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Abstract In order to simulate the hot-dipped galvanizing of dual-phase (DP) steel (wt%) 0.15C-0.1Si—1.7Mn, the DP
steels were obtained by different annealing schedules. The effects of soaking temperature, time, and cooling rate on ferrite
grain, volume fraction of martensite, and the fine structure of martensite were studied. Results showed that the yield
strength (YS) of DP steel is sensitive to annealing schedule, while total elongation has no noticeable dependence on
annealing schedule. Increasing soaking temperature from 790 to 850 °C, the YS is the lowest at soaking temperature of
850 °C. Changing CR1 from 6 to 24 °C/s, the YS is the highest when CR1 is 12 °C/s. Increasing soaking time from 30 to
100 s, the YS is the lowest at soaking time of 100 s. Besides, it was found that sufficient movable dislocations within ferrite
grains and high martensite volume fraction can eliminate yield point elongation, decrease the YS, and increase ultimate
tensile strength. Through TEM observations, it was also found that increasing annealing temperature promotes austenite
transformation into twin martensite, and increases volume fraction of martensite at sufficient cooling rate. With increasing
the martensite volume fraction, the deformation substructure in the ferrite is well developed.

KEY WORDS: Advanced high strength steels (AHSS); Dual-phase (DP) steel; Microstructure; Annealing
temperature

1 Introduction

In recent years, advanced high strength steels (AHSS),
including dual-phase (DP) steels, transformation-induced
plasticity (TRIP) steels, twinning-induced plasticity
(TWIP) steel, complex phase (CP) steels, and martensitic
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steels (MART), have been increasingly used in automotive
bodies for lightweight and crash-safe designs [1-3]. In
particular, as one kind of AHSS, DP steels are widely used
in various vehicle components because of their favorable
combination of strength, high work-hardening rate, elimi-
nation of yield point elongation, ductility, and formability
over other high strength low alloy (HSLA) steels with
similar yield strength (YS) [4-6]. These favorable behav-
iors of DP steels come from the combined properties of the
hard martensite phase with high strength and the soft ferrite
matrix with good ductility [7, 8].

Regarding the cold-rolled and annealed DP steel sheets,
as typical steels, the ferrite—martensite microstructure is
formed during annealing which is usually carried out in a
hot-dip galvanizing line [9, 10]. In this process, the cold-
rolled steel with a ferrite—pearlite microstructure is rehe-
ated to the intercritical region, i.e., 7 + o two-phase region,
leading to the formation of austenite and ferrite phases. The
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metastable austenite phase can be transformed to mar-
tensite or some of the other low-temperature transforma-
tion products during subsequent cooling which includes
also a short holding at the temperature of the zinc bath, i.e.,
at approximately 460 °C [11-13].

However, volume fraction, grain size, distribution, and
morphology of martensite as well as ferrite may signifi-
cantly depend on details of the processing routes and are
expected to be different in intercritical annealing processes.
Furthermore, volume fraction, grain size, and morphology
of martensite with ferrite may affect the final mechanical
properties of the steel sheets. Given the complexity of DP
steels, and the dynamic processes of deformation and
fracture, studying the microstructure effects on deforma-
tion and fracture is of compelling interest. The mechanical
properties of DP steels depend on various factors such as
martensite and ferrite micromechanical properties, volume
fraction, and morphology of martensite, as well as ferrite
grain size [8, 14, 15]. Different mechanical properties for
ferrite and martensite phases in dual/multi-phase steel have
been reported by various researchers [16, 17]. Many
researches revealed that the martensite volume fraction as
well as the martensite carbon content is a dominant factor
controlling the mechanical properties of DP steels [6, 18,
19]. Fine grain size, high strength, and high volume frac-
tion of the martensite phase generally increase the tensile
strength of DP steels.

As expected, a high volume fraction of the martensite
phase reduces the ductility of DP steels. Furthermore,
several previous studies showed that other microstructural
variables, such as grain size of ferrite, morphology, and
distribution of martensite particles, are also important [20,
21]. In addition, retained austenite in dual-phase steel is
also considered to improve the ductility and increase the
strain-hardening rate due to its transformation to martensite
during straining [22].

Although considerable researches have been conducted
on microstructures and mechanical properties of DP steels,
but more investigations are still needed to precisely predict
these properties. Moreover, in order to obtain the less
scattering of mechanical properties in hot-dip galvanized
DP steels, precise microstructures control considering
annealing process is quite important. Thus, it is worth
further investigating the possibility of achieving high
strength as well as sufficient ductility by optimizing the
annealing process parameters.

