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An optimization-based numerical procedure was devel-
oped to determine the temperature-dependent interface
heat transfer coefficient (IHTC) between blank and tools
during the hot stamping of boron steel. During the
quenching period, IHTC changed with the temperature
difference between blank and lower tool. The maximum
value of 4300 W/m2 K was achieved at DT = 798 K
(525 �C). The IHTC decreased with temperature differ-
ence and reached the lowest value (1400 W/m2 K) at
about DT = 573 K (300 �C).
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Hot stamping (HS) technology of high-strength boron
steel sheets is widely recognized as the best manufac-
turing solution for producing structural components of
car body-in-white. This technology offers a considerable
potential for minimizing the weight of components by
reducing the thickness of the sheet metal used and by
reducing the component numbers needed.[1] The princi-
ple of HS technology is to austenize boron steel blanks
in a furnace and then simultaneously form and quench
them within a cooled tool. As the blank is quenched
within the tool at a rate greater than 30 K/s, the
austenitic microstructure transforms into martensite. A
fully martensitic microstructure is generally desired due
to very high tensile strengths of approximately
1600 MPa and Vickers hardness values in excess of
480 HV.[2,3] In a hot-stamped part with distributed
properties, precise control of the final microstructure
requires accurate knowledge of the thermal history
within the blank. Commercial finite element method
(FEM) necessitates a thorough understanding of the
heat transfer between the quenched blank and the
cooled tools.[4–7] Interface heat transfer coefficient
(IHTC) between the blank and the tool is crucial to
modeling blank temperature and predicting microstruc-
ture.

Merklein and Lechler[8] studied the heat transfer
between Usibor 1500P blanks and flat water-cooled dies.
Using a lumped capacitance approach, the heat transfer
coefficient (HTC) was inferred from Newton’s law of
cooling. HTCs measured at contact pressures between
5.0 and 40.0 MPa were found to reach a maximum when
the blank is within 673 K to 873 K (400 �C to 600 �C),
reflecting the fact that the HTC should depend on both
applied pressure and interface temperature. Further HS
tests were conducted by Merklein et al.[6] to maintain
higher dies temperatures using heating cartridges.
Results for die temperatures of 373 K and 573 K
(100 �C and 300 �C) and contact pressures from
0 MPa up to 30 MPa indicate that the HTC between
the blank and the die increases with the die temperature
and contact pressure. Abdul Hay et al.[9,10] measured the
HTC between Usibor 1500P blank and a U-shaped die.
The blank and tools were instrumented with subsurface
thermocouples and Beck’s function specification method[11]

was used to infer the heat flux at the blank/die interface.
The blank surface temperature was not measured
directly; instead, it was inferred by solving a direct heat
conduction problem with the measured blank temper-
ature as a Dirichlet boundary condition. The calculated
HTC was found to increase rapidly and reach a
maximum after approximately 10.0 seconds. A local
minimum was attributed to the release of elastic energy
and latent heat associated with the transformation from
austenite to martensite. The maximum HTC value was
shown to increase with the stamping pressure up to
20.0 MPa, but remained constant for higher pressures
up to 30.0 MPa. Fieberg and Kneer[12] recorded the
time-dependent temperature field of the surfaces of the
two bodies in contact with an infrared thermography
camera. The temperature data are the input for the
solution of the inverse heat conduction problem and
yield the boundary heat flux at the contact interface.
Together with the temperature jump at the interface the
contact HTC is evaluated. The contact pressures vary
from 7.5 to 85 MPa and the initial temperatures are
between 333 K and 553 K (60 �C and 280 �C). The
results show an almost linear dependency of the contact
HTC from the contact pressure, whereas the tempera-
ture influence for the investigated temperature range
seems to be negligible. Hu et al.[13] studied the effects of
temperature, pressure, and oxide scale thickness on the
temperature-dependent HTC during HS. Oxide scales
and contact pressures both showed distinctive effects on
HTC in the cooling process.
The objective of the present paper is to describe the

