shown in Table 3, where 6 (°C) and ¢ (min)
represented austenite temperature and the holding time,
respectively.

And the actual experimental procedure included: (i)
heating the samples according to the set temperatures and
holding time, (ii) transferring the samples into the hot
forming mould through water-cooling channels, (iii) cooling
the samples at about 30°C/s in the mould, and (iv) analyzing
the mechanical properties of samples with Rockwell hard-
ness test system and tensile test system. Then, the
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TABLE 2: Specimen of experiment design.
No. Experimental temperature (°C) Strain rate (s™') True strain Cooling rate (°C/s)
1 850 0.3 0.2 20
3 850 0.3 0.2 30
5 850 0.3 0.2 40
7 850 0.3 0.2 50
9 850 0.3 0.2 70
11 850 0.3 0.2 100
--------------------------- th,
Different cooling rate ¢,
gf Tensile to fracture
E
é‘ Cooling
& - by,
- by
Lay A
Ferrite + pearlite Martensite
o Time (s)
(a) (®)
FIGURE 5: Heating device and test method: (a) Gleeble 1500 and (b) heating and cooling method.
. TaBLE 4: Hardness of BR1500HS at different cooling rates.
TaBLE 3: Experimental results.
- - No. Cooling rate (Cs™h Hardness (HRC)
No. 0 (°C) t(min) H(HRC) o (MPa) 4 (%) ! 20 03
1 800.00 4.00 39.8 1,123.86 8.87 2 30 45.8
2 850.00  2.00 19.8 1521.08  9.65 0 S0
3 850.00 6.00 45.3 1,492.53 9.69 4 50 51.3
4 900.00 0.00 51.8 1,601.32 11.16 5 70 52'1
5 900.00 8.00 47.2 1,514.56 9.73 6 100 505
6 900.00 4.00 50.3 1,572.56 11.83
7 900.00 4.00 50.3 1,572.56 11.83
g 28888 igg g 8; ig ;gg 2 iigg As shown in Table 4, the hardness of samples is minimum
: ) : i : at the cooling rate of 20 “C/s, while the hardness of samples at
10 900.00 4.00 50.3 1,572.56 11.83 th li £100 °C/s i . It indi hat th
11 950.00 6.00 48.6 1,518.61 10.36 € Coo m'g rate o ) S 1s 'mammqm. t indicates that the
12 950.00 .00 48.9 153254 10.98 hardness increases with elevating cooling rate.
13 1,000.00 4.00 47.5 1,124.67 7.76

experimental results could be attained as shown in Table 3.
In this table, H (HRC), ¢ (MPa), and & (%) represent
quenching hardness, tensile strength, and elongation,
respectively.

3. Results and Discussions

3.1. The Effect of Cooling Rate

3.1.1. The Effect of Cooling Rate on Hardness. Three-row test
points of each sample at different cooling rates are selected to
test hardness. The average value is taken as the hardness of
BR1500HS samples as shown in Table 4.

3.1.2. Effect of Cooling Rate on Microstructure. The etching
solution used for microstructure is made by distributing
hydrochloric acid and alcohol in a certain proportion. Final
microstructures of samples at different cooling rates are shown
in Figure 6. It can be seen that although the main phase is
martensite, the content of martensite is varied for different
samples. Normally, the martensite content of samples increases
with the cooling rate, which leads to higher hardness. So the
maximum hardness value appears at a cooling rate of 100°C/s
corresponding to the maximum content of martensite. More-
over, when the cooling rate is higher than 27°C/s, there will be
second-phase bainite with a small amount [17]. As the cooling
rate increases, the content of martensite increases. But there are
little in the bainite phase which exists from Figures 6(b)~6(f).
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FIGURE 6: Microstructure of BR1500HS under different cooling rate: (a) 20°C/s, (b) 30°C/s, (c) 40°C/s, (d) 50°C/s, (e) 70°C/s, and (f) 100°C/s.

