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Abstract: For non-quenchable dual-phase (DP) steel sheet, the warm forming process can effectively reduce the amount
of springback, and the mechanical parameters that influence its elastic and inelastic recovery to decrease exhibit a strong
temperature dependence, especially under cyclic loading conditions. In this paper, the monotonic and cyclic loading tests
of DP980 steel sheets are conducted at the temperatures ranging from 25 °C to 500 °C. The temperature-dependent flow
stress, nonlinear elastic recovery, and Bauschinger effect are investigated. The results demonstrate that both the elastic
modulus and Bauschinger effect show an exponential law with pre-strain, and decrease with the increase of forming
temperature, while there will be an abnormal phenomenon of rebound due to the influence of dynamic strain aging effect.
Meanwhile, a linear relationship between the Bauschinger effect and inelastic strain is observed at various temperatures,
and the weight of the Bauschinger effect in the total strain reduces with temperature increasing, which indicates that the
springback is dominated by linear elastic recovery. Furthermore, the U-draw bending tests are carried out to clarify the
influence of Vickers hardness distribution and martensite size effect on the springback behavior.

Key words: warm forming; dual-phase steel; springback behavior; nonlinear elastic recovery; Bauschinger effect
Cite this article as: LIN Qi-quan, WANG Zhen-zhu, DONG Wen-zheng, BU Gen, HUANG Jin-shan. Thermal-

mechanical and springback behavior of dual-phase steel at warm temperatures [J]. Journal of Central South University,
2022, 29(6): 1895-1905. DOL: https://doi.org/10.1007/s11771-022-5042-5.

consists of hard martensite (M) islands embedded in

1 Introduction

Energy-saving and lightweight are the eternal
themes in the automobile manufacturing industry.
For one thing, various new processes, such as plate
forging [1 — 2], have been developed to form a
complicated and functional part. For another, dual-
phase (DP) steel is widely used in the body-in-white
(BIW) components due to its good formability, high
strength, and considerable cost. Dual-phase steel

a soft ferrite phase (F), and its strength increases
with  the of martensite proportion.
However, it brings more challenges to the forming
process with the increasing strength of DP steel,
among which the significant springback is one of
the critical issues to be solved.

increase

Hot-stamping is the most popular forming
technology to obtain small or no springback parts at
present [3—4], but it is not suitable for forming DP
steel which does not have sufficient hardenability. It
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is worth to mention that warm forming can
effectively reduce the springback of non-quenchable
advanced high strength steels [5]. LEE et al [6]
proposed a local heating method by near-infrared
rays in V-bending and 2D-draw bending to reduce
the springback of DP980. At the same time, they
used the rate-independent Johnson-Cook model to
accurately predict the springback. This is one of the
few cases where the springback prediction is
extraordinarily accurate without considering the
nonlinear elasticity and Bauschinger effect. SAITO
et al [7] investigated the warm forming of 980 MPa
nano-precipitation strengthened steel. It was pointed
out that the main reason for springback reduction
during warm forming is the stress softening,
residual stress reduction, and unloading creep
caused by elevated temperature. OZTURK et al [§]
studied the springback behavior of DP600 at the
temperatures ranging from room temperature to
300 °C during isothermal forming. It was concluded
that heating and forming in the furnace will reduce
springback, but high temperature will reduce the
elongation and formability of dual-phase steel.
KAYHAN et al [9] found that the limit drawing
ratio of DP600 steel sheet increases with the
increase of temperature during non-isothermal
forming. MORI et al [10] used the resistance
heating method to study the formability of SPFC
980 steel sheet in the temperature range from room
temperature to 800 °C. The results showed that the
springback decreased obviously with the increase of
temperature, and the elongation and thinning rate
were also improved. Therefore, warming forming is
suitable for dual-phase steel to reduce the
springback. The temperature-dependent behavior of
dual-phase steel should be analyzed in depth to
minimize the springback and ensure its good
formability.