In this context, the present study aims to obtain suitable
microstructures and thus good mechanical properties of
DP780 cold rolling strip in order to simulate the hot-dipped
galvanizing through optimizing the annealing process
parameters. The tensile properties of the experiment steel
were examined, and the microstructures were also observed.
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Fig. 1 Schematic diagram of annealing process

Table 1 Parameters for heat treatment schedules for different
specimens

Specimen  Soaking Soaking CR1 CR2
No. temperature (°C) time (s) (°C/s) (°C/s)
1 790 30 12 12

2 820 30 12 12

3 850 30 12 12

4 850 30 6 12

5 850 30 12 7

6 850 30 24 7

7 850 45 24 7

8 850 100 24 7

A relation of microstructures of this DP steel with the tensile
properties was finally discussed.

2 Experimental

The chemical composition (in wt%) of the as-received cold
rolling steel used in this work is 0.15C-0.1Si-0.04Al-
0.09Ti—1.7Mn and Fe balanced. Specimens with dimension
of 600 mm x 300 mm x 1.6 mm were cut from the cold-
rolled strip along the longitudinal direction. In order to
determine the annealing temperature range, thermal—
mechanical simulation test was carried out on MMS-200
thermal mechanical simulator to measure temperature for
the austenite formation. Dilatometer study indicated that
the start temperature A.; and the finish temperature A.; of
the pearlite-to-austenite transformation are 720 and 870 °C
at the heating rate of 2 °C/s, respectively.

To obtain the dual-phase microstructures with varying
the martensite morphologies, the specimens were subjected
to different heat treatment schedules in order to simulate
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Table 2 Mechanical properties and martensite volume fractions of
different specimens

Specimen YS UTS YS/ TEL MVF
No. (MPa) (MPa) TS (%) (%)
1 550 800 0.69 18.5 7.0
2 485 785 0.62 18.0 15.7
3 463 840 0.55 18.0 19.6
4 413 780 0.53 17.0 12.9
5 472 775 0.61 18.0 15.9
6 440 800 0.55 21.5 13.7
7 476 840 0.57 19.5 14.6
8 369 805 0.46 20.0 154

continuous annealing. Figure 1 shows the schematic dia-
gram of annealing process.

The specimens were first reheated to intercritical
“o + 9” region, or to different temperatures, and held
different times for soaking, respectively. Then, the speci-
mens were cooled to 460 °C at a cooling rate of CR1 and
held at this temperature for 12 s to simulate the hot-dipped
galvanizing process. After that, the specimens were cooled
to room temperature at a cooling rate of CR2. The con-
tinuous annealing simulation was carried out on the con-
tinuous anneal simulator developed by the State Key
Laboratory of Rolling and Automation (RAL). During the
experiment, nitrogen was used to protect the steel from
oxidation and to cool the specimens. Table 1 lists the
detailed parameters for heat treatment schedules.

Tensile specimens were cut from the annealed samples
along the longitudinal direction and machined in accordance
with GBT228-2002. Universal tensile testing machine
(CCKX WAW-1000) was used to measure the tensile
mechanical properties. The samples for microstructural
observation were mechanically polished and etched with
LePera’s solution. The optical microscope (Leica Q550IW)
was used to observe microstructures of the specimens.

Thin foils for transmission electron microscopy (TEM)
observation were electropolished in Struer’s Tenupol twin-
jet polisher using a solution containing 93 vol% alcohol
and 7 vol% perchloric acid. They were then observed in a
TEM (FEI Tecnai G2 F20) at the operating voltage of
200 kV.

3 Results and Discussion
3.1 Mechanical Properties
The mechanical properties including YS, ultimate tensile
strength (UTS), and total elongation (TEL) are given in

Table 2, and the martensite volume fractions (MVF) are
also shown in Table 2. The effect of annealing parameters,

i.e., soaking temperature, cooling rate, and soaking time,
on YS and UTS has been included in Fig. 2, where spec-
imens Nos. 1-3 are for soaking temperature, specimens
Nos. 4-6 are for cooling rate CR1, and specimens Nos. 6—8
are for soaking time. The representative stress—strain
curves are shown in Fig. 3.

