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A B S T R A C T   

Martensitic transformation significantly increases the strength of low-carbon steels, while it is usually at expense 
of the formability and ductility. In order to further improve the mechanical properties of low carbon martensitic 
steel, the strategy of dual-phase heterostructure was proposed. The steel with nano-lamellar structure in size of 
83 nm was produced by cyclic annealing & cold rolling (AnnCR) on the martensitic structure. Then, the ultrafine- 
grained heterostructured dual-phase (UFG-HSDP) steels with outstanding combination of strength and ductility 
were achieved by subsequent short-time intercritical annealing. A promising heterostructure of soft ferrite grains 
completely embedded in hard martensite grains was formed in the sample annealed at 820 ◦C. A high strength of 
~1.1 GPa, close to the as-quenched full martensite steel, was retained in the HSDP steel. While, the uniform 
elongation was significantly improved to 6% by tailoring the dual-phase distribution. Hetero-deformation 
induced (HDI) stress, derived from the mechanical incompatibility of the dual-phase, is proposed to provide 
an extra strain hardening in the HSDP steels. Detailed microstructure analysis indicates that geometrically 
necessary dislocations piled-up near the zone interfaces produce a long-range back stress in the ferrite zones as 
well as a corresponding forward stress in the martensite zones, collectively resulting in the hetero-deformation 
induced (HDI) stress.   

1. Introduction 

Among the steel communities, low-carbon low-alloy steel is widely 
applied in building and transport for its low cost and good formability. 
However, the low strength usually limits its further industrial applica
tions. Utilizing martensitic transformation and refining grains to ultra
fine/nano scale are widely used methods to improve the strength of low 
carbon steels. The as-quenched martensite exhibits high-strength due to 
its distinct fine microstructure and high density of defects. The as- 
quenched martensite phase, however, shows extremely low ductility 
and poor formability [1]. In addition, the 
ultrafine-grained/nanocrystalline (UFG/NS) materials usually show 
extraordinarily high strength at the expense of ductility, owing to the 
limited strain hardening capacity [2,3]. It has been reported that 
appropriate post-heat treatment can improve the ductility of the 

martensite and UFG/NS materials, however, the strength is decreased 
due to the dissolved martensitic structure, recovery of dislocations or 
recrystallization [4,5]. In order to obtain the steels with high perfor
mance, many advanced thermo-mechanical processing routes [6–9] and 
novel heat treatment approaches [10,11] have been developed. More
over, the recent third-generation advanced high-strength steels utilize 
the quenching & partitioning processing to produce the Q&P steels 
mainly containing martensite, ferrite and retained austenite [12–14], 
which produce a superior combination of strength and ductility. These 
advanced processing routes provide numerous inspirations for produc
ing high-performance steels by tailoring the microstructural features, e. 
g., grain size and constituent phases. 

In recent years, hetero-structured materials (HSMs) have attracted 
extensive attention for their impressive mechanical/functional proper
ties [15–18]. HSMs are usually defined as materials that contain 
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heterogeneous zones that have dramati rent constitutive properties in 
the case of structural metallic materials [19,20]. It is found that the 
excellent mechanical properti re mainly due to the interaction between 
the hetero-zones. During deformation, notable strain partitioning is 
induced by mechanical incompatibility, leading to a strain gradient near 
zone boundaries [21,22]. Additional high density geometrically neces
sary dislocations (GNDs) form and pile-up near the zone interface, which 
produce the long-range back stress and forward stress in the soft and 
hard zones, collectively resulting in the hetero-deformation induced 
(HDI) stress [23,24]. Consequently, heterostructured materials usually 
exhibit higher strain hardening rate than uniform structural materials. 
The ideal microstructure in HSMs, which can introduce maximum 
hetero-deformation induced (HDI) stress, is proposed as a small amount 
of soft zone strictly constrained by the surrounding hard zone [20]. So 
far, many different HSMs have been developed, including gradient 
nanostructure [25,26], laminated structure [27,28], heterogeneous 
lamellar structure [15,29], harmonic structure [30], 
bimodal/multi-modal grains [31], etc. 