The present work aims to investigate the
temperature-dependent  evolution of nonlinear
elastic recovery and the Bauschinger effect and its
contribution to springback during warm forming.
The monotonic tensile tests, uniaxial loading-
unloading-reloading (ULUR) tests, and U-draw
different
temperatures. The temperature dependence of flow
stress, elastic modulus, Bauschinger effect loop
width,

bending tests are conducted at

and Bauschinger effect loop area are

observed and discussed. Furthermore, the
microstructure and the hardness of U-shape parts at
special position related to springback are also

examined.

2 Experimental methods

2.1 Mechanical tests

The isothermal uniaxial loading tests were
conducted at 25, 100, 200, 300, 400 and 500 °C in
the MTS 810 material test system equipped with a
high-temperature furnace. The DP980 steel sheet
had a thickness of 1.2 mm. The specimens as shown
in Figure 1(a) were prepared, along the rolling
direction. Each specimen was heated to the target
temperature and held for 10 min, and a constant
crosshead speed of 3 mm/min was adopted during
the test.

Figure 1 (a) Schematic of uniaxial loading tests and
ULUR tests; (b) Example of specimen for uniaxial
loading tests at elevated temperature (Unit: mm)

The isothermal ULUR tensile tests were
carried out using the same specimen as the
uniaxial loading tests, while the temperatures
ranging from 25 to 400 °C were used since the
elongation decreased significantly at 500 °C. During
the loading phase, the displacement-control method
was adopted to stretch the specimen to the target
pre-strain level. As for the unloading phase, the
force-control method was used to achieve the nearly
unloading [11]. To
experimental error caused by the unloading force of
the clamp, the force at the end of unloading phase
was set to 5 N. This

procedure to obtain the elastic modulus used for

complete reduce the

incomplete unloading

predicting springback has been reported by ZANG
etal [12].
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2.2 U-draw bending tests

U-draw bending tests along the rolling
direction were carried out under non-isothermal
conditions. The tools and process parameters are
shown in Figure 2. During the whole stamping
process, a blank sheet with a width of 20 mm and a
length of 120 mm, was heated to the target
temperature for no less than 10 min, and then
rapidly transferred to the mold in less than 7 s.
Subsequently, the punch contacted the blank sheet
and moved 35 mm. After unloading, the springback
behavior of U-shape parts could be observed.

To clarify the influence of the microstructure
on springback, the Vickers hardness and martensite
area fraction of the U-shape parts at various heating
temperatures were analyzed. The Vickers hardness
along the U-shape profile was measured at a
load of 3.0 N. The samples for microstructure
characterization were ground, polished, and then
etched with 4.0% nitric acid alcohol solution. The
martensite morphology was observed using a
scanning electron microscope (SEM).

3 Results and discussion

3.1 Thermal-mechanical behavior
3.1.1 Temperature dependence of stress—strain
response

To investigate the influencing mechanism of
elastic and inelastic recovery behavior on
springback during warm forming, the temperature-
dependent flow stress, elastic modulus, Bauschinger
effect, and hardness distribution are examined.

The springback angular is larger with a higher
stress level during unloading [13]. Figure 3(a)
shows that the flow stress and the yield stress
decrease significantly with the temperature
increasing from 25 °C to 500 °C. In particular, the
flow stress just fluctuates slightly with the
increasing temperature when the temperature is in
the range of 100-300 °C and the strain is lower than
0.03, while the flow stress curves intersect at the
strain of 0.03 and 0.07 respectively. In order to
clarify the small fluctuations and intersections of

120
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Figure 2 Schematic diagram of non-isothermal warm forming process: (a) Heating process; (b) Forming process (unit:

mm); (c) Unloading process
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flow stress, the flow stress curves in the temperature
range of 100 — 350 °C are analyzed in detail, as
shown in Figure 3(b).

