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Abstract: Smart hot stamping processes of ultra-high strength steel parts have been developed to overcome difficulties in the present
hot stamping process. Using rapid resistance heating, the stamping equipment became considerably simpler than that using furnace
heating. The formability was improved by high speed hot stamping using a mechanical servo press in comparison with the
conventional process using a hydraulic press. Parts having a different distribution of strength were produced by tailored die
quenching using local bypass resistance heating. Die-quenched steel parts and ultra-high strength steel sheets were sheared by
reducing the flow stress in the shearing zone using local resistance heating. An ultra-high strength steel gear drum was produced by
hot spline forming using resistance heating of side wall of a cup. V-shaped hot forming using sealed air was developed to produce
ultra-high strength hollow axle beams used for suspensions of automobiles. A one shot hot stamping process consisting of resistance
heating, forming, shearing and die quenching was applicable to comparatively small high strength steel parts.
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1 Introduction

An effective approach for improving the fuel
consumption of automobiles is to reduce the weight of
automobiles. Because the high strength steel sheets are
considerably cheaper than the aluminium alloy sheets,
the use of high strength steel sheets for automobile body
panels remarkably increases. Although the high strength
steel parts have superior mechanical properties, stamping
operations become difficult due to the high strength
[1-3]. As the strength of the sheets increases, the
forming load increases, and thus the springback becomes
large, particularly for the ultra-high strength steel sheets.
In addition, small formability, short tool life and delayed
fracture are problems. Specially, cold
operations of ultra-high strength steel sheets having a
tensile strength above 1.2 GPa have not been established
yet.

By heating sheet metals, the stamping operation
becomes easy due to the decrease in flow stress and the
increase in ductility. The hot stamping of quenchable
steel sheets is attractive for forming of ultra-high
strength steel parts [4]. As shown in Fig. 1, the sheets are
heated in the furnace, then the heated sheets are stamped,
and finally the formed sheets are held at the bottom dead
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centre for the die quenching. The stamped parts are
punched and trimmed. The hot stamping has the
following advantages.

1) The forming load is considerably reduced due to
the decrease in flow stress.

2) Almost no springback is caused.

3) The formability is largely increased due to the
increase in ductility.

4) The tensile strength of the formed parts is
approximately 1.5 GPa due to the die-quenching.

Since the sheets are soft during the forming and the
formed parts are hard, the hot stamping is an attractive
forming process. On the other hand, the disadvantages of
the hot stamping are as follows.

1) The scale on the surface of the stamped part is
remarkable due to heating at about 950 °C [5], and thus
the shot blasting is required to remove the scale.

2) Aluminium coated sheets for preventing the
oxidation at high temperatures are comparatively
expensive.

3) The productivity is low due to the ejection from
the furnace and the die quenching.

4) The equipment is large and expensive.

5) The formed parts are trimmed and punched by
laser cutting, and thus the cost of the cutting becomes
high.
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Fig. 1 Sequence of hot stamping of quenchable steel sheet

6) The application of the shot stamping is still
limited to production of body-in-white parts of
automobiles.

In this work, smart hot stamping processes are
introduced.

2 Rapid resistance heating

In the hot stamping, the heating approach of the
steel sheets is crucial. Although the drop in temperature
in bulk workpieces used for the forging is comparatively
small, that for the sheets metals after the ejection from
the furnace is very rapid due to large surface area. In
addition, the oxide scale on the surface of the sheet is
crucial. The aluminium coated sheets having high oxide
resistance are expensive, and the size of the furnace
becomes large due to slow formation of the intermetallic
compound on the surface of the sheet during the heating.
For rapid laser heating, uniform temperature in the sheet
is difficult, and the infrared heating is not very rapid.

The resistance heating using direct passage of
current through the sheet [6—8] has the following
advantages as shown in Fig. 2.

1) The heating is very rapid, only a time of 2 sto a
heating temperature of 900 °C.

2) The oxide scale hardly forms due to the rapid
heating (see Fig. 3).
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Fig. 2 Comparison between hot stamping processes using
furnace heating (a) and resistance heating (b)
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Fig. 3 Comparison between hat-shaped sheets by hot-stamping

processes using furnace heating (a) and resistance heating (b)

3) The heating apparatus is comparatively simple.

4) The rapid heating is appropriate to synchronisa-
tion with a press.

5) The temperature is easily controlled by adjusting
the electrical power.

