
1142 Vol.35 No.6 PANG Qihang et al: Plastic Deformation Mechanism of Dual-phase Stell at...

Plastic Deformation Mechanism of Dual-phase
 Steel at Different Strain Rates

PANG Qihang1,2, ZHAO Zhenduo3, XU Mei3*, XU Zhen1,2*, ZHAO Tan2

(1 School of Materials and Metallurgy, University of Science and Technology Liaoning, Anshan  114051, China; 2 State Key Laboratory of 
Metal Material for Marine Equipment and Application, Anshan Iron & Steel Group Co., Ltd., Anshan  114009, China; 3. State Key Laborato-

ry of Advanced Stainless Steel Materials, Taiyuan Iron & Steel Group Co., Ltd., Taiyuan 030003, China)

Abstract: The mechanical properties of dual-phase steel (DP1000) over the strain rate range of 10-3-
103 s-1 were studied using an electronic universal testing machine and a high-speed tensile testing machine. 
The plastic deformation mechanism was investigated from the perspectives of the strain rate sensitivity index, 
activation volume and dynamic factors. The results show that the tensile strength and yield strength of DP1000 
increase as the strain rate increases. The elongation increases without any change after fracture, and then 
decreased rapidly when the strain rate reaches 103 s-1. The true strain curves of DP1000 show three stages: the 
point of instability decreases in the strain range of 10-3-10-1 s-1; the instability point increases between 100-
5×102 s-1; above 5×102 s-1, and the instability strain becomes smaller again. The plastic deformation mechanism 
of the DP was determined by the competitive contributions of work hardening (strain hardening, strain rate 
hardening) and softening effects due to the adiabatic temperature rise.
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1 Introduction

In recent years, the automobile industry has grad-
ually moved towards producing lighter vehicles with 
a higher fuel economy and a lower cost. Towards this 
goal, the development of high strength steel plates has 
been a major objective in the automobile and steel in-
dustries[1,2]. Hot rolled dual-phase (DP) steel is obtained 
by adjusting the cooling speed after rolling to control 
the phase composition and the volume fraction of each 
phase. Possible compositions include, ferrite + bainite 
(F + B), martensite and ferrite + pearlite and ferrite(F 
+ M) + P (F), and ferrite + bainite + martensite (F + B 

+ M), along with other possible compositions. This al-
lows the strength and elongation rate to be tailored over 
a wide range and combined with the material’s good 
initial strain hardening characteristics and high energy 
absorption ability. This not only meets the demands for 
altering the material’s performance for different appli-
cations but can also simplify the production process 
and hence reduce its cost[3-5].

Research on the stress-strain relationship of DP 
steel is mainly concentrated on the constitutive relation 
with the high temperature and high strain rate model, 
and is used to study dynamic recovery and recrystalli-
zation. Sha Q[6] studied the process of low carbon steel 
static recrystallization and dynamic recrystallization. A 
t0.5 equation was established that could reflect the mi-
croalloy elements generated in the solid solution by the 
solute drag effect. Yu F[7] calculated the sub-recrystalli-
zation temperature of high strength steel through single 
pass compression, continuous pass compression and 
stretch compression cycle experiments. In this manner 
they determined an optimized reduction and pass in-
terval time to effectively control the refinement of the 
austenite grains. Dai QF[8] established the constitutive 
relationship of DP steel based on the Johnson-Cook 
constitutive model. This was accomplished by studying 
the effects of different strain rates on the deformation 
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of DP steel at ambient temperature; however, this mod-
el could not reflect the relationship between the micro-
structure and the macroscopic stress and strain directly. 
Pang QH[9] described the hot milk microscopic stress-
strain model of dual phase steel; the uniaxial tensile 
curve of DP590 and DP780 steel was demonstrated 
and validated according to the intermediate mixed 
multiphase laws and swift equation. It was found that 
the microscopic stress-strain relationship model could 
illustrate the basic parameters of the hot rolled DP steel 
microstructure and macro mechanical properties of the 
inner link. In addition, it could provide an accurate de-
scription of material deformation behavior and predict 
the macro tensile curve. In the preceding research on 
DP steel, the microstructure, manufacturing process, 
strain hardening behavior and deformation mechanism 
have been generally studied under quasi-static tensile 
tests. 

