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Abstract: A C—Mn dual-phase steel was soaked at 800°C for 90 s and then either rapidly cooled to 450°C and held for 30 s (process A) or
rapidly cooled to 350°C and then reheated to 450°C (process B) to simulate the hot-dip galvanizing process. The influence of the hot-dip
galvanizing process on the microstructure and mechanical properties of 600-MPa hot-dip galvanized dual-phase steel (DP600) was investi-
gated using optical microscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and tensile tests. The results
showed that, in the case of process A, the microstructure of DP600 was composed of ferrite, martensite, and a small amount of bainite. The
granular bainite was formed in the hot-dip galvanizing stage, and martensite islands were formed in the final cooling stage after hot-dip gal-
vanizing. By contrast, in the case of process B, the microstructure of the DP600 was composed of ferrite, martensite, bainite, and cementite.
In addition, compared with the yield strength (YS) of the DP600 annealed by process A, that for the DP600 annealed by process B increased
by approximately 50 MPa because of the tempering of the martensite formed during rapid cooling. The work-hardening coefficient (n value)
of the DP600 steel annealed by process B clearly decreased because the increase of the YS affected the computation result for the » value.
However, the ultimate tensile strength (UTS) and elongation (4gy) of the DP600 annealed by process B exhibited less variation compared
with those of the DP600 annealed by process A. Therefore, DP600 with excellent comprehensive mechanical properties (YS = 362 MPa,
UTS = 638 MPa, Agy = 24.3%, n =0.17) was obtained via process A.
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1. Introduction

Researchers have recently been demonstrating growing
interest in advanced high-strength steels for bumper beams
and B pillars, such as dual-phase (DP) steel, transforma-
tion-induced-plasticity (TRIP) steel, complex phase steel,
and quenching and partitioning (Q&P) steel, because of
their optimal combination of low yield strength (YS), high
ultimate tensile strength (UTS), continuous yielding, and
good ductility [1-4]. The microstructure of DP steel is
composed of a soft ferrite matrix and hard martensite islands;
the ferrite phase provides good plasticity, whereas the mar-
tensite phase controls the strength [5—6].

In the hot-dip galvanizing annealing stage, strip steel is
maintained at 450-460°C for 1040 s for galvanization.
Therefore, the transformation of supercooled austenite into
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bainite during galvanization leads to less martensite phase in
DP steel after final cooling. Consequently, the YS increases
and the UTS decreases [7—8]. In hot-dip galvanized DP steel,
the volume fraction of martensite plays an important role in
governing the mechanical properties, including YS, UTS,
and elongation (4g), among other properties. Consequently,
to obtain a high martensite volume fraction and comprehen-
sive mechanical properties, Sayed and Kheirandish [9] and
Li et al. [10] adjusted the chemical composition or the an-
nealing process of DP steel.

In the present work, the effect of the hot-dip galvanizing
process on the microstructure and mechanical properties of
DP600 was investigated. The aim of the current work is to
provide a fundamental understanding of the microstructure
evolution of DP600 during the rapid cooling and hot-dip
galvanizing stages and to elucidate the relationship among
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the hot-dip galvanizing process, the volume fraction of mar-
tensite, and the mechanical properties of DP600.

2. Experimental

Cold-rolled C-Mn steel with a chemical composition of
0.05wt%—0.10wt% C, 0.10wt%—0.60wt% Si, 1.20wt%—1.80wt%
Mn, 0.010wt% P, 0.005wt% S, 0.05wt%—0.25wt% Mo,
0.10wt%—0.30wt% Cr, and 0.02wt%—0.06wt% Al was used
in this research. After being reheated to 1230°C for 2 h and
hot-rolled to 3.5 mm, the steels were coiled at 650°C and
then cold-rolled to 1.2 mm in thickness. Fig. 1 shows a
schematic of the hot-dip galvanizing annealing process. The
steels were heated to 800°C for 90 s, then either rapidly
cooled to 450°C and held for 30 s (process A) or rapidly
cooled to 350°C and then reheated to 450°C (process B) to
simulate the hot-dip galvanizing process. In both processes,
the samples were finally cooled to room temperature in air.

