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Abstract

The dynamic tensile behavior and deformation mechanism of ultra-high-strength dual-phase (UHS-DP1000) steel were
investigated over a wide range of strain rates from 107 to 10 s™'. As the strain rate increases, the transition strain
decreases from 2.73 to 1.92, and the martensite plastic deformation starts earlier. At strain rate of 107405 sfl, the
inhomogeneous plastic deformation ability increases because the dislocation density in the ferrite matrix increases. This
leads to a decrease in uniform elongation and an increase in fracture elongation. When the strain rate increases from 0.5 to
500 s, the amount of mobile dislocation increases, which is the main reason for the enhancing uniform elongation and
fracture elongation. Meanwhile, because the dislocation motion resistance rapidly increases, the yield strength and ultimate
tensile strength also increase. When the strain rate is higher than 500 s, the hardening behavior caused by the dislocation
motion resistance has not been offset by softening due to the mobile dislocation and adiabatic heating. The voids at the
early stage of deformation could not uniformly form and grow, and thus the homogeneous plastic deformation ability

decreases.
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1 Introduction

The use of lightweight materials, which promote energy
conservation and emission reduction, is the main method
adopted by the automobile industry to address the chal-
lenges of environmental pollution and energy shortages.
The exploitation and application of advanced high-strength
steel (AHSS) have become a new means to this end [1, 2].
The ferrite/martensite dual-phase (DP) steel is a represen-
tative of AHSS [3]. Previous studies have confirmed that
DP steels possess a low yield ratio of stress to ultimate
strength, high initial work hardening rate, good formability
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and high energy-absorption capability. These characteris-
tics allow them to meet the requirements of the automotive
industry such as mass reduction and crashworthiness [4—6].

In the preceding research on DP steel, the microstruc-
ture, manufacturing process, strain hardening behavior and
deformation mechanism have usually been studied under
quasi-static tensile tests. Mazaheri et al. [7] reported the
effects of intercritical annealing temperature on the
microstructural evolution and mechanical properties. The
variations in hardness, strength, elongation, strain harden-
ing behavior and fracture mechanism of the specimens with
intercritical annealing temperature are all included in this
study. Zhao et al. [6] investigated the influences of dif-
ferent annealing temperatures on the mechanical properties
of an ultra-high-strength (UHS) DP steel. They found that
as the intercritical annealing temperature increased,
martensite coarsened and tempered at some high degree,
and the ferrite volume fraction decreased observably. Rao
et al. [8] analyzed the work hardening behavior of the
ultrafine-grained (UFG) DP steels, and their results show a
continuously varying work hardening rate response that
could be approximated by two or three linear regimes.
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Tomita and Okabayashi [9] mentioned that the modified
Crussard-Jaoul (C-J) was the most suitable model for
describing the work hardening of DP steels. Their results
reveal that there are two-stage work hardening character-
istics. The first stage is associated with the deformation of
the ferrite matrix, and the second stage is associated with
the uniform strain of the ferrite and martensite.

In addition, previous studies also reveal that compared
with the quasi-static state, there are significant differences in
mechanical properties and deformation behavior under
dynamic loading. Beynon et al. [10] found that as the strain
rate increased from 107> to 10%s~!, the strength was
enhanced and the strain hardening rate decreased in DP500
and DP600 steels. Curtze et al. [11] reported the yield
strength (R.) and ultimate tensile strength (R,,) increased
slowly at strain rates from 107> to 1250 s~ for DP600 steel.
Cai etal. [12] investigated the dynamic mechanical behavior
and constitutive model of DP800 steel under strain rates of
500, 1000 and 2250 s~'. Yu et al. [13] proposed a plastic
flow law on the basis of the Johnson—Cook rate-dependent
constitutive model at the strain rates from 10™* to 1600 s~
for DP600 steel. The constitutive model could perfectly
describe the mechanical behavior at low and high strain rates.
Oliver et al. [14] performed dynamic tensile test at low and
high strain rates within the range of 0.001-200 s~' for
DP(600-800) steels and transformation-induced plasticity
TRIP(600-1000) strip steels. They found that, with
increasing strain rate, the strength and energy absorption
increased for all the steel grades, but the work hardening
exponent decreased. The aforementioned results indicate
that the mechanical properties of DP steel are sensitive to the
strain rate. These studies have ignored the micromechanism
of deformation at different strain rates. However, it is very
important to confirm the effect of strain rate on the defor-
mation mechanism for DP steel because it, especially for the
UHS-DP steel, is usually used in safety structures. Therefore,
the aim of this study is to further understand the effect of
strain rate on the deformation micromechanism for UHS-
DP1000 steel with a typical duplex microstructure. The
mechanical properties were tested under quasi-static and
dynamic loading tensile experiments over a wide range of
strain rates from 10~* to 10® s™'. The strain hardening
behavior was analyzed at different strain rates based on the
modified C-J analysis, and the effects of strain rate on the
microstructural features, dimple fracture characteristics and
void evolution were also discussed.

