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Abstract The springback-free mechanism in hot stamping of
ultra-high-strength steel parts was clarified by the mechanical,
thermal and transformation viewpoints. In hot stamping, the
effects of elastic recovery during unloading and thermal
shrinkage on the springback are comparatively small, but the
effect of the phase transformation is critical. Volume expan-
sion occurs primarily upon the start of the martensitic trans-
formation, and plastic deformation is induced by the volume
expansion during holding at the bottom dead centre, causing
the springback including the post-stamping deformation to
disappear. It was observed from well-organised experiments
that holding at the bottom dead centre until the martensite
finish temperature prevents the springback, and the
springback-free mechanism in hot stamping of ultra-high-
strength steel parts was clarified from the observation. The
springback behaviour in hot stamping of a thin steel sheet with
0.6 mm thickness was explained from the above mechanism,
and the deformation behaviour and quenchability for the thin
sheet were examined. A sufficient holding time at the bottom
dead centre was more closely associated with the prevention
of springback rather than sufficient hardening. Additionally,
local thinning around the bottom corner of a bent thin sheet
was prevented by optimising the transfer time from the
furnace.
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1 Introduction

For weight reduction and crash safety improvement of auto-
mobiles, ultra-high-strength steel sheets with a tensile stress
above 1 GPa are beneficial. Cold stamping of these sheets
becomes difficult because of the large amount of springback,
a high level of tool damage and a narrow range of formability.
To address these problems, cold stamping processes are fre-
quently replaced with hot stamping processes of quenchable
steel sheets. Ultra-high-strength steel parts with approximately
1.5 GPa in tensile strength can be produced under a small
stamping load [1]. The hot-stamped parts are hardened by
the martensitic transformation during die quenching.
Moreover, the springback of the stamped parts is almost neg-
ligible, and thus the shape accuracy of the stamped parts be-
comes high. Even if the ductility of ultra-high-strength steel
sheets at room temperature is increased by the development of
new steel, a considerably large springback is caused by high
forming load for cold stamping, and thus hot stamping would
remain advantageous because of the springback-free charac-
teristic [2].

The hot stamping processes have the superior advantages
ofnot only high strength of 1.5 GPa but also small springback.
In cold stamping, the springback is caused by the elastic re-
covery of the formed parts during unloading, while
springback behaviour for hot stamping is more complicated
than that for cold stamping because of thermal effects. In hot
stamping, the flow stress and elastic modulus of the sheets are
small due to the high temperature. The residual stress is de-
creased by the high temperatures during die quenching, and
thermal shrinkage and expansion during the phase
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Fig. 1 Conditions of hot hat-shaped bending

transformation from austenite to martensite occur. Mori et al.
[3] examined the effect of heating temperature on the
springback in warm and hot stamping of various steel sheets
and indicated that springback disappeared above 700 °C.
Yanagimoto and Oyamada [4] measured the springback in
V-shaped and hat-shaped bending of steel sheets for different
forming temperatures. Yanagimoto and Oyamada [5] ex-
plained that the springback-free phenomenon results from
high-temperature transient creep deformation. However, the
expansion caused by the martensitic transformation during
hot stamping was not considered. Kusumi et al. [6] investigat-
ed the effect of the martensitic transformation on springback
behaviour and concluded that the residual stress induced by
hot stamping is reduced by the martensitic transformation.
Senuma et al. [7] indicated that springback disappears by
holding for several seconds at the bottom dead centre of a
press for die quenching. However, the springback-free mech-
anism in hot stamping has been not clarified yet.

The finite element method was applied to simulate the
springback behaviour in hot stamping processes. Xing et al.
[8] calculated the effects of the blankholder force, the clear-
ance between a punch and die and the corner radius of the die
on the springback in hat-shaped bending. Lee et al. [9] com-
pared the amounts of springback calculated by finite element
simulations with and without the transformation plasticity.
Bao etal. [10] investigated the effect of the difference between
the internal and external cooling rates caused by contact with
dies during die quenching on the springback. Bok et al. [11]
calculated the springback in hot stamping of tailor-welded

Table 1  Conditions for hot hat-shaped bending experiment
Thickness of sheet (7) 0.6, 1.0, 1.6 mm
Length of sheet 180 mm

Width of sheet 90 mm

Transfer time (7}) 7-20's

Forming speed 85 mm/s
Holding time at bottom dead centre (73,) 0-10s
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Fig. 2 Conditions for the tensile test of the heated specimen

blanks. The accuracy of the calculated results by the simula-
tion of hot stamping still is not high, because it is not easy to
measure the material constants such as the flow stress, the
coefficient of friction and the heat transfer coefficient and
the constants used for prediction of phase transformation, etc.

