
metals

Article

A Study on the Cooling Performance of Newly
Developed Slice Die in the Hot Press Forming Process

Seung Hwan Lee 1 , Jaewoong Park 1, Kiyoung Park 2, Dong Keun Kweon 3, Hyunwoo Lee 4,
Daeho Yang 4, Hongrae Park 5 and Jaeseung Kim 2,*

1 School of Aerospace and Mechanical Engineering, Korea Aerospace University, 76 Hanggongdaehang-ro,
Deokyang-gu, Goyang-si 10540, Korea; seunglee@kau.ac.kr (S.H.L.); se-com1@daum.net (J.P.)

2 Center for Robot Technology and Manufacturing, Institute of Advanced Engineering, 51 Goan-ro,
Baegam-myeon, Cheoin-gu, Yongin-si 17180, Korea; young@iae.re.kr

3 Laon ENG Industrial Inc., Gueodeulmit-gil, Oedong-eup, Gyeongju-si 38205, Korea;
raonengmast@naver.com

4 MS AUTOTECH Co., Ltd., 16-9 Poseok-ro, Naenam-myeon, Gyeongju-si 38198, Korea;
hwlee@ms-global.com (H.L.); yangdaeho@ms-global.com (D.Y.)

5 Daewoo Shipbuilding & Marine Engineering Co., Ltd., 125 Namdaemoon-ro, Jung-gu, Seoul 04521, Korea;
park388@gmail.com

* Correspondence: kim0961@iae.re.kr; Tel.: +82-31-330-7364

Received: 21 September 2018; Accepted: 11 November 2018; Published: 14 November 2018 ����������
�������

Abstract: The cooling performance of a slice die is studied numerically and experimentally. The slice
die is designed to improve the cooling performance compared to that of a conventional die that is
generally used in the Hot Press Forming (HPF) process by modifying the cooling channel layout and
arrangement. In order to understand the physical phenomenon of the slice die cooling performance,
the cooling performance of the conventional die is also simulated and their results are compared
with the slice die results. From the results of the maximum temperature of the blank and die and the
temperature distribution of the blank, the slice die has considerably improved cooling performance.
To validate the simulation results, the slice die is prototyped and a blank is produced by the HPF
process. Blank temperatures are measured by a thermal imaging camera at several holding times.
The simulation and experimental results of the blank temperatures are compared and agree with
the error rate of 3%. In order to verify the quality of the produced blank, ultimate tensile stress,
yield stress, and elongation tests are conducted for specimens that are extracted from the blank and
are compared with existing literature results.
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1. Introduction

Reinforcement of environmental regulations has become a global trend as environmental problems
such as global warming and pollution have emerged as major issues. In the automotive industry,
regulations of exhaust gas reduction and fuel efficiency improvement are changing from advisory
implementation to compulsory implementation [1]. Due to this trend, the research topics of eco-friendly
vehicles, vehicle weight reduction, and vehicle safety technology have come to the fore in the
automotive industry [2]. The research of them is vital and has been actively studied [3].

The issues of vehicle weight reduction and vehicle safety technology are closely related to
materials and car bodies [4]. In Europe, a car body was recently made of lightweight materials such
as aluminum, magnesium, and carbon fiber reinforced plastic (CFRP), along with steel [5]. In Asia,
Ultra High Strength Steel (UHSS) application has increased instead of steel sheets for a part of a
car body.
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Despite the development of materials, the processing technology of material molding fits to the
existing material and this makes it difficult to process new materials. Especially, some car body parts
using UHSS have increased strength, however they have very low elongation, resulting in a large
number of defects in the press process. Hot Press Forming (HPF or Hot Stamping) is a new processing
technology that was developed to solve this problem. HPF, a method developed by the Swedish
company Plannja [6], was evaluated as an effective technology to satisfy the requirements of vehicle
weight reduction and vehicle safety technology and was used in car manufacturing by various auto
companies [7].

The HPF process is performed in the following sequence. (1) For a steel sheet that consists
of Ferrite-Pearlite micro structures, temperature is increased up to austenitization temperature in
the furnace; (2) The heated steel sheet is transferred to a die; (3) Through forming and quenching
in the die, the steel sheet becomes a product with a martensite structure and a tensile strength of
1500 MPa [8]. During the HPF process, cooling is the key process determining the quality of a blank.
Heat is transferred from a blank to a die and most of the heat that is transferred to the die is discharged
through the cooling water that flows through cooling channels [9]. When a cooling rate is above
30 ◦C/s, austenitic microstructure is transformed into martensite and martensite improves the tensile
strength of the blank.

