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To obtain high strength and excellent deformability for ferrite/bainite dual-phase (F/B DP) pipeline steel for gas pipelines based on
strain-based design, the volume fractions of ferrite and bainite should be considered first. In this work, abstract representative
volume elements (RVE) of finite element models (FEMs) of mesostructure for F/B DP pipeline steel with volume fractions of
bainite between 30% and 58% were established, and the effects of volume fraction of bainite on the tensile properties and
deformation compatibility were studied. Results show that the stress and strain in the mesostructure were primarily distributed in
the bainite and ferrite, respectively, and strain concentration occurs at the ferrite/bainite interface. With increasing volume
fractions of bainite, the strain localization factor (SLF) and strain ratio of ferrite with bainite (εF/εB) decrease, which can improve
the deformation compatibility of the F/B DP pipeline steel. However, the stress ratio of bainite with ferrite (σB/σF) and the
contributions of bainite to stress and strain sequentially increase, and, as a result, the strength increases and the ductility decreases.
+erefore, a balance of strength and deformability can be obtained when the optimal volume fraction of bainite is in the range of
40% to 48%.

1. Introduction

Recently, the strain-based design has been adopted in the
pipeline for passing through the geological hazardous areas,
such as oceans, swamps, landslides, frozen soils, and earth-
quakes [1–6]. Hence, the deformation resistance of the pipeline
pipe becomes an important parameter to prevent deformation
collapse caused by geological and ocean current movement
[7, 8]. +e deformation resistance of the pipeline pipe is related
to the pipe diameter, wall thickness, and longitudinal strain-
hardening exponent of the pipeline steel [6, 8]. +erefore, it is
necessary for the pipeline steel to exhibit high strain-hardening
ability, i.e., excellent deformability. +e strain-hardening ability
and deformability of the pipeline steel are generally charac-
terized by stress ratio, yield ratio (yield strength/tensile

strength), strain hardening exponent, and uniform elongation
[1, 9], which have been specified in some pipeline steel speci-
fications such as DNV 2000 [6, 9] and Q/SYGJX 118-2012 [10].
+e F/B DP steel consists of a mixed microstructure of ferrite
and bainite, where the ferrite is a soft phase with higher ductility
and the bainite is a hard phase with high strength, and, thus, a
balance of high strength and excellent deformability can be
obtained [9–11]. +erefore, F/B DP steel with excellent
deformability has become a type of special functional pipeline
steel, which is one of the best options to replace traditional
ferrite/pearlite and acicular ferrite pipeline steels [9].

For the F/B DP pipeline steel, the balance of strength and
ductility strongly depends on the volume fraction, distri-
bution, morphology, and mechanical properties of each
phase in the ferrite and bainite steel [1, 9, 11, 12]. +e
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microstructure, mechanical properties, strain-hardening
behavior, microscopic deformation, and failure mechanism
of the F/B steel have been broadly studied [1, 9–13]. Research
has been more focused on the effects of the volume fraction
of bainite on strength, yield ratio, uniform elongation, and
strain hardening exponent. Although differences were ob-
served in the research, a suitable volume fraction of ferrite
and bainite may exist for the F/B DP steel to obtain a balance
of strength and ductility [1, 9]. Liu et al. [14] reported that
ferrite deformation occurs relatively more easily during
plastic deformation. At the same time, bainite must ac-
commodate high deformation characteristics of ferrite be-
cause of the stress concentration at the F/B interface, where
the crack first initiates. +e deformation compatibility be-
tween the ferrite and bainite during deformation is an
important factor affecting the strain and stress concentration
and crack initiation at the F/B interface. +erefore, it is
particularly important to consider the deformation com-
patibility between the ferrite and bainite, which can help to
explain the deformation mechanism of the DP steel.

