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Abstract: Multiple strengthening methods, such as high dislocation density, high twin density, small
grain size, and metastable austenite phase can give high strength to ultra-high strength steels (UHSSs).
However, the high strength of UHSSs often results in a greater tendency for springback when applied
in manufacturing vehicle components. In the present study, two types of UHSSs, dual-phase (DP) steel
and quenching and partitioning (QP) steel are investigated to study the springback behavior during
the bending process. Results indicated that both the strain heterogeneity and the transformation of
retained austenite impacted the springback behavior. The springback angle of the DP steel increased
with the increase in bending angle, which was caused by the increasing degree of strain heterogeneity.
However, the springback angle of the QP steel decreased to a 14.75◦ when QP specimens were strained
at a 104◦ bending angle due to the inhibiting effect of the phase transformation. This indicated that
there was preferential phase transformation in the thickness direction in the retained austenite of the
outer and inner zones. The phase transformation caused low strain heterogeneity, which resulted in a
lower tendency for springback. The results suggested that QP steel could possess lower springback
at a proper bending angle.

Keywords: quenching and partitioning steel; springback behavior; strain heterogeneity; metastable
austenite

1. Introduction

Recently, ultra-high strength steels (UHSSs) have attracted much attention from researchers
and automobile manufacturers because of their remarkable properties of high strength and ductility.
Compared to conventional steel, the higher strength of UHSSs ensures there is greater potential for
weight reduction [1–3]. Particularly, in order to accomplish a better balance of strength and ductility,
Speer et al. [4] proposed the quenching and partitioning (QP) process to obtain stabilized austenite in
a martensitic microstructure. As a result of the existence of transformation-induced plasticity (TRIP)
effect, the newly developed QP steel also possesses high strength and great ductility with few alloy
additions [5,6]. However, the high strength achieved by high strain hardening in UHSSs often results

Metals 2018, 8, 432; doi:10.3390/met8060432 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0003-3905-034X
http://www.mdpi.com/2075-4701/8/6/432?type=check_update&version=1
http://dx.doi.org/10.3390/met8060432
http://www.mdpi.com/journal/metals


Metals 2018, 8, 432 2 of 13

in a greater tendency for springback when applied in manufacturing vehicle components for the
automotive industry using stamping technologies [7].

For accurate springback prediction, several material models are modified based on material
properties, such as the Bauschinger effect [8], transient behavior [9], nonlinear elastic behavior [10],
and modulus change behavior [11]. Based on the material properties, Eggertsen and Mattiasson [12]
modified the yield functions and the hardening laws and concluded that the yield functions and the
hardening laws have a greater impact on the predicted springback. Yang et al. [13] also reported
that taking into account the change of Young’s modulus and obtaining a precise hardening function
facilitate the accuracy of springback prediction. Furthermore, Wang et al. [14] simulated the loading
process more accurately using a non-saturating kinematic Swift model and adopted inertia relief
as a new control approach in springback calculation for the unloading process. However, there are
still some problems in springback prediction of TRIP-assisted steel. Lee et al. [15,16] combined the
homogeneous anisotropic hardening model and quasi-plastic-elastic strain formulations to describe
the elasticity and plasticity behavior of DP steel and TRIP steel. The combined model characterizes
flow curves of DP steel and predicts the springback very well. However, springback prediction is not
good for TRIP steel, mainly due to its deformation-induced martensitic transformation-dependent
flow behavior. Hence, the transformation of metastable austenite is considered to be a crucial essential
in predicting the springback of TRIP-assisted UHSSs. The transformation of metastable austenite
may cause the springback prediction of TRIP-assisted UHSSs to become more difficult. However, less
attention has been focused on the relation between the transformation of metastable austenite and the
springback behavior of TRIP-assisted steel so far [17,18].

The aim of this paper is to investigate the springback behavior of quenching and partitioning steel
during the bending process. Moreover, the relationship between the springback behavior and the strain
heterogeneity was analyzed. Additionally, the impact of transformation of metastable austenite on
the springback was further investigated using dual-phase steel without transformation of metastable
austenite as a reference.