The cooling process affects the quality of a die as well. If the cooling performance of the die is not
sufficient, the heat that is transferred from the blank to the die cannot be discharged and remains in
some part of the die [10]. As the HPF process is repeated, the remaining heat will maintain a certain
temperature without temperature drop. If this situation keeps occurring, the relatively high remaining
temperature in some part of the die will reduce the wear resistance of the die, thereby shortening the
design life of the die.

Furthermore, the cooling performance influences the production efficiency. If the cooling time
is shortened, the production cycle is decreased, which leads to productivity improvement. Hence,
the cooling performance of the die is an important design variable that affects the blank quality,
die quality, and production efficiency and must be considered in the HPF process design [11].

Several studies have been carried out to evaluate and improve the cooling performance of dies
during the HPF process. Hoffmann et al. [12] optimized a cooling system of a die to keep the die
temperature below 200 ◦C. From the optimized results, 8 mm diameter cooling channels were able to
keep the average cooling rate of the die under 40 ◦C/s. George et al. [13] studied the effect of the cooling
rate on microstructure generation in a blank. A 930 ◦C blank was inserted to dies at room temperature
and at 400 ◦C, respectively, and martensite and bainite structure were formed in the blank in the room
temperature die and 400 ◦C die, respectively. They found that 30 ◦C/s was a critical cooling rate for
martensite formation during HPF operations. Liu et al. [14] investigated the optimization of a cooling
system which satisfied the minimum 27 ◦C/s cooling rate required for the phase transformation of a
blank during the HPF process. Using the optimization results, a die was manufactured and a blank was
produced by the die. Then, the quality of the produced blank was verified by tensile tests. Lin et al. [15]
numerically studied cooling systems that maximize die cooling performance and minimize thermal
deformation by using a thermal-fluid-mechanical coupled method. The cooling performance of the
die was maximized and the die deformation was minimized when the cooling channel diameter was
8 mm, the distance from the die surface to the cooling channel was within 8 mm, and the distance
between cooling channels was 6–10 mm. LV et al. [16] explored a cooling system with linear shape
cooling channels that satisfied the cooling rate of 27 ◦C/s and the strength of a die. Simulations
were performed to find the best combination of design variables for cooling performance. When the
diameter of the cooling channel was 8 mm, the cooling performance of the die was maximized and the
strength of the die satisfied the requirement of the HPF process. Using the simulation results, the die
was manufactured and a blank was produced by the HPF process. The quality of the blank was verified
by the tensile and hardness tests. Chen et al. [17] used a segmented model to reduce the computational
time while maintaining the accuracy of the calculation for HPF simulation. The segmented model was
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a part of the die that consisted of a straight side and a curved side. The optimized segmented model
saved 92.6% of computational time compared to the non-segmented model.

Even though the cooling performance evaluation of the die was extensively researched and
many important and meaningful results were derived, only few have prototyped a die due to high
costs. Furthermore, the study of complicated blank shape having free foam is rare. According to the
author’s knowledge, there are negligible studies that have evaluated simulations and experiments
simultaneously. The aim of this research is to evaluate the cooling performance of a slice die numerically
and experimentally. The slice die is newly developed technology and its cooling channel shape and
position is modified to complement a conventional die that is used in the HPF process. When simulating
the HPF process, the cooling water flow of the cooling channel is analyzed as well as the heat transfer
including the thermal fluid of the entire die. In addition, an actual slice die is fabricated based on
the simulation results and a blank is produced by the HPF process. The produced blank is verified
by tensile tests. The material of the slice die is also verified by high temperature friction tests and
hardness tests. In Section 2, the modeling and layout of the conventional and slice die are introduced.
In Section 3, numerical simulation setup and experimental setup is described. In Section 4, the cooling
performance of the slice die is numerically evaluated and the results are compared to the conventional
die that is widely used for commercial production. For validation of the simulation results, a blank
is produced by the slice die and the quality of the blank is experimentally examined. In Section 5,
the results of Section 4 are discussed. Conclusions are followed in Section 6.

2. Die Models

The structure of the conventional and slice dies and their cooling channel layout are described in
Sections 2.1 and 2.2, respectively.

