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Abstract

The ferrite—bainite microstructures and mechanical properties in a hot-rolled dual phase steel with different transformation
temperatures were investigated in this paper. The deformation behavior of bainite and ferrite was analyzed by using in situ
scanning electron microscope. The results showed that the ferrite and bainite can be refined and the volume fraction of bainite
can be slightly increased by 5% by decreasing the ferrite transformation temperature from 690 to 635 °C and increasing the
bainite transformation temperature from 400 to 450 °C. The strengthening mechanism was dislocation difference in polygonal
and acicular ferrite and then the grain size difference of ferrite. The hole expansion ratio increased from 52.9 to 83.7% with
the ferrite transformation temperature decreasing. The cracks or voids were smaller in size and also the number in steel with
the lower ferrite transformation temperature after expanding. The microstructure separation along the boundary between
bainite and ferrite and the slip band in the ferrite appeared at the non-uniform deformation stage. However, fewer appeared
in the microstructure of steel with lower ferrite transformation temperature. Cooperative deformation of ferrite and bainite
and finer microstructure in steel with lower ferrite transformation temperature were the mechanisms why the cracks could
not easily nucleated and propagated, respectively. Thus this was also why there was a better hole expansion ratio.
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1 Introduction

Hot-rolled dual phase steel has been one of the most com-
mon used advanced high strength steel for its high strength,
low yield ratio, high initial work hardening rate and good
combination of strength, plasticity and toughness [1, 2]. For
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the dual phase steel sheets used on some automotive parts,
such as wheels, chassis and so on, particular elongation and
stretch-flangeability are required to have higher press form-
ability [3, 4]. The hole expansion ratio is a very important
sheet formability index to describe the stretch-flangeability
of sheet steel [3, 5]. Most literatures in the past [6—8] have
focused on the mechanical properties and microstructures
of ferrite-martensite dual phase steel because of its high
strength and good ductility. However, compared with fer-
rite-martensite dual steels, the ferrite—bainite dual steels
now have been more and more focused on the automotive
materials because they have high hole expansion ratio, good
strength and elongation together [2, 4, 9, 10].

There have been some reports investigating the micro-
structure and property of ferrite—bainite dual steels by con-
trolled rolling and cooling or alloying methods in order
to achieve a better comprehensive mechanical proper-
ties [2, 11-14]. Kumar’s et al. [2] investigation presented
the structure—property relations of a series of low carbon
ferrite—bainite dual phase microstructures containing
50%-90% bainite prepared by varying the heat treatment of
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a Nb-bearing steel. The results showed that ferrite—bainite
dual phase steel with 60%—70% bainite appears to possess
excellent mechanical properties such as hardness, yield and
tensile strength, percentage elongation and strain-hardening
exponent [2]. Shen et al. [12] investigated the effects of coil-
ing temperature on microstructure and mechanical proper-
ties of a ferrite—bainite dual phase steel and showed that the
volume fraction and the grain size of ferrite were almost
independent of the coiling temperature. They concluded that
lowering coiling temperature led to the hard phase changing
from bainite to martensite and thus the deformation com-
patibility was weakened and the hole expansion ratio was
reduced. Cho et al. [9] focused on the cooling condition on
the microstructure and mechanical properties of Nb-bear-
ing TS 590 MPa grade hot-rolled high strength steels. They
reported that elongation and stretch-flangeability of the fer-
rite—bainite steel could be improved as compared with that
of ferrite-pearlite steel because the formation and propaga-
tion of micro-cracks were suppressed during deformation.
Most of previous studies [9, 12—16] researched on the hole
expansion ratio differences of different hard phases or dif-
ferent volume fraction of hard phases in a dual phase steel.
They showed the morphologies near the fracture surface of
the specimens after expanding and discussed the propaga-
tion of micro-cracks or voids. However, few has showed
the hole expansion ratio differences of steel with nearly the
same hard phase but the different grain size. Also, to the
best of my knowledge, nobody has shown how and why the
nucleation of micro-cracks was different during expand-
ing by in situ observing the evolution of ferrite and bainite
quantificationally.