3.2. Regression Model of Responses. RSM is usually used to ~ These equations (1)-(3) should be clearly given because they

explore the relationships between explanatory and response  are only suitable at a cooling rate of 30°C/s. The regression

variables. The relationship can be founded by polynomial  response surface models of the quenching hardness H, the

functions and further displayed in the graphics. strength of extension o, and the elongation § are expressed as
Using the response surface method, the fitting equation  follows:

of quenching hardness is obtained according to Table 3.

H = —477.422 + 1.188236 x T — 9.62342 x t + 0.0105 x T x t — 0.00067 x T* — 0.05124 x 2, (1)
0 =—34293.1 +79.8753 x T — 36.6319 x t + 0.03655 x T X £ — 0.04442 x T* — 0.65789 x t*, (2)
8 =—281.887 + 0.644333 x T + 2.049167 x t — 0.00165 x T x t — 0.00035 x T* — 0.08844 x t°, (3)

where T (°C) represents the austenite temperature and ¢  the tensile strength o, and the elongation §. The difference
(min) represents the holding time. The regression equations  between the predicted and the experimental values is shown
(1)-(3) can show approximate relationships between re-  in Figure 7. The comparison results imply that the predicted
sponse and independent variables. The fitted formulas canbe  values of H, o, and § are close to the experimental values
applied to predict the values of the quenching hardness H,  within a 95% confidence interval.
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Figure 7: Comparisons of the predicted and experimental values: (a) quenching hardness H, (b) tensile strength ¢, and (c) elongation d.

3.3. Analysis of the Mathematical Model. To evaluate the
reliability of the experimental results and the credibility
of the responses model, both the statistical significance of
the regression models and the statistical significance on
the individual model coefficients should be tested. These
tests are performed according to the ANOVA procedure
by calculating the “F value”, the “P value”, the total
determination coeﬂiaent (R?), the adjusted determina-
tion coeficient (R*), as well as the Adeq precision
[14, 22, 23].

Usually, the desired confidence level is set as 99%. If the P
value is smaller than 0.01, the regression model is considered to
be statistically significant, and the variables in the model have
significant effects on the responses. When R* approaches unity,
the better the response model fits the actual data, the less the
difference between the predlcted and actual values exists.
Therefore, the bigger the value of R’ is, the better the regression
effects are. Meanwhile, the model is available with adequate
definition when the Adeq precision is bigger than 4. Thus, the
bigger the value of Adeq precision is, the better the regression
effects are.

3.3.1. Analysis of Variance (ANOVA) for Quenching
Hardness. The analysis of variance (ANOVA) results of the
quenching hardness model is presented in Table 5. It shows
that the lack of fit is 4.916351. So there is no need to charge or
simplify it to improve the R>. Meanwhile, it can be known
that T, t, Txt, T%, and £* are the main factors that affect the
response value. P value of each item is very small, indicating
that the terms in the model have a significant effect on the
quenching hardness.

The model F value is 32.07949 (F > Fyq (9, 7) =6.72).
The model P value is 0.0001, which is far less than 0.01. Both
of them demonstrate that the regression result is very, sig-
nificant. The adjusted determination coefficient (R%) is
0.9283, which implies that 92.83% of the changes of the
response value are attributed to the independent variables.
The total determination coefficient (R?) is 0.9582. It shows
that the predicted and experimental values have high rela-
tivity. It implies that the polynomial model can represent the
experimental results adequately. There is little dlfference
between the adjusted determination coefficient (R ) and the
total determination coefficient (R*). It is not necessary to
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TaBLE 5: Analysis of variance (ANOVA) for the quenching hardness.

