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Abstract
Low-density δ-quenching and partitioning (δ-QP) steels with excellent strength and ductility have been recently developed. 
However, there are still rare reports on the formability of δ-QP steels, which are critical for satisfying the manufacture of 
structural parts during the application in automotive industry. In the present work, an 1180 MPa Fe–Mn–Al–C–Nb δ-QP steel 
with a high ductility was adopted for the stretch–flangeability study. The δ-QP steel was developed by separated quenching 
and partitioning processes. A good hole expansion ratio (HER) of 34.9 ± 0.9% was obtained in the quenched steel, but it 
has been further increased to 52.2% by the tempering treatment. The improved stretch–flangeability was attributed to the 
enhanced austenite stability and deformation uniformity. On the one hand, the stability of austenite was increased by carbon 
partitioning during tempering, which reduced crack possibility via the suppression of the fresh martensite formation. On 
the other hand, the tempering treatment released the internal stress caused by martensitic transformation and reduced the 
difference in strength among different phases, resulting in an increase in the resistance to crack initiation and propagation.

Keywords  Hole expansion ratio · Low-density δ-quenching and partitioning (δ-QP) steel · Stretch–flangeability · Austenite 
stability · Deformation uniformity

1  Introduction

Driven by the urgent requirements of increasing automobile 
fuel efficiency and decreasing greenhouse gases emission, 
lightweight has become a research hotspot in automobile 
industry [1]. As reported [2], 10% reduction in vehicle 
weight could decrease the fuel consumption of 5.5% and 
correspondingly lower the CO2 emission. The application of 
low-density high-strength steels is one of effective methods 
for the lightweight of automotive sectors [3]. As a candidate 

of third-generation advanced high-strength steels (AHSS), 
quenching and partitioning (QP) steel has attracted extensive 
attentions due to its excellent strength and plasticity. Speer 
et al. [4] took the lead in proposing the novel QP process, 
which involves heating to a full or partial austenitization 
temperature, then quenching to a temperature between mar-
tensite start (Ms) and martensite finish temperatures (Mf) 
to obtain an appropriate martensite and austenite fraction, 
followed by partitioning at or above the initial quenching 
temperature to make the carbon diffuse from supersaturate 
martensite to retained austenite (RA) [5]. Thus, the quench-
ing temperature is a key factor for the final microstructure 
and mechanical properties of the QP steel.

However, the uniform and accurate temperature is not 
easily controlled during the actual production process, espe-
cially for large-scale or complex-shape products. For solving 
this problem, a novel heat treatment of quenching–tempering 
and partitioning (Q-T&P) was proposed, and the quench-
ing temperature was designed as room temperature [6]. The 
adoption of Q-T&P can not only simplify the production 
process, but also expand the application scope. The δ-QP 
steel was then developed on the basis of the Q-T&P pro-
cess, and the yield strength could be significantly improved 
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via the carbon trapping by dislocations in ferrite during the 
tempering process [7]. Even though the δ-QP steel exhib-
its excellent tensile properties, the good formability is also 
required for satisfying the manufacture of structural parts 
[8]. However, the investigation on the formability of δ-QP 
steel is rarely reported so far.

The formability of steel sheets involves deep-drawing 
ability, stretch–flangeability, bending ability and so on 
[9]. Among them, the stretch–flangeability is a quite criti-
cal property to avoid fracture during forming process of 
actual parts [10–12]. The hole expansion capacity (HEC) 
is a key indicator to assess stretch–flangeability, which is 
obtained by hole expansion test (HET) [10]. Therefore, the 
stretch–flangeability of δ-QP steel was studied by HET in 
this work, mainly focusing on the relevant mechanism of 
formability.

2 � Experimental

The chemical composition of the steel was Fe-2.8Mn-
3.65Al-0.395C-0.037Nb (wt%). The cast ingot was reheated 
to 1200 ℃ for 3 h and hot-rolled to a sheet with the thick-
ness of 4 mm, followed by furnace cooling after holding at 
650 ℃ for 0.5 h. The hot-rolled sheet was then cold-rolled 
to 1.5-mm thick. Afterward, the Q-T&P heat treatment was 
adopted, which involves intercritical annealing at 795 ℃ for 
5 min, then water quenching to room temperature (RT) (Mf 
is below RT), followed by partitioning at 350 ℃ for 5 min. 

