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Abstract: In this study the strain capacity and work-hardening behavior of bainite (B), bainite + polygonal
ferrite (B + PF), and bainite + polygonal ferrite + pearlite (B + PF + P) microstructures are compared.
The work hardening exponent (n), instantaneous work hardening value (ni), and differential Crussard-
Jaoul (DC-J) analysis were used to analyze the deformation behavior. The best comprehensive
mechanical properties were obtained by the introduction of the pearlite phase in B + PF dualphase
with the tensile strength of 586 MPa and total elongation of 31.0%. The additional pearlite phase
adjusted the strain distribution, which increased the initial work hardening exponent and then
maintained the entire plastic deformation at a high level, thus delayed necking. The introduction of
pearlite reduced the risk of micro-void initiation combined with the high frequency of high angle
grain boundaries (HAGBs) in triple-phase steel, which led to a low crack propagation rate.

Keywords: pipeline steel; microstructure; strain capacity; work hardening behavior

1. Introduction

Pipeline transport is considered the most economic, safe, uninterrupted, and large-
scale method to transport oil and gas, geologically unstable regions become common in
oil and gas transportation [1]. Since pipelines passing through these areas can undergo
a high degree of plastic deformation, the development of pipeline steel with excellent
deformability is crucial [2]. The pipeline material that has both high ultimate strain
capacity and high ductile fracture resistance can help minimize damage caused by tension,
compression, and bending loads.

Recently, the microstructure evolution, tensile properties, strain hardening, and micro-
scopic deformation behavior of high-deformability pipeline steel have been reported [3,4].
Steels with a dual-phase microstructure containing soft and hard phases, usually exhibit
better strain-hardening behavior than steels with single-phase microstructure. Pipeline
steel with a polygonal ferrite and bainite (PF + B) microstructure has been widely inves-
tigated due to its high strength, toughness, and excellent deformability [5]. Tang et al.
pointed out that the strain hardening exponent and uniform elongation first increased
and then decreased with an increase in the bainite volume fraction and reached a peak
value when the volume fraction of bainite was approximately 30% [6]. Zhao et al. reported
that the bainite morphology influenced the strain capacity [7]. The distribution of banded
bainite contributed to an improvement in the strength and plasticity compared to that of
equiaxed bainite. Li et al. [8] and Cannmo et al. indicated that the difference in hardness
between the hard and soft phase resulted in the formation of micro-void at the phase
boundaries, which reduced the plasticity [9].

Several studies on improving the strain capacity of PF + B dual-phase steel have
focused on the volume fraction, distribution, and morphological features of the ferrite
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and bainite phases. In general, the strain distribution during deformation determines the
strain-hardening behavior and micro-void initiation mechanism prior to necking. The
introduction of the second phase can improve the strain distribution [10,11], the strain
distribution of dual-phase steel during tensile deformation is complicated and relates to
the phase volume fraction, grain size, and mechanical properties. During the deformation
process, the work-hardening behavior before necking varied due to the uneven strain
distribution, and the better work-hardening properties of dual-phase steels helped delay
the necking point [12]. After necking, the crack initiation and propagation mechanisms
determine the subsequent deformation behavior. The cracks in multiphase steel mostly
originate at the phase boundaries, which is mainly the result of local hardening due to the
high density of geometrically necessary dislocations (GNDs) at the phase boundaries, as
confirmed in ferrite and martensite (F + M) dual-phase steel [13].

Previous studies have only investigated the strain capacity of dual-phase pipeline
steel; therefore, there is a research gap in the investigation of multiphase microstructures.
There is no clear consensus on the effect of introducing the third microstructure component
into the dual-phase on the mechanical properties. Compared with F + M and F + B dual-
phase steels, Sudo et al. [14] have indicated that the F + B + M triple phase steel had the best
combination of high strain hardenability (high n value), shape fixability (low yield ratio),
and stretch-flangeability. However, Kim et al. pointed out the triple-phase (F + M + B) had
inferior mechanical properties compared to conventional steel [15]. Ghorabaei et al. tried
to introduce pearlite (P) into F + M dual-phase steel and found the introduction of pearlite
can greatly enhance the deformability [16]. The possible excellence deformability is the
development goal of high deformation pipeline steel; therefore, it is interesting to further
study the structure-property relationships of triple-phase pipeline steel. This design idea
may become an important method to improve deformability of pipeline steel.

In this study, single phase (B), dual-phase (B + PF) and triple-phase (B + PF + P)
microstructures with the same alloy components were obtained by varying the thermo-
mechanical control process (TMCP). The strain capacity, micro-void initiation mechanism,
and microcrack propagation behavior were investigated by tensile tests. The results and
related discussion will provide an important basis for improving the strain capacity of
high-deformability pipeline steel.

2. Experimental
2.1. Materials

A low-carbon micro-alloyed test steel was produced in the laboratory; the chemical
composition is shown in Table 1. The equilibrium transformation temperatures Ar1 and Ar3
were determined using a DIL805A/D as 660 ◦C and 790 ◦C, respectively; the parameters of
TMCP (Figure 1b) are formulated using deformation continuous cooling transformations
(DCCT) diagram (Figure 1a). The non-recrystallization temperature was calculated using
Equation (1) as 980 ◦C [17].