Source Sum of squares Free degree Mean square F value P value
Model 117.33 5 22.53058 32.07949 0.0001
T 112.6529 1 26.40333 37.5936 0.0005
t 26.40333 1 16.33333 23.25573 0.0019
Txt 16.33333 1 4.41 6.279048 0.0406
T 4.41 1 63.7092 90.71046 <0.0001
£ 63.7092 1 0.962538 1.370482 0.2800
Residual 4.916351 7 0.702336 — —
Lack of fit 4.916351 3 1.638784 — —
Pure error 0 4 — — —
Cor total 117.5692 12 — — —
R*=0.9582 R =0.9283 Pred R*=0.5808 Adeq precision = 19.584

optimize the response model further. Meanwhile, the Adeq
precision is 19.584. This model has an adequate definition.
Model is available when the Adeq precision is bigger than 4.
Therefore, equation (1) is suitable for analyzing and pre-
dicting the quenching hardness.

3.3.2. Analysis of Variance (ANOVA) for the Tensile Strength.
The analysis of variance (ANOVA) results of the tensile
strength model is shown in Table 6. The model F value is
41.90669 (>Fy o (9, 7)=6.72), and the model P value is
0.0001, which is far less than 0.01. Both the F and the P
values demonstrate that the regression result is very, sig-
nificant. The adjusted determination coefficient (R") is
0.9446, which implies that 94.46% of the changes of the
response value are attributed to the independent variables.
The total determination coefficient (R*) is 0.9783, sug-
gesting the high relativity of the predicted and experi-
mental values, which implies that the polynomial model
can represent the experimental results adequately. Mean-
while, the Adeq precision is 18.299 (Adeq precision > 4),
suggesting that this model has an adequate definition.
Therefore, equation (2) is suitable for analyzing and pre-
dicting the tensile strength.

3.3.3. Analysis of Variance (ANOVA) for the Elongation.
The analysis of variance (ANOVA) results of the elon-
gation model is shown in Table 7. The lack of fit is
2.254433. There is no need to charge or simplify it to
improve the R*>. Meanwhile, the P value of each item is less
than significance level a (¢=0.05). It indicates that the
terms in the model have a significant effect on the
quenching hardness.

As can be seen from the ANOVA results, the model F
value is 12.02011 (F > Fy ¢ (9, 7) =6.72). The model P
value is 0.0025, which is far less than 0.01. It can be said
that the regression result is very significant. The adjusted
determination coeflicient (R”) is 0.8212, which implies
that 82.12% of the changes of the response values are
attributed to the independent variables. The total de-
termination coefficient (R*) is 0.8957. The predicted and
the experimental values have a high correlation. It im-
plies that the polynomial model can represent the ex-
perimental results adequately. Meanwhile, the Adeq

precision is 9.290 (Adeq precision > 4). This model has an
adequate definition. Therefore, equation (3) is suitable
for analyzing and predicting elongation.

3.4. Response Surface Analysis. To visualize the effect of the
variables on the required responses, the 3D response surface
and 2D contours are applied to describe the regression
equations. The corresponding 3D response surfaces and 2D
contours for quenching hardness, tensile strength, and
elongation of BRI500HS are shown in Figures 6-8.

3.4.1. Response Surface Analysis for Quenching Hardness.
The 3D response surface and 2D contour plot of the
specimen for quenching hardness are shown in Figure 8. It
can be seen that at the temperature range from 850°C to
900°C, the quenching hardness increases significantly with
decreasing holding time. When the holding time is 0 min,
the quenching hardness reaches maximum and then drops
down with the increasing austenite temperature. Moreover,
the maximum value of quenching hardness appears at 887°C,
and the holding time is 0-2 min.

The Table 8 of the data is obtained by equation (1). Here,
H represents hardness.

3.4.2. Response Surface Analysis for Tensile Strength. 3D
response surface and 2D contour plot of specimen for tensile
strength based on equation (2) are shown in Figure 9. It can
be seen that there is a peak in the region temperature from
875°C to 925°C, and the holding time varies from 0 min to
2 min.

The function equation (2) is used as the single-objective
model to find out the optimum values in the specific region.
There are two maximum values for tensile strength. One is at
900°C with a holding time of 2 min. The other is at 919.2°C
with a holding time of 0-2min. The maximum value is
shown in Table 9.