It is obvious in Fig. 2a that when the cooling rates CR1
and CR2 are both 12 °C/s, UTS of this DP steel increases
and YS decreases with increasing the annealing tempera-
ture. In Fig. 2b, it can be seen that UTS of this DP steel has
no obvious change, and YS was changed significantly
when the soaking temperature is 850 °C, although cooling
rates CR1 and CR2 were changed. Figure 2c displays the
highest UTS and YS when the soaking temperature is
850 °C and soaking time is 45 s. In general, Fig. 2 shows
the impact of annealing parameters on YS more signifi-
cantly than UTS. The reason can be inferred that YS is
mainly affected by ferrite grain size as well as dislocations
in ferrite grain and UTS is mainly affected by martensite
and ferrite.

Figure 3 shows the engineering stress—strain curves of
the DP steel specimens Nos. 1-3. As it can be seen from
Fig. 3, there is a yield point elongation when annealed at
790 and 820 °C. The specimen No. 1 has YS of 550 MPa
and a tensile strength of 800 MPa after annealed at 790 °C.
When the annealing temperature was increased to 820 °C,
the yield and ultimate tensile strengths of specimen No .2
were decreased, and the yield point elongation was
reduced. When the annealing temperature is increased to
850 °C, the YS was further decreased, but the UTS was
significantly increased to 840 MPa.

The stress—strain curve of specimen No. 3 shown in
Fig. 3 shows the typical characteristics of DP steels: low
elastic limit, the absence of a distinct yield point, contin-
uous yielding, and high initial strain-hardening rate. These
features can be attributed to the enough mobile dislocations
in ferrite nearby martensite created by transformation to
martensite during cooling, and to residual stress [7]. The
low elastic limit is thus suggested to be generated by the
combined effects of the present elastic stresses that facili-
tate plastic flow and the additional dislocation, which is
assumed to be partly mobile during early stages of yield-
ing. Dislocation—dislocation interactions, dislocation pile-
ups at ferrite/martensite interfaces, and the corresponding
long-range elastic back stresses contribute to rapid strain
hardening [23].

Compared with specimen No. 3, the specimens No. 1
and No. 2 have yield point elongation and high YS which
are due to the absence of a substantial amount of martensite
[22]. Speich [24] pointed out that at lower temperatures,
the segregation of carbon to dislocations and the elimina-
tion of the residual stresses result in an increase in the YS
and return of discontinuous yielding, but only under the
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Fig. 2 Variation of annealing parameters on yield and ultimate tensile strengths of DP steel: a strength vs. soaking temperature for specimens
Nos. 1-3; b strength vs. cooling rate CR1 for specimens Nos. 4-6; ¢ strength vs. soaking time of specimens Nos. 6-8
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Fig. 3 Stress—strain curves of specimens Nos. 1-3

condition of the volume fraction of the martensite, phase is
below 30%.

3.2 Microstructural Characterization

Figure 4 shows optical micrographs of the experimental
steels after heat treatment. As shown in Fig. 4, the white is
martensite or martensite—austenite island, and the gray
phase is ferrite. From Fig. 4a-h, it is observed that there
are relatively large ferrite grain size in Fig. 4d, h and there
are relatively more MVF in Fig. 4c. When the annealing
temperature is 790 °C (Fig. 4a), pearlite cannot fully
transform to austenite. Thus, there are a large number of
pearlite colonies, and only a small amount of island mar-
tensite is distributed among ferrite grains, as shown in
Fig. 4a. Due to the low temperature and short holding time,
austenite did not fully nucleate and grow up. After nucle-
ation, austenite grows along the ferrite grains boundaries.
During the cooling process, only a little austenite trans-
forms into martensite along the ferrite grain boundaries and
forms martensite in the ferrite grain boundaries.

@ Springer

When the annealing temperature is 820 °C (Fig. 4b),
large amount of austenite nucleates. Therefore, much
pearlite along the deformation band transforms into aus-
tenite. However, the austenite does not grow toward its
neighboring ferrite grains. During the cooling process,
most of the austenite transforms into martensite to form
banded structure, as shown in Fig. 4b. The volume fraction
of martensite annealed at 820 °C is higher than that at
790 °C.

When annealed at 850 °C (Fig. 4c), almost all the
pearlite transform into austenite. At the same time, due to
the sufficient nucleation and growth of austenite, some
ferrite transforms into austenite. During the cooling, more
austenite transforms into martensite and some austenite
transforms into ferrite. The formation of the ferrite allevi-
ates the banded microstructure. As a result, the volume
fraction of the martensite annealed at 850 °C is the highest
among the three annealing temperatures.