The quenched and tempered samples are designated as “DQ” 
and “QP”, respectively.

Uniaxial tensile tests were conducted on dog-bone-
shaped samples with a gauge length of 25 mm and a gauge 
width of 6.25 mm at room temperature and a strain rate of 
10–3 s−1. The tensile test was performed on an Ag-Xplus250 
kN machine equipped with an Epsilon extensometer, and 
each test was repeated for 3 times. The HET was car-
ried out on the samples fabricated with a dimension of 
84 mm × 84 mm × 1.5 mm, followed by piercing a hole with 
the diameter of 10 mm in the center, with a punching speed 
of 5 mm min−1 and a blank holder force of 40 kN (Fig. 1). 
After HET, the hole expansion ratio (HER) was calculated 
to evaluate the stretch–flangeability of the studied δ-QP steel 
using the following equation:

where d0 is the initial diameter of the hole (10 mm) and df is 
the diameter of the expanded hole as far as the first through-
thickness crack is observed.

The X-ray diffraction (XRD) measurement was per-
formed on a Rigaku D/Max-2400 detector using Co-Kα 
radiation. XRD samples were prepared by mechanical 
grinding and then electro-polishing in order to remove the 
surface stress layer. Electro-polishing was conducted at 
room temperature using 8% perchloric acid and 92% alco-
hol solution at an operating voltage of 20 V. The diffrac-
tion covered 2θ from 40° to 104° with a step size of 0.02° 

(1)HER =
(

d
f
− d

0

)

∕d
0

Fig. 1   Dimension of the hole expanding specimen a, and the schematic diagram before b and after c hole expansion test
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s−1, and the data were subjected to Rietveld analysis. The 
volume fraction (Vγ) and carbon content (Cγ) of retained 
austenite were calculated according to the XRD measure-
ment. The formula for the calculation of Vγ is as follows:

where Iγ and Iα are the average integrated intensities of the 
diffraction peaks of austenite and ferrite, respectively. The 
Cγ was calculated by following equation [13]:

where αγ is the lattice parameter of austenite (in Angstrom), 
Cγ represents the mass fraction of carbon (in weight percent-
age), λ is the wavelength of X-rays, θ is the diffraction angle, 
and h, k and l are the lattice constants of (200)γ, (220)γ and 
(311)γ peaks [14], respectively.

After standard mechanical grinding and polishing, the 
samples for microstructural observations were etched in 
4% nital for 13 s. The high-resolution observations were 
performed using a scanning electron microscope (SEM, 
Zeiss Gimini 300) equipped with a field emission elec-
tron probe microanalyzer operated at 20 kV accelerating 
voltage. Electron back-scatter diffraction (EBSD) sam-
ples were prepared in the same way as XRD samples. The 
EBSD (OXFORD) system was attached to a SEM, and the 
measurements were performed at 20 kV with a scanning 
step of 0.08 μm. The data were processed by channel 5 
software. The kernel average misorientation (KAM) maps 
and band contrast (BC) maps were obtained from EBSD 
results.

(2)V� = 1.4I�∕
(

1.4I� + I�

)

(3)C� =
(

�� − 3.547
)

∕0.046

(4)�� =
�
√

h2 + k2 + l2

2 sin �

3 � Results

The representative microstructures of the samples DQ and 
QP were characterized by SEM, as shown in Fig. 2. Both 
microstructures consist of martensite/austenite (M/A) island 
and ferrite. A duplex metallurgical structure of austenite 
and ferrite was obtained during the intercritical annealing 
at 795 ℃, and the partial austenite was transformed into mar-
tensite during the following cooling process. Subsequently, 
the tempering of sample QP promoted the carbon partition-
ing from supersaturated martensite to retained austenite. 
Thus, the fraction of retained austenite in two samples is 
nearly the same, and they are 25.2 vol.% and 25.6 vol.% 
for the samples DQ and QP, respectively, according to the 
XRD results in Fig. 3a, and more carbon was enriched in 
the austenite of the sample QP than that of the sample DQ. 
The carbon content in austenite was 1.80 wt% and 2.03 wt% 
for the samples DQ and QP, respectively, as estimated by 
Eq. (3).

