
ISIJ International, Vol. 61 (2021), No. 5

© 2021 ISIJ 1650

ISIJ International, Vol. 61 (2021), No. 5, pp. 1650–1659

https://doi.org/10.2355/isijinternational.ISIJINT-2020-613

* Corresponding author: E-mail: Lanhf@ral.neu.edu.cn

© 2021 The Iron and Steel Institute of Japan. This is an open access article under the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs license (https://creativecommons.org/licenses/by-nc-nd/4.0/).
CCBYNCND

1. Introduction

High-strength steels are widely applied in the automotive 
industry to increase fuel efficiency and safety. Dual phase 
(DP) steels feature prominently in such automotive steels 
because of their good combination of strength, ductility 
and formability. The DP steels are mostly produced via a 
continuous annealing treatment, in which cold-rolled sheets 
are linearly heated and soaked in the intercritical (ferrite-
austenite) region followed by fast cooling, leading to the 
martensite formation from carbon enriched austenite within 
a ferritic matrix.

The effects of chemical composition, initial microstruc-
ture and processing parameters on the mechanical properties 
of DP steel have been addressed in many experimental and 
computational studies.1–4) It is well known that the final 
microstructure of DP steels is determined by the initial 
microstructure and the processing parameters of the heating 
and intercritical dwelling stage.5–10) Two interacting metal-
lurgical phenomena, ferrite recrystallization and austenite 
formation take place during the heating process.11,12) The 
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initial microstructure affects the relative rates of recrystalli-
zation and transformation as it provides different defect den-
sities as well as different spatial carbon distributions.9,10,13) 
These interacting factors have a profound influence on 
the resulting final microstructure (e.g. ferrite grain size, 
martensite distribution, etc.) and this makes a full com-
prehension of microstructural evolution in DP steels rather 
challenging.

It is accepted that the mechanical properties of DP steels 
markedly depend on the grain size, the volume fraction, 
the chemical composition and the spatial distribution of 
the martensite. The strength is mainly determined by the 
martensite grain size and volume fraction as well as its 
carbon concentration.14,15) The ductility on the other hand 
is determined by the state of ferrite recrystallization and 
the distribution and morphology of the martensite.16–18) 
The formability, e.g. stretch flange-ability or bendability, 
is often considered to be related to the elongation value. 
However, the validity of this relation is being debated. 
Yamazaki et al.19) have reported that the bendability of 980 
MPa grade high strength steel does not correlate with the 
total elongation but instead is closely related to the micro-
structural homogeneity. Rosenberg et al.14) also found that 
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an excellent strength-elongation balance did not necessarily 
correspond to good bendability, and they suggested that the 
level of microstructural homogeneity should be considered 
as the determining factor for bendability control.

Many studies on DP steels have been conducted using a 
ferrite-pearlite starting microstructure.8,12) The pearlite, caus-
ing a non-uniform distribution of carbon and alloying ele-
ments (e.g. Mn), affects the martensite distribution through 
the so called chemical-microstructural inheritance.5,6) These 
initial microstructures themselves depend on the hot roll-
ing parameters. Karmakar et al.9) described the influence 
of different starting microstructures on the formation of a 
DP steel, and they showed that a ferrite-fibrous martensite 
starting structure yielded a more uniform distribution of 
martensite, providing a better combination of strength and 
ductility. Kulakov et al.13,20) investigated the influence of the 
starting microstructure on the ferrite recrystallization and 
austenite formation kinetics in a DP600 steel. They stated 
that the interaction of ferrite recrystallization and austenite 
formation accelerated the austenite transformation kinetics 
and drastically altered the morphology and distribution of 
the final martensite. However, the mechanical properties 
corresponding to different martensite spatial distributions 
were not reported.

To the best of our understanding, there is still a lack of 
systematic studies on the effect of the starting microstruc-
ture and process conditions on microstructural evolution 
and martensite distribution and their effect on mechanical 
properties, in particular the bendability of DP steels.

In this study, two different initial microstructures, ferrite-
pearlite and bainite are prepared by varying the hot rolling 
and subsequent cooling conditions. Ferrite recrystallization, 
austenite nucleation, austenite transformation kinetics and 
martensite distributions are investigated for different initial 
microstructures and heating routes. Uniaxial tensile proper-
ties and bendability values are evaluated, and factors that 
affect the bendability are investigated.

