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A B S T R A C T   

A novel processing route comprising double reversion annealing (DRA) was designed for developing bulk nano- 
grained (NG) structure of an austenitic stainless steel (Type 301LN). The new processing concept of DRA 
comprised two subsequent intrinsic type processes i.e., two times cold reductions (~53% and 63%) followed by 
fast induction heating (~200 ◦C/s) and short duration annealing at different temperatures (first at 690 ◦C/60s 
and second at 750–900 ◦C/0.1–1s). The NG structure revealed a remarkable improvement of the mechanical 
properties compared to the counterparts processed by single reversion annealing. Furthermore, outstanding 
combination of strength and formability is achieved for the DRA structures, significantly higher than those of 
high-Mn TWIP steels, low-alloy TRIP steels and 304 stainless steel. For instance, a superior combination of yield 
strength (~950–1030 MPa) and formability index (11.8–12.5 mm) obtained after DRA at 750 ◦C/0.1s and 
800 ◦C/1 s, respectively. However, the corresponding values are 300 MPa and 12 mm for TWIP steels, 500 MPa 
and 10 mm for TRIP steels, and 270 MPa and 12 mm for 304 stainless steel. In order to reveal the effect of DRA 
on the stretch formability, Erichsen cup testing was conducted of both the initial and DRA steel specimens. 
Moreover, Erichsen cup testing also simulated by the finite element method (FEM) to survey further details of 
their deformation.   

1. Introduction 

Development of nanograined (NG) materials is an essential tech-
nology to process highly functional materials and components with light 
weight and superior strength. In this regard, processing routes of pro-
ducing ultrafine/nano-grained materials for net shaping and component 
parts are very important. Austenitic stainless steels are the most 
commonly used materials for various industrial applications. In addition 
to their excellent corrosion resistance, improved mechanical strength is 
also required for most engineering structural applications. 

The mechanical properties are mainly related to the grain structure 
of the steel. This topic attracted many researchers to work on grain 
structure engineering through several processing techniques. A recent 
review article presented an interesting literature on phase-reversion 
annealing process as an effective technique for grain refinement of 
metastable austenitic stainless steels [1]. 

The research group in the University of Oulu established a profound 
understanding on the link between phase-reversion annealing 

parameters and mechanical properties of metastable austenitic stainless 
steels of types 201L and 301LN [2–6]. However, the grain refinement 
can be enhanced by different mechanisms, such as precipitation 
strengthening [7] and fast heating annealing [8]. Kisko et al. [9] acti-
vated simultaneously two mechanisms of grain refinement in low-Ni 
high-Mn austenitic stainless steels, e.g., Nb-microalloying and 
phase-reversion annealing. In the previous reports, the researchers 
applied a single thermomechanical cycle of phase-reversion annealing 
on a heavily cold deformed metastable structure. In other words, single 
reversion annealing (SRA) has been applied to revert the strain-induced 
martensite into austenite to enhance the strength-ductility combination 
of the processed steel [10,11]. 

In the same context, the good formability of steel is one of the key 
properties required in sheet forming industry for fabrication of various 
products for automotive, aerospace and household applications. It was 
established that the formability is affected by several material parame-
ters, e.g., strength coefficient (k), strain hardening coefficient (n) and 
anisotropy [12]. However, these properties are correlated to the grain 
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structure, such as grain size, chemical composition and phase 
constituent. 

A limited number of studies have addressed the effect of grain size on 
the formability of steels. For instance, the effect of ultrafine-grained 
(UFG) structure of interstitial-free steel (IF-steel) produced by equal- 
channel angular extrusion/pressing on the stretch formability was 
studied. 

Yoda et al. [13] studied the formability of a ferritic steel with grain 
sizes ranging from 0.24 to 13.4 μm fabricated by accumulative 
roll-bonding technique and subsequent annealing. They found that 
stretchability in Erichsen tests tends to decrease as the average grain size 
becomes smaller. However, the ultrafine-grained (UFG) structure could 
be highly deformed in multiaxial state even though it had low tensile 
ductility. Saray et al. [14] studied the stretch formability of UFG 
interstitial-free steel (IF-steel) produced by equal-channel angular 
extrusion/pressing (ECAP). They reported that the UFG microstructure 
with equiaxed grains below 1 μm produced by a suitable strain path in 
ECAP could be highly deformed. 