However, due to the strain and stress distribution within
the ferrite and bainite in the microstructure, it is difficult to
detect the distribution of stress and strain and characterize
the localized strain area in the microstructure by conven-
tional experimental methods. In view of this, a finite element
method (FEM) has been proposed to analyze the distribu-
tion of the stress and strain within the mesostructure DP
steel [15–18] and multi-phase steel [19]. +ese investigations
havemainly focused on the ferrite/martensite (F/M) DP steel
[15–17], and there is little research on F/B DP steel [20]. +e
tested and simulated results show that the volume fraction,
size, distribution, and hardness of the hardening phase
(martensite and/or bainite) have a significant effect on the
mechanical properties, deformation and fracture mecha-
nism, and stress and strain distribution between ferrite and
the hardening phase of the DP steel [20–22]. Nevertheless,
for these results, most of the DP structures were obtained by
heat treatment, and the hardening phase is primarily
equiaxial and homogeneous. +e F/B DP pipeline steel is
manufactured by a thermomechanical controlled process
(TMCP) [23–25]. +e distributed bainite in the ferrite
matrix for the DP pipeline steel is usually in elongated form.
Meanwhile, the amount, size, distribution, and hardness of
the bainite strongly depend on the parameters of TMCP
including rolling temperature, finishing rolling temperature,
beginning cooling temperature, cooling rate, and finishing
cooling temperature [26–28]. In this case, the volume
fraction of bainite with elongated form will become an
important influencing parameter of the deformation be-
havior and mechanical properties. +erefore, the effect of
volume fraction of bainite with elongated in F/B DP steel on
the deformation compatibility deserves more attention.

In this work, representative volume elements (RVE) of
FEMs based on the mesostructure of the F/B DP pipeline
steel have been built. +e effect of volume fraction of bainite
with elongated form on tensile properties and the distri-
bution of strain and stress in ferrite and bainite in the
mesostructure of F/B steel were simulated. Furthermore, the
effect of bainite volume fraction on deformation

compatibility was discussed. +e goal is to reveal the
mechanism for the effect of volume fraction of bainite on the
deformation compatibility in the mesostructure and help to
optimize the microstructure for F/B DP steel to obtain a
balance between strength and deformability.

2. Materials and Simulation

2.1.Materials. +e steel employed in this work was cut from
a commercial API X80 ferrite/bainite double-phase (F/B DP)
pipeline steel plate produced by TMCP. +e chemical
composition and microstructure of the steel are presented in
Table 1 and Figures 1(a) and 1(b). +e microstructure of the
steel consists of elongated bainite distributed in the ferrite
matrix, and the volume fraction of bainite is about 43%
(Figure 1(a)).+e electron back-scattered diffraction (EBSD)
image quality maps with grain boundary misorientation
distribution show that the ferrite mainly consists of the high-
angle boundaries, while the bainite mainly consists of low-
angle boundaries (Figure 1(b)).

2.2. FEM Model Generation and Analysis. Previous works
show that the RVE model based on mesostructure and/or
abstract RVE model are effective methods to study the
mechanism of plasticity deformation behavior of multi-
phase steel [18, 19, 29]. According to our previous work [29],
the RVE model based on mesostructure (Figures 1(a) and
1(b) was first built as shown in Figure 1(c). However, the aim
of this work is to study the effect of volume fraction of
bainite on the mechanical properties of F/B DP pipeline
steels with excellent deformability. It is difficult to obtain the
microstructure with different volume fractions of bainite to
build the RVE model based on real mesostructure. +ere-
fore, abstract RVE models with different volume fractions of
bainite were created, as shown in Figure 2. In the abstract
RVE models, a volume fraction of bainite over a range from
30% to 58% was selected, and other factors, like morphology
and distribution of bainite, were controlled based on the
microstructural characteristic of bainite in F/B DP pipeline
steel (Figure 1(a)).

According to our previous work [29], the mechanical
properties of each individual phase were measured by means
of micro-indentation tests according to [30] and [31].
Figure 1(d) shows the stress-strain curves obtained from the
simulation and tensile test. +e simulated curve is similar to
the test curve, which indicates that the model can appro-
priately affect the overall behavior of F/B DP steel.

Finite element analysis can show the distribution of the
stress and strain directly in the mesostructure. In this work,
the microscopic stress and strain in the single phases were
calculated by the method in [32]. After calculating the stress
and strain in the single phase, the macroscopic stress and
strain of the RVE can be calculated by the method in [33]. In
this work, strains of 1%, 5%, and 10% were selected as the
applied strains corresponding to the three stages of the
deformation, i.e., elastic deformation, stable plastic defor-
mation, and unstable plastic deformation.
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3. Results

3.1. Mechanical Properties of Models with Different Fractions
of Bainite. +e stress-strain curves and mechanical prop-
erties of the models with different fractions of bainite were
obtained by simulation as shown in Figure 3. Yield strength
(σy), tensile strength (σs), and yield ratio (σy/σs) increase
with increasing fractions of bainite. +e increase in yield
ratio implies that the uniform elongation (UE) decreases
with increasing fractions of bainite.