In terms of low-carbon low-alloy steels, the high strength of 
martensite phase makes it analogous to the hard zones in HSMs, while 
the ferrite shows low strength and good ductility, which is the typical 
soft zones. Thus, the dual-phase structured steel is a natural hetero
structured model [19,20]. In addition, the proportions, morphologies 
and sizes of constituent phases can be tailored by flexibly manipulating 
the alloying compositions and thermomechanical processing routes [32, 
33]. Hence, it is expected to obtain hetero-structured dual-phase (HSDP) 
steels by tuning microstructural heterogeneity, resulting in the soft 
ferrite surrounded by the martensite. In this regard, the formation of DP 
structure during intercritical annealing for low carbon steels involves a 
number of metallurgical phenomena, such as phase transformation, 
ferrite recrystallization and carbon diffusion, which are significantly 
affected by the initial microstructure prior to heat treatment [34]. It is 
suggested that the DP steels prepared from the severe deformed struc
ture, i.e., rolled ferrite-martensite or rolled martensite, usually show 
excellent combination of strength and ductility, which is resulted from 
the fine initial structure [35–37]. The deformed materials with finer 
structure and higher density of defects promote phase transformation 
and recrystallization, leading to the ultrafine-grained DP structure with 
outstanding mechanical properties [38,39]. 

Thus, it is a promising way to produce ultra-fine heterostructure in 
DP steels, started by a nanocrystalline microstructure before intercritical 
annealing. However, the formability of martensitic structure is very 
poor, which is difficult to be deformed by conventional cold rolling [40]. 
Here, we proposed a novel cyclic annealing & cold-rolling (AnnCR) 
processing to extremely refine the microstructure of martensitic steel to 
nano-lamellae first. Then, the ultrafine-grain heterostructured 
dual-phase (UFG-HSDP) steel was obtained by subsequent intercritical 
annealing with short duration in order to further improve the mechan
ical properties of low-carbon martensitic steel. The microstructural 
evolution and mechanical properties of UFG-HSDP steels have been 
systematically studied. In addition, according to the cyclic 
load-unload-reload (LUR) tensile tests, the in-depth mechanisms of 
strengthening and ductilization of UFG-HSDP steels were discussed. 

2. Experimental materials and methods 

2.1. Experimental materials 

The low-carbon steel (Fe-0.09C-0.24Si-1.96Mn, in wt.%) was used as 
the starting material. The critical temperature A1 and A3 were calculated 
using Equations (1) and (2), respectively [36]: 

A1= 723 − 10.7Mn − 16.9Ni + 29.1Si + 16.9Cr + 290As + 6.38W (1)  

A3= 910 − 203C0.5 − 15.2Ni + 44.7Si + 31.5Mo + 104V + 13.1W (2) 

The temperatures of A1 and A3 were estimated as 709 ◦C and 860 ◦C, 

respectively. The processing route to producing UFG-HSDP steels is 
shown in Fig. 1a. First, the steel sheet with a thickness of 5.5 mm was 
austenitized at 950 ◦C for 60 min, and then water quenched to obtain 
martensitic microstructure. Second, the steel sheet was deformed by the 
AnnCR processing, i.e., the sheets were rolled at room temperature to a 
thickness reduction of 10%, followed by annealing at 300 ◦C for 10 min 
and air cooling to room temperature. The cold rolling and annealing 
were repeated until the total thickness reduction reached up to 80%. 
Third, the intercritical annealing was performed at 780 ◦C, 800 ◦C and 
820 ◦C for 1 min, followed by water quenching. Before annealing, the 
furnace was preheated to the designated temperatures and hold about 
30 min. 

2.2. Tests of mechanical properties 

Microhardness was measured by using a HMV-G hardness tester 
under a load of 200 g and with a holding time of 15 s. Average micro
hardness was acquired by averaging at least ten indentations for each 
sample. The dog bone-shaped tensile specimens with a gauge length of 
10 mm and width of 2.5 mm, as shown in Fig. 1b, were cut from the steel 
plates with the longitudinal axes parallel to the rolling direction. The 
sample size for tensile testing is based on a laboratory standard, refer
ring to Refs. [39,40]. The tensile specimens were polished to a mirror 
finish before tensile tests. Quasi-static uniaxial tensile tests were per
formed in a LTM-20KN testing machine with a strain rate of 3 × 10-3 s-1 

at room temperature. The cyclic load-unload-reload (LUR) tensile tests 
were performed to estimate the Bauschinger effect following the pro
cedure in previous study [39]. During the LUR tensile tests, the speci
mens were tensioned to an assigned strain, unloaded to 50 N, and then 
reloaded. 