In addition, previous studies also revealed that in 
comparison to the quasi-static state, there are significant 
differences in the mechanical properties and deforma-
tion behavior under dynamic loading. Beynon[10] found 
that as the strain rate increased from 10-3 to 102 s-1, the 
strength of the DP500 and DP600 steels was enhanced 
and the strain hardening rate decreased. Slycken[11] 
studied the dynamic response of 0.18%C-1.56%Mn-
1.73%Al-0.021%Si-0.018%P TRIP steel and found that 
it showed higher strength and elongation and better 
energy absorption compared to the quasi-static condi-
tions. Researches[12-14] have shown that the reason for 
the formation of dynamic strain aging (DSA) is the in-
teraction between the motion dislocation, solute atoms 
and the C-Mn atoms in the process of plastic deforma-
tion. Other researches[15-17] have proved that this phe-
nomenon is also related to the strain rate, temperature 
and other conditions during plastic deformation.

Therefore, the aim of this study was to further 
understand the effects of the strain rate on the defor-
mation micro-mechanism for DP steel with a typical 
duplex microstructure. In this paper, the DP steel Fe-
0.15C-0.6Si-2.1Mn was the material of focus and the 
alteration of its mechanical properties under different 
strain rates was studied. The dynamic plastic deforma-
tion mechanism of DP1000 steel was explained with 
respect to its strain rate sensitivity index, activation 
volume, and dynamic factor.

2 Experimental

DP steel was smelted in a vacuum electromagnetic 
induction furnace under an argon atmosphere and cast 
into ingots. The chemical composition is shown in table 
1. The ingot was forged with dimensions of 80 mm × 
80 mm × 70 mm and then heated for rolling at 1 180 ℃
for 1.5 h. The rolling temperature was 1 100 ℃, after 7 
hot rollings to 4 mm, the temperature dropped to 620 
℃-650 ℃ and the final rolling thickness was 1.6 mm. 
Then the heat treatment was carried out on a CAS-
300III simulated continuous withdrawal experimental 
machine. The heat treatment process was as follows: 
the heating rate was increased to 750 ℃ at 10 ℃/s and 
maintained at the final temperature for 7 min, it was 
then cooled to room temperature at a rate of 10 ℃/s.

According to the national standards GB/T 228.1-
2010 and GB/T 30069.1-2013, wire cutting was used 
to cut the plates samples for the tensile test. The tensile 
tests at different strain rates was carried out in a sans-
cmt5105 microcomputer-controlled electronic universal 
testing machine and Zwick HTM16020 high-speed ten-
sile testing machine. A JEM-2010 high resolution trans-
mission electron microscope (HR-TEM) was used to 
observe and analyze the microstructure of the steel and 
its evolution after tensile deformation. The TEM sam-
ples were treated with a 5% perchloric acid anhydrous 
ethanol solution as an electrolyte. The TEM operating 
voltage was set at 200 kV.

3  Results 

3.1  Mechanical properties
Fig.1 shows the engineering stress-strain curves 

and the mechanical properties of the DP1000 steel at 
different deformation rates in the elastic deformation 
stage, it can be seen that the stress increased rapidly 
with increasing amounts of deformation; however, the 
elastic modulus did not change significantly, indicating 
that it was not affected by the change in the strain rate. 
In the plastic deformation stage, the stress-strain curve 
of the test steel demonstrated sensitivity to a change 
in the strain rate; that is, with an increase in the strain 
rate, the yield strength and tensile strength increased. 
Fig.1(b) shows that the break elongation and uniform 
elongation of the DP1000 steel has a nonmonotonic 

Table 1  The chemical composition of DP1000 steel/wt%

Elements C Mn Al Cr Si P S Fe

Tested steel 0.15 2.1 0.067 0.43 0.65 <0.01 <0.008 Balance
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trend; when the strain rate increased from 10-3 s-1 to 
10-2 s-1, they were both almost the same. This is be-
cause in the early stages of plastic deformation, there is 
enough time for the internal material dislocation motion 
resistance to be released due to the low deformation 
rate. This results in elongation with no obvious changes 
to the deformation rate. When DP1000 steel has a low 
strain rate (10-2-100 s-1) for deformation, there is an 
enhancement in inhomogeneous plastic deformation 
ability. The uneven plastic deformation ability decreas-
es with increasing deformation rate, this is because 
that the resistance is too late to release by dislocation 
movement, causing a concentration of local stress. This 
produces inhomogeneous plastic deformation, causing 
a weakening of the uneven plastic deformation ability. 
At the same time, due to the strengthening effect of the 
high-density dislocations in ferrite, the difference in the 
plastic strain energy between the ferrite and martensite/
ferrite interface is reduced, and the non-uniform plastic 
deformation capacity is enhanced to some extent. Sub-
sequently, the elongation after fracture and the uniform 
elongation are both increased with increasing strain 
rate. They both began to decrease rapidly when the 
strain rate reached 103 s-1.