The engineering stress–strain curves of the samples DQ 
and QP are shown in Fig. 3b, and the corresponding data of 
mechanical properties are listed in Table 1. Both samples 
exhibit a high tensile strength (above 1180 MPa) and a rela-
tively high elongation (above 18%), which are comparable 
to or even better than the commercial QP1180 products [15, 
16]. A higher yield strength was obtained in the sample QP 
rather than the sample DQ, owing to the carbon trapping by 
dislocations in ferrite during tempering [7]. The samples 
QP and DQ show good tensile elongations of 26.8 ± 0.8% 
and 19.9 ± 0.3%, respectively. The higher ductility and obvi-
ous necking of the sample QP should be attributed to the 
enhanced deformation uniformity by tempering, which can 
partially release the internal stress [17]. Besides, the ductil-
ity of martensite in the sample QP was also improved by the 

Fig. 2   SEM images of the microstructures in the samples DQ a and QP b 
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emission of carbon during tempering; it is also beneficial for 
the better ductility.

The stretch–flangeability of studied steels was evalu-
ated using HET, and the HER is calculated and listed in 
Table 1, where the HER of commercial QP1180 was also 
included for comparison. Both samples exhibit an excellent 
stretch–flangeability, reflected from the higher HER com-
pared with QP1180 steel reported in some previous work 
[10, 15, 18, 19]. A higher HER (52.2 ± 0.2%) was achieved 
in the sample QP than that (34.9 ± 0.9%) in the sample DQ, 
so that the sample QP has a better ability to resist edge frac-
ture during complex-shape forming [8]. Such a nearly 50% 
increase in HER should be closely related to the increased 
stability of austenite and enhanced mechanical properties 
[20].

4 � Discussion

4.1 � Effect of Austenite Stability

The austenite fractions near the fracture were measured 
by XRD and EBSD, and the measuring positions are indi-
cated in Fig. 4a–c. Larger amounts of austenite were con-
sumed during the hole expansion process (Fig. 4d, f), indi-
cating that the TRIP effect plays a significant role in the 

stretch–flangeability of the studied steels [21]. The initial 
fraction of austenite in two samples is similar (Fig. 4d), but 
the carbon content in austenite is different, resulting in the 
diverse chemical stabilities [20]. The expansion-hole pro-
cess involves punching and expanding. On the one hand, 
some fresh martensite was formed on the punched surface, 
which would induce the occurrence of cracks due to the high 
brittleness of martensite [22]. Due to a lower stability of 
austenite in the sample DQ, more fresh martensite might be 
formed during punching. On the other hand, the deformation 
induced martensitic transformation also happened during the 
expansion, which has been verified by the reduced austenite 
fraction near the fracture (Fig. 4d). The big difference in 
hardness between formed martensite and ferrite would easily 
lead to the initiation of cracks. At the edge of punched hole 
(0 mm distance from hole), more austenite was consumed 
for the formation of martensite in the sample DQ (Fig. 4d).

In view of a larger HER for the sample QP, there actu-
ally exists a larger strain at the same position away from 
the expanded hole. Specifically, at the position 0 and 5 mm 
from the hole along radial direction, the macro-strains are 
0.53 and 0.055 for the sample DQ, respectively, but 0.62 
and 0.087 for the sample QP, based on the results of hole 
expanding simulation (Fig. 5). The closer to the hole, the 
less of the austenite fraction is (Fig. 4d). It is clear that the 
retained austenite fraction at all positions in the sample QP 

Fig. 3   X-ray diffraction patterns a and tensile engineering stress–strain curves b of the samples DQ and QP

Table 1   Experimental date 
of uniaxial tensile and hole 
expansion properties of the 
samples QP, DQ and referenced 
QP1180

YS, UTS, TE, PSE represent the yield strength, ultimate tensile strength, total elongation and product of 
strength and elongation, respectively