The most serious disadvantage of the resistance
heating for the hot stamping is to limit the applicable
range to square sheets. The change in cross-sectional
area in the current direction for non-square sheets brings
about non-uniform distribution of temperature, i.e. the
temperature is high for small and low for large
cross-sectional respectively. The industrial
application of the resistance heating to the hot stamping
is still limited.

areas,

3 High speed hot stamping using mechanical
Servo press

Since the temperature of the heated sheet is
decreased after the ejection from the furnace, it is
desirable to stamp the sheet quickly. Particularly, the
sheet is rapidly cooled by the contact with tools during
the stamping.

The hot-stamped parts for low and high stamping
speeds are compared in Fig. 4 [9]. In this stamping, a
mechanical servo press having the function of controlling
the ram motion was employed. For the low speed, 26
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mm/s, in the hot stamping, the sheet fractures due to
large difference between flow stresses of the contacting
and non-contacting regions, whereas the fracture is
prevented for the high speed, 149 mm/s, in the hot
stamping, because of small decrease of temperature. In
the hot stamping, the formability is largely influenced by
the distribution of temperature. It is found that the
formability is improved by the increase in stamping
speed.

(b)

Fig. 4 Cold and hot-stamped parts: (a) Cold stamping, 26 mm/s;
(b) Hot stamping, 149 mm/s; (¢) Hot stamping, 26 mm/s

Since the holding at the bottom dead centre is
required for the die quenching in the hot stamping,
controllable hydraulic presses are conventionally
employed, whereas the stamping speed for the hydraulic
presses is not high. Mechanical servo presses become
increasingly common. The application of servo presses
to the hot stamping is attractive to improve the
formability in the hot stamping due to the high speed
stamping. In addition, digital linkage with other
machines is comparatively easy, e.g. the linkage with the
resistance heating leads to a smart hot stamping process.

4 Tailored die quenching
In the conventional hot stamping process, a whole

body of a stamped part is quenched with dies, and thus
the whole body becomes highly strong. This leads to the

limitation of application to high strength body-in-white
parts having high crash safety for protecting passengers.
For example, in sliding parts, high strength is required
only in the vicinity of sliding plane, and the prevention
of quenching is desired except for this vicinity to
increase fracture toughness. Most of mechanical parts
require high strength around corners because of
concentration of stress. On the other hand, laser cutting
having low productivity is generally employed for the
quenched parts after the stamping, because the parts are
too hard to shear. When the cut portions of the stamped
part are not quenched, the laser cutting is replaced with
the shearing having high productivity.

A tailored die quenching process using bypass
resistance heating in hot stamping for producing
ultra-high strength steel parts having a strength
distribution was developed [10]. In the resistance heating
of the sheet shown in Fig. 5, non-electrified portions by
contact with copper bypasses with a low resistance were
not heated, whereas portions not in contact with the
bypasses were heated by the passage of current and were
quenched by holding tools at the bottom dead centre. The
bypass resistance heating was stable as partial heating,
and the electrical power loss was small.
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Fig. 5 Bypass resistance heating in hot stamping for producing

ultra-high strength steel products having strength distribution

Hot hat-shaped bending using the bypass resistance
heating was performed to form a product having a high
strength around the corners (see Fig. 6). A hat-shaped
product having a tensile strength of approximately 1.5
GPa at the corners was formed, and the input energy and
punching load in the bottom portion were considerably
smaller than those for the whole heating. The tailored
tempering with grooved tools having partial control of
cooling speed was developed [11].

5 Punching using local resistance heating

Although the stamped automobile body panels are
punched to make many holes for the joining, paint
removing, attachment, etc., it is not easy to punch
die-quenched parts having high strength. The tool life is



Ken-ichiro MORI/Trans. Nonferrous Met. Soc. China 22(2012) s496—s503 5499

(a) ‘“F_I:lﬁeia‘lmg Heatlg_g__a;

\ ‘ 7

600 — ——
() 1 Lo
L I I
500 - i
S & i
% 400 i Ji®*—Whole heating !
P i [1e—Bypass !
I |
i 1 Asreceived |
P | |
2 200 : !
5"—’ ! 40 mm !
I 1
100 i Target |
Ir L 1 : 1
0 20 40 60

Longitudinal distance from centre/mm
Fig. 6 Hot hat-shaped bent sheet using bypass resistance
heating (a) and distribution of hardness in sheet (b)

remarkably reduced by large punching load, and worn
tools bring about the deterioration in dimensional
accuracy of the punched hole and in the quality of the
sheared edge. In addition, the punching of the
die-quenched parts has a risk of delayed fracture induced
by tensile residual stress. Although the laser cutting is
generally employed for the die-quenched parts, the
productivity is low and the production cost is high,
particularly for many small holes in automobile body
panels.