2.1. Conventional Die

A conventional die that is generally used in the HPF process consists of an upper die (Gun-drilled
type) and a lower die (Pocket type). Figure 1a shows the upper part of the conventional die and several
blocks constitute one upper die. The cooling channel inside the upper die is machined with a straight
drill and all cooling channels are linear shaped, as shown in Figure 1b. This linear shape makes it
easy to process and repair the cooling channels. In addition, the interior of the gun-drilled type die
has excellent structural strength because there is no empty space other than the cooling channels.
The linear shape of the cooling channels, however, makes it hard to be machined along the surface
of the curved die and the distances between the upper die surface and the cooling channels are not
constant. For this reason, the heat transfer from a blank to the upper die during the HPF process can
be uneven, resulting in a temperature variation in the blank. This temperature variation deteriorates
the quality of the blank.
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Figure 2a shows a lower die (pocket type) of the conventional die. After removing the inside of
an outer block by a certain depth, an insert block in which the cooling channel is already machined
is inserted into the lower die. As shown in Figure 2b, the cooling channel can be machined along
the curved surface even if the die surface is curved and the distance between the die surface and the
cooling channel is constant. Because of the constant distance, the heat transfer between the blank
and the die is relatively uniform so that the pocket type die has good cooling efficiency. As shown in
Figure 2c, a gap between the outer block and the insert block, however, makes the structure strength
weak and causes water leakage due to cracks. Furthermore, machining costs are relatively high because
the large portion of the outer block is removed during machining.
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outer block.

2.2. Slice Die

A slice die was proposed to overcome the disadvantages of the conventional dies, such as low
cooling performance and weak structural strength. As shown in Figure 3a, the slice die consists of
several divided pieces, while the conventional die consists of several blocks to make a single die.
After machining half of the cooling channels on both sides (yz side) of each die piece, several die pieces
are assembled and constitute a set, as shown in Figure 3b. Then, several sets are combined (Figure 3c)
and comprise a die (Figure 3d). Particularly, the slice die is designed as a free-form surface with a
blank shape along both the upper and lower die surface and the cooling channel is machined along
the die surface to a shallow and uniform depth in the -y direction, as shown in Figure 3c.
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Furthermore, the slice die can control the cooling water flow. Figure 4a,b shows the cooling water
flow on the upper part of the conventional die and the slice die, respectively. As shown in Figure 4a,
the conventional die has only one entrance and exit and the cooling water flowing into the entrance
flows along the arrows repeatedly up and down, left and right, and then flows to the exit. This cooling
water flow method maximizes and evenly distributes the heat transfer between the blank and the die,
however the cooling channels of the gundrill type die become long and complicated. On the contrary,
as shown in Figure 4b, the slice die has two entrances and exits. The cooling water flows into two
entrances at the same time and flows to the two exits through a short travel route compared to the
conventional die. This method decreases the circulation period of the cooling water and increases
the cooling efficiency. Furthermore, the lower die of the slice die has improved structural strength
and durability compared to the pocket die as the structure shape of the lower die does not need a
gap. Moreover, raw material loss and repair cost are reduced leading to cost saving compared to
pocket dies.
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3. Setup

Simulation set-up for heat and fluid analysis of the conventional and slice dies are described in
Section 3.1. The experimental set-up is described in Section 3.2 including a manufactured die, a blank,
and test devices.

3.1. Simulation Setup

The analytical models that were used for this study were the conventional die that is generally
used in the HPF process and the newly developed slice die. The governing equations describing the
physical phenomena of heat and fluid for numerical simulation are continuity equation, conservation
of momentum equation, and energy balance equation. The energy balance equation was used to
predict the heat transfer and temperature distribution.

In order to predict the airflow and temperature distribution in the control volume, a k-ε turbulence
model [18] was used with the assumption that the stress generated by the turbulence is proportional
to the velocity gradient. In this model, the turbulent viscosity coefficient is expressed by turbulent
kinetic energy and the turbulent kinetic energy dissipation rate.

The numerical analysis sequence of the model was as follows. First, various parts of the
conventional and slice die models were obtained by Computer Aided Design (CAD) software (Dassault
Systèmes, France). After examining the interference between the shapes, the models were aligned
and combined (CAD clean up), and mesh was created by Fluent, a commercial software that is used
for Computational Fluid Dynamics (CFD). Figure 5 shows the meshed model of the solid part (left)
and the exterior volume (right). Specifically, 7.3 million polyhedral cells formed on the solid part and
the exterior volume was based on tetrahedral. Then, working fluid and boundary conditions were
set. The temperature of the outside the die was 27 ◦C with the incompressible ideal gas condition.
The cooling water with 10 ◦C was continuously supplied. The used thermal conductivity of the die was
30.5 W/mK. As a boundary condition, a volume heat source was set as the blank initial temperature
and the inlet cooling water flow rate was 90 L/min.
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3.2. Experimental Setup