2.3. Microstructural characterization 

The cross-section samples were grinded, polished and etched with 
2% Nital solution. The microstructures were observed by an optical 
microscope (OM, Olympus BX41 M) and a scanning electron microscopy 
(SEM, FEI Quanta 250F). According to the SEM images, volume fraction 
of martensite was quantitatively analyzed by using Image J software 
[41]. Electron backscattering diffraction (EBSD) tests were conducted in 
a Zeiss Auriga focused ion beam/scanning electron microscope to 
investigate the microstructure of the as-quenched martensite. The 
scanning step size and accelerating voltage were 500 nm and 15 kV, 
respectively. X-ray diffractometer (XRD) with Cu Ka radiation were 
performed (scanning from 40◦ to 100◦ with the step size of 0.02◦) to 
estimate the dislocation density of the steels according to the literatures 
[42,43]. The substructures of DP steels were also revealed by a trans
mission electron microscope (TEM, FEI Tecnai 20) operated at 200 kV. 
The thin foils for TEM observation were cut parallel to the normal plane 
and grinded to a thickness of ~60 μm. Finally, the perforation by 
twin-jet polishing machine was carried out utilizing a solution of 10% 
perchloric acid and 90% alcohol at − 20 ◦C. 

3. Results 

3.1. Microstructures 

Fig. 2a shows the optical microstructure of the as-received sample 
which consists of pearlite and ferrite. The volume fraction of ferrite is 
~65% with an average grain size of ~25 μm. After quenched from 
950 ◦C, typical lath martensitic structure is obtained, as shown in the 
inverse pole figure (IPF) in Fig. 2b. The prior austenite grain boundaries 
(PAGBs) are marked by the white dash lines, indicating an average grain 
size of ~19.5 μm in as-quenched sample. The austenite grain is divided 
into the hierarchical structure containing packets, blocks and lath with 
certain orientation relationships, which are also in line with Ref. [44, 
45]. In order to effectively refine the martensitic structure, a novel 
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AnnCR processing route was performed on the as-quenched steel. No 
edge crack occurred in the rolled sheet even the total thickness reduction 
reached up to 80%. Fig. 2c–1 shows that the microstructure is signifi
cantly refined and stretched along the rolling direction (RD) after rolling 

reduction of 80%. In some local area, micro-shear bands are formed as 
shown in Fig. 2c-2, which indicates a strain localization during plastic 
deformation [46]. Fig. 2c–3 shows the bright-field TEM image of the 
80% rolled sample. Lamellar structure parallel to the shear direction is 

Fig. 1. Illustration of(a)theprocessing route to preparing UFG-HSDP steelsand(b) the dimension of the tensile specimens.A1 and A3 are the starting and finishing 
temperatures of austenite formation during annealing, respectively; WQ: water quenching; CR: cold-rolling (rolling at room-temperature); AnnCR: cyclic annealing & 
cold-rolling;IA:intercritical annealing. 

Fig. 2. Microstructure refinement of the low carbon steel by the AnnCR process: (a) optical microstructure of the as-received sample, (b) IPF image of the as- 
quenched martensitic steel, (c-1) and (c-2) SEM images, (c-3) and (c-4) bright-field TEM image and statistic distribution of lamellar thickness of the 80% rol
led sample. 
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obtained when the equivalent rolling strain is ~1.6. According to the 
statistics in Fig. 2c–4, the lamellar thickness ranges from 20 to 120 nm, 
and the average thickness is ~82.9 nm. Therefore, the low carbon steel 
with nano-lamellar structure is produced by the AnnCR processing at a 
relatively low equivalent strain. 

