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Abstract 

A commercial 2507 duplex stainless steel with heterogeneous lamella structures was 

prepared by cold-rolling and appropriate annealing. A yield strength of 800 MPa, a tensile 

strength of 1000 MPa and a uniform elongation of 20% were achieved in the sample after 

90% cold rolling following by annealing at 900°C for 1 min. The origin of the excellent 

mechanical properties was discussed by microstructural features and the evolution of back-

stress. 

 

Keywords: Duplex stainless steel; mechanical properties; heterogeneous lamella structure; 

back stress; strain hardening 

 

1. Introduction 
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It is well recognized that the strength of conventional metals can be dramatically increased 

by refining grain size to sub-micrometer or nanometer scale. However, the losing of tensile 

ductility of the ultrafine grained (UFG) or nanocrystalline metals can very hard to be avoided. 

The low ductility is believed to be caused by the limited capacity of work hardening in small 

grains. Several strategies have been developed to improve ductility of nanostructured metals, 

such as introducing of fine particles, gradient structures from coarse to fine grains and 

introducing of grains with nanotwins [1].  

Recently, heterogeneous lamella (HL) structures [2] have been paid special attentions. The 

essence of this strategy is to produce materials with alternative distribution of coarse grained 

(CG) lamella and UFG lamella. The high work hardening capacity of coarse grains and high 

strength of fine grains can make the materials strong and ductile. Pioneering study has been 

conducted by Wu et al. [3], where a HL-Ti was produced by making use of slight structure 

gradient caused by asymmetric rolling and partial recrystallization. Later, Zhang et al. [4] 

achieved a more complicated L2 structure, that is, hierarchical layer + heterogeneous lamella 

structure, in an IF steel by mechanical stacking of plates with different grain size scales. Both 

HL-Ti and L2-IF steel exhibit outstanding mechanical properties including both UFG strength 

and CG ductility. These achievements clearly offer a new scope for microstructural designing 

of metals. 

The present study proposes another method to produce a HL structure in metals. The idea 

is to apply deformation and annealing to duplex stainless steels (DSSs). When these kinds of 

steels are deformed, i.e. rolling, a layered duplex structure can be produced. The differences 

in thermal stability between two phases can lead to different recover and recrystallization 

behaviors in the following annealing [5]. By careful controlling of annealing conditions, a HL 

structure consisting of ultrafine grains and coarse grains can be obtained. The propose of the 

present experimental is to prepare a layered duplex steel with HL structures and reveal its 

mechanical properties. 
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2. Experimental procedure 

A commercial 2507 DSS plate has been chosen to study for its wide application and also 

as a model alloy with two phases with about equal volume fractions. The alloy was received 

in solution-annealed and quenched condition, with chemical composition of <0.02% C, 6.3% 

Ni, 24.6% Cr, 0.3% N, <0.33% Si, <0.03% P, <0.01% S, and the balance Fe (mass%). A 10 

mm thick sheet was cut from the plate and cold rolled to a thickness reduction of 90%, 

followed by annealing at temperatures from 900-1000°C for 1 min.  

Microstructural characterizations were carried out by electron backscatter diffraction 

(EBSD) and transmission electron microscopy (TEM) techniques. Samples for 

microstructural characterizations were prepared from the longitudinal section containing the 

rolling direction (RD) and normal direction (ND). EBSD mapping was conducted using a 

JSM 7800F scanning electron microscope, with a step size of 100 ~ 500 nm. Specimens for 

EBSD observation were first mechanically polished and then electrochemically polished in an 

electrolyte of 15 vol.% perchloric acid and 85 vol.% acetic acid with a voltage of 15 V at 

room temperature. TEM characterizations were carried out with a JEOL 2100 TEM operated 

at an accelerate voltage of 200 kV. Thin foils for TEM observation were prepared by 

mechanical polishing to a thickness of 70 μm, followed by electropolishing using a twin-jet 

polisher in a solution of 25 vol.% perchloric acid and 75 vol.% ethanol with a voltage of 20 V 

at -20°C.  