Samples YS (MPa) UTS (MPa) TE (%) PSE (GPa%) HER

DQ 509.8 ± 10.9 1303.1 ± 6.7 19.9 ± 0.3 26.0 34.9 ± 0.9
QP 598.5 ± 6.8 1181.7 ± 14.0 26.8 ± 0.8 31.7 52.2 ± 0.2
QP1180 [15] 1015 1165 13.2 15.4 28.0
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Fig. 4   Measuring positions of hole expanding samples a–c (unit: mm); d volume fraction of austenite as a function of distance from the fracture 
based on the XRD results; e average grain size of RA as a function of distance from the fracture based on the EBSD results; f band contrast and 
phase distribution maps at different measuring positions. Note that the green color represents austenite
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is higher than that in the sample DQ in spite of a larger 
strain, as a result of a higher stability of retained austenite 
in the sample QP. With the strain increasing to 0.62, the aus-
tenite fraction is decreased from 0.20 to 0.095 in the sample 
QP, while the austenite fraction in the sample DQ is reduced 
from 0.20 to 0.068 with the increase in strain. Even though 
there are 0.068 and 0.095 austenite retaining at the hole edge 
in the samples DQ and QP, respectively, only very small 
amount of austenite can be observed in the phase maps due 
to a limited resolution of EBSD measurements (Fig. 4d, f) 
[19]. Therefore, the improved austenite stability in the sam-
ple QP by tempering is quite beneficial for a larger HER and 
thus for a better stretch–flangeability (Table 1).

Furthermore, the evolution of austenite grain size with 
strain was traced by EBSD measurements (Fig. 4e). The 
austenite grain size was gradually refined with the increase 
in strain. Yoon et al. [23] have reported that blocky austenite 
was transformed firstly during the deformation process due 
to a lower mechanical stability [24]. The austenite with a 

larger size was consumed at low strain, which further refined 
the austenite grain and thus enhanced the austenite stability; 
for example, at the 2-mm position, the austenite grain sizes 
of the sample DQ and QP were refined to 0.40 and 0.41 μm, 
respectively (Fig. 4e,f).

4.2 � Effect of Deformation Uniformity

Figure 6 shows the microstructure near the fracture of these 
two samples. The cracks can be often detected in the defor-
mation microstructure of two samples with an initial mixed 
microstructure of M/A and ferrite. In addition to cracking 
in ferrite matrix (mode I) or through M/A (mode II), most 
of cracks were formed at the interfaces between M/A and 
ferrite (mode III). With the progress in expanding of studied 
steels, the dislocations piled up at such interfaces, which 
acted as obstacles for the dislocation motion and thereby 
created local strain concentration [17, 25]. Moreover, the 
strength difference between M/A and ferrite would result in 

Fig. 5   Macroscale simulation of the HET process for the samples DQ a and QP b 

Fig. 6   Microstructures near the fracture of the samples DQ a and QP b after HET. Note that F and MA represent ferrite and martensite/austenite



1297On the Factors Influencing the High Stretch–Flangeability of a Low‑Density 1180 MPa Fe–Mn–Al–C–…

the strain partitioning, and thus in an inhomogeneous local 
strain during expanding process. KAM maps confirmed the 
higher density of dislocations accumulated at interfaces 
(Figs. 7 and 8). The cracks were easily nucleated at the 
interface between M/A and ferrite when the local strain was 
high enough for the interface decohesion, as marked by III 
red arrows in Fig. 6 [25]. After the cracks were formed at 
the interface, they propagated along the interface or into 
the soft phase of ferrite, as indicated by the yellow arrow in 

Fig. 6. Apart from the interface decohesion, the M/A island 
became instantaneously fractured as the internal stress at 
the M/A has reached its fracture stress, so that a small num-
ber of cracks were also observable in the M/A. Considering 
the formation mechanism of three types of cracks during 
expanding, the better stretch–flangeability of the sample 
QP is closely related to the crack initiation and propagation 
resistance. On the one hand, the tempering process partially 
releases the internal stress [26] generated by martensitic 