According to Figure 3(b), the flow stress of
DP980 also shows an unusual rise-and-down
tendency as the temperature increases. When the
strain is below 0.03, the flow stress curves can be
sorted from the highest to the lowest stress as 7=
100, 350, 200, 300, 250 and 150 °C. The sequence
of the flow stress curve is shifted when the strain is
between 0.03 and 0.07, when 7=200, 300, 100, 350,
150 and 250 °C, respectively. As the strain is greater
than 0.07, the order of the flow stress curves
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changes again, as 7=300, 200, 350, 100, 150 and
250 °C, respectively. These results indicate that the
DP980 steel sheet has no obvious thermal-softening
behavior in the temperature range. In addition, it has
a significant temperature-dependent hardening rate
during the whole stage of plastic deformation. A
similar trend for DP590 steel sheet was also
reported by CAI et al [14]. It points out that these
abnormal behaviors are caused by the high bake
hardening properties of the dual-phase steel.

The true stress—strain response of ULUR tests
at elevated temperature is illustrated in Figure 4. It
shows that the stress—strain curves after cyclic re-
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Figure 4 True stress —strain response of ULUR
cycle test for DP980 at different temperatures:
(a) 7=25 °C; (b) T=100 °C; (c) 7=200 °C; (d) T=
300 °C; (e) 7=400 °C
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yield at 7=25 °C, 100 °C, 200 °C are almost the
same as the monotonic loading curves, while the
cyclic stress at large strain is slightly higher than the
monotonic stress after 7=300 °C, which indicates
that a slight cyclic hardening behavior is observed
in DP980 steel sheet as the temperature increases.
Furthermore, the elongation of the ULUR tests is
lower than that of the monotonic test, especially at
7=100 °C and 200 °C. This may be caused by the
cyclic fatigue and fracture effects of the DP980 steel
sheet, and these effects are more significant at
7=100 °C and 200 °C.
3.1.2 Temperature dependence of elastic modulus

To minimize the inevitable noise of the tensile
machine during the test, the initial elastic modulus
is obtained by using the linear regression method
via fitting the stress data from 50 MPa up to half of
the yield stress, as shown in Figure 5(a) [15]. From
Figure 5(a), the chord modulus £, is the secant to
the unloading and reloading curves, which is widely
used to predict springback since it can be easily
implemented in finite element through a simple
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and inelastic strain, respectively. The &, is
recoverable and energy-conserving, while the ¢, is
recoverable and energy-dissipating [16].

Figure 5(b) shows that the ratio of inelastic
strain to elastic strain increases with the increase of
each temperature. A significant
temperature-dependence of this ratio can be

observed. The ratio of ¢, /¢, at 7=200 °C is lower

than that at 7=25 °C, 100 °C and 300 °C. With the
inelastic strain at large pre-strain being only 10% of
the elastic strain, the value of ¢, /¢, is the lowest at

7=400 ° C, which suggests that the degree of
inelastic strain in the total strain recovery is
gradually weakened, and the elastic recovery is
mainly linear elasticity. Furthermore, the ratio of
&,,/€. at T=300 °C is higher than that at 7=200 °C,

pre-strain  at

which may result from the dynamic strain aging
effect having a significant influence on the inelastic
strain at these temperatures [17].

Figure 5(c) shows that the chord elastic
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modulus exhibits significant temperature-dependent.
The chord elastic modulus decreases as the pre-
strain or temperature increases. However, the
chord elastic modulus at 7=400 °C is slightly higher
than that at 7=300 °C, which may be caused by the
temperature-induced  texture The
variation of chord modulus with pre-strain exhibits
the same tendency as reported in Refs. [18 —19],
which is suitable for different materials.

Figure 5(d) shows the initial elastic modulus
decreases with the increase of temperature. As
demonstrated by YU [20], elastic modulus is a
strength index of the inter-grain binding force that

evolution.