In this paper, the effect of transformation temperatures
of ferrite and bainite on the microstructure and mechani-
cal properties of ferrite—bainite dual phase were studied.
The effect of microstructures on the hole expansion ratio
were also discussed. In situ SEM observation of the mor-
phologies evolution of ferrite and bainte during deformation
were shown to analyze the deformation behavior and thus to
explain how and why the nucleation of micro-cracks were
different in different microstructures.

2 Experimental Section
2.1 Materials and Processes

The experimental steel was produced as a rectangular billet
with the length of 300 mm, the width of 200 mm and the
thickness of 50 mm in a steel mill. It was then reheated,
roughing rolled and finishing rolled and cooled with dif-
ferent processing parameters as shown in Fig. 1. The
thickness of the final product was 2.6 mm. The chemical
composition of the investigated steel was determined as
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Fig. 1 The schematic route of rolling and cooling process in steel mill

0.064C-0.023Si-1.25Mn-0.016Cr and was Fe balanced. It
can be seen in Fig. 1 that the cooling process of the slab
after finishing rolling in the temperature range from 800
to 810 °C can be divided into several parts. At first, the
slab was rapidly cooled to the temperature of T,. After that,
the slab was air cooled for 8.0-10.0 s and then coiled with
the temperature of T,. The cooling strategy was designed
based on the knowledge that the ferrite transformation was
in the temperature range of T, and the bainite transformation
occurred in the temperature range of T,. Thus, the obtained
microstructure would be a mixed microstructure of ferrite
and bainite. The size, the distribution and the morphology of
different microstructures varied with different cooling strate-
gies. Two cooling strategies were set in order to analyze the
effect of transformation temperature and the deformation
behavior. For strategy No.1, the temperatures T, and T, were
set as 690 °C and 400 °C, respectively. For strategy No.2,
the temperatures T, and T, were set as 635 °C and 450 °C,
respectively. Metallographic examination was conducted
on the center of the specimens in different directions. The
samples were then mechanically ground, polished and then
etched in 4% nital. Micrographs were obtained by optical
microscopy (OM) (model: Scope Al).

2.2 Properties Tests and Microstructural
Investigation

The mechanical properties at transverse and rolling direc-
tions of the slabs were tested. The tensile test machine
CMT4105 was adopted to do the uniaxial tensile test at
ambient temperature according to GB/T 228-2002 stand-
ard. Specimens for the tensile tests with 50 mm gauge
length, 12.5 mm width and 2.6 mm thickness were
machined from the slabs. The tensile velocity was 7.5 mm/
min before yielding and 20 mm/min after yielding. In
addition, the sheet formability test machine BCS-50A was
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also employed to test the hole expansion performance of
experimental samples at ambient temperature. The size of
the square experimental slab was 100 mm X 100 mm. A
hole with the diameter of 10 mm in the center of the square
sample was made by punching. The punching clearance
was 0.1 mm. The hole expansion test was conducted by
expanding the 10 mm punched hole using a conical punch
with a cone angle of 60°. The initial diameter of the hole in
the sample was measured by averaging two readings taken
perpendicularly to each other. When a tear at the edge of
the expanding hole of the test sample was observed, the
travel of the punch was stopped immediately [17]. The
diameter of the expanded hole was also measured. Then,
the hole expansion ratio can be expressed as follows:

d—-d,
A= X 100%
0

ey

where d, was the average initial diameter of the hole and d
the average diameter of the expanded hole. After hole expan-
sion test, a square sample with the size of 20 mm X 20 mm
was cut near the expanded hole as show in Fig. 2. The micro-
structures at different surfaces were observed by SEM (FEI
quanta 450) to analyze the morphologies of ferrite and
bainite after expanded.