For the DP steel, the strength can be expressed as follows:

σDP � σBVB + σF 1 − VB( , (1)

where σDP is the strength of the F/B DP steel, σB and σF are
the strengths of bainite and ferrite, and VB is the volume
fraction of bainite.

According to equation (1), the strength of the F/B DP
steel will linearly increase with an increasing volume fraction
of bainite. However, the simulated results show that the yield
strength linearly increases with an increasing volume frac-
tion of bainite, while, for the tensile strength, the increment
of tensile strength when the bainite fraction increases from
30% to 40% is higher than the increment when the bainite

fraction increases from 40% to 58%. As a result, the yield
ratio slightly increases when the bainite fraction increases
from 30% to 40%, while, as the fraction of bainite increases
over 40%, the yield ratio quickly increases (Figure 3(b)).
Conversely, the uniform elongation rate slightly decreases
when the bainite fraction increases from 30% to 40% and
then quickly decreases when the bainite fraction increases
from 40% to 58%. Sun et al. [34] reported that the uniform
elongation ofM/F DP steel decreases with increasing volume
fractions of martensite, but the uniform elongation is not
linearly related to martensite volume fraction. For DP steels,
the size, distribution, and morphology of each phase in the
microstructure will affect the distribution of stress and strain
during the deformation process, which will directly affect the
mechanical properties of the steel [35].

3.2. Distribution of Strain in the Deformed Mesostructure.
+e simulated distribution of the equivalent plastic strain
within the mesostructure in the RVE models when applied
strains are 1%, 5%, and 10% is presented in Figure 4. Strain
localization can be observed from the mesostructure when
the strain is applied, and the strain localization increases

Table 1: Chemical composition of API X80 pipeline steel (wt/%).

C Si Mn P S Cr Ni Cu Ti Nb Al N Ceq
0.07 0.21 1.69 0.011 0.002 0.223 0.225 0.129 0.015 0.082 0.035 0.005 0.42
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Figure 1: Microstructure of the F/B DP pipeline steel. (a) Optical metallography, (b) EBSD, (c) EVR model, and (d) stress-strain curves.
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Figure 2: Abstract REV model of DP steel with bainite volume fractions (gray field) of (a) 30%, (b) 40%, (c) 48%, and (d) 58%.
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with increasing applied strain. When the applied strain is 1%
(Figures 4(a)−4(d)), the plasticity strain primarily exists in
the ferrite phase, and a small amount of plastic strain can be
observed in bainite because of its high yield strength. +us,
the deformation first occurs in ferrite and the strain local-
ization occurs in the ferrite at the grain boundary between
ferrite and bainite. +e strain localization presents an angle
of 45° to the loading direction due to the maximum shear
stress. +e equivalent plastic strain is quite small, and its
distribution is relatively homogeneous in the mesostructure.
However, the fraction of bainite has a major impact on the
distribution of the equivalent plastic strain in the meso-
structure. With increasing bainite fractions, the number of
bainite phases with plastic strain increases, and the plastic
strain in ferrite appears to show a decreasing trend, which
indicates that strain localization will be improved with in-
creasing volume fraction of bainite.

When the applied strain was raised to 5%, the localized
strain area expanded, and the plastic deformation spread to
most of the ferrite and bainite in the model, while the
equivalent plastic strain in ferrite and bainite significantly
increased. In addition, some unusual local strain concen-
tration can be found in some parts of ferrite between the
bainite, which may be related to the strain concentration
caused by the geometric shapes of bainite (Figures 4(e)−
4(h)). As the applied strain increased to 10%, the localized
strain band began to shrink, and the average strain in the
localized band increased (Figures 4(i)−4(m)). Moreover, the
difference in equivalent plastic strain between the ferrite and
bainite also increased. It was also shown that the bainite
volume fraction in the mesostructure did not affect the
distribution of the equivalent plastic strain in ferrite and
bainite, but even more importantly, it significantly affected
the strain localization between ferrite and bainite. With
increased bainite volume fraction, the difference in average
equivalent plastic strain between the ferrite and bainite
exhibits decreasing trends. +e supposition can be con-
firmed by statistical results of the probability distribution
function (PDF) of equivalent plastic strain calculated from
Figure 4. Furthermore, strain localization factor (SLF) was
calculated based on PDF, which can quantitatively reveal the
strain localization and deformation compatibility between
two phases in DF steel. +e SLF is defined as follows [36]:

SLF � 
n

i�1
εi,FFi,F − εi,BFi,B , (2)

where εi,F and εi,B are the equivalent plastic strains of i-th
bins for ferrite and bainite, respectively, and Fi,F and Fi,B are
the area frequencies of εi,F and εi,B, respectively.