The die-quenched steel sheets having high strength
are heated to decrease the flow stress of the sheets just
before the punching [12]. Since deformation in the
punching is limited to the circular shearing zone of the
hole, only this zone is heated by passing electric current
as shown in Fig. 7. In Fig. 7(a), the current is passed
between the electrode pins in the sheet holder and the
knockout electrode not in contact of the punch and die
with the sheet, and the circular shearing zone of the hole
is uniformly heated [13]. This heating approach is
employed for the punching of comparatively large holes
and trimming. The heating of the punch and die is
prevented by no contact with the sheet during the heating,
and the sheet is punched just after finishing the heating.

Although many small holes for passing bolts and
rivets are required for the automobile body panels, the
knockout electrode does not have enough space for
passing electric current for the small holes. Therefore, a

pair of rectangular electrodes is placed to heat the hole
region in the sheet locally as shown in Fig. 7(b) [14]. For
the small holes, the heating energy is small even for the
heating of the hole region, and the structure of the
electrodes becomes simple. In the heating using the pair
of rectangular electrodes, however, the current expands
in the sheet, and thus the temperature in the sheet
becomes non-uniform. Electrical conditions are
controlled to obtain the uniform temperature in the
circular shearing zone of the hole.
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Fig. 7 Local resistance heating of hole region for punching:
(a) Large hole and trimming; (b) Small hole

The effect of the current on the temperature
distribution around the shearing zone measured after
0.3 s from the end of resistance heating by an infrared
thermography is given in Fig. 8. For the current 1=4.1 kA,
the temperature is concentrically distributed, namely, the
temperature in the circular shearing zone becomes
uniform. By controlling the electrical conditions, the
uniform temperature in the shearing zone can be
obtained with the pair of rectangular electrodes, even if
the electrode pins located along the shearing zone shown
in Fig. 7(a) are not used. The pair of rectangular
electrodes is a much simpler structure than the electrode
pins and knockout. In addition, the expansion of current
is prevented by the minimum distance between the
electrodes.

.,\Elcclrodcs \ ,Shearing zone
/

Fig. 8 Distribution of temperature around shearing zone
measured after 0.3 s from end of resistance heating by infrared
thermography (Unit: °C): (a) I=4.1 kA; (b) I=10 kA

The relationship between the punching load and the
heating temperature in the shearing zone is shown in Fig.
9. As the heating temperature increases, the punching
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Fig. 9 Relationship between punching load and heating
temperature in shearing zone

load decreases due to the decrease in flow stress. The
punching load for T=500 °C is about 1/3 for the cold
punching.

Since punched die-quenched parts have the risk of
delayed fracture, this risk is removed by heating the
shearing zone, namely, the tensile residual stress and
hardness in the sheared edge are decreased and the
surface quality is improved. The relationship between the
delayed fracture time and the heating temperature in the
shearing zone is given in Fig. 10, where the delayed
fracture time is the time from the soak of the sheet in the
acid to the visual observation of fracture. Above 500 °C,
no fractures were observed up to 1450 min. It was found
that the resistance heating is effective in not only the
reduction in punching load and the improvement of
surface quality of the sheared edge but also the
prevention of the delayed fracture.
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Fig. 10 Relationship between delayed fracture time and heating

temperature in shearing zone

6 Hot spline forming of gear drum

Gear drums used in automobile transmission are
mainly produced by bulk forming from plates instead of

conventional forging from billets. A plate is drawn into a
cup, and then the side wall of the cup is formed into a
gear shape by ironing as shown in Fig. 11. The forging
from billets is inappropriate to the production of parts
having small thickness such as gear drums due to large
change in shape, and thus the application of bulk
formimg from plates having thicker thickness than sheets
gradually increases.

Cup Drum
2nd stage

Fig. 11 Gear drum formed by ironing of side wall of cup

Although gear drums are made of mild steel sheets
having high formability, it is desirable to produce the
gear drums from the high strength steel sheets owing to
the reduction in the weight of automobiles. However, the
spline forming of high strength steel cups having low
formability is difficult due to severe deformation, in
particular ultra-high strength steel cups.

To improve the formability in the spline forming of
ultra-high strength steel gear drums, the side wall of a
cup formed into a gear shape is heated by the resistance
heating (see Fig. 12) [15]. The corner and edge of the
side wall are in contact with the upper and lower
electrodes, respectively. When the thickness of the side
wall is kept uniform by applying ironing in the deep
drawing of the cup, the side wall is uniformly heated by
the electrification, namely, the cross-sectional area of the
side wall is uniform in the current direction. In addition,
no heating of the bottom of the cup has the function of
preventing the rapture in the bottom during the spline
forming. The applicable range of the resistance heating is
extended to the spline forming.