In addition, in situ SEM was also employed to further
analyze the morphology changes of microstructures during
expanding and the deformation behavior of each phase.
The previous report showed that the probability for the
occurrence of a macro-crack at some sites in the region of
a hole edge is much higher than at other sites. Also, they
found that the strain state at those sites was similar to the
strain state that occurred during uniaxial tension [3]. Con-
sequently, it was reasonable to describe the hole expan-
sion process by in situ tensile test. The specimens were
manufactured according to Fig. 3, which is the schematic
drawing of a specimen for in situ SEM tensile testing, with

Fig.2 The schematic diagram
of hot expansion test and the
sampling position : Qo

Before expanding

ST

Fig.3 The schematic drawing of a specimen for in situ SEM tensile
testing (unit: mm)

thickness of 1 mm. The specimens were also machined
with V shaped notch with the depth of 1 mm. Each speci-
men was polished and etched with 4% nital before in situ
SEM investigation and testing. Specimens were then put
into in situ SEM tensile test apparatus CS3400 with the
maximum load of 5 kN. The tensile velocity was constant
as 0.2 mm/min. All samples were tested at room tempera-
ture. The microstructures of the samples as shown in Fig. 3
were observed at different tensile deformation stages.

3 Results and Discussions
3.1 OM Microstructure
The microstructures of the investigated steel under differ-

ent strategies were shown in Fig. 4. Figure 4a, b showed that
the microstructures of steel along different directions under

After expanding

et

_/

After expanding

>,

v

xpanded hole

N

After expanding

@ Springer



322

Metals and Materials International (2021) 27:319-327

Fig.4 Optical microstructures
of steel under different strate-
gies: strategy No.1 a rolling
direction (RD), b transverse
direction (TD); strategy No.2 a
rolling direction (RD), b trans-
verse direction (TD)

=

o

strategy No.l both mainly consisted of polygonal ferrite and
blocky bainite. There was no much differences of the micro-
structures in different directions. The size of the blocky bainite
was much larger and the distribution of the bainite was also
not quite uniform. The volume fraction of bainite was 19%.
The average grain size of the ferrite was measured as 6.4 pm.
Figure 4c, d showed that the microstructures of steel along
different directions under strategy No.2 were a mixture of tiny
ferrite and bainite. The ferrite and bainite could be polygo-
nal or acicular and were dispersedly distributed. The volume
fraction of bainite of steel under strategy No.2 was nearly the
same but 5% more than that under strategy No.1. The results
were not in accordance with the previous study which showed
that bainite volume fraction increased as the coiling tempera-
ture decreased [9]. Thus, the slight increase of bainite volume
fraction could be attributed to the grain refinement. The aver-
age grain size of the ferrite was measured as 5.6 pm. Ferrite
formed at the temperature of 635 °C were finer than that of
690 °C. More grain boundaries of ferrite were offered for pro-
moting the nucleation of bainite in the finer microstructure.
Also, the ferrite also began to change from polygonal ferrite
to acicular ferrite. Thus, the bainite was also refined and uni-
formly distributed because of the refinement of ferrite.

3.2 Effect of Microstructure on the Mechanical
Properties and the Hole Expansion Ratio

The tensile strength, yield strength and elongation of steels
at different directions under different strategies were shown
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in Fig. 5a. It can be seen that the strengths at transverse
direction were a little higher than that at rolling direction
while the elongations were nearly the same. Comparing the
mechanical properties of different strategies, the conclu-
sion can be made that the elongation of steel under strategy
No.2 was nearly the same as that of strategy No.1 though
the tensile strength and yield strength of steel under strategy
No.2 were much higher. The experimental results of the hot
expansion test in Fig. 5b showed that there was a dramatic
increase in the hole expansion ratio value of steel under
strategy No.2 compared with that of strategy No.l. The
average value was increased from 52.9 to 83.7%. The yield
strength of ferrite o, can be identified as the follows [18]:

6, =0y + 17.4d7'/? )
where d is the average grain size of ferrite. It can be con-
cluded that the yield strength difference of the ferrite ¢, in
steels under two different strategies contributed by the grain
size difference was 15 MPa. However, the total difference of
yield strength in average was nearly 45 MPa. The strength
of bainite transformed at higher temperature was higher
because of the difference in dislocation density. Thus, the
yield strength difference of bainite in steels under differ-
ent strategies can be nearly neglected because the volume
fraction of bainite was only 5% more but the transforma-
tion temperature of bainite was 50 °C higher in steel under
strategy No.2. In conclusion, the strengthening mechanism
of steel under strategy No.2 could be attributed to disloca-
tion difference in polygonal and acicular ferrite and then
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under different strategies

the grain size difference of ferrite. The former one was the
main point. Also it was not surprising that the refinement
of microstructure had not damaged the elongation when the
strength was increased. The results were unanimous to many