Figures 5–7 show the PDF of equivalent plastic strain
when the applied strains are 1%, 5%, and 10%, respectively.
Meanwhile, the SLFs are listed in each figure and clearly
demonstrate the degree of strain localization between ferrite
and bainite. As the applied strain is 1%, the PDFs of bainite
and ferrite appear with the same distribution trait.+e strain
of ferrite is in the range from 0 to 0.06, and the strain of 80%
ferrite is about 0.02, while the strain of bainite is also about
0.02. +erefore, the SLFs are small, which are only in the

range of 0.0027 to 0.0038 (Figure 5), and the results coincide
with the heterogeneous distribution of the equivalent plastic
strain in the mesostructure (Figure 4).

When the applied strain is 5% (Figure 6), both curves
reflecting the distribution of equivalent plastic strain in bainite
and ferrite have become wider and lower, which means that
more bainite and ferrite have taken part in plastic deformation,
and plastic deformation in bainite and ferrite increases. Also, the
bainite volume fraction strongly affects the PDF and SLF.When
the bainite volume fraction is 30%, the plastic strain in bainite
mainly distributes in the range from 0 to 0.1, and the plastic
strain in ferritemainly distributes on a scale of 0 to 0.2.+us, the
SLF reaches 0.0409 (Figure 6(a)).With increased bainite volume
fraction to 40%, the distribution of plastic strain in ferrite
changes slightly, but plastic strain in bainite increases to the
range from 0 to 0.2. As a result, the SLF reduces to
0.0271(Figure 6(b)). Inversely, with further increases of bainite
volume fraction, the distribution of plastic strain in bainite
shows little change, but the fraction of ferrite at lower plastic
strain shows an increasing trend (Figures 6(c) and 6(d)).+e
SLFs increase to 0.0273 and 0.0293 for the model with 48%
bainite and 58% bainite, respectively.

As the applied strain is 10%, the change rules of dis-
tribution of plastic strain in bainite and ferrite with in-
creasing bainite volume fraction are similar to that when the
applied strain is 5%, and, as a result, the SLF also shows
similar change rules.+e difference is that the distribution of
strain in bainite and ferrite further extends to the high strain
zone, and the SLFs further increase (Figure 7).

Figure 8 shows the SLFs of the mesostructures with
different bainite volume fractions at different applied strains.
+e SLFs of all mesostructures increase with increasing
applied strain, but the growth rates are different, as shown in
Figure 8(a). As the applied strain is 1%, all mesostructures
show lowered SLF, but the SLF shows an increasing trend.
However, when the applied strain increases to 5%, the SLF of
the mesostructure with 30% bainite volume fraction is
higher than that of other mesostructures. Moreover, the
increasing amplitude further increases when the applied
strain reaches 10%. With increasing bainite volume fraction,
the lower SLF appears when the bainite volume fraction is
40% (Figure 8). +e SLF is regarded to reflect the degree of
strain concentration and deformation compatibility between
the bainite and ferrite in the mesostructure and, further-
more, affects the mechanical properties of the F/B DP steel.
As stated above, the PDF and SLF results indicate that the
deformation compatibility of the mesostructure can be af-
fected by the volume fraction of the secondary phase [37].
From the viewpoint of deformation compatibility, an op-
timal volume fraction of bainite in the F/B DP steel may
exist. In this work, as the volume fraction of bainite is in the
range from 40% to 48%, a lower SLF can be obtained, and,
therefore, the F/B DP steel will exhibit excellent deformation
compatibility.

3.3. Distribution of Stress in the Deformed Mesostructure.
Figure 9 shows the distribution of equivalent stress within
the mesostructure with different bainite volume fractions
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when the applied strain is 1%, 5%, and 10%. Overall, the
distribution of equivalent stress is opposite to the distri-
bution of equivalent strain (Figure 4). +e level of equivalent
stress in bainite is higher than that in ferrite because the
bainite as a strengthening phase bears the main stress.
Meanwhile, the equivalent stresses in bainite and ferrite
increase with increasing applied strain. On the other hand,
the bainite volume fraction affects the stress in bainite and
ferrite. +e stress in bainite and ferrite increases with in-
creasing bainite volume fraction.