Tnr(
◦C) = 887 + 464C + 890Ti + 363Al− 357Si +

(
6445Nb− 644

√
Nb

)
+

(
732V− 230

√
V
)

(1)

Three blocks with dimensions of 80 mm × 70 mm × 65 mm were reheated to 1200 ◦C
and soaked for 2 h. Rough rolling was performed within the austenite recrystallization
region to reduce the thickness from 80 to 35 mm. The finishing rolling temperature ended
at 820 ◦C, and the thickness of the plates was ~15 mm. Steel with a bainite microstructure
was obtained by direct super-fast cooling after rolling. Two other steels with different
microstructures, identified as B + PF and B + PF + P steels, were obtained by adjusting
the cooling route. B + PF and B + PF + P steels were air-cooled to temperatures below
Ar3 (790 and 770 ◦C, respectively) after rolling was complete. The relaxation process in
the ferrite-austenite dual-phase region can induce a certain amount of polygonal ferrite
formation; therefore, the cooling rate was controlled by a super-fast cooling process. The
cooling rate was above 30 ◦C/s, and the cooling stop temperature were ~500 ◦C and
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~620 ◦C, respectively. Finally, coil cooling for all steel blocks was simulated by air cooling
to room temperature.

Table 1. Chemical composition of the experimental steel (wt.%).

C Si Mn P S Al N Cr Cu + Ni Nb + V + Ti + Mo

0.06 0.22 1.6 0.012 0.002 0.03 0.007 0.11 0.02 0.126
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Figure 1. (a) DCCT curve, (b) Schematic of thermomechanical control process (TMCP).

2.2. Microstructural Characterization and Mechanical Property Test

Microstructures were observed using optical microscopy (OM) (LEICA DMIRM, Jena,
Germany), scanning electron microscopy (SEM) (ZEISS Ultra 55, Hallbergmoos, Germany),
and electron backscatter diffraction (EBSD) (ZEISS Ultra 55, Jena, Germany). Samples
taken from transverse cross-sectional plates of steel were mechanically ground, polished,
and etched using a 4% Nital solution. The samples were electropolished using an electro-
polisher for EBSD analysis. EBSD scanning was performed using a TSL system installed on
a Zeiss ULTRA 55 FE-SEM with a step size of 0.23 µm and accelerating voltage of 20 kV. The
EBSD data were analyzed using Channel 5 software (Oxford Instruments plc, Abingdon,
UK). The phase composition was measured using a D/max2400 X-ray diffractometer (XRD)
(Shimadzu, Kyoto, Japan) with a 2θ range from 42◦ to 102◦, and the scanning speed was
1◦/min. The tensile test was conducted on a SANS-CMT 5205 tensile tester (CMT 5205,
Kexin, Changchun, China) at room temperature with a cross beam at a speed of 1 mm/min
(8.310−4 s−1). Specimens with a diameter of 3 mm and gauge length of 30 mm were
machined along the rolling direction according to GB/T 228.1-2010 standard [18]. Two
tensile tests were performed on each microstructure to ensure repeatability. The fracture
surface and surfaces perpendicular to the tensile fracture were observed by SEM.

2.3. Work-Hardening Behavior Analysis

The work-hardening behaviors were analyzed using the following Hollomon
equation [19]:

σ = Kεn (2)

where σ and ε are the true stress and true strain, respectively, K is the strength coefficient,
and n is the work-hardening exponent. The Hollomon equation can also be expressed
as lnσ = lnK + n ln ε; the instantaneous work-hardening exponent can be defined as
ni =

(
ε
σ

)(dσ
dε

)
[20]. The instantaneous work-hardening exponent ni has been widely used
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as an indication of steel formability. The relationship of lnσ− ln ε also was considered,
where dσ

dε can be defined as the work-hardening rate, in addition, dσ
dε = σ with ε = εu,

is defined as the criterion for necking, where εu is the maximum value of uniform elon-
gation. The plot of ln(dσ

dε ) vs. ln ε can be used to study the relationship between the
work-hardening behavior [21] and differential Crussard-Jaoul (DC-J) analysis based on the
Ludwik equation.

Ludwik⇒ σ = σ0 + KSε
nS → ln

dσ
dε

= ln(KSnS) + (nS − 1) ln ε (3)

where σ0 and Ks are constants, and ns is the inverse of the work-hardening exponent.

3. Results
3.1. Microstructures

The single-phase (B), dual-phase (B + PF), and triple-phase (B+ PF+ P) microstructures
are shown in Figure 2. The XRD analysis results (Figure 2d) indicated the phase composi-
tions of the three samples are α-ferrite, retained austenite (RA) and carbides (cementite),
and that the low volume fraction of RA led to (111)γ and (200)γ crystal plane diffraction
peaks almost unobservable. Single-phase is mainly composed of granular bainite (GB), lath
bainite (LB), and bainite ferrite (BF) (Figure 2a). Many carbides were found in the bainite
matrix, as shown in Figure 2d. When the initial cooling temperature decreased to 790 ◦C, a
dual-phase microstructure was obtained (Figure 2b,e). Compared with the single-phase
microstructure, the volume fraction of the LB phase decreased, and the volume fraction
of PF was about approximately 34%. Moreover, many martensite and austenite (M/A)
islands (marked by red arrows in Figure 2e) were observed at the BF boundaries. When
the initial cooling temperature decreased to 770 ◦C, the longer relaxation process led to an
increase in the volume fraction of PF (38%), and the pearlite phase was observed [22,23],
as shown in Figure 2c,f. The higher volume fraction of PF promotes the stability of the
austenite, and the formation rich and poor carbon zones in austenite provides conditions
for the formation of pearlite.