2. Experimental Procedure

The steels were prepared as 50 kg ingots in a vacuum 
induction furnace. The chemical composition of the steel 
used in this study is listed in Table 1.

The ingots were forged to blocks with a thickness of 50 
mm. Then, the blocks were hot rolled to 5 mm thickness in 
7 passes with a finish rolling temperature of 900°C. In order 
to get different initial microstructures, the hot plates were 
either water cooled to 700°C with a cooling rate of 10°C/s 

followed by slow cooling (cooling rate approx. 50°C/h) to 
room temperature to obtain ferrite-pearlite microstructure 
(hereafter labelled as FP steel) or cooled to 550°C with a 
cooling rate of 50°C/s followed by air cooling to room tem-
perature to obtain bainitic microstructure (hereafter labelled 
as B steel), respectively.

The hot rolled materials were subsequently cold rolled to a 
1.2 mm thickness with a total rolling reduction of 76%. The 
dilatometry experiments were performed on a Bähr DIL 805 
dilatometer. Simple isothermal heat treatments at 660°C for 
0–500 s with a heating rate of 5°C/s were performed to inves-
tigate the recrystallization behaviour. In order to determine 
the fraction of austenite for certain relevant heating rates 
and soaking times, samples were linearly heated to 780°C 
with a heating rate of 5°C/s and 100°C/s, and then were 
further heated to 900°C after soaking for 250 s at 780°C. In 
this manner, the austenite fraction at certain temperature or 
soaking time can be obtained by analyzing the dilatometric 
data using the lever rule.8) In addition, a multi-step treatment 
starting with an isothermal treatment at 660°C for 100 s fol-
lowed by continuous heating to 780°C with a heating rate of 
5°C/s and soaking for 250 s was adopted (hereafter labelled 
as REX processing), to explore the austenite transformation 
kinetics. Interrupted quenching was carried out during dwell-
ing at 780°C to investigate the evolution of the morphology 
and spatial distribution of the austenite.

In order to investigate the influence of martensite dis-
tribution on tensile properties and bendability, continuous 
annealing with heating rate of 5°C/s and 100°C/s as well as 
REX processing were performed on a CAS-120 laboratory 
continuous annealing simulator. After heating and soak-
ing, specimens were quickly cooled down to 320°C with a 
cooling rate of 50°C/s, followed by a slow cooling with a 
cooling rate of 0.5°C/s (called over-aging), which is close 
to industrial production. The three thermal routes explored 
are shown schematically in Fig. 1.

To examine the microstructure, specimens were metal-
lographically prepared and etched with a 2% nital solution 
and observed using an optical microscope (OM) and a Zeiss 
Ultra 55 field emission gun scanning electron microscope 
(FEG-SEM). To investigate the distribution and morphology 
of martensite in more detail, polished samples were etched 

Table 1. Chemical composition of experimental steel (wt%).

C Si Mn P S

0.12 0.2 2.3 ≤ 0.01 ≤ 0.005

Fig. 1. Schematic diagrams for annealing experiments, continuous heating with a cooling rate of (a) 5°C/s and (b) 
100°C/s, (c) REX processing. (Online version in color.)
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with LePera’s reagent by adding 1 wt% solution of sodium 
metabisulfite (Na2S2O5) to a solution of 4 wt% picric acid 
(C6H2(NO2)3OH) in ethyl alcohol in a 1:1 vol. ratio. With 
a LePera’s etching, martensite and ferrite appear to be light 
white and dark grey respectively under optical microscope. 
Specimens for electron backscattered diffraction (EBSD) 
analysis were mechanically polished and electro-polished 
with a solution of 90 vol% alcohol and 10 vol% perchloric 
acid. The EBSD studies were carried out in FEG-SEM 
(Zeiss Ultra 55) for automatic orientation mapping with 
a 0.1 μm step size. EBSD data was processed using HKL 
CHANNEL 5 software. Transverse tensile tests were carried 
out using standard rectangular specimens with gage length 
of 50 mm and a crosshead speed of 1 mm/min using an 
Instron® universal testing machine with a 100 kN load cell. 
Three-point free-bend experiments on rectangular samples 
(1.2 mm ×  25 mm ×  70 mm) were carried out according to 
ASTM E290-2014. Transverse Bending (processing direc-
tion perpendicular to the rolling direction) was adopted with 
a loading wedge with a diameter of 1.2 mm and a distance 
between the supports of 15 mm. For each condition, three 
specimens were tested to obtain an average value in both 
tensile and bending tests. Hardness values were measured 
using a FM-700 microhardness tester with an applied load 
of 300 g.

