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Microstructure evolution and mechanical properties of
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Abstract: The microstructure evolution of 1 000 MPa cold rolled dual-phase (DP) steel at the initial heating stages of the continuous
annealing process was analyzed. The effects of different overaging temperatures on the microstructures and mechanical properties of
1 000 MPa cold rolled DP steel were investigated using a Gleeble—3500 thermal/mechanical simulator. The experimental results
show that ferrite recovery and recrystallization, pearlite dissolution and austenite nucleation and growth take place in the annealing

process of ultra-high strength cold rolled DP steel. When being annealed at 800

for 80 s, the tensile strength and total elongation

of DP steel can reach 1 150 MPa and 13%, respectively. The microstructure of DP steel mainly consists of a mixture of ferrite and
martensite. The steel exhibits low yield strength and continuous yielding which is commonly attributed to mobile dislocations
introduced during cooling process from the intercritical annealing temperature.
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1 Introduction

Advanced high-strength steels (AHSS) have been
used in the automotive industry as a solution for the
weight reduction, safety performance improvement and
cost saving. Among them, the dual-phase (DP) steels,
whose microstructure mainly consists of ferrite and
martensite, are an excellent choice for applications where
low yield strength, high tensile strength, continuous
yielding, and good uniform elongation are required
[1-4].

The continuous annealing process to produce cold
rolled DP steels typically has the following stages:
heating to the intercritical temperature region, soaking in
order to allow the nucleation and growth of austenite,
slow cooling to the quench temperature, rapid cooling to
transform the austenite into martensite, overaging, and
air cooling. The amount and morphology of the
constituents formed depend on such annealing
parameters. The effects of the retained austenite, ferrite,
and martensite morphologies on the mechanical behavior
of DP steels have been intensively investigated[5S—9]. As
we all known, overaging treatment is an important
process during the production of dual-phase steel. It can
reduce the hardness of martensite and improve the

comprehensive mechanical properties of DP steel
[10—-14].

The purpose of the present research was to study the
microstructure evolution of cold rolled DP steel at the
initial heating stages of the continuous annealing process
using a Gleeble simulator. At the same time, the effects
of overaging temperature on the mechanical properties of
DP steel were also studied. The microstructures of
specimens simulated on a Gleeble simulator, were
analyzed using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

2 Experimental

The chemical compositions of the experimental
steel (mass fraction, %) were: 0.14—0.17C, 0.40—0.60Si,
1.70—-1.90Mn, 0.02—0.04Nb, 0.40-0.60Cr, = 0.010P,
= 0.010S, 0.02—0.06Al1 and balance Fe. Firstly,
experimental steels were smelted in a 50 kg vacuum
induction furnace. After smelting, experimental steels
were forged into 35 mm><100 mm><100 mm cubic
samples. The forged slabs were reheated to 1 200
and soaked for 1 h. The hot rolled thickness was 3.5 mm
after 6 passes rolling. The finish rolling temperature was
about 880 . The coiling temperature was 620
After being pickled in hydrochloric acid, the hot rolled
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bands were cold rolled to the final thickness of 1.0 mm,
and the reduction was about 70%. Finally, the cold rolled
sheets were cut into the samples for the simulation of
continuous annealing experiment.

The microstructure evolution at the initial steps of
the continuous annealing process was studied using a
Gleeble 1500 simulator. The steel was heated at 10 /s
to the different heating temperatures (550, 630, 670, 710,
730, 750 and 780 ) and held for 20 s followed by
water-quenching. The effects of different overaging
temperatures on the microstructures and mechanical
properties of DP steel were investigated using a Gleeble
3500 simulator. The processing schedules and
parameters used are shown in Fig.l. The soaking
temperature of intercritical region was set at 800
soaking time is 80 s; after a slow cooling, the samples
were rapidly cooled to 240, 280, 320 and 360
respectively and soaked for 300 s; at last, the samples
were air cooled to the room temperature.