I Electrode I

Cup

Fig. 12 Resistance heating of side wall in hot spline forming of
gear drum

The hot spline forming of a die-quenched gear drum
using the resistance heating is shown in Fig. 13. The side
wall of the resistance-heated drawn cup is ironed and
then die-quenched. Since the resistance heating is very
rapid, the cup is hardly oxidized.
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Fig. 13 Hot spline forming of die-quenched gear drum using

resistance heating: (a) Heating at 900 °C; (b) Die quenching;
(c) Formed drum

7 V-shaped hot forming using sealed air

The hot stamping is employed for forming not only
steel sheets but also steel tubes. Since oil and water are
conventionally used as pressure media in hydroforming
of tubes, the heating temperature is limited. To increase
the forming temperature, air is employed as pressure
media [16]. Although the hot tube forming using air is
similar to the hydroforming, the limitation of the heating
temperature is removed.

V-shaped hollow axle beams used for suspensions
of automobiles are conventionally formed by the cold
hydroforming of tubes, and then the formed beams are
quenched to increase the strength. The axle beam is
produced by a hot tube forming process using sealed air
shown in Fig. 14. The formability is improved by the

Electrode
Tube
NN DNNN N AN NN
Alir pressure
Vo | Il N
e

(a)

Punch

(b)
Fig. 14 V-shaped hot forming using sealed air: (a) Resistance
heating; (b) Forming and die quenching

heating, and the additional heat treatment is eliminated
by the die quenching.

The steel tube having sealed air is resistance-heated,
then the middle of the tube is formed with a punch and
die into a V shape, and finally is die-quenched by
holding of tools. The produced V-shaped hollow axle
beam is shown in Fig. 15. Although the tube fractures for
the cold forming, the tube is successfully formed by the
hot forming, and the dimensional accuracy is improved
because of no springback.

Fracture

(b)
Fig. 15 V-shaped cold and hot-formed tubes using resistance

heating: (a) Cold forming; (b) Hot forming

8 One shot hot stamping consisting of
resistance heating, forming, shearing and
die quenching

To decrease the production cost, net-shape forming
processes without cutting are desirable in industry.
Forging from comparatively thicker sheets or plates
increasingly becomes common. In plate forging, thinning
and thickening of sheets are performed to form
complicated cross-sectional shapes, and thus mild steel
and aluminium alloy sheets having low flow stress are
generally employed. Because parts requiring high
strength are heat-treated after the forming, the production
cost becomes large.

The application of the present hot stamping process
is limited to large body-in-white parts. This process is
not appropriate for comparatively small parts, because
the drop in temperature for these parts after the ejection
from the furnace is very large.

A one shot hot stamping process of ultra-high
strength steel parts consisting of rapid resistance heating,
forming, shearing and die quenching was developed to
produce comparatively small high strength steel parts
(see Fig. 16). A rectangular sheet was resistance-heated
to obtain a uniform distribution of temperature, and just
after the end of heating, a sequence of forming, shearing
and die quenching was performed by one shot to prevent
the drop in temperature.
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Fig. 16 One shot hot stamping process of ultra-high strength steel parts consisting of rapid resistance heating, forming, shearing and

die quenching: (a) Resistance heating; (b) Setting; (c) Bending; (d) Shearing; (e) Die quenching; (f) End

An ultra-high strength stainless steel part was
produced by the one shot hot stamping operation
consisting of the heating, bending, shearing and die
quenching (see Fig. 17). No springback of the produced
part was observed by the holding at the bottom dead centre
of the press. The Vickers hardness of the part was HV 580.

(a)

(b)

Fig. 17 Ultra-high strength stainless steel part produced by one
shot hot stamping: (a) Front; (b) Side

9 Conclusions

Although the hot stamping processes are attractive

as a key technique for the reduction in weight of
automobiles, this technique is not still established. The
improvement of productivity and the low cost of the
equipment and stamping sheets are requisite for
increasing the use of hot stamping. It is desirable to
extend to the applicable range of hot stamping. The
heating of sheet metals having high strength and low
ductility at room temperature facilitates the stamping
operation, e.g. hot stamping of titanium alloy sheets is
remarkable, because of the increase in production of
airplane titanium alloy parts.