3. Results

3.1. Initial Microstructure
The microstructures of the steel in the two starting con-

ditions are shown in Fig. 2. The ferrite-pearlite starting 
microstructure is shown in Fig. 2(a). The pearlite displays 
a banded morphology within the ferritic matrix. It is known 
that for slow cooling conditions the banded pearlite is due 
to the occurrence of Mn segregation,21) resulting in different 
Ar3 temperatures for Mn-poor and Mn-rich regions.22) In 
contrast, in the other starting microstructure a mesoscopi-
cally homogeneous bainitic microstructure was obtained, as 
shown in Fig. 2(b). It should be pointed out that the inhomo-
geneous Mn distribution causing the banded microstructure 
in the FP steel is still present in the homogeneous B steel.23)

3.2. Low Temperature Transformation (Ferrite Recrys-
tallization)

Microstructures after subcritical annealing at 660°C 

with a heating rate of 5°C/s and residence times of 5 s 
and 100 s are shown in Fig. 3. After 5 s, a small fraction 
of recrystallized ferrite grains is present in both steels, as 
shown in Figs. 3(a) and 3(c), respectively. After 100 s, the 
recrystallization is complete in the B steel (Fig. 3(d)) while 
some unrecrystallized grains remained in the FP steel (Fig. 
3(b)). In addition, it was found that the carbide distribu-
tions in the recrystallized matrix are markedly different 
for these two initial microstructures. For the FP steel, the 
spheroidized carbides clustered along ferrite grain boundar-
ies in a band-like arrangement, corresponding to the original 
pearlite distribution. Only limited amounts of carbides can 
be found within the ferrite grains formed during ferrite 
recrystallization. While for the B steel, the carbides are 
distributed uniformly, both on ferrite grain boundaries and 
within ferrite grains. This results from the fact that carbon 
exists in a supersaturated state in the bainitic ferrite.

3.3. Microstructure Evolution during Intercritical 
Annealing

Figure 4 shows the distribution of martensite in FP steels 
for the three heating routes explored, i.e. continuous heating 
with heating rates of 100°C/s and 5°C/s and REX process-
ing. In Fig. 4(a), one can see that severely banded martensite 
(the position of martensite can be considered to reflect that 
of the prior austenite) forms along the rolling direction, 
while martensite is seldom encountered inside the elongated 
ferrite grains. As shown in Fig. 4(b), most martensite is 
distributed along the rolling direction, resulting in a banded 
structure. Only a small fraction of the martensite lies inside 
the ferrite grains (marked using white arrows). It is also 
noted that these martensite particles usually have a smaller 
size. In the micrographs for the REX produced material (see 
Fig. 4(c)), most (banded) martensite still can be found in the 
rolling direction (marked with dotted lines). However, part 
of the martensite, having a smaller grain size, aligns perpen-
dicular to the rolling direction. The spatial uniformity of the 
martensite distribution improved remarkably as compared to 
Figs. 4(a) and 4(b).

Figure 5 shows the distribution of martensite in B steels 
for different ferrite recrystallization states. For the case 
of linear heating to 780°C with a heating rate of 100°C/s 
followed by 5 seconds holding, the fine martensite is dis-
tributed uniformly in the matrix (Fig. 5(a)). In case of Fig. 
5(b), linear heating to 780°C with a heating rate of 5°C/s 

Fig. 2. Optical micrographs of the initial microstructure of hot rolled FP and B steels, (a) FP steel, (b) B steel (Nital 
etching).
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and a residence time of 5 seconds, martensite distributes 
uniformly in the matrix or around ferrite grains boundaries 
with a fine size, and no banded microstructure is found. In 
Fig. 5(c), for the sample having received the REX treatment, 

martensite is found along the ferrite grain boundaries.

Fig. 3. Microstructure of FP steel and B steel after annealing at 660°C for 5 s and 100 s, FP steel: (a) 5 s, (b) 100 s; B 
steel: (c) 5 s, (d) 100 s (Nital etching).