Fig. 3a–c shows the microstructure of the intercritical annealed 
samples at 780 ◦C, 800 ◦C and 820 ◦C for 1 min (DP780, DP800 and 
DP820), respectively. All the microstructures exhibit an equiaxed and 
uniform distributed UFG ferrite grains with ultra-fine martensite 
distributed along the grain boundaries. As shown in Fig. 3d, with 
increasing annealing temperature, the volume fraction of martensite is 
gradually increased from 39% to 44% and 50%, and the average grain 
size of ferrite is decreased slightly from 3.2 μm to 2.8 μm and 2.5 μm, 
respectively. It is suggested that the UFG-DP structure can be produced 
by intercritical annealing from the nano-lamellar structure with a short 
annealing time [35]. 

Fig. 4a shows the bright-field TEM image of DP780 sample. The 
equiaxed ferritic grains are connected by ferrite grain boundaries 
(FGBs), marked by the orange dash lines. A small amount of fine 
martensite islands in size of ~200 nm are located at the grain boundary 
of equiaxed ferrite, forming the ferrite/martensite (F/M) interfaces 
highlighted by the cyan dash line. Dislocation density in the ferrite 
grains is very low, which is induced by local deformation for accom
modating the martensitic transformation [47,48]. As the annealing 
temperature is increased to 800 ◦C (Fig. 4b), more fine martensite 
islands (~1 μm) are formed along the FGBs, resulting in higher fraction 
of F/M interfaces around the ferrite grain. Meanwhile, high density of 
dislocations are observed near the F/M interface. Fig. 4c shows an 
additional growth of martensite surrounding the ferrite grains in the 
DP820 sample, while the grain size of ferrite is decreased slightly. In this 
case, the soft ferrite grains are almost roundly constraint by the F/M 
interfaces, which is the suggested ideal heterostructure to improve the 
strength and ductility [15,19]. Higher density of dislocations are also 

formed in the ferrite grain interior of DP820 sample. 
The dislocation density of the three HSDP steels were estimated 

through the XRD tests according to Refs. [42,43]. Fig. 5a shows the 
2θ-scan profiles of the HSDP steels. As shown in Fig. 5b, the normalized 
(110) peaks of the samples were extracted from the XRD profiles. It is 
found that the width of (110) peak in DP820 is broader than that in 
DP780 and DP800 samples, which indicates higher dislocation density 
in DP820. The estimated dislocation densities of the DP steels by XRD 
are 5.8 × 1014 m-2, 5.4 × 1014 m-2, and 6.3 × 1014 m-2, respectively, 
presenting a similar trend in TEM observation. The higher dislocation 
density of DP820 is proposed to be induced by the higher volume frac
tion of martensite [41]. 

3.2. Mechanical properties 

3.2.1. Microhardness of the hetero-zones 
Fig. 6a shows the microhardness of the hetero-zones in UFG-HSDP 

steels. It is clearly that the microhardness of martensite zones is much 
higher than ferrite zones in the HSDP steels, leading to mechanical in
compatibility between the constituent phases. Fig. 6b shows the 
microhardness evolution of ferrite and martensite zones with martensite 
volume fraction. The average microhardness of ferrite zones is increased 
from 175 HV to 276 HV and 292 HV with increasing of martensite 
content, while the martensite zones show relatively stable microhard
ness (473 HV, 469HV and 468 HV, respectively). The increase of 
microhardness of ferrite zones is mainly attributed to the decreased 
grain size and the increased dislocation density in ferrite as shown in 
Figs. 3d and 4, respectively. 