development of a combined numerical and experimental
procedure to evaluate the IHTC between blank and dies
under HS conditions. The IHTC at the blank/die
interface was identified through FE method and inverse
analysis, i.e., by matching experimental and simulated
temperature values recorded into the blank and die.
The experimental setup used to measure the IHTC at

the blank/die interface during the HS process is illus-
trated in Figure 1. The 1209 209 50 mm3 upper and
lower flat tools were made of H13 hot work tool steel
and mounted in a press. This testing device enabled a
maximum normal force of 10 kN, which corresponds to
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a maximum pressure of 9.0 MPa applied on the blank
surface area. The specimen material, which had a
thickness of 1.5 mm, was B1500HS and cut into pieces
of 1089 10 mm2. The lower tool was instrumented with
1.6-mm-diameter K-type thermocouples inserted per-
pendicular to the quench surface. The thermocouple
holes were 2.0 mm in diameter and extended 2 mm from
the die surface. A silicon-based thermal grease was used
to reduce the thermal contact resistance between the
thermocouple and the tool material. A narrow groove
was machined in each blank sample; the wires of a thin
0.5-mm-diameter K-type thermocouple were individu-
ally spot welded at the bottom of this groove. The
blanks were preheated above 1123 K (850 �C) for
approximately 5 minutes in an electric furnace and
transferred manually to the center of the lower tool
before lowering the upper tool and applying the
prescribed load. A multichannel data acquisition system
recorded the blank and die temperatures as well as the
press load. The data acquisition rate was set to 20 Hz.
The cooling rate was far higher than the critical
complete martensite transformation cooling rate 27 K/s.

In order to calculate the IHTC using an optimization
analysis, a FEM model was developed with commercial
FEM software ABAQUS. Only thermal simulations
were performed, with an assumption that the pressure
distribution on the blank surface was entirely uniform.
Temperature-dependent thermal properties are shown in
Tables I[14] and II.[15] The material density of both blank
and dies is 7850 kg/m3.

With the temperature of blank decreasing rapidly
during the quenching process, the diffusionless trans-
formation from austenite to martensite occurs. The
volumetric amount of martensite can be totally
expressed as function of temperature using the numer-
ical model established by Koistinen and Marburger[16]:

fM ¼ 1:0� exp½�0:011ðMS � TÞ�; ½1�

where fM is the volume fraction of martensite, MS is
the martensitic transformation temperature that, from
Naderi et al.,[17] can be set to 683 K (410 �C). Latent
heat was generated due to phase transformation during
the quenching process and led to temperature fluctua-
tion within the blank. The latent heat of the martensite
transformation used in this work was taken as 58.5 kJ/
kg.[18]

The evaluation process in this work was based on an
optimization method and FEM. The optimization

method was based on commercial software Isight. In
order to obtain the desired results, the optimization
model and convergence criterion are important. In this
research, the temperature-dependent IHTC was set as
the design variable. The criterion of convergence was
constructed with the experimental measurements and
the simulated values of each analysis loop, which can be
described as

mindB ¼ min
XN

i¼1
TSim
i;B � TExp

i;B

� �2
; ½2�

mindL ¼ min
XN

j¼1
TSim
j;L � TExp

j;L

� �2
; ½3�

where dB is the error function of the temperature for
the blank, N is the total sample number in the time
length, mindB is the first objective function, TExp

i;B and
TSim
i;B are the blank temperatures of the experimental

and numerical models, respectively. The terms in
Eq. [3] are the corresponding terms for the lower tool
surface. dL is the error function of the temperature for
the lower tool surface and mindL is the second objec-
tive function. By considering the different importance
and recording accuracy of both the temperature of
blank and the lower tool surface, as a multi-objective
optimization problem, the weighting of mindB and
mindT was set to 4:1. The optimization run in Isight
uses a Non-Linear Programming by Quadratic
Lagrangian (NLPQL) technique. NLPQL is a direct
numerical technique. It builds a quadratic approxima-
tion to exploit the local area around the initial design
point and finds a local optimum design and then
repeats the process through multiple iterations to con-
verge on a final optimum design.
Figure 2 illustrates the temperature profiles observed