Image quality (IQ) image, inverse pole figure (IPF), and kernel average misorientation
(KAM) map of three samples were obtained from EBSD data and are shown in Figure 3.
For IQ images (Figure 3a,d,g), the high angle grain boundaries (HAGBs) and low angle
grain boundaries (LAGBs) were depicted by black lines and green lines, respectively,
whereas the retained austenite (RA) phases were depicted by red pixels. The frequency of
HAGB for three samples is shown in Figure 4a. The frequency of HAGB increased with an
increase in the phase number; the triple-phase microstructure showed the highest HAGB
frequency. The RA content of the triple-phase microstructure decreased to a minimum,
which is caused by the formation of the pearlite phase. In Figure 3b,e,h, the different colors
indicate the crystallographic orientation aligned with the normal surface orientation of the
samples. Bainite showed much higher orientation gradients than the polygonal ferrite; the
orientation of the samples became random as relaxation process increased. Furthermore,
the KAM maps (Figure 3c,f,i) show that the strain is mainly distributed in the bainite
and pearlite phase with large lattice distortion; the average KAM value decreased with
the introduction of polygonal ferrite and pearlite phases. The geometrically necessary
dislocation (GND) density can be estimated with KAM values from Equation (4) [24]:

ρGNDs =
2θ
µb

(4)

where µis the unit length, b is Burgers vector, and θ is the misorientation angle. As shown
in Figure 4b, the density of GNDs in single-phase, dual-phase, and triple-phase samples
is 4.93 × 1014/m2, 4.01 × 1014/m2, and 2.55 × 1014/m2, respectively. The triple-phase
sample had the lowest value.
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3.2. Tensile Properties

The engineering and true stress-strain curves of tested samples are presented in
Figure 5a,b. The tensile properties are summarized in Table 2. All the samples demon-
strated the yield point phenomenon, which is believed to be related to the Cottrell at-
mospheres due to interstitial atoms around dislocation [25]. The yield strength of the
triple-phase sample was lower than that of the others, but the elongation was noticeably
higher. The single-phase sample showed the highest yield and tensile strength, and the
total elongation was nearly the same as that of the dual-phase sample. The tensile strengths
of the dual-phase and triple-phase samples were nearly the same. As Figure 5b shows, the
true stress-strain curves present the same characteristics as the engineering stress-strain
curves prior to the necking point. The ultimate tensile strength (UTS) elongation and total
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elongation (TEL) of the three samples are different; the triple-phase sample showed the
maximum value, followed by the dual-phase sample, while the single-phase sample had
the minimum value. The UTS × TEL (PSE) values are shown in Figure 5c to compare the
comprehensive mechanical properties. The largest PSE value (18,166% MPa) was obtained
from the triple-phase sample, followed by dual-phase sample, and the single-phase sample
which showed the minimum value.
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Table 2. Mechanical properties of three microstructures.

Microstructure Yield
Strength/MPa

Ultimate Tensile
Strength

(UTS)/MPa
Yield Ratio Work-Hardening

Exponent(n)
Total Elongation

(TEL)/%

B 513 615 0.83 0.09 25.0
B + PF 486 593 0.82 0.10 27.0

B + PF + P 455 588 0.77 0.12 31.0

3.3. Work Hardening Behavior

The stress-strain curves for different microstructures were analyzed using the Hol-
lomon method, as shown in Figure 6. The lnσ− ln ε curves failed to show linearity in the
entire uniform strain stage (Figure 6a). The work-hardening parameters, namely, the n
and K values, are summarized in Tables 3 and 4. For the three samples, the maximum n
value increased with the introduction of polygonal ferrite and pearlite; the maximum K
value showed the same trend. In addition, the n and K values of the single and triple-phase
samples increased initially and then decreased as the strain increased. The n and K values
of dual-phase sample show a decreasing trend with increasing strain [26].
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Table 3. The work hardening exponent of three samples.

Sample
Work Hardening Exponent, n

0.5–1.5% 1–6% 5–12% 10–20%

Single-phase (B) 0.05 0.11 0.09 0.05
Dual phase (B + PF) 0.13 0.13 0.11 0.08

Triple-phase (B + PF + P) 0.1 0.15 0.14 0.12

Table 4. The strength coefficient of three samples.

Sample
Strength Coefficient, K/MPa

0.5–1.5% 1–6% 5–12% 10–20%

Single-phase (B) 691 869 841 760
Dual phase (B + PF) 890 884 849 780

Triple-phase (B + PF + P) 746 907 897 866

To further analyze the variation in the n-value at different strain stages, the relationship
between the instantaneous work-hardening exponent (ni) and true strain was analyzed.
The triple-phase sample has the highest ni value over the entire strain stage, while the ni
value of others decreased as the phase number decreased (Figure 6b). It must be clearly
distinguished from the ni value with the work-hardening rate. In this study, the higher
ni had a higher work-hardening rate when the true strain was over 0.015, as shown in
Figure 6c and Table 3. Furthermore, the extended strain after necking of the three samples
showed an upward trend as the phase number increased.

3.4. Differential C-J Analysis

The DC-J analysis curves of the dual-phase and triple-phase samples are shown in
Figure 7. The different slopes indicate different cooperative deformation behaviors, and
the strengthening mechanism of different steels depends on the slope of the line segment
in the DC-J curve. A rapid decreased in the work-hardening rate with an increase in strain
or a high rate of dynamic recovery leads to a lower slope. Conversely, a larger slope
indicates a relatively slow decrease in the work-hardening rate [27]. In this study, three
stages are observed in the DC-J curves for the dual-phase and triple-phase samples, and the
transition strains of each stage are marked in Figure 7. The transition strains from stage I
to stage II and stage II to stage III of the dual-phase sample were lower than those of the
triple-phase sample.