Figures 10–12 show statistical stress distributions of the
mesostructures when the applied strain is 1%, 5%, and 10%,
respectively. When the applied strain is 1%, the equivalent
stress distribution in ferrite for all mesostructures shows
similar features. +e bainite volume fraction does not in-
fluence the stress distribution in ferrite. +e stress peak is
maximized at about 600MPa, and the frequency is higher
than 0.7 (Figure 10). However, the stress distribution in
bainite is obviously influenced by bainite volume fraction.
As the bainite volume fraction is 30%, the distribution peak
of stress in bainite is broad. +e stress peak is at about
1000MPa, and the frequency is only 0.2 (Figure 10(a)). As
the bainite volume fraction increases to 40%, the distribution
peak concentrates on high stress, and the frequency of high
stress obviously increases (Figure 10(b)). However, further
increases in bainite volume fraction have little effect on the
distribution of stress in bainite (Figures 10(c) and 10(d)). As
the applied strain reaches 5%, the distribution peaks of stress
in ferrite and bainite broaden and move to high stress, while
the distribution of stress changes a little with increasing
bainite volume fraction (Figure 11). Further increasing the
applied strain has little effect on the distribution of stress in
ferrite and bainite for all mesostructures (Figure 12).

To discuss the variations of equivalent stress in ferrite
and bainite with the applied stress, the cumulative distri-
bution function (CDF) of the equivalent stress was statis-
tically calculated, and the CDFs in ferrite and bainite for all
mesostructures are illustrated in Figure 13. +e results
demonstrate that the frequency distribution of equivalent

stress in ferrite is focused mainly at low stress, and the
equivalent stress in ferrite nearly exceeds yield strengths
under all applied strain conditions. Additionally, the fre-
quency distribution of equivalent stress in bainite mainly
distributes at high stress and in a wider range. However,
owing to the differences in mechanical properties between
the ferrite and bainite, some different effects of the applied
strain and volume fraction of bainite on the CDF of
equivalent stress in ferrite and bainite can be found.

For the ferrite, with increasing applied strain, the CDF
curves move in the direction of high stress. However, when
the applied stress exceeds 5%, the moving degree signifi-
cantly decreases. Moreover, the effect of volume fraction of
bainite on the CDF of ferrite appears similar to that of the
applied strain.+e bainite volume fraction has little effect on
the CDFs of ferrite when the bainite volume fraction is over
40%. +is result suggests that the stress mainly distributes in
bainite because bainite as the strengthening phase restrains
the deformation of ferrite with increasing bainite volume
fraction, which can be clearly reflected by analyzing the
results of the CDF of bainite. Meanwhile, the cumulative
fraction of bainite with stress over yield strength was cal-
culated for quantitative analysis of the deformed bainite and
is listed in Table 2.

When the applied strain is 1%, the equivalent stress in
bainite distributes over a larger range when the bainite
volume fraction is 30%, and only a portion of the bainite
increases beyond the yield strength (Figure 13(a)), and the
fraction of deformed bainite is only 41% (Table 2). When
increasing the bainite volume fraction to 40%, the cumu-
lative fraction of bainite with higher equivalent stress over
yield strength obviously increases (Figure 13(b)), and the
fraction of deformed bainite reaches 71% (Table 2); however,
the CDF curves show little change with further increases in
bainite volume fraction (Figures 13(c) and 13(d)), where the
fraction of deformed bainite is 73% and 75% for the mes-
ostructures with 48% and 58% bainite, respectively. When
the applied strain is 5%, the CDF curves for all meso-
structures move to higher equivalent stresses, and the
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Figure 3: Simulated results of the effects of bainite volume fraction on (a) stress-strain curves and (b) mechanical properties.
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cumulative fraction of bainite with equivalent stress over
yield strength obviously increases. Nevertheless, the cu-
mulative fraction of deformed bainite for the mesostructure
with 30% bainite is even lower (Figure 13(a)), which is only
81% (Table 2). When the fraction of bainite is over 40%, the
cumulative fraction of deformed bainite increases to above
93% (Table 2). With further increases in applied strain to
10%, the CDF curves of bainite do not markedly change
(Figure 13), and the cumulative fraction of deformed bainite
is at the same level as that of applied strain of 5% (Table 2).
However, from Figures 13(c) and 13(d), the CDF curves of
bainite for mesostructure with 48% and 58% bainite show
that the equivalent stress distributes in the larger range. +e
results imply that the inhomogeneity of equivalent stress

allocated in bainite increases. In addition, in Table 2, it can
be found that the cumulative fraction of deformed bainite
tends to decrease when the applied strain increases to 10%,
which may be attributed to stress relief because the allied
strain is greater than the uniform elongation.