3.2  Microstructure
Fig.2 shows the original microstructure of 

DP1000 steel. As seen in Fig.2(a), the DP1000 steel 
shows a typical ferrite and martensite biphasic structure 
before deformation; the concave part is the F tissue and 
the convex part is the M tissue. Fig.2(b) displays the in-
verse pole figure (IPF) map, the average observed grain 
size was 5.13 ± 0.02 μm after the EBSD measurement.

 Fig.3 shows the fine structure of the DP1000 
steel at strain rates of 10-3, 100, and 103 s-1 before de-
formation. As can be seen from Fig. 3(a), the DP1000 
steel contains short and coarse martensite laths, mas-
sive ferrite, and a small dislocation density before 
deformation. Plastic deformation occurred when the 
strain rate was 10-3 s-1. The dislocation began to ac-
cumulate near the M/F interface and dislocation cells 
formed in the ferrite grains, as shown in Fig.3(b). On 
increasing the strain rate to 100 s-1, the dislocation cell 
size and dislocation density increased. The difference 
of plastic deformation energy between ferrite matrix 
and M/F interface is capable of decreased, and the for-
mation and extension of micro cracks was delayed at 
the M/F interface[18]. This results in a simultaneous in-
crease in the material’s strength; in addition, the break 

Fig. 2  Original SEM and EBSD morphologies of DP1000 steel: (a) SEM and (b) EBSD

Fig. 1  Engineering stress-strain curves (a) and mechanical properties (b) of DP1000 steel at different strain rates



1145Journal of  Wuhan University of  Technology-Mater. Sci. Ed.  www.jwutms.net   Dec. 2020

elongation increases slightly as shown in Fig.1(b) and 
Fig.3(c). When the strain rate increases, the ferrite 
formed an increased amount of dislocation tangles near 
the M/F interface. This results in the production of new 
dislocation cells due to the multiple slip systems oc-
curring at the same time and an increase in the number 
of movable dislocation[19,20]. Therefore, the material’s 
plasticity, its strength, and the work hardening ability 
become enhanced. On the other hand, it was observed 
in Fig.3(d) that the martensite lath elongated, this is due 
to the DP1000 steel being subject to a high rate of de-
formation. The M/F generated a lot of dislocations near 
the interface, resulting in premature martensite yield 
occurring and plastic deformation that coordinates the 
strain hardening of ferrite. For a large deformation and 
strain rate, a higher adiabatic temperature is generat-
ed, which leads to a temperature rise in M and make it 
more prone to plastic deformation. This also illustrates 
that in Fig.1(b), with the increase of the strain rate, the 
strain in the martensite begins to decrease by plastic de-
formation. With a further increase of the strain rate, the 
degree of dislocation entanglement and plugging be-
comes more intense. Hence, the softening effect caused 
by dislocations and the adiabatic temperature rise can 
no longer offset the hardening caused by the obstruc-
tion of the dislocation movement, resulting in the 
premature formation of microcracks within M[21] This 
results in M fragmentation, which reduces the plasticity 
of the material. In summary, the plastic deformation 
mechanism of DP1000 steel under dynamic loading is 
determined by the competitive results of the softening 
effects caused by work hardening (strain hardening and 

increasing the strain rate hardening) and the adiabatic 
temperature rise.
3.3  Strain hardening behavior

Fig.4 shows the work hardening curve of DP1000 
steel under different strain rates. It can be seen from the 
figure analysis that the work hardening rate of DP1000 
duplex steel shows three stages as the true strain in-
crease. In stage I, compared with the quasi-static de-
formation condition (10-3-10-1 s-1), the work harden-
ing rate decreased slowly as the true strain increased 
under high strain rate (100-103 s-1) deformation. This 
is because under a high rate of deformation, DP1000 
martensite near the ferrite grain boundary in steel can 
produce a lot of dislocations, as the deformation degree 
increases the formation of new dislocations are ham-
pered by grain boundaries. This can also be used as a 
source of new dislocations, causing an increased dis-
location density around the martensite[22], which slows 
down the decline in the work hardening rate. In phase 
II, although the change in the work hardening rate with 
the increase of real variables should be slow; under 
dynamic loading conditions (100-103 s-1), the change 
in the work hardening rate with the true strain curve 
is obviously different from that of the low strain rate 
(10-3-10-1 s-1). Here a shorter curve of the platform is 
observed, and on increasing the strain rate, the platform 
appears earlier and is shorter. The platform then falls 
quickly into phase III until after sample fracture. The 
reason is that as the strain rate increases, the instan-
taneous plastic deformation of the material becomes 
larger, leading to an increase of the dislocation density. 
This makes slip dislocations more difficult, leading to a 