Although the thickness of steel sheets used for hot
stamping is generally between 1.0 and 2.2 mm, it is desirable
to manufacture thinner hot-stamped parts to enable automo-
bile weight reduction. Since thin sheets tend to cool rapidly
during transfer from the furnace to the dies, deformation and
quenching behaviours in hot stamping are different from those
of the thicker conventional sheets. Lee et al. [12] investigated
the formability in hot deep drawing of a 0.6-mm thick sheet.
Georgiadis et al. [13] simulated a temperature distribution
during hot stamping of a 0.5-mm thick sheet by the finite
element method. Nakagawa et al. [14] indicated that a thin
22 MnB5 sheet with a thickness of 0.6 mm is roughly
quenched even by natural air cooling, resulting in a hardness
of 380 HV1. Die quenching in hot stamping of thin sheets is
relatively easy to achieve. Georgiadis et al. [15] evaluated the
influence of sheet thickness on the forming limits under both
isothermal and non-isothermal conditions. Naturally, the
springback behaviour of the thin sheet is influenced by the
rapid temperature drop.

In the present study, the springback-free mechanism in hot
stamping of ultra-high-strength steel parts was clarified by the
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Fig. 3 Relationship between tensile strength and sheet temperature just
before tensile test for 7 = 0.6 mm
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Fig.5 Effect of holding time at the bottom dead centre on the springback
angle and Vickers hardness around the bottom corner of the bent sheet

mechanical, thermal and transformation viewpoints. In addi-
tion, the deformation behaviour including springback and the
quenching behaviour in hot stamping of a thin sheet with
0.6 mm thickness were examined.

(a) Holding (b) Just after release (c) Room temperature
Fig. 6 Shape variation of the bent sheet after hot stamping for 7, =3 s
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Fig. 7 Relationship between the springback angle just after die release
and the holding time at the bottom dead centre
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Fig. 8 Temperature distribution in bent sheet just after die release for
T=900°C

2 Hot bending procedure
2.1 Hot hat-shaped bending
To examine the deformation and quenching behaviours of a

steel sheet during hot stamping, a hot hat-shaped bending
experiment was performed, as shown in Fig. 1. The sheets
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Fig. 9 Temperature distribution in the bent sheet just after die release for

T=600°C
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Fig. 10 Effects of thermal shrinkage and temperature distribution on
springback

were heated to 7= 900 °C and held for 120 s in an electrical
furnace to generate the intermetallic layer for protecting oxi-
dation at high temperatures on the surface sufficiently. The
heated sheets were manually transferred from the furnace to
the die with a steel tong and later hot-stamped into the hat
shape. Although the sheet bent elastically during the transfer,
the sheet returned to a flat shape after positioning on the die.
The temperature distribution in the sheet was measured using
an infrared thermograph. A mechanical servo press with a
maximum load of 1500 kN was used in this experiment.

Aluminium-coated quenchable 22 MnBS5 steel sheets (C
0.23; Mn 1.22; Si 0.27; and B 0.0032 mass%) with thick-
nesses of 1= 0.6, 1.0 and 1.6 mm were used in this experiment.
The conditions for the hot hat-shaped bending experiment are
given in Table 1. The transfer time from the furnace to the die
was between 7t =7 and 20 s. The forming speed was 85 mm/s,
and the holding time at the bottom dead centre for die
quenching was between 7;, = 0 and 10 s. Since the sheet was
in loose contact with the blankholder and the die due to the
thicker spacers than the sheet shown in Fig. 1c, the tempera-
ture drop of the flange during forming was comparatively
small.

2.2 Tensile strength

To examine the effect of temperature on deformation behav-
iours, the tensile strength at various temperatures was mea-
sured by a tensile test, as shown in Fig. 2. The tensile strength
was measured to evaluate the deformation behaviour of the
heated sheet. A universal testing instrument with a maximum
load of 250 kN was used in the tensile test. The testing zone of
the tensile specimen between the two electrodes was

Fig. 11 Microstructures around
the bottom corner of the bent
sheet
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Fig. 12 Temperature variation around the bottom corner after die release

resistance-heated to 900 °C for 30 s and was then stretched
at 500 mm/min after attaining the desired temperature under
natural air cooling. Merklein et al. [16] developed a tensile test
using resistance heating and compressed air cooling for mea-
suring the flow stress of a steel sheet used for hot stamping.
For a 90-mm testing zone, the central region of approximately
70 mm had a uniform temperature distribution just before the
tension was applied, and the central region of approximately
50 mm underwent uniform deformation until the maximum
load was applied. Since it was not easy to measure the dis-
placement of the central region of approximately 50 mm at
high temperatures, only the tensile strength was obtained to
express the temperature sensitivity of flow stress.