3.4. StrainRatioandStressRatio ofTwoPhases. +e simulated
results of strain and stress distributed in the mesostructure of F/
B DP steel show the strain mainly distributes in ferrite because
the ferrite has low strength, and the deformation first occurs in
this region. +en, the deformation concentrates in the interface
between the ferrite and bainite, and, as a result, the stressmainly
distributes in bainite as the bainite has high strength.+e strain
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and stress behaviors in the mesostructure may relate to the
applied macroscopic strain. Figure 14 shows the relationship of
the strain ratio and stress ratio of two phases in DP steel with
applied strain. At the initial stage of deformation, the two phases
of ferrite and bainite are mostly in elastic deformation, and the
elasticity moduli of the two phases are similar, so the distri-
butions of strain and stress are approximately equal [38]. As a
result, the strain ratio and stress ratio of the two phases are about
1 (Figure 14).With increasing applied strain, the deformation is
mainly concentrated in ferrite with lower strength, and the
strain ratio of ferrite with bainite (εF/εB) quickly increases.
Meanwhile, the stress is mainly concentrated in bainite, and the
stress ratio of bainite with ferrite (σB/σF) is also rapidly in-
creasing. Furthermore, further increases in applied strain will
lead to deformation beginning to occur in bainite, and, thus,
increases of strain ratio and stress ratio of the two phases are
retarded and they are stable when the applied strain is over 2%.
However, when the applied strain is over 6%, the strain ratio
appears to increase. +e change rules of the strain ratio and
stress ratio of two phases with the applied strain are dependent
on the deformation compatibility of the ferrite and bainite, and,

therefore, the bainite volume fraction strongly affects the strain
ratio and stress ratio of the two phases. With increasing bainite
volume fraction, the strain ratio of the two phases decreases
(Figure 14(a)), and the stress ratio increases (Figure 14(b)).
Nevertheless, as the bainite volume fraction is over 40%, the
bainite volume fraction has slight effects on the strain ratio and
stress ratio.+e simulated results of stress distribution show that
the amount of deformed bainite significantly increases when the
bainite volume fraction is over 40% (Table 2), which constrains
the deformation of ferrite and improves the deformation
compatibility.

3.5. Effect of Bainite Volume Fraction on Contribution Rate to
Stress andStrain. For the F/BDP steel, due to the differences in
mechanical properties between ferrite and bainite, the stress and
strain responses of ferrite and bainite during deformation are
different. +erefore, the contribution of ferrite and bainite to
stress and strain is used to analyze the effects of bainite and/or
ferrite volume fraction on deformation behaviors, which can be
presented as follows:
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Figure 5: PDF curves of equivalent plastic strain for models with bainite concentrations of (a) 30%, (b) 40%, (c) 48%, and (d) 58% and
applied strain of 1%.
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where σt and εt are the overall strength and strain at any
moment.

+e contribution of ferrite and bainite to stress and strain
formesostructures is illustrated in Figure 15.With either bainite
or ferrite, the contribution to stress and strain quickly changes
with increasing applied strain and then stabilizes at a certain
value when the applied strain reaches 1%. However, due to the
differences inmechanical properties between ferrite and bainite,
the change rules of the contribution of bainite and/or ferrite to
stress and strain with applied strain show a contrary variational
tendency. For the bainite, with the increasing applied strain, the
contribution rate to strain quickly decreases (Figure 15(a)), and
the contribution rate to stress quickly increases (Figure 15(b)).
Inversely, for the ferrite, with applied strain, the contribution
rate to strain quickly increases (Figure 15(c)), and the

contribution rate to stress quickly decreases (Figure 15(d)).
When the applied strain is greater than 1%, the contribution
rates to strain and stress of both bainite and ferrite stabilize.