the decrease of initial elastic modulus is mainly due
to the thermal softening of binding force among
grains. Besides, the deviation between the initial
elastic modulus £, and chord modulus E, is also
obtained. It can be found that the deviation value
just fluctuates within the range of 17.1% to 23.7%
when the temperature ranges from 25 °C to 300 °C.
However, the deviation of chord modulus is less
than 10% when the temperature rises to 400 °C. This
indicates that the temperature weakens the
nonlinearity of chord elastic modulus £, . From
the microscopic view, the wvariation of elastic

modulus is closely related to the microstructure
evolution, textural change, thermal softening, and
internal ~ stress  during cyclic  elastoplastic
deformation [20]. Especially, with the increase of
temperature, the climb and annihilation process of
dislocation will be enhanced. All these factors affect
the attenuation of chord modulus in varying degrees
various temperatures. It is difficult to
qualitatively analyze which factor is the most
prominent.
3.1.3 Temperature dependence of Bauschinger effect
Bauschinger effect refers to the stress softening
behavior of materials during reverse loading, and its
strength difference also reflects the extent of

at

nonlinear recovery. However, since it is difficult to
determine the yield stress under reverse loading,
many other methods for determining the
Bauschinger effect have been reported, such as
Bauschinger strain [21], Bauschinger stress [22],
and Bauschinger energy [23].

To clarify the influence of the evolution of
Bauschinger effect at elevated temperature on
springback, the Bauschinger effect loop width
(BELW) and Bauschinger effect loop area (BELA)
were examined. Figures 6(a) and (b) illustrate the
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Figure 6 Uniaxial loading-unloading-reloading (ULUR) tests at various temperatures: (a) Schematic diagram of BELW;
(b) Schematic diagram of BELA; (c) Relationship between BELW and the plastic strain; (d) Relationship between BELA

and the plastic strain
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characterization method of BELW and BELA [24].
The BELW is obtained by the strain difference at
half of the maximum intersect stress between the
unloading and reloading procedure. As for the
BELA, it is obtained directly by calculating the area
of the hysteresis loop, which represents the strain
energy dissipation.

From Figures 6(c) and (d), the BELW and
BELA exhibit strong thermal softening behavior,
and the relationship between BELW (or BELA) and
plastic strain shows an evolution law that grows
exponentially and eventually becomes saturated.

In addition, Figure 7 presents that the
relationship between BELW (or BELA) and
inelastic strain is linear. The slope of the BELW or
BELA represents the proportion of the Bauschinger
effect to nonlinear recovery. If the value of the slope
is equal to 1, it means that the Bauschinger effect
dominates the nonlinear recovery completely.

According to Figure 7(a), the maximum value
of the slope for BELW is only 0.62, which occurs
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Figure 7 Relationship between (a) BELW and inelastic
strain and (b) BELA and inelastic strain

at 7=200 °C. Based on the values of the slope for
BELW, the order is as follows: 200, 400, 25, 300
and 100 °C, while the deviation between the slope at
7=200 °C and 400 °C is very small. According to
Figure 7(b), the slope for BELA at 7=25 and 400 °C
is equal to 0.68. As a contrast, the minimum value
of the slope for BELA is only 0.31, which occurs at
T=100 °C. In conclusion, the Bauschinger effect on
the nonlinear recovery is weaker with a smaller
slope. Furthermore, both BELW and BELA can
reflect the Bauschinger effect, while BELA is
preferable.

3.2 Springback behavior
3.2.1 Effect of temperature on springback

The springback parameters 6,, 6, and p defined
in Figure 8(a) are determined. Under the condition
without springback, the angles 6, and 6,, should be
equal to 90°, and the sidewall curl radius p should
be infinite. Figures (b) and (¢) show the springback
decreases with the increasing heating temperature as
expected, which indicates that the elevated forming
temperature can significantly reduce the springback
angle of U-shape parts. However, there is no
significant reduction of springback when the
temperature exceeds 400 °C.

Figure 8(d) shows the measurement results of
three springback parameters. For the angle 6,, the
minimum springback angle of 97.78° occurs
at 400 °C. Compared with cold forming, the
springback angle is reduced by 9.78°. For the angle
0,, the springback occurs in the temperature range
from 25 °C to 300 °C, and the maximum springback
angle is only 8.2°. However, the slight “spring-go”
occurs after 300 °C [25]. As for the sidewall curl
radius p, which also increases with the increasing
temperature, its value reaches nearly 1000 mm as
the temperature exceeds 300 °C, and the sidewall
can be regarded as a straight wall under this
condition, suggesting that the sidewall curl
springback 1is greatly weakened at elevated
temperature. According to the above analysis, it
indicates that the bending angular springback can be
reduced by 8° to 10°, and the sidewall curl
springback can be eliminated via heating the sheet
to proper temperature for non-isothermal forming.
3.2.2 Effects of hardness and microstructure on