For validation of the simulation results, a slice die was fabricated at the actual production
conditions. The cooling channel of the slice die was processed within 8 mm in the −y direction
from the die surface, while the cooling channel of the conventional die was unevenly distributed
and had to be machined by more than 12 mm in the −y direction from the die surface. As shown in
Figure 3, a water tightness test was performed after the assembly process. Using a calibrated pressure
gauge, a leakage of cooling fluid (water) was checked by flowing cooling fluid (water) into the cooling
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channels in the upper and lower dies at a pressure of 5 bar for 2 h. After confirming no leakages,
two dies were installed in a 5000-ton class press. During a blank production using the die, a product
production cycle was considered and the product production cycle was decided by blank quality
and productivity. The production cycle was directly proportional to the holding time in the HPF
process. The holding time was 12 s when the blank was manufactured using the conventional die.
Blanks were produced with varying holding times so that each blank was produced at a holding
time of 5, 7, 9, and 11 s. The blank temperatures were measured when the upper die was opened
immediately after the blank production using a thermal imaging camera (FLIR Co., Oregon, OR, USA)
with emissivity of 0.9 and a reflection temperature of 40 ◦C. When measuring the maximum blank
temperature, the temperature of the blank surface was measured at the holding time of 5, 7, 9, and 11 s.

From the blank that was manufactured by the slice die using the HPF process (Figure 6a), 15 tensile
test specimens were produced (Figure 6b) and five tensile tests were performed to measure the tensile
strength, yield strength, and elongation. The tensile tests were conducted according to the American
Society for Testing and Materials (ASTM) E8/E8M-16a standard.
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In addition, the wear resistance and durability of the die was confirmed by wear tests. Figure 7 is
a schematic view of a high temperature wear tester. This device is a ball-on-disk type and a load of
5 N was applied to a 9.2 mm diameter ball made of SKD11 material. Then, a SKD61 material with a
circular disk shape was placed under the loaded ball and was rotated to obtain friction coefficient data.
The motor rotated the disk and the controller controlled the rpm of the motor. For high temperature
wear tests, an induction heater heated the disk and the temperature of the disk was higher than that of
the die during the HPF process.
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The test conditions are shown in Table 1. The wear test pieces with a thickness of 5 mm and a
diameter of 50 mm were tested by heating to 250 ◦C. The sliding velocity of the disc was set to 0.24 m/s
and the friction tests were carried out while moving the track diameter from 25 mm to 1500 m.

Table 1. Wear test conditions.

Wear Test Conditions of the Test Machine

Tribometer type ball-on-disk type
Temperature 250 ◦C

Relative humidity 25%
Applied normal load 5.0 N

Sliding velocity 0.24 m/s
Wear track diameter 25 mm

Sliding distance 1500 m

4. Results

In Section 4.1, the cooling performance of the conventional and slice die are studied numerically.
In Section 4.2, the simulation results of the blank temperature are compared with the experiment
results. To verify the produced blank quality, tensile specimens are tested in terms of ultimate tensile
stress, yield stress, and elongation.

4.1. Cooling Performance of the Dies

Holding time is one of the key process parameters that determine product quality and productivity
in the production of vehicle parts through the HPF process. The holding time is the total time spent
for deformation and cooling. Precisely, holding time is defined from the moment when the upper die
comes into contact with the lower die to the moment when the upper die comes off the lower die after
the blank forming and the cooling process.

Figure 8 shows the maximum temperature of the blank regarding holding time in HPF simulation
for conventional and slice dies. The initial blank temperature at the simulation is set as 870 ◦C which is
the actual blank temperature at the HPF process when the blank is transferred to the die after being
heated in a furnace. To be consistent with the actual HPF process, the simulation is also carried out for
a holding time of 12 s.

From the simulation results, the blank of the conventional and slice dies are cooled to about 120 ◦C
and 63 ◦C, respectively at 12 s holding time. The sliced die reaches 120 ◦C in about 5.5 s which is 6.5 s
less time than that of the conventional die. That is, in the case of the conventional die, a blank can be
removed from the die by opening the upper and lower dies at a holding time of 12 s, while for the slice
die, a blank can be removed after a holding time of about 5.5 s. Especially, from one to five seconds
holding time, a dramatic temperature drop occurs and the average cooling rate of the slice die is about
144 ◦C/s, while the conventional die is about 65.5 ◦C/s. For the whole holding time duration, the blank
cooling rate of the slice die and the conventional die are about 67 ◦C/s and 57 ◦C/s, respectively.