Figure 5 shows the TEM images corresponding to
specimens Nos. 1-3. For specimens No. 1 and No. 2, most
of the martensite or martensite—austenite is lath like.
However, for specimen No. 3, most of the martensite is
twinned. This results from the fact that when annealing
temperature is low, only a little austenite is formed. While
annealing temperature is high, a large amount of austenite
is produced. So, super-cooled austenite is stable and
transforms into twin martensite in cooling process. With
increasing the heating temperature, microstructure
becomes complex, as shown in Fig. 5c. Besides there is
island martensite, there are also twin martensite and
retained austenite. When heating temperature increases,
pearlite transforms into austenite. At the same time, ferrite
by side pearlite transforms into austenite. So the carbon
content of austenitic region is distributed unevenly, and
austenite stability is different [25, 26]. As a consequence,
in the process of cooling, the microstructure becomes
complex. First, edge austenite transforms into ferrite. Low
carbon content austenite transforms into lath martensite.
High carbon content austenite transforms into twin
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Fig. 4 Optical micrographs of the DP steel processed under different conditions: a specimen No. 1; b specimen No. 2; ¢ specimen No. 3;
d specimen No. 4; e specimen No. 5; f specimen No. 6; g specimen No. 7; h specimen No. 8

Fig. 5 TEM micrographs showing the microstructures of specimens No. 1 a, No. 2 b, No. 3 ¢

martensite. Higher carbon content austenite remains to
room temperature.

Due to the difference in microstructures, the three
specimens have different mechanical properties. When
annealing at low temperature, there are some pearlite col-
onies and carbides which pin the dislocations. Therefore,
YS is high, and yield point elongation is obvious. When
annealing temperature is relatively high, the volume frac-
tion of pearlite is decreased and a large amount of mar-
tensite is formed. Effected by martensite transformation,
mobile dislocations are generated in ferrite grains. So YS is
decreased, and yield point elongation becomes small. When
annealing temperature is increased to 850 °C, there is no
pearlite in microstructure, and martensite volume percent-
age reaches 19.6%. A mass of mobile dislocations is gen-
erated in ferrite grains, which is beneficial to eliminate yield
point elongation [7]. Meanwhile, due to the increased vol-
ume fraction of martensite, tensile strength is increased.

In order to gain insight into the microstructures in rela-
tion to the deformation mechanisms, further TEM studies
were conducted on deformation microstructure of specimen
No. 1 and No. 3 after tensile test, as presented in Fig. 6. It is
shown in Fig. 6a that a lot of dislocation tangles are dis-
tributed in the deformed ferrite matrix, while there are a lot
of dislocation cells throughout the deformed ferrite matrix
as shown in Fig. 6¢. This indicated that movable disloca-
tions in specimen No. 3 have more than specimen No. 1, so
there is yield point elongation for specimen No. 1, while the
yield elongation is disappeared in specimen No. 3. As
shown in Fig. 6b, for specimen No. 1, it is readily to see that
the martensite is extensively deformed and elongated in the
tensile direction. Compared to the specimen No. 3, the
deformed substructure in ferrite is less well developed.
However, strain localization and substructure formation in
specimen No. 3 are intense in ferrite, particularly close to
ferrite/martensite interfaces. Martensite cracking and
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Fig. 6 TEM micrographs showing the deformed microstructures of specimens No. 1 a, b ; No. 3 ¢, d

interface decohesion are commonplace, while plastic
deformation of martensite is not obvious.

4 Conclusions

Effect of the heat treatment parameters on microstructural
characterization and strength—ductility balance has been
investigated for hot-dip galvanizing DP780 steel. The
deformation and fracture mechanism have also been dis-
cussed based on tensile test data and microstructure
observations. The following conclusions can be drawn out:

(1) The YS of DP steel is sensitive to annealing schedule,
while TEL has no noticeable dependence on anneal-
ing schedule.

(2) Sufficient movable dislocations within ferrite grains
and high martensite volume fraction can eliminate
yield point elongation, decrease the YS, and increase
UTS.
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(3) Increasing annealing temperature promotes austenite
transformation into twin martensite, and increases
volume fraction of martensite at sufficient cooling
rate. With increasing the martensite volume fraction,
the deformation substructure in the ferrite is well
developed.
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