3.5. Fracture Morphology

The tensile fractography images of the three samples are shown in Figure 8, ductile
fractures with fiber and shear-lip zones can be observed in all fracture surfaces (Figure 8a–c).
The area of the fiber zone increased with an increase in the phase number; in addition,
numerous dimples were observed in the fiber zone, and both the size and depth of the
dimples increased with an increase in the phase number (Figure 8d–f). The large dimples
(marked by the yellow dotted line) in the dual-phase sample were caused by the severe
plastic deformation of the polygonal ferrite distributed in the matrix.



Materials 2021, 14, 5358 10 of 16

Materials 2021, 14, x FOR PEER REVIEW 10 of 17 
 

 

the strengthening mechanism of different steels depends on the slope of the line segment 
in the DC‒J curve. A rapid decreased in the work-hardening rate with an increase in strain 
or a high rate of dynamic recovery leads to a lower slope. Conversely, a larger slope indi-
cates a relatively slow decrease in the work-hardening rate [27]. In this study, three stages 
are observed in the DC-J curves for the dual-phase and triple-phase samples, and the tran-
sition strains of each stage are marked in Figure 7. The transition strains from stage I to 
stage II and stage II to stage III of the dual-phase sample were lower than those of the 
triple-phase sample. 

 
Figure 7. DC‒J plots of ln( d σ / d ε) versus ln ( ε ) for dual-phase and triple-phase sample. 

3.5. Fracture Morphology  
The tensile fractography images of the three samples are shown in Figure 8, ductile 

fractures with fiber and shear-lip zones can be observed in all fracture surfaces (Figure 
8a,b,c). The area of the fiber zone increased with an increase in the phase number; in ad-
dition, numerous dimples were observed in the fiber zone, and both the size and depth of 
the dimples increased with an increase in the phase number (Figure 8d,e,f). The large dim-
ples (marked by the yellow dotted line) in the dual-phase sample were caused by the se-
vere plastic deformation of the polygonal ferrite distributed in the matrix.  

The schematic with different circles of the fracture microstructures represents differ-
ent fracture zones, as shown in Figure 8g,h,i. Mao et al. reported that the relationship be-
tween the amount of inhomogeneous plastic deformation and the crack propagation rate 
can be described as follows [28]: v = ሾr · εሶ/(R − r)ሿ/Δε (5)

where v indicates the crack propagation rate (μm/s), r indicates the average value of 
the fiber zone (μm), and r represents the sum value of the fiber and shear-slip zone 
(μm). Further, the εሶ  =8.3 × 10−4 s−1, R0 = 1500 μm, Δε is shown in Figure 6d.  

Figure 9 shows the relationship between the crack propagation rate and total elonga-
tion. The crack propagation rate of single-phase sample was much higher than that of 
dual-phase and triple-phase samples; thus, the single-phase sample showed the lowest 
total elongation. 

Figure 7. DC-J plots of ln(dσ/dε) versus ln (ε) for dual-phase and triple-phase sample.

The schematic with different circles of the fracture microstructures represents different
fracture zones, as shown in Figure 8g,h,i. Mao et al. reported that the relationship between
the amount of inhomogeneous plastic deformation and the crack propagation rate can be
described as follows [28]:

v =
[
rf·

.
ε/(R0 − rF)

]
/∆εT (5)

where v indicates the crack propagation rate (µm/s), rf indicates the average value of the
fiber zone (µm), and rF represents the sum value of the fiber and shear-slip zone (µm).
Further, the

.
ε = 8.3 × 10−4 s−1, R0 = 1500 µm, ∆εT is shown in Figure 6d.

Figure 9 shows the relationship between the crack propagation rate and total elon-
gation. The crack propagation rate of single-phase sample was much higher than that of
dual-phase and triple-phase samples; thus, the single-phase sample showed the lowest
total elongation.

The fracture morphologies parallel to the tensile direction are shown in Figure 10.
The main crack propagation paths of all the samples are marked with red lines. The more
tortuous the crack propagation paths, the higher the crack propagation work required
during the propagation process [29]. As shown in Figure 10c, the more tortuous crack
propagation paths of the triple-phase sample indicated that it can withstand large strain
to fracture, which is consistent with its high elongation. The density of micro-voids
decreased significantly in the dual-phase and triple-phase samples. The microcracks
shown in Figure 10b,c, are caused by Mg/Al oxide inclusions during the smelting process
(EDS results of pint A of Figure 10d). Ohata et al. found that the voids originating from
large inclusions cannot cause ductile damage in the dual-phase steel [30]. Instead, it
was caused by the formation of a particular number of voids near the boundaries of the
hard-soft phase. As shown in Figure 10e,f, the location of the micro-void in bainite was
mainly located at the BF/BF, BF/carbides boundaries. However, the ferrite and pearlite
in the triple-phase sample can elongate along the tensile direction (Figure 10g,h), and the
micro-voids mainly formed at the boundaries of the ferrite and M/A island, and were
more distributed.
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4. Discussion

The single-phase, dual-phase, and triple-phase samples were obtained using different
TMCP parameters. The mechanical properties indicated that the introduction of pearlite
led to a decrease in the yield strength but an increase in strain capacity. The carbon content
in the bainite for the dual-phase sample must be higher than that in triple-phase sample;
thus, the hardness of bainite in triple-phase sample was lower than that in dual-phase
sample. This is confirmed by the lower density of GNDs in the triple-phase steel. Luis
et al. found that the strength of the mixed phase steel increased linearly with an increase
in the hard phase (martensite or bainite) [31]. Furthermore, an increase in the hard phase
directly contributes to the ultimate strength, yield strength, and ductility. Thus, the triple-
phase sample exhibited a lower yield strength and higher ductility. In this study, the
tensile strength of triple-phase and dual-phase samples were almost the same. The work-
hardening behavior in the plastic deformation stage played an important role in improving
the strength and plasticity, while the continuous work-hardening of the polygonal ferrite
phase to full deformation without failure was the main reason for the high tensile strength,
which is determined primarily by the coordination deformation ability of each phase in the
triple-phase sample.
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The microstructural deformation can be determined from the DC-J analysis. There
are three deformation stages in multiple-phase steel that are associated with the following
deformation mechanism:

1. Stage I: Deformation of soft ferrite matrix;
2. Stage II: Simultaneous deformation of soft and hard phases;
3. Stage III: Dynamic recovery in ferrite.