Fig. 6 SEM microstructures of
steel after the hole expansion
test: a strategy No.1, b strategy
No.2
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previous reports [19-21]. However, the hole expansion ratio
was greatly improved when the microstructure was changed.

The microstructure was observed by SEM to further ana-
lyze the microstructure effect during hot expansion test. Fig-
ure 6 showed the microstructures of steel along the expand-
ing direction after the hole expansion test. It can be seen
in the figure that there were cracks and voids near the final
fracture surfaces. The cracks and voids in the steel under
strategy No.l were mainly formed along the boundaries of
large polygonal ferrite or the boundaries between ferrite and
bainite. The results were ananimous to the previous reports
[9, 12, 16]. However, the cracks or voids in the steel under
strategy No.2 were smaller in size and also the number. Dur-
ing the expanding deformation process, the voids or small
cracks can often be formed at the boundary or inclusions at
the first stage because of the stress concentration. The stress
concentration often occurred at the boundaries between fer-
rite and bainite due to the difference of deformation ability
or at the ferrite boundaries. Cooperative deformation of dif-
ferent phases or grains could release the stress concentration
and thus delay the nucleation of voids or small cracks [12].
After the nucleation of micro-cracks and voids, the cracks
will propagate along the grain boundary. In the finer micro-
structure, the cracks grew slowly along the boundary and
sometimes could even only propagate across the bainite or
ferrite. Surely it would take more energy. Consequently, the
hole in the specimen of strategy No.2 with finer microstruc-
tures could expand to a larger size without cracks.

3.3 Effect of Microstructure on the Deformation
Behavior

In situ SEM results was employed to further analyze the mor-
phology changes of microstructures before crack formation
during expanding. The stress-distance curves of in situ SEM
tensile test of steel under different strategies were shown in
Fig. 7. It can be seen that the tensile process could be divided
into three stages: uniform deformation stage, non-uniform
deformation stage and crack formation stage. It was obvious

The expanding direction
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that steel under strategy No.2 has a longer uniform deforma-
tion stage. The typical microstructures at different positions
as marked at the curves were shown in Figs. 8 and 9. It can
be seen that the bainite and ferrite in the microstructures were
elongated with tensile process. The lengths of bainite and
ferrite at different tensile stages were measured in order to
analyze the deformation behavior. The length of bainite was
marked as Ly and that of ferrite was Ly as shown in Fig. 8a.
The length of each phase increased with the tensile process.
The elongation of different phases at a point was set as A which
can be expressed as follows:
r'-L,
A=—F—X 100% 3)

a

where L' was the length of the phase at the point of the ten-
sile process; L, was the length of the phase at the starting
point a of the tensile process. The coefficient K of different
phases were calculated based on Eq. 4 to analyze the effect
of elongation change of the specimen on the elongation
change of each phase during tensile process. It was defined
as the follows:

AA
Fig.7 The stress-distance (a)

curves of in situ SEM tensile
test of steel under different

Uniform deformation

where AA at a point was the difference value of the elonga-
tion A at this point and the elongation at the former point;
AAg at a point was the difference value of the elongation
of the specimen Ay at this point and the elongation of the
specimen at the former point. Three points were measured
and the corresponding K values were calculated in each steel
and they showed the same trend. The typical calculated K
values of different phases in steel under different strategies
have been shown in Fig. 10.