2 Experimental procedure
The UHS-DP1000 steel used in this study was melted in a

vacuum induction melting furnace under argon atmosphere.
The exact chemical composition is listed in Table 1. The
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ingots were forged into several billets with dimensions of
40 mm x 80 mm x 90 mm, which were then homoge-
nized at 1200 °C for 2 h and subjected to seven-pass hot
rolling in the temperature range of 900-1200 °C. The hot-
rolled steels with a final thickness of 4 mm were cold-rolled
to a thickness of 1.2 mm. Subsequently, the cold-rolled
steels were reheated to the annealing temperature of
880 °C, followed by isothermal holding for 10 min. Then,
the annealed steel plates were cut into dog-bone tensile
samples with a gauge length of 20 mm along the rolling
direction using a wire cutting machine.

Quasi-static and low rate tests at the strain rates of 1074,
1073, 10~2and 10" s~! were carried out using a CMT5105
tensile test machine, and dynamic tests at the strain rates of
100, 10, 102, 5 x 10% and 10° s™! were performed on a
Zwick HTM 16020 high-speed tensile test machine. All the
tensile tests were conducted at room temperature, and five
tensile samples were tested at each strain rate. Compared
with the samples used in quasi-static tests (i.e., low strain
rate tensile tests, 111 mm), the total length of the dynamic
samples is 280 mm in order to obtain a constant tensile
velocity, whereas the gauge length is the same. The gauge
width is 10 mm for all the specimens. Optical microscope
(OM, ZEISS AXI10), transmission electron microscope
(TEM, JEOL JEM 2000 FX) and field emission scanning
electron microscope (FE-SEM, FEI 450) were used to
characterize the microstructure and the fracture morphol-
ogy. The TEM specimens were prepared by mechanical
grinding to a thickness of 50 um and electro-polishing with
a twin jet electro-polisher at — 15 °C using a solution
containing 85 vol.% C,HsOH and 15 vol.% HCIlO,.

In addition, the tensile curves under the dynamic tests
show significant fluctuation. Therefore, the engineering
stress—strain curves obtained from the Zwick HTM16020
high-speed tensile test machine were first moved left to
eliminate the high-frequency signals and then smoothed
using the adjacent-averaging method in the OriginPro data
processing software.

3 Results and discussion
3.1 Microstructure before deformation

The initial microstructure of experimental UHS-DP1000
steel (Fig. 1) exhibits a typical duplex microstructure

Table 1 Chemical composition of UHS-DP1000 steel (wt.%)

C Si Mn Cr Al P S Fe

016 06 202 045 0.066 0.009 0.007 Balance
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consisting of ferrite matrix (F) and martensite particles
(M). This coexistence makes the material obtain an
excellent combination of ductility and ultimate tensile
strength.

3.2 Mechanical properties at different strain
rates

Figure 2 shows the engineering stress—strain and true
stress—strain curves of UHS-DP1000 steel at different
strain rates. The variations in R, R., uniform elongation
(A, and fracture elongation (A;) with strain rates are
illustrated in Fig. 3. As shown in Fig. 2, it is apparent that
the steel presents a continuous yielding behavior irrespec-
tive of strain rate. In addition, at the stage of elastic
deformation, the stress—strain curves at different strain
rates are almost coincident with each other, and the stress
increases rapidly with the strain. At the stage of plastic
deformation, however, the tensile properties increase with
increasing strain rate, which is also observed in Fig. 3a.
According to Fig. 3a, the average R. and R, increase
moderately as the strain rate increases from 10™* to
10" s Thereafter, a sharp increase occurs until the strain
rate reaches 10° s~'. In Fig. 3b, it can be found that as the
strain rate increases from 10~ to 0.5 s_l, the average A¢
increases and the average A, decreases slowly until
achieving a minimum of 9.63%. When the strain rates are
in the range of 0.5—500 s~1, both the average Ar and A,
increase, achieving the maxima of 24.25% and 16.77%,
respectively. Then, they drop dramatically over the strain
rate ranging from 500 to 10° s~'. This variation trend is
different from the earlier reports in Refs. [15, 16].