3.2.2. Tensile property 

Fig. 7a shows the engineering stress-strain curves of the steel sam
ples. The as-quenched martensitic steel has a yield strength (YS) and an 

Fig. 3. SEM images of UFG-HSDP steels: (a)–(c) intercritical annealed at 780 ◦C, 800 ◦C and 820 ◦C, respectively, (d) volume fraction of martensite and grain size of 
ferrite with different annealing temperature. 
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ultimate tensile strength (UTS) of 915 MPa and 1108 MPa, respectively, 
while the uniform elongation is limited to only 3.8%. After AnnCR 
processing up to 80% of thickness reduction, the YS of 1761 MPa is 
notably increased to about twice that of as-quenched martensite and the 
UTS reaches up to 1823 MPa. The ultra-high strength of the rolled 
sample is mainly attributed to the extremely refined structure and high 
density of dislocations [40]. The tensile curves of UFG-HSDP steels ob
tained by intercritical annealing show typical continuous yield phe
nomenon. Fig. 7b shows the true stress-strain curves and the 
corresponding evolution of strain hardening rate (ΘTotal) of the 
as-quenched martensite and UFG-HSDP steels. All steel samples show a 
high strain hardening rate at the initial stage of deformation, which 
decreases with straining. The continuous yield and initial high strain 
hardening rate are mainly resulted from the internal stress introduced by 
the mechanical incompatibility between the constituent phases and the 

unpinned GNDs generated in the ferrite due to martensitic trans
formation [49]. It is noted that the strain hardening rate of as-quenched 
martensite declines with strain dramatically, which is resulted from the 
fine lath structure and high density of dislocations [1]. In comparison, 
the UFG-HSDP steels show higher level of strain hardening rate than that 
of as-quenched martensite after strain of 2%, shown in the shadow re
gion of Fig. 7b. The higher strain hardening rate will help with retaining 

ductility to larger strain according to the conside
‘

re criterion for necking 
in equation (3) [50], where necking will occur when the stress (σ) is 
larger than the strain hardening rate (dσ/dε). 

1
σ

dσ
dε − 1 ≥ 0 (3) 

As shown in Fig. 7c, with the increase of annealing temperature, the 

Fig. 4. Bright-field TEM images of UFG-HSDP steels after intercritical annealing: (a) DP780, (b) DP800, and (c) DP820.  

Fig. 5. XRD patterns of the intercritical annealed samples: (a) 2θ-scan profiles and (b) close-up view of normalized (110) peaks.  

Fig. 6. Microhardness of the hetero-zones in the HSDP steels: (a) microhardness of ferrite and martensite zones of the DP780, DP800 and DP820 samples, (b) 
evolution of microhardness with martensite volume fractions. 
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YS of DP steels is increased from 588 MPa to 691 MPa and 865 MPa, and 
the UTS is increased from 905 MPa to 976 MPa and 1101 MPa, 
respectively. The uniform elongation (UE) is decreased from 8.8% to 
7.6% and 5.9%, and the total elongation to failure (ETF) is decreased 
from 10.3% to 8.9% and 7.5%, respectively. It is noted that DP820 
sample has superior combination of strength and ductility than the as- 
quenched martensite. The DP820 sample exhibits a much higher 
ductility than the quenched one with a same strength level. The strategy 
of obtaining UFG-HSDP structure from the nano-lamellae has been 
verified to be helpful with improving comprehensive mechanical prop
erties of the low-carbon martensitic steel. As shown in Fig. 7d, the 
outstanding mechanical properties of UFG-HSDP steels in this work 
jump out from the region in powder blue, which is plotted by reported 
data in literatures of low carbon steels with similar compositions. 

3.3. Bauschinger effect and HDI hardening 

The HDI stress of HSDP steels can be evaluated by the Bauschinger- 
type cyclic LUR tensile tests, as shown in Fig. 8a. Significant unloading 
yield drop can be observed from the LUR tensile curves, especially in the 
820DP sample, which is mainly related to the mechanical in
compatibility between ferrite and martensite. Owing to the huge dif
ference in strength between ferrite and martensite, the soft ferrite begins 
to deform plastically first, while the hard martensite maintains elastic 
state. The yield peak occurs due to the load transfer between constituent 
phases during reloading. Once the martensite yields, rapid relaxation of 
elastic stresses and strains at F/M interfaces causes the stress drop [38]. 
The more remarkable yield drop in 820DP sample indicates stronger 
stress transfer between ferrite and martensite during deformation. The 
HDI stress can be calculated by the following equations (4) and (5) [15]: 

σHDI =σflow − σeff (4)  

σeff =
σflow − σu

2
+

σ∗

2
(5)  

Where σflow is the flow stress, σeff is the effective stress, σu is the reverse 
yield stress and σ* is called the thermal component of the flow stress or 
viscous stress, as schematically shown in Fig. 8b. 