Moreover, the bainite volume fraction has a strong effect on
the contribution rates to strain and stress of both bainite and
ferrite. +e contribution of bainite to strain and stress increases
with increasing bainite volume fraction (Figures 15(a) and 15(b)).
Ferrite displays an opposite trend, and the contribution of ferrite
to strain and stress decreases with increasing bainite volume
fractions (Figures 15(c) and 15(d)). With increases of bainite
volume fraction from 30% to 58%, the contribution rate to strain
of bainite increases from about 0.15 to 0.47 (Figure 15(a)), and the
contribution rate to stress of bainite increases from about 0.38 to
0.69 (Figure 15(b)). +ese results indicate that the bainite volume
fraction has a greater effect on strength.

4. Discussion

As stated above, for F/B DP pipeline steel, with increasing
volume fractions of bainite in the range of 30% to 58%, yield
strength, tensile strength, and yield ratio increase, while
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Figure 6: PDF curves of equivalent plastic strain for models with bainite concentrations of (a) 30%, (b) 40%, (c) 48%, and (d) 58% and
applied strain of 5%.
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uniform elongation decreases (Figure 3).+e increasing of
yield ratio and the decreasing of uniform elongation are
nonlinearly related to bainite volume fraction (Figure 3(b)).
As the volume fraction of bainite increases from 30% to 40%,
the increment of the yield ratio and the decrement of the
uniform elongation are very small. However, with further
increases in volume fraction of bainite to 40% to 58%, the
yield ratio markedly increases and uniform elongation
significantly decreases. +is result is slightly different from
the tested results reported by Zhang et al. [1] and Tang et al.
[9]. Zhang et al. [1] reported that strength increases while
ductility nonlinearly decreases. In addition, Tang et al. [9]
reported that tensile strength linearly increases with in-
creasing volume fraction of bainite, while the yield strength

shows little increase when the volume fraction of bainite is
lower than 47%, and, hence, a lower yield ratio is obtained.
Comparing the microstructures in [1] and [9] with the
mesostructure in this work, fine equiaxed bainite uniformly
distributes in the ferrite matrix [1], and the non-equiaxed
bainite uniformly distributes in the acicular ferrite matrix
[9]. In this work, the microstructure primarily consists of the
elongated shape of the bainite distributed in the ferrite
matrix.+e difference in mechanical properties among those
works may be attributed to the distribution, morphology,
and mechanical properties of each phase in the DP steel
[11, 12]. However, from the results stated above, the dif-
ference in steels among those works mainly occurs when the
volume fraction of bainite is lower than 50%. +e results
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Figure 9: Distribution of equivalent stress within mesostructures in RVE models with different applied strains.
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indicate that the volume fraction, size, distribution, and
morphology of bainite show greater effects on yield strength,
yield ratio, and ductility.

For DP steels, deformation first occurs in the soft phase
of ferrite during tensile deformation, where the strain and
stress accumulate at the F/B grain boundaries. As the ac-
cumulated stress is higher than the yield strength of bainite,
the bainite begins to deform, and then the DP steels will
show an overall yield phenomenon [31]. From this view-
point, as the bainite volume fraction is lower than 50%,
increasing the F/B grain boundaries can effectively restrain
ferrite deformation and promote strain and stress accu-
mulation at the F/B grain boundaries and in bainite (Fig-
ures 4 and 9). +erefore, the fine and elongated bainite can
effectively decrease the accumulated strain of bainite de-
formation; as a result, a lower yield strength of the DP steel is
obtained [1, 9]. On the other hand, Liu et al. [14] reported
that slip and local crystal rotation of ferrite and the rotation
of bainite are the primary mechanisms contributing to the
deformation of multi-phase steel. When the stress con-
centration satisfied the fracture strength criteria, the local