The relationship between the tensile strength and the sheet
temperature just before the tensile test for #= 0.6 mm is shown
in Fig. 3. As the temperature of the sheet increases, the tensile
strength decreases. The stress just before unloading in hot
stamping is small, and consequently the residual stress after
unloading is also small.

3 Springback-free mechanism in hot stamping
3.1 Factors affecting springback

The factors affecting springback behaviour in cold and hot
stamping operations are illustrated in Fig. 4. In cold stamping,
the springback is caused by the elastic recovery of the sheets
during unloading. In cold stamping, the amount of springback
is increased by a high flow stress but decreased by a high
Young’s modulus. These tendencies for the hot stamping are
reversed. In addition, the die quenching operation affects the
springback behaviour, i.e. the thermal shrinkage is affected by
a drop and distribution of temperature, and the expansion is
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Fig. 13 Relationship between the springback angle after water
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caused by the martensitic transformation. Moreover, transfor-
mation plasticity and other factors play a role.

To investigate the springback-free mechanism in hot
stamping of quenchable sheets, the martensitic transformation
and the temperature and hardness distributions were examined
during hot hat-shaped bending. This study used a sheet with
t = 1.6 mm thickness, a common thickness used in hot
stamping, and the transfer time from the furnace to the die
was fixed at 7y = 7 s. The parameter which varied in this
experiment was the holding time at the bottom dead centre
for die quenching.

3.2 Effects of elastic recovery

The effect of the holding time at the bottom dead centre on the
springback angle and the Vickers hardness around the bottom
corner of the bent sheet is shown in Fig. 5. All the bent sheets
were naturally air-cooled in the air after die release. Above
Ty, = 7 s, the springback is almost zero and the hardness is
approximately 450 HV1 due to the martensitic transformation.
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Fig. 14 Springback-free mechanism in hot stamping
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Fig. 15 Relationship between the Vickers hardness of naturally air-
cooled sheet without forming and the sheet thickness and microstructures

For T}, = 0 s without holding, the springback is comparatively
small and the hardness is considerably lower. The springback
angle for cold stamping was between 8° and 10°. In contrast,
for T, = 3 s, the springback and its variation are large, and the
martensitic transformation partially occurs, indicated by the
400 HV1 hardness value. Around 7, = 3 s, a phenomenon
occurs which increases the springback.

The shape variation of the bent sheet after hot stamping for
Ty, = 3 s is shown in Fig. 6. The springback just after die
release is considerably small, but becomes large during natural
air-cooling.

The relationship between the springback angle just after die
release and the holding time at the bottom dead centre is
shown in Fig. 7. The springback angle just after die release
is small for all holding times, i.e. the effect of elastic recovery
during unloading on the springback for hot stamping is small.
The large springback for 7}, = 3 s shown in Fig. 5 which
occurred after die release.

3.3 Effects of thermal shrinkage and temperature
distribution

The temperature distribution in the bent sheet just after die
release is shown in Fig. 8. The bent sheet for 73, = 10 s was
cooled considerably, while the temperature for 7;, = 0 s with-
out holding remained high. In addition, the temperature

Springback angle [°]

0 2 4 6 8 10
Holding time at bottom dead centre T}, [s]

Fig. 16 Relationship between the springback angle of bent sheet and the
holding time at the bottom dead centre for 7, =7 s
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Fig.17 Relationships between the Vickers hardness and the holding time
at the bottom dead centre and between the temperature of the bent sheet
around the bottom corner just after die release and the holding time for
t=06mmand 7;=7s

distribution became non-uniform because the sidewall was in
loose contact with the dies.

To examine the effects of thermal shrinkage and tempera-
ture distribution on the springback after die release, the sheet
was heated to 7= 600 °C, transferred from the furnace to the
die, bent with the dies, die-quenched for 7;, = 1 s and naturally
air-cooled. Heating to 7'= 600 °C means that no martensitic
transformation occurs because of no austenitic transformation.
The temperature distribution in the bent sheet just after die
release is shown in Fig. 9. For T'= 600 °C and T}, = 1 s, the
temperature distribution was similar to that for 7= 900 °C and
Ty, = 3 s, shown in Fig. 8. The operation for 7' = 600 °C is
warm forming without the transformation and that for
T =900 °C is hot forming with the transformation.