3.3 Strain hardening behavior

The strain hardening behavior of metals has been exten-
sively described by mathematical expression, because this

allows the plastic deformation part of the true stress—strain
curves to be treated by considering certain parameters that
can be applied to study the formability and deformation
mechanisms [17-19]. The Hollomon analysis has been
widely applied to metals and alloys [20, 21]. Nevertheless,
Ramos et al. [22] found that the Hollomon equation could
not adequately describe the deformation of DP steels.
Therefore, in this study, in order to deepen the under-
standing of the strain hardening behavior of UHS-DP1000
steel, the modified Crussard-Jaoul analysis based on the
Swift equation [23] was used to determine strain hardening
stages, which can be expressed as follows:

1n<‘:1—‘;> — (1= m)Ino— In(Cm) (1)

where ¢ is the true stress, corresponding to the true strain &;
m is the strain hardening exponent; and C is the material
constant.

The modified C-J plot of UHS-DP1000 steel at different
strain rates is shown in Fig. 4. It can be observed that there
are two different slopes at each strain rate for the steel,
indicating that the steel has two distinct strain hardening
regions, marked as Stage I and Stage II, where ¢, denotes
the transition strain between Stage I and Stage II; here, &,
represents a transition from elastic-to-plastic deformation
of the martensite. As reported by Mazaheri et al. [7], the
occurrence of different strain hardening stages in DP steels
is related to different activated deformation mechanisms at
the strain range corresponding to each stage. According to
Eq. (1), the slope of the In(de/de) vs. Ino curve is given by
(1 — m). In Fig. 4, regardless of the deformation rate,
Stage 1 (lower strain level) has a larger slope (1 — m)
compared with Stage II (higher strain level), indicating that
the strain hardening behavior in Stage I is stronger than that
in Stage II. The strong strain hardening behavior is related
to a great number of dislocations piled up at the fer-
rite/martensite interfaces. However, the variety of (1 — m)

Fig. 1 Initial microstructure of UHS-DP1000 steel studied. a OM micrograph; b SEM micrograph. RD rolling direction; 7D transverse direction
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Fig. 2 Stress—strain curves of UHS-DP1000 steel at different strain rates. a Engineering stress—strain curves; b true stress—strain curves
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Fig. 3 Comprehensive mechanical properties of UHS-DP1000 steel at different strain rates. a Ultimate tensile strength and yield strength versus

strain rate; b elongation versus strain rate

at the same deformation rate indicates the initiation of
martensite plastic deformation [8, 24, 25]. This is because
the pileup of dislocations results in yielding of martensite,
and martensite has to deform plastically to accommodate
the strain hardening of ferrite.

The values of (1 — m) in two stages and &, are sum-
marized in Table 2. In Table 2, m; and m, are the strain
hardening exponents based on the Swift equation. As seen
in Fig. 4 and Table 2, in Stage I, the value of the slope
(1—m,) increases from —7.853 to —3.589 with increasing
strain rate, and m; decreases from 8.853 to 4.589. It is
suggested that the strain hardening behavior of the steel
increases as the strain rate increases. However, in Stage II,
as the strain rate increases, the value of the slope (1—m;)
decreases from — 13.484 to — 17.624 and m, increases
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from 14.484 to 18.624. This implies that the strain hard-
ening behavior fades down with increasing strain rate in
Stage II. Another significant phenomenon can be accessed
from Fig. 4, and Table 2 shows that &, becomes smaller
with increasing strain rate, indicating that the plastic
deformation of martensite starts earlier at a high strain rate
than at a low strain rate [25].

To further interpret the strain hardening behavior, TEM
analysis is performed. Figure 5 presents TEM images of
the UHS-DP1000 steel at different strain rates. It can be
confirmed that the dislocation density in ferrite close to the
martensite/ferrite interfaces increases with increasing strain
rate and martensite laths are elongated. Before deforma-
tion, the microstructure in Fig. 5a exhibits blocky
martensite laths and a lower dislocation density in the
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Fig. 4 Modified C-J plot of In(do/de) versus Ine of UHS-DP1000
steel at different strain rates

Table 2 Summary of parameters related to strain hardening behavior
of UHS-DP1000 steel at different strain rates

Strain rate/s ™! Stage 1 Stage 11 &yl %
1—m, m 1—m, my
107 — 8356 9356 — 12.681 13.681 2.94
1073 — 7.853 8853 — 13484 14484 273
1072 — 7297 8297 —14.809 15809 2.63
107! — 6.686 7.686 — 14.861 15.861 2.57
10° — 5926 6926 — 15883 16.883  2.38
10! — 5256 6256 — 16202 17.202 2.27
10% —4.634 5634 —16918 17918 2.10
5 x 10? — 4394 5394 — 17.391 18.391  2.01
10° — 3580 4589 —17.624 18.624 192

vicinity of martensite. At a strain rate of 107> s !