Fig. 4. Optical morphology of FP steel specimens isothermally treated for 5 s at 780°C after linear heating with heat-
ing rate of (a) 100°C/s and (b) 5°C/s, and (c) isothermal holding at 660°C for 100 s (REX processing) (LePera’s 
etching).

Fig. 5. Optical morphology of B steel specimens isothermally treated for 5 s at 780°C after linear heating with heating 
rate of (a) 100°C/s and (b) 5°C/s, and (c) isothermal holding at 660°C for 100 s (REX processing) (LePera’s 
etching).
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3.4. Microstructure and Properties after Continuous 
Annealing

Figure 6 shows the optical micrographs of specimens of 
FP and B steels treated by the three routes plotted in Fig. 1. 
In order to clearly show the processing parameters and steel 
grades, the specimens of FP and B steels were labelled as 
follows: FP steels (FP-1: 100°C/s heating rate; FP-2: 5°C/s 
heating rate; FP-3: REX processing) and B steels (B-1: 
100°C/s heating rate; B-2: 5°C/s heating rate; B-3: REX 
processing).

For the FP steel, dense martensite bands form along the 
rolling direction for the case of fast heating of FP-1 (Fig. 
6(a)). When the heating rate decreases to 5°C/s, obvious 
banding features still exist but the uniformity of the distri-
bution of martensite is improved, as the connectivity of the 
martensite bands is alleviated and some martensite particles 
lie on ferrite boundaries perpendicular to the rolling direc-
tion (Fig. 6(b)). For FP-3 (Fig. 6(c)), the uniformity of mar-
tensite distribution is further improved but the martensite 
bands still are not completely suppressed. For the B steel 

samples, no obvious martensite bands can be found for any 
of the three thermal routes. For B-1, the fine martensite is 
distributed uniformly and densely among ferrite, yielding 
tiny sized ferrite (Fig. 6(d)). With a decreasing heating 
rate, the ferrite grain size increases in Fig. 6(e). For REX 
processing, the martensite is distributed along ferrite grain 
boundaries (Fig. 6(f)), similar to Fig. 5(c) but the martensite 
fraction is higher.

The mechanical properties of the experimental steels are 
summarized in Table 2. One can see that for the FP steels, 
the tensile strength reaches the highest value for rapid heat-
ing (FP-1), and it decreases when a heating rate of 5°C/s is 
adopted (FP-2). Strength is the lowest for FP-3, due to the 
more extensive ferrite recrystallization before the formation 
of the austenite. For the B steel samples, there is a similar 
trend with the strength decreasing in the order B-1, B-2 to 
B-3. For FP-3 and B-3 specimens, due to the completion of 
ferrite recrystallization before the onset of austenite forma-
tion as well as the larger ferrite grain size, the strength is 
the lowest. For both the FP and the B steel grades the total 

Fig. 6. Optical micrograph for specimens continuously heated with 5°C/s heating rate, (a) FP-1, (b) FP-2, (c) FP-3, (d) 
B-1, (e) B-2, (f) B-3 (LePera’s etching).
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elongation (TEL) increased as the strength decreased. The 
TEL in the B steel samples was higher than that for the FP 
steel samples for the same annealing parameters. In addi-
tion, bending angle differed markedly for the three annealing 
routes. Bending angle and bending ratio (BR) obviously are 
higher in B steel than in FP steel for the same heating route.

4. Discussion

4.1. Ferrite Recrystallization Kinetics
An indication of the fraction of recrystallized ferrite was 

obtained by normalising the hardness changes:

 X t HV HV HV HVt rex( ) ( ) / ( )� � �0 0  .............. (1)

where, X(t) is the recrystallization fraction, HVt is the hard-
ness after annealing for a time t, HVrex is the hardness of 
completely recrystallized ferrite, and HV0 is original hard-
ness. In order to get rid of the influence of recovery, HV0 
values were obtained in specimens that are heated to 620°C 
and quenched directly.