3.4.3. Response Surface Analysis for Elongation. 3D response
surface and 2D contour plot for tensile strength based on
equation (3) are shown in Figure 10. It can be seen that there
is a peak in the region from 875°C to 925°C, and the holding
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TaBLE 6: Analysis of variance (ANOVA) for the tensile strength.

Source Sum of squares Free degree Mean square F value P value
Model 307,461.3 5 61,492.26 41.90669 <0.0001
T 127.7921 1 127.7921 0.08709 0.7765
t 3,888 1 3,888 2.649654 0.1476
Txt 53.4361 1 53.4361 0.036416 0.8541
T 282,574.3 1 282,574.3 192.5731 <0.0001
t2 158.6806 1 158.6806 0.10814 0.7519
Residual 5.537932 7 0.79113314 — —
Lack of fit 5.537932 3 1.84597733 — —
Pure error 0 4 0 — —
Cor total 317,732.8 12 — — —
R*=0.9677 R =0.9446 Pred R*=0.7738 Adeq precision = 18.299

TaBLE 7: Analysis of variance (ANOVA) for the elongation.

Source Sum of squares Free degree Mean square F value P value
Model 19.35609 5 3.871218 12.02011 0.0025
T 0.004033 1 0.004033 0.012523 0.9140
t 0.986133 1 0.986133 3.061937 0.1236
Txt 0.1089 1 0.1089 0.338134 0.5791
T2 17.99722 1 17.99722 55.88125 0.0001
t2 2.867384 1 2.867384 8.903207 0.0204
Residual 2.254433 7 0.322062 — —
Lack of fit 2.254433 3 0.751478 — —
Pure error 0 4 0 — —
Cor total 21.61052 12 — — —
R*=0.8957 R =0.8212 Pred R*=0.0191 Adeq precision = 9.290
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FIGURE 8: (a) 3D response surface for quenching hardness and (b) 2D contour for quenching hardness.

TaBLE 8: Optimum values for quenching hardness.

Parameters 0 (°C) t (min) H (HRC)
Optimum value 887 1 51.8
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FIGURE 9: (a) 3D response surface for tensile strength and (b) 2D contour for tensile strength.
TaBLE 9: Maximum values for tensile strength.
Parameters 0 (°C) t (min) o (MPa)
Optimum value 900°C 2 1,621.64
P 919.2 0 1,640.40
Elongation (%)

Elongation (%)

()

Holding time (min)

F1Gure 10: (a) 3D response surface for elongation and (b) 2D contour for elongation.

time varies from 2 min to 4 min. In this region, there is only
one maximum value.

The superior elongation exists at 900°C, and the holding
time is 2-4 min. The function equation (3) is used as the
single-objective model to find out the optimum values in the
optimum region, as shown in Table 10.

3.5. Multiobjective Optimization. Generally, the parts are
made of UHSS that is served as reinforcement in the car
body. Hence, the more superior the mechanical properties
are, such as quenching hardness, tensile strength, and
elongation, the better the quality of the product is. In this

850.00 875.00 900.00 925.00 950.00
Temperature (°C)
(b)
TaBLE 10: Optimum values for elongation.
Parameters 0 (°C) t (min) d (%)
Optimum value 900 3 11.83

paper, the RSM method is chosen to find the solution to this
multiobjective program. The quenching hardness, tensile
strength, as well as elongation are taken as target variables;
tensile strength is the main target. There are corresponding
requirements about the optimal parameters; they are
quenching hardness, tensile strength, and elongation. These
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TaBLE 11: Global optimum values.