In this manuscript, a new processing route is established to enhance 
the grain refinement in 301LN steel by double reversion annealing 
(DRA). The mechanical properties, such as yield and tensile strengths as 
well as the formability of DRA metastable austenitic stainless steels are 
very scarcely investigated. He et al. [15] applied repetitive cold rolling 
with subsequent reversion annealing of a metastable austenitic 321 
stainless steel 321. They conducted the first and second annealing steps 
through heating at 800 ◦C for 30 min of the cold rolled material. The 
final annealing step was carried out through heating at 800 ◦C and 
1000 ◦C for 30 min, followed by air cooling to room temperature. 
Fine-grained austenitic structure of GS 2.3 μm with uniformly distrib-
uted carbides was formed in the last annealing process at 800 ◦C, 
whereas coarse-grained austenitic structure of GS 16 μm without car-
bides was achieved with annealing at 1000 ◦C. Sun et al. [16] applied 
multi-stage cold rolling processes and subsequent annealing treatments 
of 304 stainless steel for long times (10–40 min). This technique pro-
moted nano/ultrafine-grained structure of 304 stainless steel. However, 
this approach is not desirable in industry because it may increase the 
manufacturing costs due to the long duration of annealing treatment. In 
a recent review, Sohrabi et al. [17] presented an overview of the 
strain-induced martensitic transformation in metastable austenitic 
stainless steels via heavy cold-rolling deformation to promote fast 
martensitic transformation kinetics or via multi-stage controlled rolling 
processes at warm and high temperatures. Moreover, the factors 
affecting the deformation-induced martensitic transformation, such as 
chemical composition, initial grain size, applied strain, deformation 
temperature, strain rate, and stress state have been illustrated. 

The present work investigates the effect of DRA route on 301LN steel 
in the range of temperatures 750–900 ◦C by applying a fast-heating 
annealing with high heating rate (~200 ◦C/s) and short soaking time 
of 1 s. Furthermore, the influence of DRA on the microstructural evo-
lution and its concurrent effect on the mechanical strengths and form-
ability is studied. Erichsen testing of both initial and DRA structures are 
also simulated by the finite element method (FEM) to survey further 
details of their deformation. 

2. Experimental procedures 

A commercial AISI 301LN steel was received in the form of 8 mm 
thick sheets with a chemical composition of Fe-0.019C- 
1.15Mn–17.5Cr–6.5Ni—0.57Si-0.14 N (wt.%). The steel sheets were 
produced and delivered by Outokumpu Stainless Oy-Tornio, in the 2B 
condition, i.e., a skin passed as the final surface deformation. 

The sheets were then cold rolled to a 4 mm-thick band with ~53% 
reduction using a laboratory mill rolling. Subsequently, the band was 
firstly annealed at 690 ◦C for 60 s using a continuous induction 
annealing line (600 kW pilot induction line with axial inductor) and 
then air cooled to room temperature. The annealed 301 LN was 

undergone a second stage of cold rolling deformation to reach a thick-
ness reduction of ~63%. Finally, the cold-rolled material was undergone 
reversion annealing at different temperatures and different holding 
times, e.g., 900 ◦C/1 s, 800 ◦C/1 s, 750 ◦C/0.1 s, using a Gleeble 3800 
simulator. The DRA treatments of the studied steel were selected to be 
undergone at these temperatures and times to compare the achieved 
structures and the related mechanical tensile properties with those ob-
tained by SRA at the same temperatures and times in Ref. [2]. Fig. 1 
shows schematically the thermomechanical cycle undergone by the 
steel. Through this cycle, the studied steel experienced a double rever-
sion annealing (DRA), first at 690 ◦C after ~53% deformation and sec-
ond, in the temperature range of 750–900 ◦C after ~63% deformation. 
The DRA resultant structures are labeled according to the final annealing 
parameters of temperature and time, e.g., T750–0.1, T800–1 and 
T900-1. 

The quasi-static mechanical properties, i.e., yield and tensile 
strengths and elongation at room temperature were recorded using a 
Zwick Z 100 tensile machine (Zwick Roell, GmbH) at a strain rate of 5 ×
10− 4 s− 1. An external extensometer was used to accurately measure the 
tensile strain. Sub-sized tensile specimens with a short gauge length of 
25 mm and width 6 mm, were used for the tensile tests. Three samples 
were tensile tested for each annealing condition. 

Features of the achieved grain structures were characterized by 
electron backscattering diffraction (EBSD) mapping using a field emis-
sion gun scanning electron microscope (FEG-SEM Carl Zeiss Ultra plus). 