The JMAK model is used to describe the recrystallization 
kinetics.7,8)

 X t ktn( ) exp( )� � �1  .......................... (2)

where k and n are fitting parameters. The original data and 
the fitted curves are shown in Fig. 7. It can be seen that the 
time required for complete recrystallization is remarkably 
shorter for the B steel. The fitted parameters k and n are 

listed in Table 3. The exponents n for the recrystallization 
of the FP and B steel are around 1.0, close to the values 
reported in the literature for the recrystallization of cold 
rolled steels.8)

The recrystallization kinetics was analysed according to 
the usual Arrhenius-type equation:

 ln lnt t Q RTact0 5 0. /� �  ........................ (3)

where t0.5 is the time to reach 50% fraction of recrystalliza-
tion, t0 is the pre-exponential factor, Qact is the activation 
energy for recrystallization, R is the gas constant and T is 
the absolute temperature. From the linear segments of the 
plots of lnt0.5 versus 1/T the activation energies for FP and 
B steel are estimated to be 232 kJ/mol and 207 kJ/mol, 
respectively. The activation energy of FP steel is close to 
that for the self-diffusion of iron, but for B steel, the acti-
vation energy is markedly lower. Yang et al.7) studied the 
ferrite recrystallization of a cold rolled ferrite-pearlite steel, 
and found that the activation energy was reduced from 272 

Table 2. Properties of FP and B steels for different heating routes.

Steel Processing YS/MPa TS/MPa TEL/% Bending angle/° BR YR AI

FP-1 100°C/s 
heating rate 496±7 971±6 13.5± 0.3 92±4 0.51± 0.02 0.51± 0.005 3.42± 0.10

FP-2 5°C/s 
heating rate 385±5 851±8 19.6± 0.2 120± 3 0.67± 0.02 0.45± 0.008 2.48± 0.07

FP-3 REX 
processing 342±4 780±7 20.9± 0.2 142± 3 0.79± 0.01 0.44± 0.004 1.42± 0.05

B-1 100°C/s 
heating rate 501±8 948±5 14.1± 0.3 131±4 0.73± 0.02 0.53± 0.008 1.24± 0.09

B-2 5°C/s 
heating rate 378± 3 847±4 20.2± 0.2 155± 3 0.86± 0.02 0.45± 0.002 1.09± 0.06

B-3 REX 
processing 331±4 788±4 23.2± 0.1 180± 0 1± 0.00 0.42± 0.004 1.04± 0.03

YS-yield strength. TS-tensile strength. TEL-total elongation. BR-bending ratio, defined as bending angle divided by 180°. 
YR-yield ratio =YS/TS. AI-anisotropy index.

Table 3. k and n values for two steels.

T/°C
FP steel B steel

k n k n

620 0.0026 1.06 0.0077 0.93

640 0.010 0.88 0.010 1.04

660 0.011 1.05 0.016 1.15

Fig. 7. Recrystallization fraction versus time at different temperatures for FP and B steels, (a) FP steel, (b) B steel. 
(Online version in color.)
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to 226 kJ/mol as the cold rolling reduction increased from 
25% to 50%. In Etesami’s research,10) it was also found 
that the activation energy drops to 125 kJ/mol for a cold-
rolled ferrite-martensite steel with a cold rolling reduction 
of 80%. The reduced activation energy for recrystallization 
in the cold-rolled B steel was attributed to the higher initial 
dislocation density.

4.2. Austenite Formation in FP Steel
As is generally accepted, during heating of a ferrite-

pearlite steel, austenite nucleates preferentially on the 
ferrite-cementite interface followed by subsequent austenite 
growth into the pearlite.8) The thermodynamic driving force 
for the nucleation of austenite at the ferrite-cementite inter-
face, DFN can be written as:

 DFN Fe Fe
N

c c
N� � � �� � � �� � � � � �/ / / /  ............ (4)

Where μFe
α/θ and μc

α/θ is the chemical potential of Fe and 
C at the α/θ interface, respectively, and μFe

γ /N and μc
γ /N is 

the chemical potential of Fe and C corresponding to austen-
ite nucleation, respectively.

For the case of fast heating, a higher dislocation density 
would be retained at the onset of austenite nucleation. 
Accordingly, Gibbs energy of ferrite would be higher com-
pared to that with lower defect density, i.e. at slow heating. 
In this scenario, the driving force DFN will increase from 
ΔG0 to ΔG0’ as shown in Fig. 8. On the other hand, under 
these conditions austenite formation on the ferrite/ferrite 
boundaries may also be thermodynamically possible due 

to the enhanced Gibbs energy of ferrite, in which case the 
austenite formation may occur in a massive manner,24) i.e. 
austenite can transform from ferrite with the same carbon 
concentration with a driving force of ΔG1 (Fig. 8). Both 
phenomena contribute to an enhanced austenite nucleation 
under conditions of fast heating.