The introduction of pearlite in the dual-phase sample delayed the transition strain
of each stage and changed the work-hardening mechanism. Work-hardening ability is
one of the most important characteristics for industry production. The formability and
plasticity of materials were determined by their work-hardening ability [32]. The effect
of phase composition on the mechanical properties of pipeline steel indicated that the
optimum work-hardening capacity could be obtained with triple-phase sample. A trade-off
existed between the total elongation and tensile strength values, and the work-hardening
ability was at an equilibrium stage (Table 2). The dual-phase sample showed better work-
hardening ability and mechanical properties than the single-phase sample. It is common
that the inverse proportion of strength to plastic in pipeline steel, results in these opinions.
The loss of strength can be complemented by an increase in total elongation. The work-
hardening behavior before the necking stage and the damage mechanism after the necking
stage determine the total elongation.

The necking point was determined using the necking criterion ( dσ
dε= σ), which means

that the uniform deformation ended. and the necking occurred at this point (Figure 6c).
This indicated that the high work-hardening rate of triple-phase sample resulted in a large
uniform elongation. The higher the ni value, the higher the work-hardening rate, and
formable materials exhibited higher ni values to maintain a high strain level [33]. As shown
in Figure 6c, the ni of the three samples increased rapidly during the initial stage of uniform
deformation, and the initial ni increased with an increase in the ferrite volume fraction.
The hardening effect of dislocation entanglement in the bainite phase was stronger than the
nonplanar dislocation structure slip and cell structure formation in ferrite during tensile
deformation [34], and the decrease in the strain-hardening rate in bainite induced the
ni to rapidly increase to its maximum value (Figure 6b). In addition, the peak value of
triple-phase sample was much higher than that of others, and the higher work-hardening
behavior was sustained to the UTS, with the deformation stability of triple-phase sample
playing an important role. Compared with the triple-phase sample, the ni of the single-
phase and the dual-phase samples immediately decreased when ni reached the peak value.
The optimum work-hardening ability of the triple-phase sample contributed to the larger
deformation behavior.

In essence, bainite is a complex structure of α-ferrite and carbides. Park et al. also
showed that replacing carbides with a second phase (e.g., martensite) resulted in a signif-
icant increase in the strain-hardening rate [35]. For dual-phase steel, significant internal
stresses were primarily transferred into the polygonal ferrite as the carbon-rich austenite
transformed to bainite, and the residual stress was produced simultaneously [36]. Many
GNDs can be generated in polygonal ferrite near the phase boundaries, leading to local
hardening of the polygonal ferrite [37]. The residual stress is eliminated at the initial
plastic deformation, and the dislocation and back stress (induced by incompatibility phase
transformation of bainite and polygonal ferrite phases) in polygonal ferrite can contribute
to an increase in the strain hardening rate.

Researchers have found that the RA can induce martensitic transformation by strain,
which names transformation-induced plasticity (TRIP) effects for improving deformation
ability and ductility [38]. The TRIP effect depends on the amount of retained austenite and
its stability to deformation induced transformation. Many researchers have indicated that
the obvious TRIP effect only occurred when the retained content of RA exceeds 5% [39–41],
and the stability of RA is associated with its carbon content [42]. In this study, the RA
content of all tested samples were lower than 5%, besides, the formation carbides in the
pearlite phase which decreased the carbon content in RA to reduce its stability. Thus, there
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were no obvious TRIP effects on the stress-strain curves because of the low fraction and
stability of RA in the matrix inhibited these effects.

The hardening mechanism was enhanced by the addition of a pearlite phase when
compared with the hardening mechanism of the dual-phase sample. The lamellar structure
of pearlite is composed of deformable ferrite and hard-brittle cementite [43]. The interface
between the ferrite and carbide lamella is the position where dislocations are generated in
ferrite [44]. During the phase transformation process, both the soft ferrite in the pearlite and
the polygonal ferrite were affected by the compressive stress formed by the transformation
of the surrounding austenite to bainite. The deformation of ferrite in pearlite was also
suppressed by cementite; dislocations (GNDs) were formed at the interface of cementite
and ferrite which further hardened the pearlite. Under this mechanism, the density of
GNDs at the interface between polygonal ferrite and bainite or pearlite is significantly
lower than that of bainite–ferrite–cementite, and the dislocation accumulation increased
the shearing force of the dislocation tip zone, which induced localized plastic flow at the
ferrite/carbides interface under low stress [45] resulted in the continuous strain-hardening
of pearlite during deformation. The elongated pearlite morphology without micro-void
formation, as shown in Figure 10g,h, which indicated that the pearlite in the triple-phase
sample had optimum hardening behavior, and the work-hardening ability was adjusted.

The damage mechanism after the necking stage also needs to be considered. The
elongation after necking of the multiphase steels was much higher than that of the single-
phase sample (Figure 6d). The damage mechanism after necking mainly includes three
processes: micro-void initiation, crack propagation, and fracture [46]. The results showed
that multiphase steel can effectively inhibit plastic damage and promote a significant
increase in elongation after necking. The fracture morphology indicated that the micro-
void was mainly concentrated at the interface of the M/A islands (or carbides) and soft
ferrite, and the introduction of pearlite reduced the risk of micro-void initiation and
combination owing to the better work-hardening behavior and more certain deformability.
In addition, it is well known that HAGBs with high grain boundary energy can effectively
hinder dislocation motion and crack propagation [47], the high frequency of HAGBs in
triple-phase sample led to a low crack propagation rate.