2. Experimental Procedure

The study focused on 1300-MPa-grade cold-rolled QP steel and 1200-MPa-grade DP steel.
The cold-rolled QP and dual phase (DP) steels, with a 1.2-mm thickness, were provided by Hansteel.
The compositions of QP and DP steel are listed in Table 1. The bending test samples were cut from the
QP and DP steel along the rolling direction with length and width of 66 mm and 20 mm, respectively,
in accordance with the VDA238-100 standard. Bending tests were conducted with a deformation rate
of 2 mm/min on a CMT 5105 universal testing machine (SANS Testing Machine Co., Shenzhen, China),
as displayed in Figure 1a–c. During the bending process, DP and QP specimens were bent to different
press depths. Pictures were taken when the specimen was under bending and after springback. Based
on the photos of specimens before and after springback, the springback angles of DP and QP steel were
calculated. Three specimens at every bending angle were calculated. The accuracy of measurement
was ensured based on the repeated specimens. Furthermore, the bending angles were calculated based
on Equations (1)–(4) [19].
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where R and L represent the roll radius and the distance of two rolls, respectively; S and a are the
stroke depth and the specimen thickness, respectively; α is the bending angle of the specimens; and g,
h, and i are the intermediate variables of the calculation process.
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Figure 1. Diagrams describing the bending process and locations of electron backscattered diffraction 
(EBSD) and transmission electron microscopy (TEM) specimens. (a) Schematic diagram of the 
bending process; (b) Schematic diagram describing locations of EBSD and TEM specimens. The 
yellow rectangles represent the outer zone, center zone, and inner zone in the thickness direction; (c) 
Diagram of the bending samples. 

Table 1. Main chemical compositions and mechanical properties of materials used in experiments. 
DP: dual phase, QP: quenching and partitioning. 

Sample 
C Mn Si P S Nb Fe Yield Strength Tensile Strength 

wt % MPa 
DP 0.15 1.83 0.25 0.01 0.001 0.028 Balance 961 1192 
QP 0.23 2.31 1.60 0.018 0.003 0.031 Balance 1209 1364 

Transmission electron microscopy (TEM, F20 FEI, Hillsboro, OR, USA) and electron 
backscattered diffraction (EBSD, Nordlys-II & Channel 5.0, Oxford, UK) were used to characterize 
the microstructure. TEM and EBSD specimens were cut from the bending specimens as shown in 
Figure 1b. After mechanical grinding, EBSD samples were polished and electro-polished at room 
temperature using a solution containing 95 vol % C2H5OH and 5 vol % HClO4. The TEM samples 
were mechanically ground to a thickness of 50 µm and then electro-polished with a twin-jet 
electropolisher (Struers TenuPol-5, Copenhagen, Denmark) at −20 °C using a solution containing 85 
vol % C2H5OH and 15 vol % HClO4. The retained austenite (RA) volume fraction of QP steel was 
measured using X-ray diffraction (XRD, STOE, Darmstadt, Germany) and calculated based on the 
integrated intensity of (200)α, and (211)α ferrite/martensite peaks and (200)γ, (220)γ, and (311)γ 

austenite peaks. 

3. Results and Discussion 

3.1. Initial Microstructures 

The microstructure of DP and QP steel prior to deformation is shown in Figure 2. As depicted 
in Figure 2a,b, the DP steel sheets had lath-like martensite and island-like ferrite, distributed 

Figure 1. Diagrams describing the bending process and locations of electron backscattered diffraction
(EBSD) and transmission electron microscopy (TEM) specimens. (a) Schematic diagram of the bending
process; (b) Schematic diagram describing locations of EBSD and TEM specimens. The yellow rectangles
represent the outer zone, center zone, and inner zone in the thickness direction; (c) Diagram of the
bending samples.

Table 1. Main chemical compositions and mechanical properties of materials used in experiments.
DP: dual phase, QP: quenching and partitioning.

Sample C Mn Si P S Nb Fe Yield Strength Tensile Strength

wt % MPa

DP 0.15 1.83 0.25 0.01 0.001 0.028 Balance 961 1192
QP 0.23 2.31 1.60 0.018 0.003 0.031 Balance 1209 1364

Transmission electron microscopy (TEM, F20 FEI, Hillsboro, OR, USA) and electron backscattered
diffraction (EBSD, Nordlys-II & Channel 5.0, Oxford, UK) were used to characterize the microstructure.
TEM and EBSD specimens were cut from the bending specimens as shown in Figure 1b. After
mechanical grinding, EBSD samples were polished and electro-polished at room temperature using
a solution containing 95 vol % C2H5OH and 5 vol % HClO4. The TEM samples were mechanically
ground to a thickness of 50 µm and then electro-polished with a twin-jet electropolisher (Struers
TenuPol-5, Copenhagen, Denmark) at −20 ◦C using a solution containing 85 vol % C2H5OH and
15 vol % HClO4. The retained austenite (RA) volume fraction of QP steel was measured using X-ray
diffraction (XRD, STOE, Darmstadt, Germany) and calculated based on the integrated intensity of
(200)α, and (211)α ferrite/martensite peaks and (200)γ, (220)γ, and (311)γ austenite peaks.