As shown in Fig. 4(b), for samples treated with a slow 
heating rate of 5°C/s, recrystallization is incomplete before 
austenite nucleation starts. In this case, austenite forms pref-
erentially on ferrite-pearlite boundaries similarly as in Fig. 
4(a). Laterally, it also forms on the recrystallized ferrite-
ferrite boundaries. This suggests that the uniformity of the 
FP steel can be increased through increasing the proportion 
of ferrite recrystallization before austenite transformation. 
In addition, it is found the banded martensite is larger than 
the martensite formed in the grain interior. This is due to 
the abundant carbon supply from the cementite bands as 
well as the locally higher Mn concentration, which leads to 
a lower Ac1 temperature so that austenite will form earlier 
and grow to a larger size.

For REX processing, cementite particles are located 
at the former position of the pearlite while the ferrite is 
recrystallized. Due to the ferrite grain boundary movement 
during recrystallization, some of the cementite particles 
now lie inside the ferrite grains. In order to investigate the 
preferential nucleation position of austenite, interrupted 
quenching experiments were carried out in which the speci-
men was heated to a temperature just 5°C higher than Ac1 
temperature. An optical micrograph of the microstructure 
obtained is shown in Fig. 9(a). It is found that austenite 
(corresponding to the locations of the martensite) nucleates 
preferentially on the cementite bands which are aligned with 
the ferrite grain boundaries in the rolling direction. Very 
few nuclei were found inside the ferrite grains even though 
there are rows of cementite particles. In addition, the “clean” 
ferrite boundaries that are free of cementite (as shown with 
white arrows) are hardly occupied by austenite. Therefore, 
the preferred nucleation sites in this case are the junctions 
between the cementite and the ferrite grain boundaries.13,25) 
While those ferrite boundaries far away from cementite can 
only be invaded by austenite following long range carbon 
supply by cementite dissolution. The smaller size of these 
martensite particles on ferrite grain boundaries perpendicu-
lar to rolling direction (shown with dotted arrows in Fig. 
4(c)) supports the delayed nucleation hypothesis.

Figure 10(a) shows the austenite fraction for the three 
Fig. 8. Gibbs energy curves for austenite transformation of FP 

steel.

Fig. 9. Martensite distribution at early stage of transformation for REX processing, (a) FP steel, (b) B steel (LePera’s 
etching).
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heating routes explored. The transformation kinetics are 
considerably affected by the prior heating rate, i.e. increas-
ing the heating rate accelerates the transformation kinetics. 
The higher heating rate will leave a higher stored energy 
in ferrite which increases the driving force for austenite 
nucleation and growth.12,13,26) Chbihi et al.12) reported that 
for high heating rates austenite grows under a condition 
close to PE (para-equilibrium) at the beginning of the 
transformation. And another reason is that the accelerated 
C and Mn diffusion due to the higher dislocation density. 
The work by Dmitrieva et al.27) also supports the assumption 
of a higher Mn mobility. In case of REX processing, the 
austenite formation kinetics is decelerated due to the lower 
driving force for austenite formation as well as the lower 
diffusivity of C and Mn.

4.3. Austenite Formation in B Steel
For the B steel, the austenite nucleation conditions may 

be different as a high defect density would be preserved in 
particular during fast heating. Thus, as is shown in Fig. 11, 
the Gibbs free energy Gα’ is higher. Moreover, some super-
saturated carbon would be trapped in the matrix. When the 
heating rate is high enough, there is not enough time for 
cementite precipitation. And thermodynamically, driving 
force for nucleation of cementite can be lower than that of 
austenite, i.e. ΔGθ <  ΔG1’. In this respect, austenite can 
be transformed with the same composition of the matrix, 
i.e. the nucleation of austenite occurs with a massive-like 
manner.28,29)

Cementite precipitates uniformly in the matrix after 
recrystallization (Fig. 3(d)). Optical micrograph of the 
specimen which was treated for 100 s at 660°C followed 
by heating to a temperature just 5°C higher than Ac1 tem-
perature and immediate quenching is shown in Fig. 9(b). It 
is found that austenite nucleated preferentially on the fer-
rite grain boundaries. However, it is reported that austenite 
nucleating on a ferrite α/α grain boundary is thermodynami-
cally unlikely because of the lack of carbon.24) Hence, it is 
assumed that the austenite nucleated on those ferrite grain 
boundaries which were decorated by submicron cementite 
particles. As in the case of the FP grade, recrystallized fer-
rite grain boundaries that are free of cementite (as shown 
with white arrows) can only be occupied by austenite in 
case of dissolution of cementite inside ferrite grains or 
segregation of solute carbon towards ferrite grain boundar-
ies. Generally, austenite preferentially nucleates at ferrite-

cementite interface on ferrite boundaries rather than inside 
ferrite matrix.30)

