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a b s t r a c t

Boundary heat transfer coefficient (BHTC) between the hot stamping die and boron steel is one of the
most important thermal physical parameters in the hot stamping. A software of inverse heat conduction
problem (IHTP) was developed based on the optimization method and finite element method. NiCr–NiSi
thermocouples were used to measure the temperature of sample, and the high speed data collection
device was used to acquisite the electrical signal from the thermocouples. The BHTC between hot stamp-
ing die and boron steel was calculated by the IHTP software according to the temperature curve. Main
factors affecting the evaluation accuracy of BHTC were discussed, such as surface temperature of test
device, surface temperature of sample, height to diameter ratio (H/D) of sample, boundary pressure
between the test device and sample. The research results show that, the surface temperatures of test
device and sample have little effect on the BHTC. The heat conduction of sample with thermal insulation
material can be simplified into one-dimensional process if H/D is not more than 0.6. The boundary pres-
sure has a significant effect on the BHTC. The relationship between the BHTC and boundary pressure is
approximately linear.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

By using advanced high-strength steels (AHSS) and ultra
high-strength steels (UHSS), the car’s safety can be improved,
and its weight will be reduced remarkably. Whereas, with tensile
strength enhancement of AHSS and UHSS, the formability of steel
reduces correspondingly, and some defects, such as cracking, cor-
rugation, spring-back and so on, easily appear in the sheet cold
forming. In order to improve the forming performance of UHSS
sheets, hot stamping for quenchable boron steel sheets was pre-
sented and developed in recent years.

At present, lots of research works about the hot stamping of
quenchable boron steel sheets have been done in the world, such
as the investigation of high-strength steel forming technology,
design of hot stamping tools with cooling system, constitutive rela-
tionships of boron steel at high temperature, formability of
quenchable boron steel sheets and so on. Kolleck et al. [1] studied
the induction heating of boron steel in the hot stamping process.
The grade of austenitization as well as the mechanical properties
of the quenched component has been taken into account in the

research. This heating method can reduce the heating time, the
investment costs and the floor space for the heating device. Min
et al. [2] presented a prediction model for hot forming limits of
steel 22MnB5 based on Storen and Rice’s Vertex theory and
Logan–Hosford yield criterion. By comparison, the calculated FLD
based on the Vertex theory and four-order Logan–Hosford yield
criterion is in good accordance with the measured FLD.
Nikravesh et al. [3] described the effect of hot plastic deformation
and cooling rate on the final properties of 22MnB5 steel in hot
deformation process by means of deformation dilatometer. Li
et al. [4] used the modified Arrhenius model and improved
Johson–Cook model to describe the thermo dynamics behavior of
boron steel. The constitutive equations depending on the strain,
strain rate and temperature were attained by the regression anal-
ysis to the experiment data of flow stress, strain, strain rate, tem-
perature, etc.

At present, many researchers have focused their emphasis on
the study of numerical simulation of hot stamping process.
Aiming at a notable decrease in computation time, Tekkaya et al.
[5] presented the finite element simulation of hot stamping pro-
cess by means of experimental material data, and described a num-
ber of procedures for the simulation of hot stamping. So et al. [6]
studied the warm blanking and cold blanking of 22MnB5 steel,
and compared the experiment results with the simulation results
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of finite element method (FEM). Xing et al. [7] built a material
model under hot stamping condition of quenchable steel according
to the experiment data of mechanics and thermal physical proper-
ties. The numerical simulation of hot stamping process was done
by ABAQUS software. The simulation results are basically in agree-
ment with experiment results. Lei et al. [8] simulated the cooling
process of hot-stamping dies by CFX software, and studied the
effect of processing parameters, such as pressure holding time
and cooling water velocity, on the temperature of hot-stamping
dies.

In the simulation, the thermal physical parameters in the hot
stamping process have an significant effect on the calculation accu-
racy of physical fields, and the boundary heat transfer coefficient
(BHTC) is one of the most important thermal physical parameters.
In the hot stamping process, there are two types of BHTC, one is the
BHTC between the cooling water and hot stamping die, the other is
the BHTC between the boron steel plate and hot stamping die.
Evaluation of the BHTC according to the temperature variation is
one of inverse heat conduction problem (IHCP). For the normal
heat exchange problem, temperature field of sample can be calcu-
lated according to the known initial condition and boundary condi-
tion by the mathematic analytics method. But IHCP is an ill-posed
problem, which is different from the normal heat exchange prob-
lem, and more difficult to be solved by some methods. For IHCP,
the thermocouples should be put into the special position of sam-
ple to record the temperature variations in the interior or on the
surface of sample. The unknown initial condition or boundary con-
dition can be evaluated according to the temperature variation of
sample by some special method.