The phase fractions of different phase constituents in DRA treated 
samples were estimated using a Rigaku Smart Lab 9 kW X-ray diffraction 
(XRD) unit (40 kV; 135 mA). The measurements were performed using 
CoKα X-rays with 2θ ranging from 45 to 130◦ and the rotation executed 
at 7.2◦/min. The obtained diffractograms were analyzed by Rietveld 
refinement using a PDXL2 software. Common lab-scale XRD could 
accurately detect and quantify even low phase fractions, but this de-
pends strongly on the specimen preparation and measurement method. 
For XRD analysis, specimen surfaces need to be prepared carefully 
without any mechanical deformation. Furthermore, crystallographic 
orientation is known to have a significant influence on the XRD results. 

Fig. 1. A schematic illustration of the thermomechanical cycle of the double 
reversion annealing process. 

Table 1 
Erichsen test parameters.  

Dimensions of steel sheets 70 mm × 140 mm 
Punch diameter 27 mm 
Punching speed 0.5 mm/min 
Blank holder diameters Inner: 45 mm, outer: 85 mm 
Blank holder force 150 kN 
Die diameters Inner: 27 mm, outer: 53 mm  
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Any preferred crystallographic orientations of the microphases can 
drastically influence the XRD measurements. Accounting this, all the 
XRD scans performed in this study have been de-texturized. The esti-
mation of micro-strain, crystallite size and dislocation density were 
carried out using X-ray Williamson-Hall (W–H) method [18]. 

The formability of different structures was studied using the Erichsen 
testing technique to reveal the effect of DRA on the stretch formability of 
the studied steel. Two sets of DRA structures, with and without elec-
tropolishing, were used for formability tests. Table 1 shows the applied 
parameters during Erichsen testing. Graphite grease with molybdenum 
disulphide was used as a lubricant to reduce the friction with the punch. 

The tests were repeated two times and the Erichsen index (EI), the 
maximum height of the cups (in mm) before fracture, has been recorded. 

Finite element simulation using ANSYS 19 commercial software 
package was performed to evaluate the deformation of CG-304 LN and 
DRA T800-1 structures during Erichsen testing. The model was 

constructed according to the experimental Erichsen setup, Fig. 2(a), and 
included the strip specimen, punch, die and blank holder, Fig. 2(b). All 
components were considered rigid except the specimen which included 
plasticity. The true stress-strain diagrams which were experimentally 
obtained for each material at the quasi-static condition were imple-
mented into the FE analysis as multilinear isotropic hardening data. A 
fine hexagonal mesh of coupled field elements was generated in the 
metallic strip which included a total number of 44,890 solid226 ele-
ments. Coupled field elements were utilized to conduct a thermal 
analysis as well, the results of which are required for a future work. The 
die was constrained in all directions, while the punch was moved at a 
constant speed of 0.5 mm/min perpendicular to the specimen surface. A 
homogeneous pressure of 25 MPa was applied to the blank holder. 

Fig. 2. The FEM model used for simulation of Erichsen tests on CG-301LN and DRA materials, (a) the whole model, (b) magnified view of the generated mesh.  

Fig. 3. Double-reversion annealed microstructures at different temperatures/durations: SEM-EBSD maps: (a) T750–0.1, (b) T800-1, and (c) T900-1, and (d,e,f) grain 
size distribution for the corresponding grain structures in (a,b,c), respectively. RA = retained/deformed austenite. 
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3. Results and discussion 

3.1. DRA microstructures 

The fine features of the microstructures achieved by DRA are shown 
in Fig. 3. The grain structure of the as-received steel was enclosed in the 
applied thermomechanical cycle in Fig. 1 to display the effect of DRA on 
the new grain structures. It can be seen that the microstructure of the as- 
received 301 LN composed of a coarse austenitic grain structure of ~ 11 
μm with numerous annealing twins and a small fraction of α‘-martensite, 
about 5%, locally present on deformation bands. At T750-0, the resul-
tant grain structure is mostly ultra-fine grains, ≤ 1 μm, However, 
elongated unrecrystallized grains, i.e., deformed retained-austenite RA, 
which did not undergo martensitic transformation during cold rolling, as 
shown in Fig. 3(a). It is apparent that some black grains are un-indexing 
by EBSD due to the short time to enhance recovery of the deformed 
grains at T750-0. It is well established that the slip bands and dislocation 
densities induced during cold deformation hinder indexing the structure 
features [19]. However, the DRA microstructure at higher temperature 
800 ◦C for 1 s is homogenous structure of ultra-fine reverted austenite 
grains in submicron scale of order 500 nm, Fig. 3(b). The DRA at T900-1 
promotes a fine reversed austenitic grain structure with clear grain 
boundaries, as shown in Fig. 3(c). Few coarse grains are shown in the 
upper side of the microstructure. 