Mechanical properties of samples were characterized by uniaxial tensile tests including 

monotonic tensile loading and tensile-unloading-reloading (TUR) tests, which were carried 

out with a MTS793 testing system. Tensile specimens of gauge dimensions 25 × 5 mm2 were 

machined from the sheets along the RD and tested at a quasi-static rate of 6 × 10-4 s-1 at room 

temperature. For the TUR test, five unloading-reloading were conducted. The specimen was 
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unloaded at a pre-designed strain by the stress-control mode to 20 N at the unloading rate of 

200 Nmin–1, and then reloaded to the same applied stress before the next cycle.  

 

3. Results and discussion 

Fig. 1 shows the EBSD image of the as-received sample, in which the irregular austenite 

islands randomly distributed in the matrix of ferrite. It is a typical CG duplex structure with an 

average grain size of 10.7 μm for austenite and 19.2 μm for ferrite. The austenite grains are 

mainly enclosed by high angle boundaries (HABs) including twin boundaries (TBs), while the 

ferrite grains are separated by both low and high angle boundaries (LABs and HABs). 

 

 

Figure 1 EBSD image of the as-received sample. 

 

Fig. 2 shows the EBSD maps of the samples cold rolled and annealed at 900-1000°C for 1 

min, respectively. The morphology of phases is inherited from the preceding rolling process, 

showing a refined, alternating layered structure of austenite and ferrite. The average boundary 

spacing of phase interfaces are 6.4 μm for the 900°C annealed sample, 6.6 μm for the 950°C 

annealed sample and 7.9 μm for the 1000°C annealed sample. The austenite exhibits an 

extended recovered or recrystallized structure consisted of equiaxed fine grains, most of 
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which contain annealing twins. Its average grain size is 0.9 μm for the 900°C annealed sample, 

1.1 μm for the 950°C annealed sample and 1.4 μm for the 1000°C annealed sample. However, 

the ferrite reveals a partially recrystallized structure. Some of recrystallized grains grow into a 

coarse, elongated shape, which run parallel to phase boundaries forming a bamboo shaped 

lamella. On the other hand, most of un-recrystallized ultrafine grain matrix, mainly enclosed 

by LABs, still remain in a small size scale. The average grain sizes of coarse grains and 

ultrafine grains, taking the 900°C annealed sample for example, are 6.9 μm and 0.8 μm, 

respectively. As the temperature elevates up to 1000°C, the bamboo shaped lamella becomes 

more pronounced. The volume fraction of coarse grains increases from 17.6% to 38.5%, 

accompanied by a structural coarsening. In some ferrite layers, the recrystallized grains even 

expanded to the full thickness of the phase layer. Therefore, the annealed structures are 

typical HL structures. The heterogeneity mainly manifests in two aspects. First, the duplex 

structure is consisted of austenite and ferrite that have different crystalline structures. 

Furthermore, the ferrite is characterized by both coarse grained lamella and ultrafine 

subgrains matrix that possess different mechanical properties. 
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Figure 2 EBSD images of the samples cold rolled and annealed at (a) 900°C, (b) 950°C and (c) 

1000°C for 1 min. 

 

Fig. 3 shows representative engineering stress-strain curves of the annealed samples and, 

for comparison, of the as-received sample. Improved combinations of strengths and ductilities 

can be observed in the annealed samples. Especially for the 900°C annealed one, the yield and 

tensile strengths are increased to 800 MPa and 1000 MPa as compared to 480 MPa and 700 

MPa of the as-received sample, respectively. More important, the uniform elongation of the 

900°C annealed sample is rarely deteriorated, which is 23% as compared to 28% of the as-

received sample. It should be pointed out that the yield strength and uniform elongation of 

commercial 2507 DSS are usually 500-650 MPa and 20-25%, respectively [6, 7], as the 

present initial material. The present DSS sample with a HL structure (900°C annealed) clearly 

shows a superior strength-ductility combination. 

 

 

Figure 3 Engineering stress-strain curves of the samples cold rolled and annealed. 

 

For the present DSS, austenite usually has higher hardness than ferrite due to its high 

nitrogen content [8] and a smaller average grain size. Under plastic deformation, the ferrite 
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will deform preferentially, results in a large accumulation of dislocations along phase 

boundaries, which further leads to the generation of geometrically necessary dislocations 

(GNDs) to accommodate the strain incompatibility between the two phases [9-10]. This 

produces a long-range back stress [11-12] to make it difficult for dislocations to transfer from 

ferrite to neighboring austenite until the latter starts to yield at a larger total strain, and as a 

result, it strengthens DSS.  