The effects of the thermal shrinkage and temperature dis-
tribution on the springback are shown in Fig. 10. Since the
springback for 7= 600 °C without the transformation is small,
the effects of the thermal shrinkage and the temperature dis-
tribution are small. On the other hand, the springback for
T'=900 °C with the transformation is large, and thus the effect
of the martensitic transformation is crucial.

3.4 Effect of martensitic transformation

The microstructures around the bottom corner of the bent
sheet are shown in Fig. 11. The microstructure for 7;, = 0 s
without holding is ferrite due to the low cooling rate, whereas
partial and full martensitic transformations occur for 7}, = 3
and 10 s, respectively.
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Fig. 18 Temperature distribution in the bent sheet just after die release
for;=7sand 7;,=0 s
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The temperature variation around the bottom corner after
die release is shown in Fig. 12. For 7}, = 0 and 3 s, the tem-
perature increases just after die release. These increases are
due to the latent heats of the ferrite transformation for
Ty, = 0 s and the partial martensite transformation for
T, =3 s. For T}, = 0 and 3 s, the phase transformation occurred
after die release.

To examine the effect of the martensitic transformation on
the springback, all bent sheets were transformed into martens-
ite by water quenching without holding just after die release.
The relationship between the springback angle after water
quenching and the holding time at the bottom dead centre is
shown in Fig. 13. For all bent sheets, the hardness is above
420 HV1, indicating the martensitic transformation occurred.
In comparison with Fig. 5, the springback is large below
Ty, = 5 s, indicating the springback is increased by the mar-
tensitic transformation without holding.

3.5 Springback-free mechanism

From the results of Figs. 7, 10 and 13, the springback-free
mechanism in hot stamping of ultra-high-strength steel parts
is explained as shown in Fig. 14, where M, and M; are the
martensite start and finish temperatures, respectively. In hot
stamping, the transformation from austenite to martensite oc-
curs during cooling just after forming, and the volume of the
sheet is changed by the transformation. When the martensitic
transformation starts at M during cooling, the volume of the
sheet sharply increases just after this temperature [17], and

Blankholder Temperature

drop: large
1
Temperature :
drop: small i
I
Die ! !
(a) Thick sheet (b) Thin sheet

Fig. 20 Mechanism of local thinning for thin sheet
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transformation plasticity often occurs [18]. When die release
occurs between M > temperature > My, the springback is
caused by this expansion without holding at the bottom dead
centre, i.e. there is no constraint for the expansion.
Conversely, plastic deformation is induced by constraining
the expansion under holding until M; before release, causing
the springback to disappear. For 7}, = 3 s in Fig. 5, the mar-
tensitic transformation occurred without holding, and thus the
springback and its variability increased. It was found that the
springback including the post-stamping deformation can be
prevented by holding at the bottom dead centre up to the
martensite finish temperature. Sufficient holding at the bottom
dead centre is required for both hardening and springback
prevention.

4 Deformation and quenching behaviours for thin
sheet

To enable weight reduction for body-in-white parts, the thick-
ness of quenchable steel sheets used for hot stamping tends to
decrease. The temperature drop of the heated sheet after re-
moving from the furnace becomes larger with decreasing
thickness [14]. The relationships between the Vickers hard-
ness of a naturally air-cooled sheet without forming and the
sheet thickness and microstructures are presented in Fig. 15.
The ferrite transformation occurred for 1 = 1.0 and 1.6 mm,
whereas the martensitic transformation partially occurred for
t= 0.6 mm due to the high cooling rate, indicated by a Vickers
hardness of 380 HV 1. In the thin sheet, the springback behav-
iour is different from that of the conventional thickness
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Distance from centre x [mm]

Fig. 22 Thickness reduction distribution in the bent sheet for # = 0.6 mm
and T, =5's
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Fig. 23 Effect of the transfer time from the furnace on the springback
angle and Vickers hardness in the sidewall for 7= 0.6 mm and 7;,=5 s

because the effect of the martensitic transformation on the
springback is large.

The relationship between the springback angle of the bent
sheet and the holding time at the bottom dead centre for
T, = 7 s is shown in Fig. 16. For holding times below
Ty, = 5 s, the springback angle and its variation are large.