The results showed that the K values of ferrite and bainite
were nearly the same at the uniform deformation stage as
shown in Fig. 10 which indicated that the ferrite and bainite
deformed coordinately. The K value of ferrite was smaller
than that of bainite in this stage due to the higher deforma-
tion ability of ferrite. However, the K value of each phase
increased sharply when the non-uniform deformation began.
The non-uniform deformation of steel under strategy No.2
began after point f while that of strategy No.l began much
earlier. The microstructure separation along the boundary
between bainite and ferrite and the slip band in the ferrite
began to appear in the microstructure as shown Figs. 8e,
f and 9g. However, fewer appeared in the microstructure
of steel with lower ferrite transformationtemperature. The
microstructure separation along the boundary and the slip
band in the ferrite could be the sites of stress concentration
and the nucleation of cracks. The K value of each phase in
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Fig.8 In situ SEM micro-
structures at different tensile
positions of the stress-distance
curve of steel under strategy
No.1 as shown in Fig. 7a: a a, ¢
c,ee, ff

Fig.9 In situ SEM micro-
structures at different tensile
positions of the stress-distance
curve of steel under strategy
No.2 as shown in Fig. 7b: a a, ¢
c,ff,gg

steel strategy No.l was also quite higher than that of strat-  non-uniform deformation stage, the difference value of K
egy No.2. This indicated that the ferrite and bainite in steel =~ between ferrite and bainite also began to increase. In Fig. 10,
under strategy No.l deformed more dramatically. At the it was shown that the difference value of K reached 8 at
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22 : : ] ferrite transformation temperature has a longer uniform
2 | i e T deformation stage. The ferrite and bainite steel with
1 ~I** NG === > i‘f{ higher ferrite transformation temperature deformed
16 R —— Usiform deformation, | : more dramatically at the non-uniform deformation
: : | stage. The microstructure separation along the bound-
14 [ ] B ary between bainite and ferrite and the slip band in the
w12 b [ —=— Ferrite j . . .
2 i Bainite Wil ferrite appeared at the non-uniform deformation stage.
S0} [ : : However, fewer appeared in the microstructure of steel
M sl : [ 1 with lower ferrite transformation temperature.
B ! : : 4. The difference value of K between ferrite and bainite in
. ' WA the steel with lower ferrite transformation temperature
= | . . . .
| : was quite lower than that of higher ferrite transformation
25 : ‘ temperature. The ferrite and bainite in steel with lower
| . . .
Ol e = - } i ferrite transformation temperature could still deform
a b ¢ d e f a b ¢ d e f ¢ relatively more coordinately even at the non-uniform
Strategy No.1 Position Strategy No.2 deformation stage. Cooperative deformation of ferrite

Fig. 10 The coefficient K of different phases in steel under different
strategies

point f in steel under strategy No.l. However, the differ-
ence value of K was quite lower and only nearly 4 at point
g in steel under strategy No.2 as shown in Fig. 10. In the
steel under strategy No.2, the ferrite and bainite could still
deform relatively more coordinately even at the non-uniform
deformation stage. This is why the stress concentration could
be improved and the cracks could not easily nucleated, and
thus there was a better hole expansion ratio in the steel under
strategy No.2.

4 Conclusions

1. The ferrite and bainite can be refined and the volume
fraction of bainite can be slightly increased by 5% by
decreasing the ferrite transformation temperature from
690 to 635 °C and increasing the bainite transformation
temperature from 400 to 450 °C. Also, the ferrite began
to change from polygonal ferrite to acicular ferrite and
the microstructure was distributed more dispersedly due
to the refinement of ferrite.

2. The strength of steel with the ferrite transformation tem-
perature of 635 °C was higher than that of 690 °C. The
strengthening mechanism was dislocation difference in
polygonal and acicular ferrite and then the grain size
difference of ferrite. The hole expansion ratio increased
from 52.9 to 83.7% with the ferrite transformation tem-
perature decreasing. The cracks or voids were smaller
in size and also the number in the samples with lower
ferrite transformation temperature after expanding.

3. The K value of each phase increased sharply when the
non-uniform deformation began. The steel with lower

@ Springer

and bainite and finer microstructure in steel with lower
ferrite transformation temperature were the mechanisms
why the cracks could not easily nucleated and propa-
gated, respectively. Thus this was also why there was a
better hole expansion ratio.
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