To further probe the contribution of back stress to the mechanical properties of duplex HL 

structure, the TUR test was carried out on the 900°C annealed sample. Fig. 4a shows the TUR 

true stress-strain curve of the sample investigated. The inset in this figure clearly reveals a 

hysteresis loop during the unloading-reloading cycle, indicating a strong Bauschinger effect 

[13]. The determination of back stress from the tensile unloading-reloading hysteresis loop is 

described in detail elsewhere [14]. In the present case, as shown in Fig. 4b, the back stress 

(σback) is estimated to be 360 MPa at the tensile strain of 0.02 and it increases up to 518 MPa 

after tensile strain of 0.1. More notably, the back stress exhibits a high strain hardening rate 

(Θback), which is even higher than the total strain hardening rate (ΘTotal) at the early stage of 

tensile deformation. The significant back stress and its work hardening can be attributed to the 

unique features of the duplex HL structure. The fabrication of this structure is accompanied 

by a significant structural refinement, resulting in a high density of phase interfaces, which is 

favorable for developing GNDs near phase boundaries that elevates back stress [Error! 

Bookmark not defined.]. Moreover, the duplex HL structure makes it possible for back 

stress develops at the interfaces not only between dissimilar phases but also between soft 

coarse grains and the hard ultrafine grains in ferrite [2]. 
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Figure 4 (a) The CTUR true stress-strain curve of the 900°C annealed sample; (b) Back stress 

and its strain hardening. 

 

Fig. 5 shows the TEM images of the 900°C annealed sample after tensile strain of 1%, 

where the structural heterogeneity is taken into account. As shown in Fig. 5a, a typical 

structure at a phase boundary can be observed. It is seen that dislocations are mainly piled up 

at the ferrite side along the phase boundary, while the austenite is characterized by 

deformation twins, which is proved by the electron diffraction pattern inserted. This clearly 

reveals the difference in plastic response between austenite and ferrite. For the ferrite, typical 

structures in a large recrystallized grain and a fine non-recrystallized (yet recovered) grain are 

shown in Fig. 5b and c, respectively. The recrystallized ferrite is characterized by a huge 

amount of dislocations (Fig. 5b), which are in forms of dislocation tangles and dislocation 

boundaries [15]; while for the non-recrystallized ferrite, there are much less dislocations 

statistically stored in the grain (Fig. 5c). In this stage, the imposed strain on grains is mainly 

relaxed by the formation of dislocation configurations such as dislocation cells and cell blocks 

[15, 16]. Coarse grains are therefore favorable for evolving such substructures, causing the 

increase in the work hardening rate with strain. On the other hand, fine grains can retain most 

of the strengthening effect by grain refinement. 
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Figure 5 TEM images revealing the deformed microstructures of the 900°C annealed sample 

after tensile strain of 1%. (a) at phase boundary; (b) in coarse ferrite grain; (c) in fine ferrite 

grain 

 

The effect of duplex HL structure on mechanical behavior can be summarized into three 

aspects. First is the duplex structure with inhomogeneous distribution of grain. The full 

constraint of the soft phase by the hard phase makes it effective to constrain the plastic 

deformation of the soft phase to develop back stress that contributes to strain hardening [2]. 

Similar situation is also existed between UFG matrix and CG inclusions. Second, the lamella 

morphology can produce higher strain hardening than equiaxed ones, especially when its long 

axis is parallel to the loading direction [17]. This structural geometry makes mutual constraint 

between the dissimilar phases more effective, which can produce higher back stress [3]. 

Finally, the duplex HL structure has the high density of phase interfaces, where dislocations 

can pile up and accumulate to enhance the evolution of the back stress. 

 

4. Conclusions 

Commercial 2507 DSS with heterogeneous lamella (HL) structures was produced by cold 

rolling and subsequent annealing. Significant improvement of mechanical properties is 

achieved. The main conclusions are summarized as follows: 
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(i) The duplex HL structure is characterized by alternative austenite and ferrite layers, in 

which the ferrite is composing of coarse (micron scale) grained lamella and fine 

(submicron scale) grained matrix. 

(ii) The alloy with a duplex HL structure shows an excellent combination of strength and 

ductility. The yield strength and tensile elongation are increased up to 800 MPa and 

23% as compared to 480 MPa and 28% of its coarse-grained counterpart, respectively. 

(iii) The excellent mechanical properties can be attributed to the structural refinement and 

the evolution of back stress arising from the strain incompatibility across the interfaces 

between different structural components. 
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