5. Conclusions

(1) A triple-phase steel with B + PF + P microstructure was produced by the TMCP
process. The lower final relaxation temperature contributed to form a higher volume
fraction of PF led to the carbon enriched in austenite; the forming rich and poor carbon
zone provides conditions for the formation of pearlite.

(2) The best comprehensive mechanical properties can be obtained by the introduction
of pearlite. The tensile strength and total elongation can reach to 560 MPa and 31%, the
largest elongation was attributed to the addition of the pearlite.

(3) The pearlite exhibited as a ductility phase due to the optimum strain-hardening
behavior in triple-phase steel, the continuous strain-hardening of pearlite can adjust the
coordination deformation to delay the strain of soft phase transfer to hard phase (DC-J curve
transfer strain). Besides, the crack initiation points can be reduced by the introduction
of pearlite phase, combination with the large frequency of HAGBs, which can hind the
crack propagation during tensile deformation contributed to the excellent work hardening
behavior and the lowest crack propagation rate.

Author Contributions: Conceptualization, X.T. and X.S.; methodology, X.T.; software, W.Y.; valida-
tion, X.S., Y.R. and C.L.; formal analysis, Y.S., K.Y.; investigation, X.T.; resources, W.Y., Y.R.; data
curation, X.S.; writing—original draft preparation, X.T.; writing—review and editing, X.S., C.L.;
visualization, X.T.; supervision, K.Y., W.Y., Y.R.; project administration, X.S., W.Y.; funding acquisition,
Y.S., W.Y., X.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (Grant No. 2018YFC0310300), State Key Laboratory of Metal Material for Marine Equipment



Materials 2021, 14, 5358 15 of 16

and Application Funding (Grant No. SKLMEA-K201901, SKLMEA-K202002), and the National
Natural Science Foundation of China and Baowu Steel Group Co. Ltd. (Grant No. U1660205).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shi, X.B.; Yan, W.; Wang, W.; Zhao, L.Y.; Shan, Y.Y.; Yang, K. Effect of Microstructure on Hydrogen Induced Cracking Behavior of

a High Deformability Pipeline Steel. J. Iron Steel Res. 2015, 22, 937–942. [CrossRef]
2. Vazouras, P.; Karamanos, S.A.; Dakoulas, P. Mechanical behavior of buried steel pipes crossing active strike-slip faults. Soil Dyn.

Earthq. Eng. 2012, 41, 164–180. [CrossRef]
3. Muneer, B.; Ehab, E.; Mahmoud, S.; Abdulhakim, A.; Khaled, A. Mechanical properties, microstructure and toughness assessment

of a X70 pipeline steel. Mater. Test. 2015, 57, 897–903.
4. Cunjiang, T.; Cheng Jia, S.; Hailong, G.; Xuemin, W. Strain Hardening Behavior and Stress Ratio of High Deformability Pipeline

Steel with Ferrite/Bainite Multi-phase Microstructure. Chin. J. Mater. Res. 2016, 30, 409–417.
5. Shi, X.B.; Yan, W.; Wang, W.; Yang, Z.G.; Ren, Y.; Shan, Y.Y.; Yang, K. Effect of Cu Alloying on Strain Capacity of Cu-bearing

Pipeline Steels. ISIJ Int. 2019, 60, 792–798. [CrossRef]
6. Ishikawa, N.; Yasuda, K.; Sueyoshi, H.; Endo, S.; Ikeda, H.; Morikawa, T.; Higashida, K. Microscopic deformation and strain

hardening analysis of ferrite–bainite dual-phase steels using micro-grid method. Acta Mater. 2015, 97, 257–268. [CrossRef]
7. Zhao, Z.T.; Wang, X.S.; Qiao, G.Y.; Zhang, S.Y.; Xiao, F.R. Effect of bainite morphology on deformation compatibility of

mesostructure in ferrite/bainite dual-phase steel: Mesostructure-based finite element analysis. Mater. Des. 2019, 180, 107870.
[CrossRef]

8. Li, H.; Gao, S.; Tian, Y.; Terada, D.; Shibata, A.; Tsuji, N. Influence of Tempering on Mechanical Properties of Ferrite and Martensite
Dual Phase Steel. Mater. Today: Proc. 2015, 2, S667–S671. [CrossRef]

9. Cannmo, P.; Runesson, K.; Ristinmaa, M. Modelling of plasticity and damage in a polycrystalline microstructure. Int. J. Plast.
1995, 11, 949–970. [CrossRef]

10. Sirinakorn, T.; Wongwises, S.; Uthaisangsuk, V. A study of local deformation and damage of dual phase steel. Mater. Des. 2014,
64, 729–742. [CrossRef]

11. Oleg, D.; Wadsworth, J. Superplasticity-Recent Advances and Future Directions. Prog. Mater. Sci. 1989, 33, 169–221.
12. Bo, G.; Rong, H.; Zhiyi, P.; Xuefei, C.; Hao, Z. Strengthening and ductilization of laminate dual-phase steels with high martensite

content. J. Mater. Sci. Technol. 2020, 65, 29–37.
13. Li, S.C.; Guo, C.Y.; Hao, L.L.; Kang, Y.L.; An, Y.G. In-situ EBSD study of deformation behaviour of 600 MPa grade dual phase

steel during uniaxial tensile tests. Mater. Sci. Eng. A 2019, 759, 624–632. [CrossRef]
14. Sudo, M.; Iwai, T. Deformation Behavior and Mechanical Properties of Ferrite-Bainite-Martensite (Triphase) Steel. Trans. Iron Steel

Inst. Jpn. 1983, 23, 294–302. [CrossRef]
15. Kim, I.S.; Reichel, U.; Dahl, W. Effect of bainite on the mechanical properties of dual-phase steels. Steel Res. 1987, 58, 186–190.