Fig.3  TEM images of DP1000 steel at different strain rates: (a) before deformation; (b) 10-3 s-1; (c) 100 s-1; (d) 102 s-1; (e) 103 s-1
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reduction of the hardening rate and the observed slow-
ing or flat trend. However, the deformation of materials 
under high strain rates results in localization softening. 
This is coupled with the deformation process on adi-
abatic temperature rise, which causes the martensite 
temperature rise; thus, plastic deformation is more like-
ly to occur. The yield of martensite and the common 
role of the dynamic response make DP1000 experimen-
tal steel under high strain rate enter more quickly into 
the rapidly reduced phase III.

According to Considère instability criterion[23], 
when a materials work hardening rate is equal to the 
true stress in the process of tensile deformation, plastic 
instability in the material will immediately occur. As 
seen in the enlarged inset on the upper right corner of 
Fig. 4, if the delay-work hardening rate curve intersects 
with the true stress-true strain curve (the intersection 
point is the instability point), the uniform elongation 
would increase. The obtained results are consistent with 
the analysis of the change in the uniform plastic defor-
mation performance with the strain rate in the DP1000 
steel. In other words, according to Considère instability 
criterion, the instability strain of the DP1000 duplex 
steel has a minor change under quasi-static (10-3-10-2

s-1) deformation conditions; it then slowly decreases 
under a low-medium strain rate (10-2-100 s-1); increas-
es under medium-high strain rate; and then decreases in 
the high strain rate range (5×102-103 s-1).

4  Discussion

4.1  Strain rate sensitivity index
Fig.5 shows the change of the true stress with the 

strain rate of DP1000 steel under different strain vari-
ables. Its slope is the corresponding SRS index m value 
for the two kinds of steel within a certain strain rate 

range, as shown in formula (1)[24, 25].

                                 (1)

where, σ is the rheological stress, and ε is the strain 
rate. The larger the m value, the stronger the anti-neck-
ing ability of the material, which results in delayed 
fracture.

From the slope of the curve in the Fig.5, it can 

be seen that the value of the SRS index m for DP1000 
steel are all positive but differ with different amounts of 
deformation. Under quasi-static (10-3-10-2 s-1) tensile 
conditions, for deformations of 0.01, 0.05, 0.1, 0.15, 
the value of m is almost unchanged. As the deformation 
increases to 0.15, with a low/medium strain rate (10-2-
102 s-1), the value of m with different deformations is 
larger. This indicates that high strength DP steel has a 
higher SRS. Under dynamic loading (102-103 s-1), the 
m value under small strain variables (0.05, 0.1) is com-
parable to that with a low and medium strain rate, and 
is much larger than the m value under strain rates of 
10-3-10-2 s-1. The slope (m value) also increases with 
a large strain, indicating that DP1000 steel has a high 
strain rate sensitivity at high strain rates.

Fig.4  Work hardening curve of DP1000 steel at different strain rates

Fig.5  The log-log relationship between rheological stress and the 
deformation rate at different strain rates for DP1000
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4.2  The activation volume
The strain rate sensitivity S[26] can be expressed 

as:

                            (2)

where, kB is the Boltzmann constant; T is the absolute 
temperature; v*is the activation volume, It’s defined 
as the derivative of activation enthalpy with respect to 
stress at a certain temperature[26], given by:

               (3)

where, DH(t) is the enthalpy of activation.