3. Results and Discussion

3.1. Initial Microstructures

The microstructure of DP and QP steel prior to deformation is shown in Figure 2. As depicted
in Figure 2a,b, the DP steel sheets had lath-like martensite and island-like ferrite, distributed
homogeneously across the material. The microstructure of the QP steel contained martensite and
retained austenite (Figure 2c,d). The retained austenite was highlighted by red arrows in Figure 2c.
The retained austenite volume fraction in QP steel was 15.9%, which was evaluated using XRD and
EBSD analysis. The difference between the results of both RA volume fraction measurement techniques
was small (i.e., maximum of 1.4%).
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Figure 2. Microstructure of DP and QP steel prior to deformation. (a,b) Distribution of ferrite (F) and
martensite (M) in DP steel. (c,d) Distribution of martensite (M) and retained austenite (RA) in QP steel.

3.2. Bending Springback Properties

The bending springback properties of the DP and QP steel are shown in Figure 3, as a function
of bending angle. Figure 3a illustrated that the stress of the DP steel and QP steel increased rapidly
with the bending angle. The DP steel yielded at a bending angle of around 10◦, followed by significant
bending deformation. However, the QP steel yielded at a bending angle of around 17◦. Such differences
in yielding are often found in unixial tension tests of automotive steel because of the different
strengths [20,21]. Interrupted bending specimens, strained at 74◦, 104◦, and 128◦, were conducted for
the purpose of investigating the springback properties. Figure 3b shows the plot of springback angle
versus bending angle in both DP and QP steel. The springback angle of the DP steel increased with the
increase in the bending angle. This phenomenon is in accordance with the results of Peng et al. [22]
and Li et al. [16]. Nevertheless, the springback angle of the QP steel strained at 104◦ was lower than
that strained at 74◦. After achieving a low value of 14.75◦ at the bending angle of 104◦, the springback
angle obtained a relatively high value of 18.05◦ when QP steel was strained at 128◦. Moreover, the
springback angles of the QP steel deformed at different angles were higher than that of DP steel.
According to Gardiner [23] and Wollter [24], springback angle is dependent on yield strength and
elastic modulus during bending. DP steel and QP steel have the same elastic modulus (202 GPa). Thus,
the high springback angle of the QP steel was probably attributable to the high yield strength.
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3.3. Microstructure Characterization of the DP and QP Steel

3.3.1. Deformation Microstructure of the DP Steel

Microstructure characterization of the bending specimen at a 74◦ angle is compiled in Figure 4.
Grain boundary maps (Figure 4a,c) of the EBSD measurements revealed that the majority of the angles
of the grain boundary had values below 15◦ (low-angle grain boundary; LAGB; black) in the outer
zone and the inner zone of the bending specimen. However, the specimen revealed the majority of the
high-angle grain boundaries (HAGB; >15◦; green and yellow) were in the center zone (Figure 4b). It is
a known fact that the low angle grain boundary represents the degree of deformation [25,26]. Thus,
the large misorientation difference in the grain boundary at different zones indicated that the strain
heterogeneity occurred during the bending test. The strain heterogeneity of bending specimens is also
illustrated in local misorientation distribution maps displayed in Figure 4. From Figure 4d–f, the local
misorientations of the outer zone and inner zone were around 2◦, while the local misorientation of
the center zone was around 1◦. Betanda et al. [27] reported that local misorientation distribution
maps are an effective indicator of local strain in crystal materials. Therefore, the difference in the local
misorientation also confirmed the occurrence of strain heterogeneity. In order to reliably characterize
deformation of the DP steel during the bending test, the local misorientation data were used as a
measure. Quantification results for the local misorientation are compiled in Figure 5a. The relative
frequency of low-angle local misorientation (LALM, <1◦) in the center zone was relatively higher
than that of the inner zone and the outer zone, while the relative frequency of the high-angle local
misorientation (HALM, ≥1◦) was lower. This result also manifested the strain heterogeneity of
specimens in the thickness direction. Moreover, strain heterogeneity also occurred in the samples
strained at 104◦ and 128◦.