during the quenching experiment with comparison to
the numerical simulation. A discontinuity was observed
in the blank temperature at approximately 673 K
(400 �C) when latent heat was released by the transfor-
mation of austenite into martensite. The lower tool
temperature was shown to increase slightly and reached
a maximum after approximately 1.8 seconds. DT is the
temperature difference between blank and lower tool
and can comprehensively express blank and lower tool
temperature changes. The blank and lower tool temper-
ature profiles showed very good agreement above 473 K
(200 �C). Since the martensite transformation had
finished when the temperature fell below 473 K
(200 �C), the latter temperature was too low to affect
the quality of product. This indicates that the calculated
IHTC is valid above 473 K (200 �C).
Figure 3 shows the temperature-dependent IHTC

based on temperature difference between the blank
and the lower tool surface. It is notable that IHTC also
changed with the temperature difference DT. The
maximum value of 4300 W/m2 K was achieved at
DT = 798 K (525 �C). The IHTC decreased with tem-
perature difference DT decreasing. When DT>573 K
(300 �C), the increase of IHTC was due to the higherFig. 1—Schematic diagram of experimental setup.
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heat capacity of the blank as the temperature increased.
Considering that the blank temperature is almost below
873 K (600 �C) during the quenching process, the blank
temperature of 873 K (DT = 798 K) was chosen as the
highest temperature for IHTC calculation. The IHTC
reached the lowest value (1400 W/m2 K) at
DT = 573 K (300 �C). This is caused by the martensitic
transformation which occurs when DT = 573 K
(300 �C) and the corresponding blank temperature is
673 K (400 �C). The martensitic transformation takes
place through a process of nucleation and growth and
causes the release of an elastic energy (volume change
due to the different lattice structure of austenite and
martensite) and a dissipative energy (latent heat release).
The volume change of the blank leads to a normal stress
that tends to antagonize the compressive load. The
IHTC increased when DT<573 K (300 �C) due to the
increase of blank temperature caused by latent heat
release. A little higher IHTC at DT = 383 K (110 �C)
might be caused by lower temperature of the lower tool
surface.

The temperature-dependent IHTC with the phase
transformation latent heat was studied in this paper
using a robust optimization-based method. Temperature
profiles of the specimens and the lower tool surface were
recorded to validate with numerical results. With the
obtained temperature-dependent IHTC, the experimen-
tal and numerically calculated temperature profiles were
in very good agreement.

Finally, during the quenching period, the IHTC
changed with temperature as expected. The IHTC
decreased with the temperature difference DT between
the blank and the lower tool surface to reach a minimum
at about DT = 573 K (300 �C). With dilatation and
release of latent heat, the contact condition changed and
the IHTC increased again to reach a maximum at
DT = 383 K (110 �C).

LIST OF SYMBOLS

LATIN SYMBOLS

Cp Specific heat (J/kg K)
Ms Martensite start temperature (K)
T Temperature (K)
TExp

i;B Blank experimental temperatures

TSim
i;B Blank calculating temperatures

TExp
j;L Lower tool experimental temperatures

TSim
j;L Lower tool calculating temperatures

fM Martensite fraction (–)
k Thermal conductivity (W/m K)
t Time (s)

Table I. Thermal Parameters of B1500HS

Temperature [K (�C)] 293 (20) 373 (100) 473 (200) 673 (400) 873 (600) 1073 (800)

k (W/m K) 30.7 31.1 30 21.7 23.6 25.6
Cp (J/kg K) 444 487 520 561 581 590

Table II. Thermal Parameters of Tool Material

Temperature [K (�C)] 293 (20) 673 (400) 1073 (800)

k (W/m K) 24.6 26.2 27.6
Cp (J/kg K) 460 460 460

Fig. 2—Comparison between test and simulation temperature pro-
files of blank and lower tool surface.

Fig. 3—IHTC as function of temperature difference.
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GREEK SYMBOLS

dB Error function of blank temperature
dL Error function of lower tool temperature

SUBSCRIPTS

B Blank
L Lower tool
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