I —Heating

II —Soaking

[II —Slow cooling
I IV —Rapid cooling

V —Hot-dip galvanizing
VI —Final cooling

Process A

Temperature

Process B

Time
Fig. 1. Schematic of the hot-dip galvanizing annealing process.

Optical and SEM microscopic observations were carried
out after the samples were etched in 4vol% nital solution.
Tensile samples with a gauge length of 80 mm were cut
from the as-annealed sheets according to ISO standard
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10113. Tensile tests were carried out on an Instron tensile
machine at a constant cross-head speed of 3 mm-min . At
least three samples were tested for each condition, and the
average value was calculated.

3. Results and discussion
3.1. Microstructure

In the cold-rolled steel, recovery, recrystallization, and aus-
tenite transformation occur sequentially during heating [11].
The DP600 with a microstructure composed of ferrite, mar-
tensite, and bainite was obtained after the austenite was
transformed into martensite by final cooling. The micro-
structures of the DP600 steel samples developed by two
different hot-dip galvanization processes are shown in Fig. 2.
The microstructure of DP600 mainly consisted of martensite
islands and a small amount of bainite dispersed in the ferrite
matrix (Fig. 2(a)). Meanwhile, the tempering of martensite
did not occur when the DP600 was hot-dip galvanizing an-
nealed via process A. Thus, carbides are not observed in the
pure martensite islands.

The microstructures of the DP600 samples annealed by
processes A and B differ. As shown in Fig. 2(b), numerous
non-martensite and carbide particles appeared in the ferrite
matrix. This phenomenon is attributed to the transformation
of supercooled austenite into bainite and to the decomposi-
tion of martensite into ferrite and carbide. This result is in
agreement with that reported by Ye et al. [12]. During the
stage of rapid cooling to 350°C, the supercooled austenite
transformed into martensite because the cooling temperature
was below the martensite transformation start temperature
(M;). The intermediate martensite formed during rapid
cooling decomposed into ferrite and cementite during the
reheating and hot-dip galvanizing stage because the marten-
site was tempered at a hot-dip galvanization temperature of
450°C [13]. As evident in Fig. 2(b), a large amount of

Fig. 2. SEM micrographs of the hot-dip galvanized DP600 samples annealed by process A (a) and process B (b) (F: ferrite; M:

martensite; B: bainite; C: cementite).
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cementite is observed due to the decomposition of marten-
site. The decomposed martensite is metastable and large be-
cause of its low average contents of carbon and microalloy-
ing elements. Furthermore, the amount of mobile disloca-
tions located in the grain interior decreased because of the
tempering. Meanwhile, the supercooled austenite transformed
into bainite because the hot-dip galvanization temperature of
450°C fell within the bainite transformation zone [14]. By
contrast, the residual supercooled austenite transformed into
a martensite phase during the final cooling stage. As a result,
the microstructure of DP600 annealed by process B was
composed of ferrite, martensite, bainite, and cementite.

3.2. Mechanical properties

Table 1 shows the mechanical properties of DP600 de-
veloped by the two different hot-dip galvanization processes.
Both the hot-dip galvanized DP600 steel annealed by
process A and process B satisfy the standard of mechanical
properties for DP600. Compared with the YS and yield ratio
of the hot-dip galvanized DP600 steel for process A, those
of the steel for process B were obviously enhanced; in addi-
tion, the UTS and elongation showed less variation and the
work-hardening coefficient (n value) and product of the
strength and elongation (UTS x Agg) decreased substantially
in the case of the DP600 annealed by process B.

Table 1. Mechanical properties of hot-dip galvanized DP steels

Process YS /MPa UTS / MPa Asgo ! % n Yield ratio UTS x Ay
A 362 638 24.3 0.17 0.57 15500
B 411 629 235 0.13 0.65 14780

Standard 340420 >600 >20.0 >0.14 — —

In DP600, the YS mainly depends on the ferrite phase,
including the ferrite grain size, mobile dislocation density,
and carbide precipitates. The UTS and elongation mainly
depend on the martensite phase. Generally, the UTS in-
creases and the elongation decreases with increasing mar-
tensite volume fraction [15]. Tempering of martensite did
not occur when DP600 was annealed by process A. Thus, its
microstructure was composed of ferrite, martensite, and a
small amount of bainite. In the martensite transformation
stage, free dislocations were produced through volume ex-
pansion that occurred during the transformation of austenite
to martensite [16]. Fig. 3 shows a TEM micrograph of
DP600 developed by process A. The microstructure was
composed of ferrite and martensite, and numerous disloca-
tions occurred at the ferrite—martensite interface. In the plas-
tic deformation stage, the mobile dislocations can slip under

500 nm |
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Fig. 3. TEM micrograph of DP600 annealed by process A.

the condition of low external stress [17]. Consequently, a
low YS, low yield ratio, and high »n value occurred in the
case of DP600 annealed using process A.

