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Some deep drawing characteristics at elevated temperatures were investigated for the SCPl
steel sheets by using a Cr-coated die. For this investigation, six different temperatures between
room temperature and 250'C, and six different drawing ratios ranging from 2.4 to 2.9 were
considered. As a result, the limiting drawing ratio, the maximum drawing force and the
maximum drawing depth were found to be affected sensitively by temperature, and more stable
through-thickness strain distribution was observed at elevated temperatures. Some experimental
results compared favorably with theoretical results obtained by using the finite element method.
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1. Introduction

Some automobile parts such as a trunk floor,
door inner, oil pan and wheel housing are consid
ered to be formed due to their complicated shapes
and deep drawing depth. These parts are usually
formed by stamping sheets that have good for
mability, and require more than two steps of
drawing process. But defects such as a crack,
stick, wrinkle and scratch are generated frequent
ly during the continuous stamping process, which
result in the loss of productivity, lowered quality,
and wear and deformation of the die.

The causes of these phenomena are as follows.
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First of all, the drawing process is very sensitive
to the change of material properties because the
stable range of drawing is reduced as the drawing
depth of the above mentioned product becomes
very close to the forming limit of the material (oh,
1999). Secondly, when stamping is done more
than 200 strokes without a break, the temperature
of the die increases significantly. So, the friction
in the die increases due to the reduced clearance
between the punch and die, and the inflow of
sheet thus becomes difficult (song et al., 1999).

Recently, the method of spraying lubrication
oil on the surface of the sheet is widely used to
resolve these problems. But the oil should be
removed afterwards to provide good quality of
welding and painting. It is difficult to develop
materials that have a stable forming range. Thus,
the warm forming process is suggested to circum
vent these problems. This process utilizes the
effects of the delayed fracture time due to the
increased strength of material by cooling the
punch and the improved inflow of sheet due to
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the decreased strength of material by warming the
die. Also, the temperature of die can be
maintained uniform in this method (Choi et al.,
2000). Ohwue(1987a; 1987b) studied the effects of
the tensile strength and blue brittleness of a
material at high temperature on the deep drawing
process. Nohara (1990) evaluated the workability
of deep drawing and restriking for stainless steel
sheets. Watanabe (1992) studied the formability
of austenitic stainless steel. He considered the
effects of temperature on the deformation-in
duced martensitic transformation. Shinagawa et
al., (1993) predicted the transition of deformation
-induced martensitic transformation for STS 304
stainless steel in warm forming process by using
the finite element method(FEM). He evaluated
the warm formability by utilizing the degree of
work hardening caused by the amounts of marten
sitic transformation. Leighton and Lee (1994)
evaluated the warm formability of Aluminum
Killed Drawing Quality(AKDQ) steel, and Zeng
and Mahdavian (1998) studied the effects of
wrinkles generated in the deep drawing process at
various temperatures.

Kim, et al. (1993, 1995) performed experiments
for the warm formability of STS 304 stainless
steel and studied the effects of various blank
shapes and forming velocity, and Keum Ryu et al.
(1999) and Kim et al. (1999) evaluated the warm
formability of aluminum alloy sheet by experi
mental and numerical analyses, and Song et al.
(1999) studied the change of friction coefficient by
performing friction tests on the die at various
temperatures.

In this study, in order to obtain the material
properties required for numerical analyses, pre
liminary experiments, friction and tensile tests,
have been conducted first. Also, a warm deep
drawing test with SCPI sheet is carried out. And
then these experimental results are compared with
those of numerical analyses using an FEM code
(DYNA-3D). Finally, several methods for im
proving the formability of SCP I sheet are present
ed by considering the effects of warm forming and
the forming variables.

2. Experimental Methods

2.1 Preliminary experiments
As a preliminary experiment, a friction test and

a tensile test were performed with a SCPI sheet of
O. 7 mm thickness. All of these tests were done at
various temperatures between room temperature
and 250'C .The chemical composition of SCPI
sheet, which is exclusively used in the drawing
process of automobile parts, is presented in Table
I, and material B has been selected for this study.
In the tensile test, data was measured along the
rolling direction and the mean value was calcu
lated. The friction test was performed under the
holding pressure of 2 MPa on the Cr-coated die.
It is shown in Table 2 that as temperature
increases, the tensile strength( T. S.),
elongation(El.), strength coefficient(P. C.), and
strain hardening coefficient(S. H. C.) decrease.
But the friction coefficient(F. C.) increases a little
due to the generation of very highly deformed
layer on the friction surface of the sheet.