References

[1]  MORI K, AKITA K, ABE Y. Springback behaviour in bending of
ultra-high-strength steel sheets using CNC servo press [J].
International Journal of Machine Tools & Manufacture, 2007, 47:
321-325.

[2] MORIK, ABE Y, SUZUI Y. Improvement of stretch flangeability of
ultra high strength steel sheet by smoothing of sheared edge [J].
Journal of Materials Processing Technology, 2010, 210: 653—659.

[3] MORI K, ABE Y, IKEDA Y. Improvement of formability for
expansion of punched hole of ultra-high strength steel sheets by
smoothing of sheared edge [J]. Steel Research International,
2011(Special Edition): 604—609.



(4]

(6]

(10]

Ken-ichiro MORI/Trans. Nonferrous Met. Soc. China 22(2012) s496—s503

KARBASIAN H, TEKKAYA AE. A review on hot stamping. Journal
of Materials Processing Technology, 2010, 210: 2103—2118.

MORI K, ITO D. Prevention of oxidation in hot stamping of
quenchable steel sheet by oxidation preventive oil [J]. CIRP
Annals-Manufacturing Technology, 2009, 58: 267-270.

MORI K, MAKI S, YTANAKA Y. Warm and hot stamping of ultra
high tensile strength steel sheets using resistance heating [J]. CIRP
Annals-Manufacturing Technology, 2005, 54: 209-212.

MORI K. Warm and hot stamping of ultra high strength steel sheets
using rapid resistance heating [C]/VOLLERTSEN F, YUAN S.
Proceedings of the 2nd International Conferences on New Forming
Technology. Bremen: BIAS Verlag, 2007: 15-29.

MORI K. Stamping of high strength steel sheets [J]. Steel Research
International (Special Edition), 2008, 79: 1-8.

OSAKADA K, MORI K, ALTAN T, GROCHE P. Mechanical servo
press technology for metal forming [J]. CIRP Annals-Manufacturing
Technology, 2011, 60: 651-672.

MORI K, MAENO T, MONGKOLKAIJI K. Tailored die quenching
of steel parts having strength distribution using bypass resistance
heating in hot stamping [J]. Journal of Materials Processing
Technology, 2012, 213(3): 508—514.

[11]

[12]

[13]

[14]

[15]

[16]

s503

MORI K, OKUDA Y. Tailor die quenching in hot stamping for
producing ultra-high strength steel formed parts having strength
distribution [J]. CIRP Annals- Manufacturing Technology, 2010, 59:
291-294.

MORI K, SAITO S, MAKI S. Warm and hot punching of ultra high
strength steel sheet [J]. CIRP Annals-Manufacturing Technology,
2008, 57: 321-324.

MORI K, MAENO T, FUZISAKA S. Punching of ultra-high strength
steel sheets using local resistance heating of shearing zone [J].
Journal of Materials Processing Technology, 2012, 212: 534-540.
MORI K, MAENO T, MARUO Y. Punching of small hole of
die-quenched steel sheets using local resistance heating [J]. CIRP
Annals-Manufacturing Technology, 2012, 61(1): 255-258.

MORI K, MAENO T, FUKUI Y. Spline forming of ultra-high
strength gear drum using resistance heating of side wall of cup [J].
CIRP Annals-Manufacturing Technology, 2011, 60: 299-302.
MAENO T, MORI K, UNOU C. Influence of initial wall thickness of
tube on formability in hot gas bulging of aluminium alloy tube using
pressure of sealed air and resistance heating [J]. Steel Research
International, 2011(Special Edition): 475—480.

AL S 5 E N EH IR ERA

Ken-ichiro MORI

Department of Mechanical Engineering, Toyhashi University of Technology, Toyohashi 441-8580, Japan

OZE: RIS IR, JER T R s AR R I A A R R . R PR L BN, % R
FOAR T (¥ 26 EE PR I ) e 46 AT B . AL SRS N AR B 5 42 T 2R I LA AR] ik vt v FIs P AR s T A4
T B A SR 55 e r BN B DI, % 7 BA AN RIS BE A B 221 o Ryl F BEL DN VA 43 B DT IX AR AR 1
PN, TASTARE L V4 A S LG e R B AR ) B V) B S o SRl X AR BEREAT PRI, R P Rk B e R AR ) 5
TR AN AR . RN, B A B B e TR T A . — O O T2 AR R B A
TE BYPIRIBE R HIAERRE, 1% L 2TE T A BN i AR A

KHEIA: MOIR; E SR, SRV BUPIRIA O TR A — R

(Edited by HE Yun-bin)