To characterize the degree of strain heterogeneity, the difference in kernel average misorientation
(KAM) was used [28,29]. Figure 5b presents the difference in kernel average misorientation when
specimens deformed at different bending levels. In Figure 5b, Doc represents the KAM difference
between the outer zone and the center zone; and DIc is the KAM difference between the inner zone and
the center zone. From Figure 5b, it could be seen that Doc and DIc increased as the increasing bending
angle, indicating that the degree of strain heterogeneity was increasing during bending. According
to Zajkani et al. [30], the springback behavior is related to strain heterogeneity of different zones in
thickness direction. A higher degree of strain heterogeneity corresponded to a higher tendency for
springback. Thus, the springback angle of the DP steel increased with the increase in the bending
angle, which corresponded well with the results in Figure 3b.
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3.3.2. Deformation Microstructure of the QP Steel

EBSD maps of QP specimens strained at 74◦ and 128◦ showed similar results to those of the
DP steel. However, the QP sample deformed at a 104◦ angle exhibited different characterisations in
microstructure (as illustrated in Figure 6a–f). The low-angle grain boundary contents of the outer
zone and inner zone were similar to those of the center zone. Moreover, the local misorientations of
the outer zone, center zone, and inner zones were all around 1◦. The results indicated that the strain
heterogeneity was relatively low. The local misorientation data in Figure 7a showed that the LALM
and HALM frequency differences of the three zones were also low. Frequencies differences in LALM
and HALM also confirmed the low strain heterogeneity at a 104◦ bending angle.
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Figure 6. EBSD analysis for outer zone (a,d), center zone (b,e), and inner zone (c,f) of the bending
specimen at 104◦ angle: EBSD grain boundary maps (left), and EBSD local misorientation distribution
maps (right).

Analogous to the DP steel sample, the difference in kernel average misorientation was also used
to characterize strain heterogeneity. Figure 7b displays the difference in kernel average misorientation
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of QP specimens strained at different bending levels. Unlike DP steel, the Doc and DIc of QP steel
obtained relatively low values at 104◦. The lower values of Doc and DIc represented the lower degree
of strain heterogeneity. Moreover, the low degree of strain heterogeneity corresponded to the lower
tendency for springback. Therefore, the springback angle of QP steel was low when specimens
deformed at a 104◦ bending angle, which also corresponded well with the results in Figure 3b.
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average misorientation with specimens strained at different bending angles. LALM: low-angle local
misorientation; HALM: high-angle local misorientation.

3.3.3. Transformation Characterization of Retained Austenite in the QP Steel

Figure 8 indicates the change in the retained austenite volume fractions at different bending angles.
When the sample deformed at a 74◦ bending angle, the RA volume fractions in the outer zone, center
zone, and inner zone were around 14%. Compared to the volume fraction of RA in specimens prior to
bending (15.9%), only 1.9% retained austenite transformed when specimens strained at a 74◦ angle. It is
a known fact that the RA transformation is affected by the surrounding phase [31,32]. In this research,
the surrounding phase of retained austenite was only martensite due to the quenching and partitioning
process. According to Song et al. [33], the retained austenite between martensite laths remained
stable, while retained austenite within ferrite grains transformed preferentially during straining.
Thus, the small transformation degree of retained austenite may be due to the protective effect of
the surrounding martensite laths. As the sample was strained at a 104◦ bending angle, the retained
austenite volume fraction of the outer zone and inner zone decreased significantly. The decrease
in retained austenite indicated the deformation-induced martensitic transformation at higher strain.
After the decrease in the outer zone and inner zone, the volume fraction of RA in the center zone
decreased at a 128◦ bending angle. However, the RA volume fraction in the outer zone and the inner
zone changed slightly. This indicated that a small degree of transformation occurred in the outer zone
and the inner zone at this angle.