As shown in Fig. 8c, HDI stress of the samples increases rapidly 
before strain of 2% and then tend to be stable. In addition, the magni
tude of HDI stress in UFG-HSDP steels is increased with the martensite 
content, which is consistent with the previous studies [38,39]. Fig. 8d–1 
shows the HDI hardening curves (ΘHDI = dσHDI/dε) of three UFG-HSDP 
steels derived from the HDI stress-strain curves in Fig. 8c. The HDI 
hardening rate of the three samples are decreased rapidly before strain 
of 2% then becoming smooth. Fig. 8d–2 shows the variation of the ΔΘ 
between total work hardening rate and HDI hardening rate (ΔΘ =

ΘTotal − ΘHDI) with strain, reflecting the contribution of HDI hardening 
to the entire work hardening of UFG-HSDP steels during deformation. 
The ΔΘ of UFG-HSDP steels are decreased with strain, suggesting that 
the HDI hardening capacity enhances with tensile strain, which is 
probably resulted from the reinforced strain partition and GNDs accu
mulation during deformation [19,23]. It is shown from the inset of 
Fig. 8d–2 that when tensile strain is up to 5%, ΔΘ of DP820 is close to 
zero, indicating HDI hardening controls the entire strain hardening rate 
of the DP820 at higher strain level. 

3.4. Fracture analysis 

Fig. 9 shows the fracture morphologies of the UFG-HSDP steels. The 
low-magnitude SEM images show clear necking structure, indicating a 

Fig. 7. Mechanical properties of the UFG-HSDP steels: (a) engineering stress-strain curves, (b) true stress-strain and strain hardening rate curves, (c) evolution of YS, 
UTS, UE and ETF with annealing temperature, (d) mechanical properties of the UFG-HSDP steels compared with the reported data of low-carbon and alloy steels in 
literatures. 

J.X. Huang et al.                                                                                                                                                                                                                                



Materials Science & Engineering A 834 (2022) 142584

7

Fig. 8. Bauschinger effect and HDI hardening analysis: (a) LUR true stress-strain curves, (b) schematic of hysteresis loops, (c) evolution of HDI stress with straining, 
(d-1) and (d-2) evolution of ΘНDІ and ΔΘ during tensile deformation. 

Fig. 9. SEM micrographs of the fracture surfaces of UFG-HSDP steels: (a) DP780, (b) DP800 and (c) DP820.  
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dominating ductile fracture characteristic of UFG-HSDP steels (Fig. 9a–1 
to c-1). It has been reported that ductile fracture of DP steels is usually 
resulted from a process of nucleation, growth and coalescence of inter
nal voids [51,52]. The high-magnification SEM micrographs in Fig. 9 
show that all fracture surfaces of UFG-HSDP steel samples are mixed by 
cleavage facets and dimples. The observed dimples are small and 
shallow, especially in the DP820 sample, indicating the limited 
micro-voids growth. The high density of F/M interfaces in UFG-HSDP 
steels provide preferential sites for voids nucleation, which inhibits 
the growth of voids, coalescence of adjacent voids, and results in the 
fracture surface containing small dimples [53]. The average dimple size 
of the HSDP steels is decreased from 2.97 μm to 1.69 μm and 1.01 μm, 
respectively, with increasing martensite volume fraction. The HSDP 
steels with higher martensite content show increased area fraction of 
cleavage facets. This brittle fracture feature is mainly resulted from the 
morphology of interconnected martensite network in UFG-HSDP steels. 
Firstly, as compared to the isolated martensite islands, the martensite 
network restrains the plastic deformation of ferrite by confining the slip 
systems and results in the high level of stress triaxiality [54]. Secondly, 
damage in the UFG-HSDP steels is preferentially nucleated in the 
martensite with limited ductility and high stress concentration. Thirdly, 
the release of stored elastic energy during deformation will result in the 
unstable crack growth once the crack occurs. As a result, once the 
martensite fracture is nucleated, the abovementioned stress triaxiality, 
stress concentration, and rapid release of elastic energy contribute to the 
cleavage cracking in the ferrite adjacent to damaged martensite. 