The austenite fraction for the isothermal holding pro-
cess of the B steel starting structure is also shown in Fig. 
10(a). The austenite fraction follows the trend of 100°C/s > 
5°C/s >  REX processing, similar to the order observed for 
the FP grade. It is found that, for the same heating condi-
tions, the austenite fraction of B steel is slightly higher than 
that of FP steel. The reason is considered to be the increased 
nucleation sites resulted from the refined microstructure as 
well as enhanced defect density in B steel. Interestingly, it 
is found that the austenite fraction increases more sharply in 
the early stage in the case of high heating rate for FP steel. 
As can be seen in Fig. 10(b), the transformation rate at the 
early stage is higher in FP steel but it decreases and tends 
to be close for both steels after a few seconds. Compared to 
the B steel, for the FP steel the austenite can grow quickly 
by thickening and lengthening in pearlite colonies because 
of the short-range carbon redistribution.8) In Fig. 10(b), both 
transformation rate curves tend to coincide after 2 s, and the 
corresponding austenite fraction is 0.28 at this time in FP 
steel, which is close to the initial pearlite fraction of 0.25 
as can be calculated from Fig. 2(a). It means that austenite 
transformation rate would slow down and be close to that 
of B steel once the pearlite colonies are consumed by the 
austenite.

Fig. 10. Austenite fraction under isothermal holding process for FP and B steel with (a) varied heating routes and (b) 
transformation rate comparison between FP and B steel for fast heating.

Fig. 11. Gibbs energy curves for austenite transformation of B 
steel. (Online version in color.)



ISIJ International, Vol. 61 (2021), No. 5

© 2021 ISIJ 1658

4.4.  Influencing Factors of BR
Figure 12(a) shows the relationship between BR and 

TEL. The figure shows that for the same initial microstruc-
ture, BR increases linearly with TEL. However, once the 
initial microstructure changes from FP to B steel, the BR is 
at a much higher level. Especially, for the B steel, the BR 
is comparable to that of slow heating even though the TEL 
is remarkably reduced. Thus, it can be concluded that there 
is no simple linear relationship between total elongation and 
bendability, as reported in other studies.31,32)

In some studies, the hardness difference between the 
soft and hard phase is thought to affect the void nucle-
ation, growth and the failure behavior during bending or 
hole expanding through the strain localization. In Taylor’s 
study,1) a smaller ferrite/martensite hardness ratio is 
reported to bring a higher degree of strain partitioning to 
the softer ferrite phase, potentially inducing more damage 
to the matrix. Hasegawa et al.32) presented a linear relation-
ship between hardness difference of martensite/ferrite and 
hole expansion ratio. Assuming that the yield strength is 
determined by ferrite hardness and that tensile strength is 
determined by martensite hardness, yield ratio (YR) was 
calculated to represent the ferrite/martensite hardness ratio. 
Fang et al.33) also reported that a high YR corresponds to 
a good hole expansion behaviour, i.e. a strong ferrite is 
favourable for hole expansion. It is shown in Table 2 that 
for the same heating route, YR is about equal for the FP and 
B steels while BR varied significantly for the similar YR, 
e.g. FP-1/B-1, FP-2/B-2 and FP-3/B-3. Thus, the reported 
relation between yield ratio and bendability is not confirmed 
in this study.

It is shown that a major microstructural difference 
between the FP and B steel grades lies in the spatial dis-
tribution of martensite. In the FP steel, the martensite is 
distributed according to the characteristics of the perlite 
banding due to the microstructure inheritance even though 
it can be alleviated through the REX pre-treatment. On 
the other hand, in the B steel, the martensite is distributed 
uniformly. A number of researches have been carried out 
on the failure behaviour for different martensite distribu-
tion. Ramazani et al.34) found that failure initiation occurs 
in banded martensite at lower plastic strains and considered 
martensite cracking as the main failure mechanism. Tasan et 
al.35) reported that shear bands would form in case of bend-
ing and they would percolate the banded martensite, causing 
early damage initiation. Yamazaki et al.19) also reported that 
the bendability of 980 MPa DP steel is not related to total 
elongation but to microstructural homogeneity.