Many researchers have studied the solution of IHCP, and pre-
sented some useful methods. Lesnic et al. [9,10], Kim et al. [11],
Shen [12], Tseng et al. [13], Park et al. [14] and Wang et al. [15]
respectively presented the boundary element method, decomposi-
tion method, integral method, Tikhonov’s regularization method,
direct sensitivity coefficient method and Karhunen–Loève
Galerkin method to solve the IHCP. For the BHTC between the
boron steel plate and hot stamping die, Bosetti et al. [16] calculated
the heat transfer coefficient in the hot stamping of boron steel
sheets under conditions very close to the industrial ones.
Abdulhay et al. [17,18] designed an experiment device to deter-
mine the thermal contact resistance by the one-dimensional
non-linear inverse technique based on the sequential method.
Merklein et al. [19] measured the temperature of boron steel plate
under different temperature of hot stamping die, and calculated
the heat transfer coefficient by Newton’s cooling law. Hu et al.
[20] developed an optimization based on numerical procedure to
determine the temperature-dependent BHTC, and the effects of
temperature, pressure and oxide scale thickness on the BHTC were
analyzed. Caron et al. [21] investigated the influence of parameters
such as pressure and blank and tool temperatures on the heat
transfer coefficient between a boron steel blank and a heated tool.
All the research about the BHTC of hot stamping process show that,
the BHTC strongly depends on the boundary pressure between the
hot stamping die and boron steel plate. But the difference of
research results is remarkable because of the effect of simplified
FEM model used to evaluate the BHTC, as shown in Fig. 1.

In the paper, an IHCP software was developed based on the
optimization method and FEM, and was used to calculate the
BHTC between the hot stamping die and boron steel. NiCr–NiSi
thermocouples were used to measure the temperature of sample.
The high speed data collection device was used to acquisite the
electrical signal from the thermocouples. Some main factors affect-
ing the evaluation accuracy of BHTC were discussed, such as sur-
face temperature of test device, surface temperature of sample,
height to diameter ratio (H/D) of sample, boundary pressure

between the test device and sample, etc. The accurate FEM model
used to evaluate the BHTC of hot stamping is built according to the
analysis for these factors. The BHTC between hot stamping die and
boron steel was calculated by the IHTP software according to the
temperature curve.

2. Equations of temperature field

In Cartesian coordinates system, the heat conduction of hot
stamping die and boron steel part can be described as

@

@x
k
@T
@x

� �
þ @

@y
k
@T
@y

� �
þ @

@z
k
@T
@z

� �
þ qv ¼ qcp

@T
@t

ð1Þ

where k is the thermal conductivity (W/(m �C)), q is the density
(kg/m3), cp is the constant-pressure specific heat (J/(kg �C)), T is
the temperature (�C), qv is the phase-transformation latent-heat
(J/m3), t is time (s), x, y and z are the rectangular coordinates (m).

The initial temperature of boron steel part and hot stamping die
can be described as

Tjt¼0 ¼ T0ðx; y; zÞ ð2Þ

where T0(x, y, z) is the function of initial temperature (�C).
In the hot stamping, the heat exchange between the boron steel

part and hot stamping die is the third-type condition, and can be
described as

�k
@T
@n
jC ¼ HðTw � TcÞ ð3Þ

where Tw is the temperature of boron steel part (�C), Tc is the tem-
perature of hot stamping die (�C). H is the BHTC (W/(m2 �C)), which
will be calculated by FEM and optimization method according to
the temperatures measured in the experiment.

3. Method of calculating BHTC

3.1. Criteria of convergence

In the calculation of BHTC, FEM is used to calculate the temper-
atures of boron steel part and hot stamping die. The optimization
method is used to search and narrow the interval in which the
extremum is known to exist, and finally attains the BHTC. The con-
vergence criterion of iteration is constructed using the tempera-

ture T measured by sensor and the temperature T̂ evaluated by
FEM. It can be described as

Fig. 1. BHTC attained by other researchers.
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