A — Austenite
F—Ferrite
A+F M—Martensite

Temperature

Soaking N\Slow cooling

Rapid cooling

Overaging \ F+M

Final cooling

Time
Fig.1 Continuous annealing process of DP steel

After heat treatment, the steel sheet would be cut
into standard tensile specimens (length 200 mm, gauge
length 50 mm). The tensile test was performed with
CMT4105-type tensile test machine to test mechanical
properties. The longitudinal cold rolling plane sections of
samples after annealing were prepared and etched with
4% natal. The microstructure was analyzed by scanning
Some

electron microscopy (SEM). samples were

analyzed using transmission electron microscopy (TEM).
3 Results and discussion

3.1 Mechanical properties and microstructures of
samples after hot-rolling and continuous
annealing
Table 1 shows the tensile test data for the two

samples after hot-rolling and continuous annealing in

terms of yield strength, ultimate tensile strength and total

elongation. When the annealing temperature is 800

and soaking time is 60 s, the tensile strength reaches

1 110 MPa and the total elongation reaches 12%.
Compared with the hot-rolled samples, the yield strength
and total elongation of sample after annealing are similar,
but the tensile strength increases by about 450 MPa. The
yield ratio decreases obviously. The engineering uniaxial
tensile stress — strain curve of the sample after
continuous annealing is characterized by very uniform
plastic flow until necking. There is no physical yield
point and yield point extension, that is, the steel exhibits
continuous yielding which is commonly attributed to
mobile dislocations introduced during cooling from the
intercritical annealing temperature. Many dislocation
sources come into action at low strain and plastic flow
begins simultaneously through the specimen, thereby
suppressing discontinuous yielding[15].

Table 1 Mechanical properties of samples after hot rolling and

annealing

Yield Tensile )
. Yield Total
Condition  strength/ strength/ s .
ratio elongation/%

MPa MPa

Hot rolling 555 665 0.83 16

Annealing 540 1110 0.49 12

* Yield ratio is defined as the ratio of yield strength to tensile
strength.

hot-rolled and
cold-rolled samples are shown in Fig.2. It can be
that hot rolled steel a band
microstructure, i.e. pearlite band in a ferrite grain matrix.

The microstructures of the

observed features
The ferrite grain size is measured to be 5.0-9.0 pum.
After cold rolling, the microstructure consists of
elongated grains of ferrite and deformed colonies of
pearlite (Fig.2(b)). After cold-rolling, there is an increase
in the stored energy of the steel due to the high
dislocation density and this provides the driving pressure
for the ferrite recrystallization during annealing process.
The total ferrite grain boundary area increases and the
cementite laminar structure in pearlite is broken down.
The latter has been shown to promote spheroidization of
cementite during subsequent annealing process.

The SEM micrograph of the sample after annealing
is given in Fig.3(a). The microstructure of DP steel
consists of a mixture of ferrite, martensite,
martensite/austenite constituent. There is also some
bainite in the microstructure. The martensite islands are
homogeneously distributed in ferrite matrix. The DP
steel has finer grain size and the size of ferrite grain and
martensite island are about 1.0—2.0 um. Some martensite
islands have a bright white circle around the edge, and

the center of martensite is of irregular black structure.
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Fig.2 Microstructures of steel after hot rolling (a) and cold

rolling (b)

Fig.3 SEM images (a) and TEM micrograph (b) of steel after
continuous annealing

The main reason is the manganese partitioning will occur
during the continuous annealing process. During the
heating process, a high-Mn side lap forms around
austenite, which makes the hardenability of austenite
island edge higher than that of the center. So, it makes

high-Mn side lap form around martensite in the cooling
process. The volume fraction of martensite is about 40%,
which is the main reason for DP steel with a higher
strength. After the continuous annealing process, band
structure is significantly improved, which plays an
important role in improving the performance of DP steel.

The fine structures of martensite and ferrite are
shown in Fig.3(b) by the TEM observation. The lath
martensite is fine, and is relatively clean; at the same
time, a very high density of dislocations can be observed
in the ferrite grain adjacent to martensite. These
dislocations are generated in order to accommodate
transformation induced strain built between martensite
transformed by quenching and retained ferrite. In
addition, they are known to be mobile and play an
important role on rapid, extensive strain hardening of DP
steel from the onset of its plastic deformation.

3.2 Microstructure evolution at initial steps of

continuous annealing process

The microstructure evolution at the initial stages of
the continuous annealing process is very important for
producing the ultra-high strength DP steel. During the
annealing process of high strength DP steel, ferrite
recovery and recrystallization, pearlite dissolution and
austenite nucleation and growth will occur. When the
sample is heated to 550 , the microstructure has no
visible change as compared with the cold rolled sample.
The ferrite grain is stretched along the rolling direction
significantly; lamellar pearlite is stretched along the
rolling direction too. At the same time, there are some
carbide particles in the ferrite matrix, as shown in
Fig.4(a). At this temperature, the recrystallization
nucleus was not found in the structure. So, at this stage
the sample is still at the recovery stage. When the heating
temperature is 630 , the recrystallization nucleus
begins to appear in the microstructure. The nucleus of
crystal appears mainly nearby the large deformation
ferrite (Fig.4(b)). The recrystallization nucleus is fine
and equiaxed. Large deformation storage power is
present in the large deformation region. So,
recrystallization nucleus forms in this region firstly. With
the heating temperature increasing, the recrystallization
nucleus begins to grow. Therefore, the size of
recrystallization is uneven at this stage, as shown in
Fig.4(c). When the heating temperature is 670 , the
deformation structure still exists in the microstructure.
With the temperature increasing, the deformed ferrite
grains are replaced by recrystallization ferrite grains.
When the heating temperature is 710, the deformation