4. Discussion 

4.1. Formation of the nano-lamellar structure and UFG-HSDP steels 

As is revealed in Fig. 2, low carbon steels with nano-lamellar struc
ture are produced by the novel AnnCR processing route. The average 
lamellar thickness of the processed steels is effectively refined to 82.9 
nm with a low equivalent strain of ~1.6. Thus, the efficiency of grain 
refinement using AnnCR processing route is much higher than that of by 
conventional cold rolling [55]. It is found that the refinement of 
martensitic structure is mainly related to the motion of solute C atoms 
occurred during cyclic AnnCR. In order to clarify the in-depth mecha
nism, the 40% cold-rolled martensitic steels were annealed at different 
temperatures (from 100 ◦C to 400 ◦C). As shown in Fig. 10a, annealing 
induced hardening is found in all the heat-treated samples at 100 ◦C to 
300 ◦C by testing their microhardness. The peak hardness is obtained in 
the sample annealed at 300 ◦C for 10 min. This annealing-induced 
hardening phenomenon has also been reported in the nanostructured 
steels processed by severe plastic deformation [56,57], which is 

attributed to the interactions between interstitial carbon and defects. As 
illustrated in Fig. 10b, the martensitic transformation and cold rolling 
induce high density of dislocations to the quenched martensite in pre
sent work. The carbon atoms are segregated to the dislocation cores by 
subsequent annealing, and produces a pinning effect on dislocation 
slipping [40,58]. In the next pass of rolling, the interaction between C 
atoms and dislocations inhibits dynamic recovery and hinders disloca
tion motion, thus accumulating dislocations significantly. Therefore, 
deformation-induced refinement is enhanced due to the boosted dislo
cation generations and impeded dynamic recovery. Additionally, owing 
to the blocking effect on dislocation slips, the micro shear bands form in 
the 80% rolled sample, becoming an alternative mechanism to accom
modate plastic deformation and refine the microstructures [59]. 

Within only 1 min, the equiaxed ferrite as well as the high volume 
fraction of martensite formed rapidly, due to the high driving force of 
austenite formation and ferrite recrystallization, induced by the nano- 
lamellar structure. Previous studies reported that the formation and 
distribution of austenite are significantly influenced by the initial 
microstructure, which controls the competition between the recrystal
lization and the austenite formation during annealing [60,61]. Tokizane 
[62] found that the nucleation of austenite happened simultaneously 
with the recrystallization, if the initial microstructure was a heavily 
deformed lath martensite. They also found the enhanced kinetics for 
austenite formation could resulted in a high-density fine-grained 
austenite dispersed in microstructure. In present study, the 
nano-lamellar structure introduces high density dislocations and in
terfaces, providing numerous nucleation sites for austenite formation. 
Due to the accelerated austenite formation, higher volume fraction of 
refined martensite form during the short-time annealing. In addition, the 
austenite nearby the ferrite grain boundaries impedes the migration of 
the interface and restrains the growth of recrystallized ferrite grains 
[63]. Consequently, the ultra-fine DP structure can be maintained at 
high annealing temperatures. Note that, the ferrite grains are in equi
axed shape, indicating that recrystallization of ferrite is not suppressed 
completely, due to the large driving force of nano-lamellae 
microstructure. 

4.2. Strengthening mechanism of the UFG-HSDP steels 

The UFG-HSDP steels derived from the nano-lamellae structure 
exhibit an outstanding mechanical property, as shown in Fig. 7d. 
Especially, the DP820 sample has a much higher ductility than the as- 
quenched martensite, while they have an almost same strength level. 
The superior mechanical property of UFG-HSDP steel is mainly due to 
the significant grain refinement, as well as the architecture of dual-phase 
heterostructure. On one hand, the UFG in HSDP steels is undoubtedly 