(Fig. 5b), the dislocations pile up near the martensite/fer-
rite interfaces and dislocation cells generate in ferrite
grains. Similar dislocation cell formation is also observed
at a strain rate of 10! s™! (Fig. 5¢) and the dislocation
density increases as the strain rate increases from 1072 to
10" s™', leading to an increase in strain hardening behavior
of ferrite. Consequently, the plastic deformation energy
difference between ferrite matrix and the martensite/ferrite
interface could result in increasing in the ability of inho-
mogeneous plastic deformation, and the initiation and
propagation of microvoids would be retarded at marten-
site/ferrite interface [26]. The uniform elongation decreases
and fracture elongation increases for UHS-DP1000 steel
(Fig. 3b). When the strain rate reaches 5 x 107 s7!
(Fig. 5d), the amount of mobile dislocation increases

[27, 28], leading to an increase in the plastic deformation
ability of the steel. In addition, the dislocation motion
resistance and degree of dislocation tangles also increase,
resulting in an increase in strength. Another phenomenon
observed in Fig. 5d is that the martensite lath is elongated.
The main reason for this phenomenon is that numerous
dislocations would generate at the vicinity of the marten-
site/ferrite interfaces and cause the martensite to yield
earlier and deform plastically to accommodate the strain
hardening of ferrite. This explains why the plastic defor-
mation of martensite starts earlier with increasing strain
rate (Fig. 4).

Previous studies have revealed that deformation process
under a high strain rate is an adiabatic or quasi-adiabatic
one. That is, the deformation energy of the specimen
cannot immediately diffuse into the atmosphere, leading to
an increase in the local temperature. The adiabatic heating
temperature (A7) could be estimated by the following
equation [29]:

AT = n J ode (2)
pc
where & is the fraction of deformation work converting to
thermal energy, h=0.9; p is the density of steel,
p =7.8gcm > and ¢ is the heat capacity of steel,
c=046kI kg~' K~'. Integrating the true stress—true
strain curves and applying Eq. (2), AT of UHS-DP1000
steel at each strain rate was estimated and is given in
Table 3. When the strain rate is higher than 5 x 102 s71,
the value of AT is above 60 °C, together with the defor-
mation localization, resulting in more adiabatic heating
temperature near the martensite/ferrite interfaces. The
localized heating would result in increased dislocation
mobility and enhanced deformation capacity of the steel.
With further increasing strain rate (Fig. 5e), the dislo-
cation clustering and entanglement become more intense.
The hardening degree caused by dislocation motion resis-
tance has not been offset by softening, owing to mobile
dislocation and adiabatic heating, leading to early void
formation in the martensite, and the plastic deformation
ability decreases.

3.4 Fracture mechanisms

With the aim of elucidating the effect of strain rate on the
fracture mechanism of UHS-DP1000 steel, the fracture
morphologies as well as deformed microstructures close to
the fracture surface were studied at different deformation
rates. The representative fracture morphologies of the
tensile specimens are illustrated in Fig. 6.

At a low strain rate (10_3 s_l), the fracture surface is
covered with a large number of nonuniformly sized dim-
ples and a few cleavage planes (Fig. 6a). This mixed
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Fig. 5 TEM images of experimental UHS-DP1000 steel at various strain rates. a Before deformation; b 1073 s7he 10" s*]; ds x 10° s7h

e 10° s7!

Table 3 Adiabatic heating temperature under different deformation rates

Strain rate/s ! 107 1073 1072 107!