[CrossRef]
16. Ghorabaei, A.S.; Banadkouki, S.G. Abnormal mechanical behavior of a medium-carbon steel under strong ferrite-pearlite-

martensite triple-phase microstructures. Mater. Sci. Eng. A 2017, 700, 562–573. [CrossRef]
17. Maccagno, T.M.; Jonas, J.J.; Yue, S.; McCrady, B.J.; Slobodian, R.; Deeks, D. Determination of Recrystallization Stop Temperature

from Rolling Mill Logs and Comparison with Laboratory Simulation Results. ISIJ Int. 1994, 34, 917–922. [CrossRef]
18. GB/T 228.1-2010. Metallic materials—Tensile testing—Part 1: Method of test at room temperature; SAC: Beijing, China, 2010.
19. Zhang, J.; Ding, H.; Zhao, J.W. Effect of Pre-Quenching Process on Microstructure and Mechanical Properties in a Nb-Microalloyed

Low Carbon Q-P Steel. Mater. Sci. Forum 2015, 816, 729–735. [CrossRef]
20. Luo, P.; Gao, G.; Zhang, H.; Tan, Z.; Misra, R.; Bai, B. On structure-property relationship in nanostructured bainitic steel subjected

to the quenching and partitioning process. Mater. Sci. Eng. A 2016, 661, 1–8. [CrossRef]
21. Das, D.; Chattopadhyay, P.P. Influence of martensite morphology on the work-hardening behavior of high strength ferrite–

martensite dual-phase steel. J. Mater. Sci. 2009, 44, 2957–2965. [CrossRef]
22. Sun, M.Y.; Wang, X.L.; Wang, Z.Q.; Wang, X.M.; Li, X.C.; Yan, L. The critical impact of intercritical deformation on variant pairing

of bainite/martensite in dual-phase steels. Mater. Sci. Eng. A 2020, 771, 138668. [CrossRef]
23. Chen, Y.W.; Tsai, Y.T.; Tung, P.Y.; Tsai, S.P.; Yang, J.R. Phase quantification in low carbon Nb-Mo bearing steel by electron

backscatter diffraction technique coupled with kernel average misorientation. Mater. Charact. 2018, 139, 49–58. [CrossRef]
24. Tu, X.Y.; Shi, X.B.; Shan, Y.Y.; Yan, W.; Shi, Q.Q.; Li, Y.F.; Li, C.S.; Yang, K. Tensile deformation damage behavior of a high

deformability pipeline steel with a ferrite and bainite microstructure. Mater. Sci. Eng. A 2020, 793, 139889. [CrossRef]
25. Cottrell, A.H.; Bilby, B.A. Dislocation theory of yielding and strain ageing of iron. Proc. Phys. Soc. Sect. A 1949, 62, 49–61.

[CrossRef]

http://doi.org/10.1016/S1006-706X(15)30093-5
http://doi.org/10.1016/j.soildyn.2012.05.012
http://doi.org/10.2355/isijinternational.ISIJINT-2019-499
http://doi.org/10.1016/j.actamat.2015.06.037
http://doi.org/10.1016/j.matdes.2019.107870
http://doi.org/10.1016/j.matpr.2015.07.372
http://doi.org/10.1016/S0749-6419(95)00038-0
http://doi.org/10.1016/j.matdes.2014.08.009
http://doi.org/10.1016/j.msea.2019.05.083
http://doi.org/10.2355/isijinternational1966.23.294
http://doi.org/10.1002/srin.198700861
http://doi.org/10.1016/j.msea.2017.06.035
http://doi.org/10.2355/isijinternational.34.917
http://doi.org/10.4028/www.scientific.net/MSF.816.729
http://doi.org/10.1016/j.msea.2016.03.006
http://doi.org/10.1007/s10853-009-3392-0
http://doi.org/10.1016/j.msea.2019.138668
http://doi.org/10.1016/j.matchar.2018.01.041
http://doi.org/10.1016/j.msea.2020.139889
http://doi.org/10.1088/0370-1298/62/1/308


Materials 2021, 14, 5358 16 of 16

26. Sachdev, A.K. Effect of retained austenite on the yielding and deformation behavior of a dual phase steel. Acta Metall. 1983, 31,
2037–2042. [CrossRef]

27. Jin, J.E.; Lee, Y.K. Strain hardening behavior of a Fe-18Mn-0.6C-1.5Al TWIP steel. Mater. Sci. Eng. A 2009, 527, 157–161. [CrossRef]
28. Mao, C.L.; Liu, C.X.; Yu, L.M. Mechanical properties and tensile deformation behavior of a reduced activated ferritic-martensitic

(RAFM) steel at elevated temperatures. Mater. Sci. Eng. A 2018, 725, 283–289. [CrossRef]
29. Zhou, T.; Hao, Y.; Wang, S.Y.; Yu, H. Effect of microstructural types on toughness and microstructural optimization of ultra-heavy

steel plate: EBSD analysis and microscopic fracture mechanism. Mater. Sci. Eng. A 2016, 658, 150–158. [CrossRef]
30. Ohata, M.; Toyoda, M. Damage concept for evaluating ductile cracking of steel structure subjected to large-scale cyclic straining.