The corresponding grain size distributions of the achieved structures 
at T750–0, T800–1 and T900-1 are shown in Figs. (d,e,f), respectively. It 
is observed that the dominant grains about ~80% achieved at T750- 
0 are less 1 μm, see Fig. 3(d) At T800-1, most of the reverted grains 
are located in the size range 1–2 μm, as shown in Fig. 3(e). With 
increasing the DRA to 900 ◦C, the new reverted grains are coarsening 
relative to the reverted grains at the lower DRA. For instance, 30% of the 
grains promoted at T900-1 are located in the size range 2–5 μm. The 
average GS of the DRA structures was estimated based on EBSD mapping 
analysis. The achieved GSs of the DRA microstructures are 0.75, 0.53 
and 0.48 μm at T900–1, T800–1 and T750-0, respectively. It is apparent 
that the DRA promotes a highly refined austenite grain structure. In our 
previous studies on the same steel 310LN undergone 63% cold defor-
mation, the subsequent SRA at T900–1 and T800-1 promoted austenitic 
grain structures of GS 1.4 and 0.7 μm, respectively [6,20]. Rajasekhara 
et al. [21] used transmission electron microscopy (TEM) analysis of 
digitized images of the achieved microstructures to estimate the average 

GS obtained after SR of the 301LN cold rolled 63% reduction. In a good 
agreement with the results obtained by Järvenpää et al. [6,20], Raja-
sekhara et al. recorded average GS of 1.2 μm for the SRA structure at 
T900-1 and 0.54 μm for the SRA structure at T800-1. 

The phase change due to DRA treatment at different temperatures 
has been investigated by XRD and illustrated in Fig. 4. It can be seen that 
the present phases along with all important Bragg reflections in the X- 
ray profiles were indexed accordingly. The results of XRD data analyses, 
relevant to the microstructural information are shown in Table 2 for 
better presentation. It is observed that the commercial steel 301LN (i.e., 
skin deformation) is consist essentially duplex-phase structure with 
≈4% α′-martensite. After DRA treatment at 750 ◦C for 0.1 s, few frac-
tions strain-induced martensite revert back to austenite. The volume 
fraction of α′-martensite found to be decreased to 3.6%. Almost all 
strain-induced martensite is transformed to austenite after DRA treat-
ment at 900 ◦C for 1 s, (α′-martensite fraction obtained only ≈1%). The 
grain is refined remarkably, which is consistent with broadening of 
diffraction peak in the result of XRD. 

3.2. Tensile mechanical properties 

The tensile properties of the studied steel with different grain 
structures achieved at DRA were measured by uniaxial tensile tests with 
applied strain rate of 10− 3 s− 1. The true stress-strain curves are plotted 
in Fig. 5(a). Obviously, the yield strength (YS) and ultimate tensile 
strength (UTS) of the as received 301LN with the coarse-grained struc-
ture are significantly lower than those of the DRA structures. For 
instance, whereas the YS of the CG 301LN is 400 MPa, the DRA struc-
tures at T750–0, T800–1 and T900-1 displayed superior strengthening 
with YS of 1030, 950 and 700 MPa, respectively. 

A striking feature is the appearance of a discontinuous yielding 
behavior with large Lüders band propagation LBP in the flow curves of 
DRA structures at T750–0 and T800-1, followed by a pronounced strain 
hardening stage. Similar behavior has been reported in case of ultra-fine 
grained austenitic-ferritic [22] and fully austenitic TRIP steels [23]. This 
observation in the latter work has been mainly attributed to the 
dislocation-lack yielding. In other words, the initially low dislocation 
density of the alloy as well as the pinning of dislocations both by the 
solute atoms and by the possibly present Chromium carbide precipitates 
leads to an initial increase of yield stress after which rapid dislocation 
multiplication reduces the flow stress and then a Lüders plateau with 
slight strain hardening is observed. 