Figure 9 shows the HPF simulation results of the temperature distribution of the blank when the
upper and lower dies are opened at a holding time of 12 s. For the conventional die, the maximum
temperature of the blank is about 150 ◦C and its region is where there are no cooling channels in the
upper and lower dies (Figure 9a). The minimum temperature region of the blank is at the edge and
the difference between the maximum and minimum temperatures is about 60 ◦C. On the other hand,
for the slice die, the maximum blank temperature is about 70 ◦C and the high temperature region is
evenly distributed throughout the blank (Figure 9b). The minimum temperature region of the blank
is at the edge, which is the same as in the previous case, and the maximum temperature and the
minimum temperature difference is about 28 ◦C.
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Figure 10 shows the maximum temperature change of the die according to the holding time when
the upper and lower dies are closed after the upper die lowering. During the holding time, the exerted
pressure ranges between about 4 and 8 MPa. For the two die types, the temperature of the upper
die is higher than that of the lower die throughout the whole holding time. The role of the upper
die is to press the blank by moving up and down, while the lower die is fixed and has less load so
that the lower die has more cooling channels than the upper die. The temperature of the two die
types rises at the beginning of the holding time at which heat is transferred from the blank and then
decreases as the cooling progresses. The temperature graphs of the upper and lower dies at each
type have a similar trend as a whole. The temperature graph of the slice die tends to shift to the left
compared to the conventional die. In addition, the time required for the conventional die to reach the
maximum temperature is about four seconds, while the time for the slice die to reach the maximum
temperature is about two seconds. In addition, by examining the cooling rate of the die from the
maximum temperature to the end of the HPF process, the upper and lower part of the conventional die
is 3.25 ◦C/s and 2.25 ◦C/s, respectively and the upper and lower part of the slice die is 5.2 ◦C/s and
3.7 ◦C/s, respectively. Hence, the cooling rate of the slice die is higher than that of the conventional die.
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4.2. Experimental Results

To validate the slice die cooling performance shown in Section 4.1, an actual slice die was
prototyped and blank temperature was measured at a holding time of 5, 7, 9, and 11 s. Figure 11 shows
the comparison of blank temperature from the simulation (red line) and the experimental (black circle).
Very good agreement is observed between the simulation and experiment results. At the holding time
of 5, 7, 9, and 11 s, the error rate of the simulation and experiments are 0.9%, 1.3%, 2.9%, and 0.6%,
respectively and the overall error rate is within 3%. As far as the blank temperature in the conventional
die is concerned, the temperature was about 130 ◦C at a holding time of 12 s.

In order to compare the quality of the blanks produced from the conventional and slice dies,
15 tensile test specimens were machined from the blanks, respectively. Ultimate Tensile strength (UTS),
yield stress, and elongation of this specimen were measured five times. In the case of the specimen
from the slice die, the UTS of the blank was about 1475 MPa, the yield strength was about 1125 MPa,
and the elongation was about 10%. In the case of the specimen from the conventional die, the UTS of
the blank was about 1426 MPa, the yield strength was about 1078 MPa, and the elongation was 8.7%.
These values agree with the results of Bardelcik et al. [19]. Hence, the blank quality that was produced
by the slice die meets the performance requirement of the HPF process.
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Figure 12 shows the friction test results of SKD61 and HTCS230 materials that were used in
conventional dies and slice dies, respectively at 250 ◦C. The friction tests were conducted at a relative
humidity of air of 50 ± 5%. The temperature of 250 ◦C is the risen temperature due to the accumulation
of heat in the part of the conventional die when it produces about 100,000 parts. The friction behavior
of both materials varies greatly from 0 to 200 m due to wear debris. The conventional die material
(SKD61) has a larger average friction coefficient than that of the slice die material (HTCS 230). For the
slice die material (HTCS 230), the coefficient of friction converged after 500 m without fluctuation,
whereas the friction coefficient of the conventional die material (SKD61) continuously increased with
relatively high fluctuation in the 200–1200 m range of sliding distance. Hence, SKD61 has better friction
resistance at 250 ◦C than HTCS230.

For the material’s effect on the die, a hardness test was additionally carried out at room
temperature and 250 ◦C. Additional specimens were prepared, the center was cut, the section was
polished, and the hardness was measured at the center of the section. The hardness values were
measured five times at room temperature and 250 ◦C using Micro Vickers (HV 1) and the average
of them are shown in Table 2. From the hardness test results, the hardness values of the sliced die
materials are higher than those of the conventional die materials at room temperature and 250 ◦C.
This result shows that the die manufactured using HTCS230 has better durability compared to the die
manufactured using SKD61.