Sci. Technol. Adv. Mater. 2004, 5, 241–249. [CrossRef]
31. Ramos, L.F.; Matlock, D.K.; Krauss, G. On the deformation behavior of dual-phase steels. Metall. Trans. A 1979, 10, 259–261.

[CrossRef]
32. Lloyd, D.J. The Work Hardening of some Commercial Al Alloys. Mater. Sci. Forum 2006, 519, 55–62. [CrossRef]
33. Chiang, J.; Lawrence, B.; Boyd, J.D.; Pilkey, A.K. Effect of microstructure on retained austenite stability and work hardening of

TRIP steels. Mater. Sci. Eng. A 2011, 528, 4516–4521. [CrossRef]
34. Dini, G.; Najafizadeh, A.; Ueji, R.; Monir-Vaghefi, S. Tensile deformation behavior of high manganese austenitic steel: The role of

grain size. Mater. Des. 2010, 31, 3395–3402. [CrossRef]
35. Marion, C.; Yoshitaka, A.; Dirk, P.; Dierk, R. Deformation and fracture mechanisms in fine and ultrafine-grained ferrite/martensite

dual-phase steels and the effect of aging. Acta Mater. 2011, 59, 658–670.
36. Zare, A.; Ekrami, A. Influence of martensite volume fraction on tensile properties of triple phase ferrite-bainite-martensite steels.

Mater. Sci. Eng. A 2011, 530, 440–445. [CrossRef]
37. Zhang, J.; Di, H.; Deng, Y.; Misra, R. Effect of martensite morphology and volume fraction on strain hardening and fracture

behavior of martensite–ferrite dual phase steel. Mater. Sci. Eng. A 2015, 627, 230–240. [CrossRef]
38. Zhang, H.; Ponge, D.; Raabe, D. Designing quadplex (four-phase) microstructures in an ultrahigh carbon steel. Mater. Sci. Eng. A

2014, 612, 46–53. [CrossRef]
39. Zhang, B.; Zhao, M.; Dong, Y.; Misra, R.D.K.; Du, Y.; Wu, H.Y.; Du, L.X. On the structure-property relationship in a novel 1000

MPa hot-rolled TRIP steel with strain-assisted ferrite transformation. Mater. Sci. Eng. A 2021, 821, 141594. [CrossRef]
40. Militzer, M.; Poole, W.J.; Essadiqi, E. Proceedings of the International Symposium on Transformation and Deformation Mechanisms in

Advanced High Strength Steels; CIM: Montreal, QC, Canada, 2003; pp. 7–20.
41. Chen, S.H.; Wang, Y.T.; Lin, Y.C.; Huang, C.Y.; Yang, J.R.; Yen, H.W. Microstructure and mechanical behaviors of GPa-grade TRIP

steels enabled by hot-rolling processes. Mater. Sci. Eng. A 2019, 761, 138005. [CrossRef]
42. Matsumura, O.; Sakuma, Y.; Takechi, H. Enhancement of elongation by retained austenite in intercritical annealed 0.4C-1.5Si-

0.8Mn steel. Trans. Iron Steel Inst. Jpn. 1987, 27, 570–579. [CrossRef]
43. Levy, A.V. The solid particle erosion behavior of steel as a function of microstructure. Wear 1981, 68, 269–287. [CrossRef]
44. Takahashi, T.; Nagumo, M. Flow Stress and Work-Hardening of Pearlitic Steel. Trans. Jpn. Inst. Met. 1970, 11, 113–119. [CrossRef]
45. Langford, G. Deformation of pearlite. Metall. Trans. A 1977, 8, 861–875. [CrossRef]
46. Archie, F.; Li, X.; Zaefferer, S. Micro-damage initiation in ferrite-martensite DP microstructures: A statistical characterization of

crystallographic and chemical parameters. Mater. Sci. Eng. A 2017, 701, 302–313. [CrossRef]
47. Nakanishi, D.; Kawabata, T.; Aihara, S. Brittle crack propagation resistance inside grain and at high angle grain boundary in 3%

Si-Fe alloy. Acta Mater. 2018, 144, 768–776. [CrossRef]

http://doi.org/10.1016/0001-6160(83)90021-4
http://doi.org/10.1016/j.msea.2009.08.028
http://doi.org/10.1016/j.msea.2018.03.119
http://doi.org/10.1016/j.msea.2016.02.001
http://doi.org/10.1016/j.stam.2003.10.007
http://doi.org/10.1007/BF02817636
http://doi.org/10.4028/www.scientific.net/MSF.519-521.55
http://doi.org/10.1016/j.msea.2011.02.032
http://doi.org/10.1016/j.matdes.2010.01.049
http://doi.org/10.1016/j.msea.2011.09.108
http://doi.org/10.1016/j.msea.2015.01.006
http://doi.org/10.1016/j.msea.2014.06.023
http://doi.org/10.1016/j.msea.2021.141594
http://doi.org/10.1016/j.msea.2019.06.015
http://doi.org/10.2355/isijinternational1966.27.570
http://doi.org/10.1016/0043-1648(81)90177-0
http://doi.org/10.2320/matertrans1960.11.113
http://doi.org/10.1007/BF02661567
http://doi.org/10.1016/j.msea.2017.06.094
http://doi.org/10.1016/j.actamat.2017.11.020

	Introduction 
	Experimental 
	Materials 
	Microstructural Characterization and Mechanical Property Test 
	Work-Hardening Behavior Analysis 

	Results 
	Microstructures 
	Tensile Properties 
	Work Hardening Behavior 
	Differential C-J Analysis 
	Fracture Morphology 

	Discussion 
	Conclusions 
	References