The relationships between the Vickers hardness around the
bottom corner and the holding time at the bottom dead centre
and between the temperature of the bent sheet around the
bottom corner just after die release and the holding time for
t=0.6 mm and 7; = 7 s are shown in Fig. 17. Because the thin
sheet is rapidly cooled after die release, the hardness achieved
without holding is sufficient, but the springback and its vari-
ation are large, as shown in Fig. 16. These results are due to
the martensitic transformation without holding after the die
release, as explained in “Sect. 3.5”.

5 Prevention of local thinning for thin sheet
5.1 Local thinning of thin sheet

The temperature distribution in the bent sheet just after die
release for 7; = 7 s and T}, = 0 s is shown in Fig. 18. Since
the temperature drop caused by contact with the tools during
forming is large for ¢ = 0.6 mm, the temperature distribution
tends to become non-uniform.

The distribution of thickness reduction in the bent sheet for
T, =7 s and T}, = 5 s is shown in Fig. 19. The thickness is
reduced by drawing around the bottom corner, and the reduc-
tion for £ = 0.6 mm is fairly large. Mori et al. [19] showed that
the reduction in thickness for draw-type tools is larger than
that for form-type tools.

The large thickness reduction around the bottom corner for
t = 0.6 mm results from the non-uniform temperature distri-
bution in the sheet during forming. For the thin sheet, the
temperature drops during forming largely due to the contact
with the dies, as shown in Fig. 20. As explained by Maeno
et al. [20], the temperature in portions not in contact with the
dies is high, and the deformation concentrates in those por-
tions due to the low flow stress. The concentration of defor-
mation brings about local thinning. For a thin sheet, a marked
temperature distribution results (Fig. 18).
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5.2 Prevention of local thinning by transfer time
optimisation from the furnace

As the transfer time from the furnace increases, the tempera-
ture in the sheet decreases, and the tensile strength increases,
as shown in Fig. 21. This tensile strength was calculated using
the temperature from Fig. 3 and was extrapolated to 501 °C for
T; = 20 s. The change in the tensile strength decreases with
increasing transfer time, and the flow stress distribution in the
sheet becomes uniform. Local thinning is prevented by
optimising the transfer time.

The thickness reduction distribution in the bent sheet for
t=0.6 mm and 7}, =5 s is shown in Fig. 22. For transfer times
higher than 7} = 15 s, the distribution of thickness reduction
becomes uniform, and the thickness reduction around the bot-
tom corner decreases with increasing transfer time.

The effect of the transfer time from the furnace on the
springback angle and the Vickers hardness in the sidewall
for = 0.6 mm and 7}, = 5 s is shown in Fig. 23. The hardness
for transfer times below 7; = 15 s is above 450 HV1, but for
T;=20s the hardness is insufficient due to the low cooling rate
during the transfer. A transfer time of 7, = 15 s is optimum
because it results in no springback, sufficient hardness and a
small thickness reduction.

The temperature distribution in the bent sheet just after die
release without holding for # = 0.6 mm, 7, = 7 and 15 s is
shown in Fig. 24. Using this distribution, the distribution of
tensile strength was calculated from Fig. 3. As the transfer
time increases, the temperature decreases and the distribution
of tensile strength becomes uniform, thereby preventing local
thinning.

6 Conclusions

Hot stamping is an advantageous forming process for produc-
ing high-strength parts without springback. In cold stamping of
high-strength steel sheets, the springback is generated by elas-
tic recovery during unloading, while the cause of springback
for hot stamping is considerably different because of the addi-
tion of thermal phenomena, including post-stamping deforma-
tion. In hot stamping, the effects of elastic recovery and
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thermal shrinkage on the springback are comparatively small,
but the effect of the phase transformation is critical. The phase
transformation is associated with a volume change and latent
heat. Although thin sheets and water-quenched sheets attain
high strength after hot stamping, the springback is not negligi-
ble. A sufficient holding time at the bottom dead centre until
the martensite finish temperature of about 200 °C is required
for both hardening and springback prevention.

The deformation and quenching behaviours in hot
stamping of thin sheets are different from those of
conventional-thickness sheets. Although the quenchability is
improved by the high cooling rate, local thinning tends to
occur due to the non-uniform distribution of flow stress. The
optimisation of the transfer time from the furnace to the dies is
effective in preventing local thinning, e.g. 15 s for a thickness
of 0.6 mm. Although a short transfer time in hot stamping is
conventionally employed to prevent temperature drop, the op-
timisation of the transfer time may lead to other advantages,
such as the prevention of local thinning.
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