Figure 9 shows the retained austenite, twin martensite, and the orientation relationship between
retained austenite and martensite. The film-like RA could be found between martensite laths
(see Figure 9a). During deformation, the film-like RA can transform into twin martensite during
deformation [33]. Nevertheless, twin martensite could not be seen at a 74◦ bending angle, as the lath
martensite, having high strength, was not subjected to severe plastic deformation at this angle. With
the sample was strained to 104◦, twin martensite could be found within lath martensite (Figure 9b).
Furthermore, the orientation relationship between retained austenite and martensite was a N-W
relation: {1 1 1}γ//{1 1 0}M, <0 1 1>γ//<0 0 1>M, as seen in Figure 9c,d. The occurrence of twin
martensite at a 104◦ bending angle corresponded to the decrease of RA volume fraction in Figure 8,
indicating the deformation-induced martensitic transformation at higher strain.
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(d) High-resolution TEM micrograph indicating N-W relation of the selected red rectangle region in (c).

3.4. Strain Heterogeneity and Transformation of Retained Austenite in QP Steel

As mentioned above, springback is related to the degree of strain heterogeneity that is highly
dependent on the stress distribution [34]. According to Yang et al. [13] and Mishra et al. [34], the stress
distribution of specimens in the thickness direction is outlined schematically in Figure 10a. During the
bending process, the stress values in the thickness direction changed from “zero” at the center plane,
to maximum at the inner and outer surface (indicated by red arrows in Figure 10a). However, during
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the bending process of the specimens, the middle surface is moved to the inner zone due to the radial
force [23,24,35]. After the movement of middle surface, the stress distribution along the thickness
changed, as suggested by the blue arrows in Figure 10a. Thus, three zones, namely the outer zone,
center zone, and inner zone, were divided based on the stress difference. Higher stress in the outer
zone and inner zone resulted in the higher strain (Figure 10b). However, the strain in the center zone
was low during the bending process. Therefore, strain heterogeneity occurred in the thickness direction
during the bending process. According to Zajkani et al. [30], a higher degree of strain heterogeneity
corresponds to higher tendency for springback. Thus, the change trends of springback angles in both
DP steel and QP steel were the same as that of the strain heterogeneity degree.
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distribution; (b) Strain distribution.

According to the change of the retained austenite volume fractions in Section 3.3.3, the retained
austenite transformation during bending process is displayed schematically in Figure 11. As illustrated
in Figure 11a, strain heterogeneity occurred during the bending process. However, the RA remained
stable as the deformation did not reach a certain critical degree [36,37]. With further deformation,
the retained austenite in the outer zone and inner zone transformed into martensite (as indicated in
Figure 9). Moreover, the outer zone and inner zone obtain high strength due to the transformation of
martensite [38,39], while the center zone has relatively low strength. Thus, the center zone began to
deform due to the relatively low strength (Figure 11b). The deformation of the center zone led to low
strain heterogeneity, resulting in the lower tendency for springback. When specimens were strained
at a larger angle, the retained austenite of the center zone transformed into martensite (Figure 11c).
After the transformation, the strength of the center zone was almost the same as the strength of the
outer zone and inner zone. Thus, the deformation occurred in the outer zone and inner zone again.
High strain heterogeneity took place and the springback angle was high at this bending level.
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Figure 11. Schematic diagram of retained austenite transformation during the bending process. (a) QP
specimens strained at low bending angle; (b) QP specimens strained at medium bending angle;
(c) QP specimens strained at high bending angle. ‘RA’ and ‘DIM’ represent ‘retained austenite’ and
‘deformation-induced martensite’, respectively.
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4. Conclusions

In this paper, the effect of the strain heterogeneity and transformation of metastable austenite on
springback behavior was investigated. The conclusions can be summarized as follows:

(1) The increasing the bending angle from 74◦ increased the springback angle of DP steel. In contrast,
the increasing the bending angle from 74◦ decreased the springback up to a certain angle and
then it started to increase at higher bending angles. This direct comparison indicated that QP
steel could possess lower springback at proper bending angles.

(2) During the bending process, strain heterogeneity occurred in the thickness direction of the
DP steel and the QP steel. The strain heterogeneity degree of DP steel increased following an
increasing bending angle, while the degree of strain heterogeneity of QP steel decreased at the
bending angle of 104◦. This phenomenon fitted well with the low springback angle when QP
steel was strained at the 104◦ bending angle.

(3) There was preferential transformation of retained austenite in the outer zone and the inner
zone of QP steel during the deformation process. Due to the deformation-induced martensitic
transformation at a 104◦ bending angle, the deformation was more homogeneous, and the
springback angle decreased.
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