Table 1 Chemical compositions of materials

~(wt%) C N Mn
Material

A SCP3C 0.002 0.0025 0.15

B SCPI 0.007 0.004 0.15

C SCPI 0.024 0.0018 0.20

D SCPI 0.034 0.0020 0.18

Table 2 Various material properties at various
temperatures(T.S., P.e. unit: kgf/rnm")

Temp.
T.S. El. P.e. S.H.e. F.e.'c

R.T. 29.89 44.9 58.032 0.2493 0.241

50 29.55 43.7 56.804 0.2407 0.246

100 28.03 40.2 54.120 0.2429 0.255

150 26.62 37.9 50.810 0.2367 0.267

200 25.64 36.3 49.146 0.2372 0.262

250 23.98 35.3 46.405 0.2408 0.271

300 23.13 33.7 44.970 0.2330
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Table 3 Part lists for experimental apparatus in
Fig. I

No. Name No. Name

CD Holder cooling part ® Heating pipe

@ Holder heating part (j) Insulation panel

® Thermocouple @ Punch

@ Die heating part ® Cooling water input

® Die cooling part @ Cooling water output

Table 4 Properties of punch, die, blank holder
shown in Fig.1

Part Material Surface Size(mm) Rp Rd Rc

Punch GC30 Cr-Coated 60x60 5 - 5

Die GC30 Cr-Ccated 66x66 - 7 8

Blank
GC30 Cr-Coated 61x61 6- -

Holder

Fig. 1 Schematic diagram of warm forming tester

2.2 Drawing tests
Figure I shows the device used in the experi

ments and the details are summarized in Tables 3
and 4. In Table 4, Rp, Rd and Rc are the punch
profile radius, die profile radius, and corner
radius of the punch, die and blank holder, respec
tively. The punch, die and blank holder were
made of GC30 and coated with hard Cr on their
surfaces. The punch is designed in such a way that
cooling water could circulate through the cooling
channels in the punch. Also, a heat pipe of I kW

Table 5 Experimental results at various tempera
tures with various drawing ratios(Drawing
depth=40mm, 0: successful, X : fracture)

~ 2.4 2.5 2.6 2.7 2.8 2.9Temp.

25'C 0 X X X X X

50'C 0 0 X X X X

IOO'C 0 0 0 X X X

150'C 0 - 0 0 X X

200'C 0 - - 0 X X

250'C 0 - - - 0 X

capacity was installed in the die and the blank
holder and proper insulation was provided to
prevent heat transfer to other equipment parts. A
temperature regulator was used to maintain a
constant temperature.

The drawing test was done on a Universal
Testing Machine(UTM). Square blanks were
made of 0.7 mm thick SCPI sheets, and drawing
ratios(DR) of 2.4, 2.5, 2.6, 2.7, 2.8 and 2.9 were
used. Here, the drawing ratio means the ratio of
the side length of the blank sheet(Lb) to that of
the punch profilefLs), Lb/Lp • The clearance
between the die and punch is 3 mm, which is 4.3
times the SCP I sheet thickness. The tests were
performed at 6 different temperatures, i. e., 25'C,
50'C, 100'C, 150'C, 200'C, and 250'C. The coo
ling water temperature was maintained at 15'C,
and the blank holding pressure of 2 MPa and the
forming velocity of 50 mm/min were used in the
experiment. Each blank was deep drawn at each
temperature until the blank was fractured or was
formed up to the maximum drawing depth, i. e.,
until the edge of the flange of the blank was flown
into the die profile without fracture.

3. Experimental Results and
Discussion

3.1 Drawability at elevated temperatures
Table 5 shows the results of the drawing tests at

each temperature as the drawing ratio increases.
For the drawing depth of 40 mm, the drawing
ratios and the limiting drawing ratio are found to
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increase gradually as the temperature increases.
Figure 2 shows the limiting drawing ratio(LDR)
versus temperature. The LDR increases as the
temperature increases. Figure 3 shows the draw
ing depth versus temperature for various DR
values. For the drawing ratio(DR) of 2.4, it is
observed that drawing up to the maximum draw
ing depth is possible at all temperatures. Thus,
nearly uniform drawing depth is obtained for that
drawing ratio. For the DR of 2.6, the drawing
depth is shown to be about 26 mm at room
temperature. But it is observed that drawing up to
the maximum drawing depth is possible at over
100·C. Despite of the friction coefficient increase,
it is considered that the effect of warm deep
drawing method overcomes the forming resis
tance. For the DR of 2.8, the drawing depth at
which fracture occurs increases as the temperature
increases and it is only possible to draw up to the
depth of 40 mm at 200'C. For the DR of 2.8 at
250'C, drawing depth is 1.8 times that at room

temperature. For the DR of2.9, drawing is impos
sible up to the depth of 40 mm at any temperature.
For the DR of 2.9 at 250'C, it was 1. 6 times
larger than the value measured at room tempera
ture. Figure 4 shows the photographs of the
drawn specimens for various temperatures and
various DR values.