strain and local crystal rotation were responsible for initi-
ation and growth of voids in ferrite, while the high stress
concentration in bainite led to high density of small-sized
voids and coalescence of voids leading to bainite fracture.
+e strain and stress accumulation will affect not only yield
strength but also tensile strength; furthermore, they will
affect the yield ratio and uniform elongation. +erefore, fine
bainite that uniformly distributes in the ferrite matrix is
helpful to improve the deformation compatibility between
the ferrite and bainite phases. Consequently, the initiation
and growth of voids can be restrained, and the tensile
strength increases [1]. In addition, in our previous work [29],
the DP steel with elongated bainite possesses better defor-
mation compatibility than the steel with equiaxed bainite.
+is agrees with the simulated results of the effects of volume
fraction of bainite on the distributions of strain (Figure 4)
and stress (Figure 8). +e distributions of strain and stress in
bainite significantly increase as the bainite volume fraction
increases from 30% to 48% (Figures 5 to 7 and Figures 10 to
12), and the fraction of deformed bainite increases (Table 2).
Meanwhile, the strain ratio of ferrite with bainite (εF/εB)
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Figure 10: Curves of the equivalent stress distribution of bainite and ferrite in models with bainite concentrations of (a) 30%, (b) 40%, (c)
48%, and (d) 58% and applied strain of 1%.
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Figure 11: Curves of the equivalent stress distribution of bainite and ferrite in models with bainite volume fractions of (a) 30%, (b) 40%, (c)
48%, and (d) 58% and applied strain of 5%.
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Figure 12: Continued.
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Figure 12: Curves of the equivalent stress distribution of bainite and ferrite in models with bainite volume fractions of (a) 30%, (b) 40%, (c)
48%, and (d) 58% and applied strain of 10%.
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Figure 13: Curves of the cumulative distribution function (CDF) of equivalent stress in models with bainite volume fractions of (a) 30%, (b)
40%, (c) 48%, and (d) 58% when the applied strains are (I) 1%, (II) 5%, and (III) 10%.
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Table 2: Fraction of deformed bainite in the mesostructure with different bainite volume fractions at different applied strains.

Volume fraction of bainite (%) Applied strain (%) Volume fraction of deformed bainite (%)

30
1 41
5 81
10 80

40
1 71
5 93
10 92

48
1 73
5 94
10 92

58
1 75
5 93
10 90
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Figure 14: Strain ratio (a) and stress ratio (b) between ferrite and bainite.
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decreases (Figure 14(a)), and the stress ratio of bainite with
ferrite (σB/σF) increases (Figure 14(b)). +us, the F/B DP
steel strength increases, which is inverse to the ductility; i.e.,
uniform elongation will decrease. However, Figure 8 shows
that strain localization factor (SLF) decreases with increasing
volume fraction of bainite from 30% to 48%, which indicates
that deformation compatibility is improved. Zhang et al. [36]
reported that microscopic plastic strain localization is a main
factor affecting ductility. From the viewpoint of the SLF, the
lowest SLF will little affect deformation (Figure 3(b)).
+erefore, a balance of strength and plasticity of the F/B DP
steel is obtained when the volume fraction of bainite is in a
range of 40% to 48%.

As the volume fraction of bainite further increases beyond
50%, the microstructure is dominated by bainite. +e defor-
mation of ferrite is restricted to the space within elongated
bainite. More bainite will participate in the deformation and the
distribution of strain and stress in bainite obviously increases
(Figure 13). +e SLFs increase (Figure 8), and the contribution
of ferrite to strain and stress further decreases (Figure 15). As a
result, the yield ratio increases and uniform elongation de-
creases (Figure 3(b)). All simulated results, as stated above,
suggest that an excellent balance of strength and deformability
of the F/BDP steel can be obtained when the volume fraction of
bainite is in the range of 40% to 48%. +e volume fraction of
bainite in the F/BDP steel agrees with the results reported in [9]
and [10] and the current commercial pipeline steels with ex-
cellent deformability [4]. +ese results can be used to develop
high pipeline steel with excellent deformability.

5. Conclusions

+e effects of bainite volume fraction in the mesostructure of
F/B DP steel on deformation compatibility have been
studied by FEM with RVE models based on abstract models.
+e main conclusions from this work are as follows:

(1) +e mesostructure of F/B DP steel with volume
fractions of bainite from 40% to 48% has a good
balance of higher strength and excellent
deformability.

(2) Ferrite in the mesostructure of F/B DP pipeline steel
has lower strength and superior deformability than
bainite, the deformation in ferrite occurs relatively
more easily during plastic deformation, and defor-
mation can be impeded by high strength bainite.
Strain concentration occurs at the ferrite/bainite
interface. +us, the deformation compatibility of the
mesostructure between ferrite and bainite strongly
affects the tensile properties. Increasing volume
fraction of bainite from 30% to 40% can limit the
deformation of ferrite in elongated bainite and fa-
cilitate bainite deformation, which decreases the
strain localization factor (SLF) and improves the
deformation compatibility of the F/B DP pipeline
steel.

(3) With further increases in volume fraction of bainite
from 40% to 58%, SLFs begin to increase and the
contribution of bainite to strain and stress increases
significantly, which results in increased strength and
decreased ductility.
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Figure 15: Contribution of (a, b) bainite and (c, d) ferrite to (a, c) strain and (b, d) stress.
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