Parameters T (°C) t (min)

H (HRC) o (MPa) S (%)

Optimum value 906.5 0

50.76 1,589.7 10.96

FIGURE 11: A-pillar after multiobjective optimization.
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FIGURE 12: True stress-strain curve of the tensile sample.

parameters should be greater than 50 HR, 1,600 MPa, and
8%, respectively. Therefore, the simultaneous equations of
the objectives H (0, t), o (0, t), and § (0, t) are written as
follows:
max H (T,t) = H* s.t.800<T <950,
maxo(T,t) =0 0<t<8, (4)
max 8 (T,t) =6".
The value of H*, ¢*, and 8" can be gained by solving
equation (4). Vector f; = (H*,0", 8)T is seen as the ideal

point, which is difficult to realize because of the complexity
among objectives. An evaluation function ¢ (z) must be
defined to find a point that approaches the ideal point mostly
as follows:

(5)

According to the optimization procedures, the evalua-
tion function f (z) should be minimized as follows:

min ¢ = (H, 0,0) = \/(H(T,t) —H*) +(0(T,t) = ")’ +(8(T,t) - 8")*,

800< T <950,
0<t<8.

s.t.

By solving equations (4)-(6), the global optimum values
are obtained, which are presented in Table 11.

Multiobjective optimization results show that the
predicted quenching hardness, tensile strength, and

(6)

elongation of BR1500HS are not less than 50.76HRC,
1,589.7 MPa, and 10.96%, respectively, when the aus-
tenite temperature is 906.5°C, and the holding time is
more than 0 min.
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TaBLE 12: Results of testing according to the optimal design.

0 (°C) t (min) H (HRC) o (MPa) & (%)
51.36 1,592.6  9.82

Parameters

Experimental value 906.5 10

3.6. Experimental Verification. The optimization result is
applied to the actual production: (i) heating the performed
part to 906.5°C, (ii) holding it in this state for10 s to promote
full austenite, and (iii) cooling down at a cooling rate of
30°C/s after final stamping. As shown in Figure 11, A-pillar
without fracture is obtained using the optimization result.

In order to analyze the performance of the A-pillar, three
positions are selected to test the quenching hardness, tensile
strength, and elongation. The true stress-strain curve of these
positions is shown in Figure 12. Experimental values of
quenching hardness, tensile strength, and elongation are
shown in Table 12.

Through a comparative analysis of experimental value
(as shown in Table 12) and predicted value (as shown in
Table 11), it could be concluded that the deviation between
the experimental and the predicted values of quenching
hardness and tensile strength are very little, 1.17% and
0.18%, respectively. However, the deviation between the
experimental and the predicted values of elongation is
relatively large, that is, 11.6%. It suggests that the result of
multiobjective optimization has significant guidance on the
process design of BR1500HS.

4. Conclusions

In this study, a number of experiments are performed.
Experimental and statistical analyses on process parameters
are carried out. The experiments are designed through RSM
and obtained optimal values of quenching hardness, tensile
strength, and elongation. This study aims to obtain optimal
parameters. Hot forming of BR1500HS is widely used in
industry due to the inaccuracy of process parameters. The
workpiece has many flaws during hot forming. Confirma-
tion experiments are conducted to assess the validity of the
optimization. In conclusion, the following results are
obtained:

(i) When the cooling rate reaches 30°C/s, the mar-
tensite content in microstructure reaches up to 95%,
and it has good comprehensive mechanical
properties.

(ii) The most effective parameter on quenching hard-
ness, tensile strength, and elongation is at the
temperature of 887°C, 900°C, and 919.2°C, respec-
tively, and the holding time is 0~2min, 0~2 min,
and 2~4 min, respectively.

(iii) When the material is heating to 887°C and the
holding time is 1 min, the peak value of quenching
hardness reaches 51.8°"HRC. When the material is
heating to 919.2°C and the holding time is 0 min, the
peak value of tensile strength reaches 1,640.4 MPa.

(iv) The results of multiobjective optimizations show
that the global optimum value is gained at 906.5°C
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and the holding time is 0 min. The predicted values
of quenching hardness, tensile strength, and elon-
gation are not less than 51.03 HRC, 1,671 MPa, and
8.75%, respectively.

As demonstrated by the optimization results, the RSM
experimental design method was shown to have been suc-
cessfully applied in the determination of the optimal process
parameters for the hot forming of BR1500HS.
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