10° 10 10? 5 x 10° 10°

AT/°C 36.87 40.04 38.67 40.74

43.82 45.90 54.31 65.06 60.47

feature of dimple rupture and cleavage is usually called
quasi-cleavage fracture. These cleavage facets are sur-
rounded by small and shallow dimples. In addition, some

@ Springer

deep dimples could also be observed. Mazaheri et al. [7]
reported that the formation of these deep dimples was
attributed to the voids formed at first in the



Deformation behavior and microstructural evolution in ultra-high-strength dual-phase (UHS-DP1000)... 179

: { N
(deavaggiplanes—=>

-

Fig. 6 Fracture morphologies of experimental UHS-DP1000 steel at different deformation rates. a 107> s™'; b 10" s7'; ¢ 5 x 10 s7';d 10% s7!

martensite/ferrite interfaces, and these voids could grow
with the strain in the tensile direction. With the increase in
strain rate, as shown in Fig. 6b, c, the fracture surface
consists of many more uniformly sized dimples in com-
parison with the deformed sample at 107> s~'. It can also
be seen that the dimples are much smaller and deeper at
5 x 10* s7! than at 10" s™'. Another phenomenon could
be seen, whereby many small dimples are distributed on
deep dimples. These results corroborate the fact that
elongation at 5 x 10> s™' is more than that at 10" s". This
is also consistent with the measured tensile results. The
formation of the smaller and deeper dimples might be
attributable to martensite yield, because of the increase in
dislocation density close to the martensite/ferrite interfaces
and adiabatic heating [30]. When the strain rate increases
to 10° s', some areas consist of elongated and nonuniform
dimples (Fig. 6d). According to Zhao et al. [6], these
elongated dimples are an indication of large initial voids
created by the fragmentation of blocky martensite laths.
Based on previous studies [31-33], void nucleation,
growth, and coalescence would result in fracture in DP
steel. In order to provide further insight into the nascent or
embryonic sites of voids, the microstructure close to the
fracture surface of UHS-DP1000 steel at different

deformation rates was examined. Figure 7 shows the void
distribution close to the fracture surface at 1073, 10,
5 x 10> and 10° s™".

As noted in Fig. 7, it is observed that the fracture sample
contained a large number of voids at different strain rates.
The voids are more densely distributed closer to fracture
surface and they display a variation in size and shape.
Some voids are also elongated along the tensile direction.
These results demonstrate that the void forms and grows
with strain. In Fig. 7a, b, the voids are mainly located
between martensite particles and the size in the tensile
direction is small. Based on previous results [33], these
voids occur in the ferrite particles, corresponding to void
initiation at the martensite/ferrite interfaces close to the end
martensite particle because of the incompatibility of plastic
deformation. The martensite/ferrite interface decohesion
and microvoid formation at low strain rates would lead to a
decrease in the average A, (Fig. 3b). In Fig. 7c, these voids
and martensite particles elongated in the tensile direction
are observed. Combined with the modified C-J analysis
(Fig. 4), this is explained by the fact that with increasing
strain rate, the martensite deformation starts earlier. This
indicates that the void initiation would be diminished
owing to plastic deformation of martensite at the
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3 —1.

Fig. 7 SEM micrographs of microvoids close to fracture surface of experimental UHS-DP1000 steel at different deformation rates. a 107~ s~ ;

b10's™¢5 x 10°s7 1 d 103 s7!

martensite/ferrite interfaces and the voids that initiate
would grow to a larger size with increasing strain rate. In
addition, adiabatic heating also plays an important role in
increasing the void size. As a result, the void size at
5 x 10* s7' is much larger than that at 10" s™' and the
elongation is also higher. As the strain rate increases fur-
ther (Fig. 7d), it is also observed that some voids have
passed through the martensite particle. Azuma et al. [34]
reported that the voids tended to form at the concave side
of martensite particles and propagated nearly perpendicular
to the martensite lath, resulting in the fragmentation of the
martensite particles (Fig. 5e). The width of these voids is
almost equal to the thickness of the martensite particles
after fracture.

4 Conclusions

1. Both R, and R,, increase as the strain rate increases
from 10™* to0 10% s, However, in the range of 1074=
05s7 !, Ag increases whereas A, decreases slowly.
Both Af and A, increase until the strain rate reaches
500 s' and then decreases dramatically.

@ Springer

2. With increasing strain rate, the dislocation density in

ferrite increases and dislocation cells are generated in
the ferrite grains. When the strain rate is 10° s,
martensite fragmentation is observed.

3. Two types of voids have been observed near the

fracture surface of UHS-DP1000 steel after tensile test
at different strain rates. One type occurs in the ferrite
particles and initiates at the martensite/ferrite interface
close to the end martensite particle. The other is
located in the martensite particles and initiates at the
concave side of the martensite particles.
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