structure has already vanished, which is replaced by the
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equiaxed recrystallization grain. So, the process of
recrystallization completes basically. In the ferrite
recrystallization process, the pearlite transforms to
granular from lamellar gradually.

When the heating temperature is 730 , it begins to
enter the two-phase region; and the ferrite and
spheroidised carbides begin to transform to austenite. A
small amount of austenite nucleates in the original
pearlite region, as shown in Fig.4(e). Austenite nucleates
mainly in the ferrite and pearlite grain boundary; and a
part of austenite also nucleates in the carbide particles of

Fig.4 Microstructure evolutions during
continuous heating process: (a) 550 ; (b)
630 ;(c)670 ;(d)710 ;(e)730 ; ()
750 ;(g) 780

ferrite. After austenite nucleation, it begins to grow
rapidly. At this stage, the pearlite dissolves rapidly. When
the temperature reaches 750 , the austenite
transformation occurs obviously. The bright white
particle which distributes in the ferrite matrix is the
martensite island. The martensite transforms from
austenite during the rapid cooling process. At the same
time, a small amount of martensite particles can also be
observed in ferrite; and there are still some non-dissolved
carbide particles in the ferrite matrix. The initial
austenite growing-up is mainly controlled by the carbon
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diffusion in the austenite, and the diffusion path is along
the pearlite/austenite interface. When the annealing
temperature is 780 , the austenite volume increases,
and the number of carbide particles is reduced gradually.
There is only a very small amount of carbide particles
distributing in ferrite matrix.

3.3 Effect of overaging temperature on
microstructure and mechanical properties of

DP steel
The overaging is a temper treatment to harden
martensite in the dual-phase steel, reduce the hardness of
martensite and improve the comprehensive mechanical
properties[16]. Fig.5 shows the effect of overaging
temperature on the mechanical properties of dual-phase
steel. All the samples are intercritically annealed at 800
with different overaging temperatures. As can be seen
from Fig.5, the highest tensile strength is achieved in the
sample overaged at 280 . The yield strength is 560
MPa, the tensile strength is 1 150 MPa, and the total
elongation reaches 13%. The good combination of high
strength and toughness properties is obtained. And then,
with the increase of overaging temperature, the yield
strength and tensile strength of samples decrease, while
the total elongation increases. When the overaging
temperature reaches 360 , the tensile strength
decreases, the yield strength does not change
significantly. The mechanical properties of sample
cannot meet the necessary requirements of CRO80DP. At
the same time, the stress—strain curve of the steel shows

discontinuous yielding behaviour and develops yield
plateaus.

Fig.6 shows the SEM microstructures with different
overaging temperatures. It can be seen that the
microstructure mainly consists of dark grey ferrite grains
and white martensite. When the overaging temperature is
360 , the martensite boundary is fuzzier than that of
sample overaged at 320 , and there are more carbides,
which is due to the effects of tempering on the martensite,
such as the volume contraction of martensite during the
tempering, the changes of the martensite strength and
additional carbon clustering or precipitation near the
ferrite and martensite interfaces.
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Fig.5 Effects of different overaging temperatures on mechanical
properties

Fig.6 SEM images of microstructures of DP steel overaged at different temperatures: (a) 240

: (b) 280

;(€)320  ;(d) 360
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4 Conclusions

1) When the DP steel is annealed at 800  for 80 s
and overaged at 280 , the tensile strength and total
elongation of ultra-high strength dual-phase steel can
reach 1 150 MPa and 13%, respectively.

2) The microstructure of DP steel consists of a
mixture of ferrite, martensite, martensite/austenite
constituent. There are also some bainites in the
microstructure. The  martensite islands are
homogeneously distributed in ferrite matrix. The ferrite
and martensite island grain size are about 1.0-2.0 pm.
When the overaging temperature reaches 360 , the
tensile strength decreases, the yield strength does not
change significantly. The mechanical properties of
sample cannot meet the necessary requirements of
CR980DP. At the same time, the steel shows
discontinuous yielding behaviour and develops yield
plateaus.
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