Fig.6 shows the relationship between the loga-
rithm of the strain rate and the rheological stress of 
DP1000 steel under different strain variables. Table 2 
shows the statistical table for the activated volume v* 
of DP1000 steel under different strain rates. From Fig.6 
and Table 2, it can be seen that when the deformation 
rate is relatively high (above 101 s-1), the v* value of 
DP1000 steel is relatively small, ranging from 2.59 
to 7.94. Such a small activation volume indicates that 
DP1000 steel has a high strain rate sensitivity at higher 
strain rates when the deformation is relatively large, 

and is consistent with previous results. However, when 
it is less variable (such as true strain of 0.01), or the 
strain rate is low (such as 10-4-101 s-1) with a large 
deformation (such as true strain of 0.1), the activation 
volume v* is relatively large. In other words, under a 
quasi-static or low strain rate, the strengthening of the 
strain rate effect is not obvious, Fig.1(b) shows the in-
tensity with the variation of the strain rate.
4.3 Dynamic factor

Dynamic factor (R) is the ratio of dynamic inten-
sity to quasi-static intensity[27]:

                  (4)

where, the σ is under conditions of quasi static de-
formation intensity, Δσ is the change in the intensity 
values. According to the above formula, the dynamic 
factor of the strength under different deformations (en-

Table 3 Statistics for the DP1000 steel strength dynamic fac-
tor under different engineering deformations

/s-1 Engineering strain

0.002 0.01 0.05 0.1 UTS

10-4 1 1 1 1 1

10-3 1.0107 1.0155 1.0143 1.0199 1.0147

10-2 1.0228 1.0220 1.0205 1.0279 1.0255

10-1 1.0335 1.0337 1.0348 1.0318 1.0236

100 1.0609 1.0415 1.0451 1.0498 1.0422

101 1.0761 1.0725 1.0707 1.0567 1.0472

102 1.1842 1.1529 1.1260 1.1025 1.1326

5×102 1.2009 1.1736 1.1639 1.1552 1.1562

103 1.2268 1.1995 1.2121 1.2121 1.1896
Note: the dynamic factors under each rate in this table are (engineering 
stress)/(engineering stress that corresponds to the strain rate of 10-4 s-1)

Table 2  The value of the activated volume v* in DP1000 steel 
at different stress variables (b3)

/s-1 The true strain
0.01 0.05 0.1 0.15

10-3-103 21.56

10-3-5×102 29.04

10-3-101 37.00

10-1-101 35.26

101-102 7.94 3.27

102-103 3.94 5.43

5×102-103 2.59

Note: b is the order of magnitude of the berg vector

Fig.6  Relationship between the log of the strain rate and the rheo-
logical stress at different strain variables

Fig.7 The dynamic factor for the strength of the DP1000 changes 
with strain rate at different deformations (RSp0.2: dynamic 
factor of the yield strength; RSm: dynamic factor of tensile 
strength; RSp1: the dynamic factor corresponding to the en-
gineering stress when the engineering strain is 0.01; RS0.1: 
the dynamic factor corresponding to the engineering stress 
when the engineering strain is 0.1)
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gineering strain) is calculated. The trend of its change 
with the strain rate is shown in Fig.7. Table 3 shows the 
statistics of the dynamic strength factors for DP1000 
steel under different engineering deformations. Where 
the dynamic strength factors involved are the ratio of 
engineering stress under a high strain rate, which cor-
responds to a deformation and engineering stress under 
10-4 s-1. From Fig.7 and Table 3, when the strain rate 
is less than 10-4 s-1, the dynamic strength factor of 
DP1000 steel with different deformation amounts does 
not change significantly. Once the strain rate exceeds 
10-4 s-1, the dynamic factor for the yield strength is 
larger than those for the other deformation amounts. 
With the increase of the strain rate, the dynamic factor 
of the strength with different deformation quantities all 
increase rapidly. This indicates that at a higher strain 
rate, the enhancement of the rate is significant and the 
strain rate sensitivity is large. When the deformation 
rate ranges from 10-3-103 s-1, the dynamic factors for 
the yield strength is greater than the dynamic factor for 
the tensile strength. This indicates that the strain rate 
sensitivity for the DP1000 steel yield strength is greater 
than that of tensile strength.

5  Conclusions

a) Under different strain rates, the tensile strength 
and yield strength of the DP1000 steel increases on 
increasing the strain rate. The elongation after fracture 
first increases without any change, and then rapidly de-
clines when the strain rate increases to 103 s-1.

b) The work hardening rate and true strain curve 
of DP1000 steel show three stages. In the range of 
10-3-10-1 s-1, the instability point is smaller; the insta-
bility point is larger in the range of 100-5×102 s-1, and 
the instability strain becomes smaller above 5×102 s-1.

c) The strain rate sensitivity index, activation vol-
ume and dynamic factor at three angles were used to 
analyze the DP1000 steel under different strain rates. 
The results show that the plastic deformation mecha-
nism is made up of the competitive processes of work 
hardening and softening caused by the adiabatic tem-
perature rise.
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