springback

The Vickers hardness along the U-shape profile
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shown in Figure 9(a) was measured at a load of
3.0 N. The relationship between Vickers hardness
and temperature at different positions are illustrated
in Figure 9(b). With the
temperature of the blank sheet, the overall Vickers

increasing heating

hardness firstly increases and then decreases. The
Vickers hardness at 7=200 °C, 300 °C and 400 °C is
greater than HV 300, which is only slightly lower
than that at 7=25 °C. This indicates that the DP980
steel sheet is suitable for warm forming since it can
maintain a relatively high strength after
deformation. The hardness of position-O without
deformation is almost the lowest among all the
The Vickers hardness at the other

positions which experience stretching, bending, and

positions.

reverse bending process is higher, especially at
positions-C and -D. These results indicate that
complicated loading or forming temperature can
affect the hardness significantly. The difference in
hardness of the U-shape parts is mainly due to the

carbon precipitation induced by plastic deformation
or tempering [26].

The different carbon contents also reflect the
martensite size effect. WANG et al [27] have
pointed out that the deformation of fine martensite
laths is more uniform compared to coarse martensite
lath. As shown in Figure 10, the microstructures at
position-C of the U-shape parts at different heating
temperatures are examined. It is shown that the
martensite size at 7=100 °C and 200 °C is coarser
than that at the other temperatures, and the
martensite size is finer with the increasing heating
temperature after 7=200 °C.

To examine the effect of microstructure
heterogeneity on the springback, the martensitic
area fraction at various temperatures is calculated
quantitatively and shown in Figure 9(c). It can be
found that the martensitic area fraction along the
section profile of U-shape parts varies significantly
different The deviations of

at temperatures.
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Figure 9 (a) Schematical diagram of sampling;
(b) Vickers hardness; (c) Martensite area fraction of sheet
metal before and after warming forming

martensitic area fraction are large in the temperature
range from 25 °C to 200 °C, which may be caused
by the coarse martensite laths. As a contrast, the
deviation of martensitic area fraction at 400 °C is
the minimum. It is worth to mention that the U-
shape part heated at 400 °C also has the smallest
springback angular and curl radius. Therefore, it

could be concluded that a suitable heating

temperature can improve the microstructure

uniformity and reduce the springback effectively.

4 Conclusions

In this paper, the principle of springback
reduction during warm forming of dual-phase steel
is clarified by revealing the temperature dependence
of relevant mechanical parameters. The research
findings can provide basis data for the finite element
prediction of springback in the warm forming
process. The main conclusions are as following:

1) The monotonic stress—strain response in the
temperature range from 100 °C to 350 °C has no
obvious thermal-softening effect, while a slight
dynamic strain aging effect exists, which also
affects the initial elastic modulus. Furthermore, the
flow stress at a warm temperature is lower than that
at room temperature.

2) As the heating temperature of the DP980
steel sheets increases and the plastic strain
accumulates, the weight of the nonlinear elastic
recovery in the total recovery decreases, and the
chord modulus is also reduced, indicating that the
springback is gradually dominated by linear elastic
recovery.

3) The Bauschinger effect of DP980 steel
sheets is weakened at elevated temperature, while
there is a slight rebound in the temperature
range from 100 °C to 300 °C. Furthermore, a linear
relationship between the Bauschinger effect and
inelastic strain is also observed.

4) The martensite size effect of dual-phase
steel and its uneven distributions are also one of the
key factors which lead to springback during warm
forming. The microstructure morphology can be
effectively homogenized by choosing a suitable
forming temperature, and the purpose of reducing
springback can be achieved.
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(d) 300 °C, (e) 400 °C, and (f) 500 °C after U-draw bending test (M: martensite; F: ferrite)
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