Fig. 10. Microstructural responses of the martensite during AnnCR. (a) microhardness of the 40% rolled martensite annealed at different temperatures, (b-1)–(b-3) 
schematic illustration of the interactions between C atoms and dislocations during AnnCR. 
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resulted from the initial nano lamellar structure, although the speed of 
recovery and recrystallization is high during the short-time annealing. 
With increasing martensite volume fraction, the yield strength is 
improved in the DP820 sample, in conjunction with the decreased ferrite 
grain size and the increased dislocation density. On the other hand, the 
mechanical incompatibility between ferrite and martensite results in 
significant stress/strain partition between constituent phases. Conse
quently, strain gradient and GNDs piling-up occur nearby the F/M in
terfaces, which produces back stress and forward stress in soft ferrite and 
hard martensite, respectively. The back stress and forward stress 
collectively produce the HDI stress [19]. As indicated by Fig. 6c and d, 
HDI stress increases with the applied strain, resulting in an extra work 
hardening to the DP steels. It is found that HDI strengthening is influ
enced by the content and morphology of martensite. The DP820 sample 
where equiaxed ferrite are completely surrounded by martensite shows 
higher HDI stress and stronger HDI hardening, especially at high tensile 
strain. The high HDI stress in DP820 sample leads to a significant 
enhancement of yield strength [64,65]. In addition, the strong HDI 
hardening helps with enhancing the strain hardening rate to maintain a 
good ductility. The main factors to influence the HDI hardening in 
DP820 are listed as follows: First, higher martensite volume fraction in 
DP820 produces a high density of zone interfaces, which promotes the 
strain partitioning and GND accumulations [19]. Second, the embedded 
equiaxed ferrite grains with several micrometers have enough space for 
the piling-up of GNDs. Thus, the DP820 sample meets the design criteria 
for maximizing HDI hardening in HSMs [20]. Therefore, the DP820 
sample has a close high strength to the as-quenched sample, while the 
ductility is improved significantly. 

5. Conclusion 

UFG-HSDP steels were prepared by cyclic annealing & cold-rolling 
and subsequent intercritical annealing, which produced superior com
bination of strength and ductility. The microstructure, mechanical 
properties and fracture behavior of UFG-HSDP steels were studied sys
tematically. The effects of HDI stress/hardening on mechanical prop
erties of UFG-HSDP steels were analyzed by LUR tensile tests. The key 
conclusions are as follows: 

1 A nano-lamellar low carbon steel with spacing of 82.9 nm was pro
duced from a martensitic structure by the AnnCR under a thickness 
reduction of 80%. The efficient grain refinement is mainly resulted 
from the interaction between carbon atoms and dislocations at 
300 ◦C. The annealing promotes carbon atoms moving to the dislo
cation core and produces a pinning effect, which inhibits dynamic 
recovery and boosts dislocation generation in the subsequent rolling, 
thus refining the microstructure effectively.  

2. After intercritical annealing, the HSDP structure composed of fine 
equiaxed ferrite and martensite was obtained. The volume fraction of 
martensite ranges from 39% to 50% and the average ferrite grain size 
is about 3 μm. The DP820 sample with highest martensite content 
shows an ideal hetero-structured morphology, in which the equiaxed 
ferrite grains are constrained by the surrounding hard martensite.  

3. Increasing volume fraction of martensite results in the enhanced YS, 
UTS and decreased UE of UFG-HSDP steels. Compared with the as- 
quenched martensite sample, the DP820 sample exhibits a same 
high strength level (YS: 865 MPa; UTS: 1101 MPa), but the UE is 
increased to 6%. The superior tensile property of the UFG-HSDP 
steels is attributed to the higher strain hardening capacity than as- 
quenched martensite.  

4. As the martensite content is increased, a higher Bauschinger effect 
and a higher HDI stress are tested in the UFG-HSDP steels. The 
proposed microstructure of DP820 where the equiaxed ferrite grains 
are constraint effectively by the surrounding martensite helps with 
the improving HDI stress and hardening. The extraordinary HDI 

strengthening enhances strength and sustains ductility of HSDP 
steels simultaneously.  

5. The ductile fracture of UFG-HSDP steels is characteristic as a mixed 
dimples and cleavage facets. The micro-voids are generally small and 
shallow. As the volume fraction of martensite is increased, the 
number of cleavage facets is increased. 
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