Table 2. Micro-vickers hardness value (HV 1).

Temperature SKD61 HTCS230

25 ◦C 225.5 381.1
250 ◦C 220.0 386.8
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5. Discussion

As shown in Section 4, the cooling rate of the blank in the slice die is faster than that of the
conventional die and the slice die has superior cooling performance compared to the conventional die.
These results can be explained as follows.
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First, the position of the cooling channel in the slice die is closer to the die surface than in the
conventional die. The linear shape of the cooling channels in the conventional upper die is changed
into a curved shape along the die surface (blank surface) in the slice die. In addition, the lower part of
the conventional die had to have a certain thickness to avoid the weakness of the structural strength
during the cooling channel machining. As the lower die is replaced with the slice die type, the inside
of the lower die is filled up except for the cooling channel so that a structural strength can be secured
at the reduced thickness. Hence, the transferred heat can be quickly discharged to the outside when
the heat transfers from the blank to the die.

Second, the shape of the cooling channels in the slice die is curved. As the cooling channel is
machined at each die piece, the shape of the cooling channel can be changed to a curved shape and the
number and surface area of cooling channels can be increased by about 19% and 32%, respectively
compared with the conventional die.

Third, the slice die has a short circulation period of the cooling water. As the arrangement of the
cooling channels is changed, cooling water flows into several pairs of entrances and cooling efficiency
is increased while cooling water flows into only one entrance in the conventional die.

As shown in Figure 10, the cooling rate of the upper die is higher than that of the lower die in
both die types even though lower dies have more cooling channels than those of the upper dies. It is
inferred that the total amount of heat that is transferred from the blank to the lower die is larger than
that of the upper die and this causes relatively higher cooling rate in the upper dies.

6. Conclusions

The newly developed slice die is proposed to enhance the quality and productivity of blank and
is designed to improve the cooling performance compared to that of the conventional die that is used
in the HPF process. In the present study, the cooling performance of the slice die and conventional
die was numerically evaluated by studying the maximum temperature of the blank and die and the
temperature distribution of the blank. To validate the simulation results, a blank was produced by the
actual HPF process and the quality of the blank was verified by the tensile tests. In addition, abrasion
and hardness of the slice die material was tested. From the results that were discussed in this paper,
the following conclusions are made:

The slice die is designed to a finely divided structure and the cooling channel shape is changed
from a straight line to a curve along the blank shape. As a result of the structure and arrangement of
the cooling channels, the slice die reduced holding time by about 30% compared to the conventional
die and can improve the product quality by making homogenous martensite inside the blank.

1. During one to five seconds holding time, the average cooling rate of the slice die and the
conventional die is about 144 ◦C/s and 65.5 ◦C/s, respectively. For the whole holding time
duration, the blank cooling rate of the slice die and the conventional are about 67 ◦C/s and
57 ◦C/s, respectively. Overall, the slice die has better cooling performance than that of the
conventional die.

2. At a holding time of 12 s, the maximum temperature of the blank in the conventional die is about
150 ◦C and its region is where cooling channels do not exist in the upper and lower dies. For the
slice die, the maximum blank temperature is about 70 ◦C and the maximum temperature region
is evenly distributed throughout the blank. In addition, the temperature distribution of the blank
in the slice die is more uniform than that of the conventional die so that blank warping can be
expected to be reduced. Therefore, the slice die can improve the durability and design life of
the die.

3. To validate the simulation results, the slice die model was prototyped and the blank was produced
by the HPF process. During the blank production, blank temperatures were measured at a
holding time of 5, 7, 9, and 11 s and agreed with the simulation result within a 3% error rate. Then,
the material property of the blank was tested to check the blank quality. From the blank tensile
test, the average tensile strength was 1475 MPa, the yield strength was 1125 MPa, and elongation
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was 10%. Compared with the previous study, the quality of the blank satisfies the requirement of
the HPF process.

4. Friction and hardness tests were performed to understand the material’s effects on the die.
From the friction tests at 250 ◦C, the slice die material, HTCS230, has about 28% less friction
coefficient and less fluctuation than that of SKD61. In addition, the hardness test at 250 ◦C shows
that the hardness value of HTCS230 is higher than SKD61, so there is less damage to the surface
of HTCS230 during the HPF process.
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