Figure 5 shows the variation of the drawing
depth with respect to DR at 25'C, 50'C and
100'C. As a function of drawing ratio, the curves
exhibit gradual increase up to the limiting draw
ing ratio and sharp falls after the limiting drawing
ratio. The drawn specimens are shown in Fig. 6.
The variation of the drawing force during form
ing process is shown in Fig. 7, which shows that
the variation of drawing forces during the form
ing process decreases as the temperature increases.

The maximum drawing forces, as shown in Fig.
8, decrease as the temperature increases. Compar
ed with that at room temperature, the maximum
drawing force reduces by 21% for the drawing
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ratio (DR) of 2.4 and by 12% for DR of 2.9. This
phenomenon is in good agreement with the result
of tensile test; i.e. the tensile strength and the
pla stic coefficient decrease as the temperature
increases as shown in Table 2. At the temperature
of 250'C, a thermal defect, i.e. a stick slip, occur
red on the material surface and a rap id propaga
tion of corrosion was observed after forming . The

Fig. 6 Drawn specimens for various DR values and
temperatures

SCPI (H) material used in this experimen t is less
carbonaceous than the other SCP I materials(C,
D) in Table 2. There is no decrease of formabil ity
due to the blue brittleness effect belo w 200'C .

Despite the reduced elon gation and increased
friction coefficient as the temperature increases in
the tensile test, the formability of mater ial is
improved. This result is due to the effect of warm
forming process in which the punch was cooled
and the die was heated. It seems that, in other
word s, the strength of material affects more than
the other factors that decrease the formability.

3.2 Through-thickness strain distribution
The distribution of through-thickness strain for

each temperature was studied along the central
and diagonal directions of the cup that was for
med 42 mm deep for a constant DR (DR=2.4). In
Figs . 9(a) and (b), thickness strain distributions
exhibit rather uniform patterns as the temperature
increases. It may also be seen in these curves that
the difference between the maximum and mini-
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mum values is decreased as the temperature
increases.

The thickness strain distribution at the flange
also decreased as the temperature increases. This
result means that the higher the temperature
becomes, the smaller the change of thickness of
blank and the easier inflow of blank can occur.

4. Numerical Analysis

the temperatures of 150·C and 250·C agreed
well with the experiments as shown in Figs. 10
and II. But, a big discrepancy is observed on the
head of the punch. The reason for this phenome
non seems to be the fact that the heat transfer
effect between the punch and blank is not consid
ered in the simulation. New numerical methods
that incorporate the heat transfer effects are
required to obtain more accurate results.

DYNA-3D explicit code was used for the finite
element analysis(FEA). The numerical blank
model was divided into a cooling zone and a
heating zone. The temperature of the heating zone
was gradually increased and, during the computa
tion, temperature-dependent material properties
were used. The numbers of elements and nodes
are 4225 and 4429, respectively.

Among the numerical simulation results, the
trends of through-thickness strain distributions at

5. Conclusions

Results of this study on the warm forming of
SCP I sheet with a cooled punch and heated die
are summarized as follows.

(I) The limiting drawing ratio and the maxi
mum drawing depth increase and the maximum
drawing force decreases as the die temperature
increases.

(2) The distribution of through-thickness
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strain is more uniform at elevated temperatures
than that at room temperature, and the difference
between the maximum and minimum through
-thickness strains decreases.

(3) In the results of numerical simulation using
an FEM code, the distribution of through-thick
ness strain generally agreed with the experimental
results. But, a big discrepancy at the head of the
punch was observed, and the effect of heat trans
fer between the punch and blank should be con
sidered to obtain more accurate results.

(4) It is expected that the quality and produc
tivity of the difficult-to-form products can be
improved if the warm forming process is done
within the temperature range of 100°C - 200°C
in which deteriorative effects such as thermal
defects on the surface do not appear.
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