In process B, the intermediate martensite first formed
during rapid cooling to 350°C and was then tempered at the
hot-dip galvanization temperature of 450°C. Therefore, the
martensite decomposed into ferrite and cementite during the
reheating and hot-dip galvanization stage (Fig. 2(b)). The
precipitation of carbide led to the strong pinning of free dis-
locations during plastic deformation. In the tempering stage,
the supersaturated solute C atoms in the martensite phase
would dissolve and segregate to mobile dislocations located
at the ferrite—martensite interface, leading to strong pinning
due to the formation of a Cottrell atmosphere or carbides [18].
In addition, the decrease in the volume fraction of marten-
site formed in the final cooling after the hot-dip galvaniza-
tion process led to fewer free dislocations in the ferrite inte-
rior. Meanwhile, the mobile dislocations disappeared during
tempering, leading to a decrease in the number of free dis-
locations. Consequently, the YS of DP600 annealed by
process B increased. However, the microstructure of DP600
annealed by process B was composed of ferrite, martensite,
bainite, and cementite. Although the martensite was de-
composed during the reheating and hot-dip galvanization
stage, the volume fraction of martensite decreased margi-
nally because only the metastable and large-sized martensite
was tempered. Therefore, the UTS decreased slightly.

In the plastic deformation stage, the n value depends on
the stress and strain and can be calculated using Eq. (1) [19]:
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c=K-¢&" (1)
where o is the stress, ¢ is the strain, K is the proportionality
coefficient, and n is the work-hardening coefficient. As-
suming that the initial and maximum stresses are o; and o,
and that the initial and maximum strains are ¢; and ¢, re-
spectively, the n value can be calculated as

n=n2L / In &t )

0, &

According to Table 1, compared with the UTS and elon-
gation of the hot-dip galvanized DP600 steel annealed using
process A, those of the hot-dip galvanized DP600 annealed
using process B exhibit less variation. Thus, in this work,
YS plays an important role in determining the » value of the
hot-dip galvanized DP600. According to Eq. (2), with an in-
crease in the initial stress, the work-hardening coefficient of
DP600 obviously decreases. In the samples subjected to
hot-dip galvanizing process B, numerous carbides precipi-
tated and the density of free dislocations decreased because
of the martensite tempering [20]. Consequently, as the YS
increases, the n value decreases.

Furthermore, in the reheating and hot-dip galvanizing
stage, the hardness of the martensite would decrease be-
cause of the tempering behavior. Consequently, the pileup of
dislocations because of the slip of mobile dislocations to the
ferrite—martensite interface would be substantially dimi-
nished. Therefore, as the interaction between the free dislo-
cations and martensite is reduced, the work-hardening coef-
ficient decreases [21]. In summary, as a result of annealing
process B, the YS and yield ratio increase and the n value
decreases.

4. Conclusions

(1) In the DP600 annealed by process A, the microstruc-
ture was composed of ferrite, martensite, and a small
amount of bainite. By contrast, the microstructure of DP600
annealed by process B was composed of ferrite, martensite,
bainite, and cementite because of the transformation of su-
percooled austenite into bainite and the decomposition of
martensite into ferrite and carbide.

(2) Compared with the YS and yield ratio of the DP600
annealed using process A, those of the DP600 annealed us-
ing process B were enhanced; in addition, the UTS and
elongation showed less variation and the » value and prod-
uct of strength and elongation decreased in the case of the
sample subjected to process B. DP600 with excellent com-
prehensive mechanical properties (YS = 362 MPa, UTS =
638 MPa, Ay, =24.3%, n =0.17) was obtained in the case of
process A.
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