Fig. 7   KAM images of the sample DQ at different measuring positions: a–e total, a'–e' bcc, and a''–e'' austenite
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transformation during quenching [27], which increased the 
crack resistance. On the other hand, the hardness of mar-
tensite was reduced by tempering and thus enhanced the 
deformation uniformity among three phases [28]. Specifi-
cally, the hardness of ferrite and M/A in the sample QP 
is 271 ± 15.87 HV and 306 ± 17.08 HV, respectively, but 
283 ± 18.51 HV and 345 ± 14.79 HV in the sample DQ. 
That is to say, a less hardness difference was obtained in the 
sample QP rather than DQ. This significantly contributed to 

a better stretch–flangeability of the sample QP, due to the 
predominant crack initiation at the interfaces. In addition, 
high-density dislocations near the ferrite interface in the 
sample QP were introduced by martensitic transformation 
during the quenching process. The carbon was trapped by 
dislocations, which would strengthen the ferrite interface. 
This is propitious to delay the MA/ferrite interface crack-
ing and thus to achieve a good stretch–flangeability in the 
sample QP.

Fig. 8   KAM images of the sample QP at different measuring positions: a–e total, a'–e' bcc, and a''–e'' austenite
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Considering the noteworthy effect of deformation uni-
formity on the stretch–flangeability, the KAM maps of 
two expanded samples were analyzed (Figs. 7 and 8). The 
KAM values in austenite and the other phases, including 
ferrite and partial martensite with a body-centered cubic 
(bcc) structure, were obtained according to EBSD results, 
and partial martensite with high distortion is hard to be 
detected by EBSD. The KAM values are proportional 
to the density of geometrically necessary dislocations 
(GNDs), which are closely related to plastic deformation 
[29]. It is clear that the KAM values increased as the posi-
tion was close to the hole owing to the raised strain and 
exhibited a more uniformly distributed GNDs were pre-
sented in the sample QP rather than DQ (Figs. 5 and 9). 
At lower strain level, both samples exhibited less GNDs 
(Figs. 7e and 8e). The higher density of GNDs in austenite 
of the sample DQ is attributed to the internal stress gener-
ated by martensitic transformation during cooling, which 
was released by tempering (Fig. 9a). Thus, the austenite of 
the sample QP has a lower KAM value (Fig. 9b). With the 
increase in strain, the difference in KAM value between 
austenite and the other phases became larger in the sample 
DQ, but very small in the sample QP, especially at dis-
tances of 2–5 mm from the hole (Fig. 9). At the high strain 
position of 0-mm distance, more strain has partitioned in 
the soft phase, inducing a decrease in the KAM value of 
austenite, as reported by our previous work that more 
strain was undertook by the soft phase of matrix [30]. At 
this position, the difference in KAM value in the samples 
of DQ and QP is 0.44 and 0.35, respectively. Besides the 
decreased strain difference, the martensite ductility and the 
austenite strength were also increased through the carbon 
partitioning during tempering. Consequently, the increased 
deformation uniformity by tempering significantly raised 

the crack resistance and therefore brought about a better 
stretch–flangeability.

5 � Conclusions

A low-density 1180 MPa δ-QP steel has been investigated 
in this study, focusing on the influencing factors on the high 
stretch–flangeability. The tensile properties and hole expan-
sion ratio have been tested, and the microstructure evolution 
has been carefully characterized. The main conclusions can 
be summarized as follows:

1.	 Both quenched and tempered samples exhibit a high ten-
sile strength above 1180 MPa and an elongation larger 
than 18%, which are comparable or even better than 
the commercial QP1180 products. Especially, a better 
stretch–flangeability has been obtained in the tempered 
sample; the HER increases greatly from 34.9 ± 0.9% of 
the sample DQ to 52.2 ± 0.2% of the sample QP.

2.	 The enhanced austenite stability by tempering contrib-
utes to a higher HER. The improved TRIP effect in the 
sample QP postponed the formation of fresh martensite; 
it is beneficial for the suppression of cracking caused by 
the highly brittle fresh martensite. Moreover, the defor-
mation uniformity during hole expanding can be raised 
by tempering, thus enhancing the crack resistance at 
interfaces.
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Fig. 9   Variation of KAM value with the distance from the hole of the samples DQ a and QP b after HET
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