The anisotropy index (AI), which characterizes the 
homogeneity of the distribution of the second phase was 
evaluated for FP and B steel according to ASTM E1268-19. 
In this method, the degree of banding is quantified using a 
statistical analysis of the topological patterns of digitized 
microstructural images of alloys containing two distinguish-
able phases, essentially relating the summed length of the 
intercepts of the distributed phase in the rolling direction to 
that in the perpendicular direction. The relationship between 
BR and AI is plotted in Fig. 12(b). The BR decreases with 
the increase of the AI of the same steel grade. When com-
bining the data from both grades, still the BR decreases 
as the AI increases, which means that an enhancement of 
uniformity in martensite distribution indeed leads to a higher 
bendability. However, the encircled data points show that 
this relationship is not obeyed strictly. Figure 12(c) shows 
the BR versus TS. For the same initial microstructure, BR 
decreases linearly with the increase of TS. However, the 
BR was improved integrally once the initial microstructure 
changes from FP to B steel even with similar TS. There is 
thus no simple monotonous relationship between tensile 
strength and bending ratio.

Finally, we explored whether there is a relationship 
between BR and product of TS and AI. Figure 13 shows 
the data for Log (BR) versus Log (TS*AI). One can see 
that there is a decent linear relationship. The equation that 
fits these data is Log (BR) =  1.159−0.41 Log (TS*AI). 
In order to further validate this correlation, data from the 
literature14) including the TS, BR and AI (calculated accord-
ing to SEM micrographs) for other DP steels but having a 

Fig. 12. Bending ratio versus (a) total elongation, (b) AI and (c) TS. (Online version in color.)

Fig. 13. Bending ratio versus product of TS and AI together with 
extracted data from the literature for another DP steel.14)
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different chemical composition and slightly different bend-
ing conditions were extracted. These data are also plotted 
in Fig. 13 and again a linear relationship is observed. Thus, 
it is proposed that the bending ratio is determined by the 
microstructure distribution as well as by the strengthening 
factors. Generally, strength is mainly affected by grain size 
and martensite volume fraction for certain chemical com-
position in DP steel.3,4) Therefore, it can be concluded that 
the bendability of DP steel is determined by the combined 
structural parameters, such as grain size, volume fraction as 
well as spatial distribution of martensite.

5. Conclusions

In this study, the effect of initial microstructure on ferrite 
recrystallization as well as combined effect of start micro-
structure and heating route on austenite formation kinetics 
and martensite distribution was elucidated. The main con-
clusions from this work are as follows:

(1) Ferrite recrystallization kinetics is accelerated in 
the cold-rolled bainitic steel compared to ferrite-pearlite 
steel. The main reason for a lower activation energy in the 
former one due to the higher defect density. Different initial 
microstructures (e.g. distribution of carbon), yield distinctly 
different cementite particle distributions.

(2) The junctions between cementite and ferrite grain 
boundaries are preferred nucleation sites for austenite. 
While, those ferrite boundaries far away from cementite can 
only be invaded by austenite through carbon supplying by 
cementite dissolution or carbon segregation towards ferrite 
grain boundaries. The smaller size of martensite particles 
on ferrite grain boundaries for REX processing in FP steel 
supports the delayed nucleation hypothesis.

(3) An in-line recrystallization step in the thermal route 
can alleviate the banding severity in FP steel by supply-
ing more ferrite grain boundaries but it does not eliminate 
banding. Given the uniform distribution of cementite after 
ferrite recrystallization in the B steel, austenite preferentially 
nucleates on recrystallized ferrite boundaries, leading to a 
homogeneous distribution of martensite.

(4) Due to the enhanced driving force under high 
heating rate, nucleation of austenite can occur with a 
massive-like manner and austenite transformation kinetics 
is significantly accelerated.

(5) Bendability rather than strength-ductility combi-
nation can be significantly improved by a more uniform 
distribution of martensite. The bendability of DP steel is 
determined by the combination of microstructural param-
eters, in particular the martensite distribution, and the 
mechanical properties as measured in uniaxial tensile testing.
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