The mechanical properties extracted from the stress–strain data are 
shown as a function of the DRA temperature-time in Fig. 5(b). The 
mechanical properties of the structures processed with DRA are com-
parable with those of SRA grain structures. It is interesting to observe 
that the YS and UTS along with the ductility of the new DRA structures 
displayed higher values than those the corresponding SRA structures. 
This is attributed to the active deformation mechanism in NG/UFG 
structures. Misra et al. [24,25] reported the formation of nanotwins in 
the NG/UFG structure of the present steel processed by SRA. With 
proceeding the deformation strain, a high density of twins is promoted. 
Furthermore, they observed extended dislocations and short stacking 
faults were emitted from the grain boundaries of nano-sized grains. 
These strain-induced microstructural features, nanotwins and stackings 
faults, in the NG/UFG structure contribute to enhancing 

Fig. 4. XRD patterns of the double revision structures 301LN at different 
temperatures. 

Table 2 
XRD analysis results of DRA microstructures at different temperatures/ 
durations.  

Structure Austenite Martensite, % 

As-received structure 95.8 4.2 
DRA T750–0.1 96.4 3.6 
DRA T800-1 98.4 2 
DRA T900-1 98.9 1.1  
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strain-hardening rate and excellent ductility of NG/UFG structures 
achieved by DRA. 

3.3. Erichsen cupping tests 

A series of Erichsen cupping tests were conducted at a low punching 
speed of 0.5 mm/min, a quasi-static testing, until failure at the cup 
dome. In practical applications, the formability of material is related to 
its YS. Since, a progress in steel development in terms of higher strength 
always results in lower ductility at fracture thus limiting their form-
ability, i.e., the higher YS the lower formability is promoted. Thus, the 
measured EI values are plotted as a function of the YS of the DRA 
structures in Fig. 6. It can be seen that the EI values of the DRA structures 
have small variation. An interesting observation is that although the YS 

of the DRA structure at T800-1 is more than two times than that of the 
commercial 301LN (950/400–2.4), the formability of the DRA structure 
is perfectly in line with the acceptable formability of steel in industry. 
Since, the EI of the CS 301LN and DRA T800-1 are 13.6 and 12.6, 
respectively. This result indicates that the achieved structures obtained 
by DRA processing, which have superior strengths in uniaxial tensile 
deformation, can be greatly formed in multiaxial deformation with high 
formability. 

For comparison, the refence EI values of high-Mn TWIP steels, low- 
alloy TRIP steels, 304 stainless steel, DP600 steel, and IF steel are 
inserted in Fig. 6. It can be observed that the DRA structures displayed 
EIs equivalent to those of TWIP and 304 steels that have significant 
lower strength comparing with the DRA structures. Similarly, the DRA 
exhibited superior combination of strength and formability than those of 
TRIP steels. 

The ultra-high strength steel (UHSS) grades are necessary for light-
weight structural applications. Meanwhile, UHSS offers high restrictions 
and restrains design possibilities during manufacturing processes due to 
the low stretch formability. It is apparent from the results in the present 
work that a new class of material can be fabricated by DRA process to 
enhance UHS sheet material with outstanding combination of strength 
and formability. 

The strain across the thickness of the Erichsen deformed specimens 
have been measured at different regions. The results are shown in 
Table 3. 

3.4. Microstructural evolution in stretch formability 

The EBSD micrographs of the commercial CG 301LN steel after 
Erichsen testing are shown in Fig. 7a–c. It is observed from EBSD-image 
quality (IQ) map (Fig. 7(a)) that highly strained regions inside the 
grains, highlighted by yellow circles, are promoted due to inducing 
dislocation sub-structures after the stretch formability deformation. In 
the literature, the most significant feature of uniaxial deformation of CG 
301LN is shear bands [31,32]. Since, the strain field of these bands is 
significantly high due to the high density of dislocations, the martensitic 
transformation is induced in these bands. The grain boundaries are also 

Fig. 5. (a) True stress-strain curves at room temperature of DRA 301LN with different grain structures obtained at different reversion annealing temperature and 
time, and (b) mechanical properties extracted from the engineering stress-strain data: yield strength (YS), ultimate tensile strength (TS) and Uniform elongation (EL.). 
Data of single reversion (SA) 301LN at the same temperature and time are taken from Ref. [2]. 

Fig. 6. Dependence of Erichsen index (EI) on YS of the DRA 301LN structures. 
For comparison, EI values of high-Mn TWIP steels are taken from Refs. [26,27], 
EI values of 304 stainless steel are taken from Ref. [28], EI values of low-alloy 
TRIP steels are taken from Ref. [29], EI value of DP600 steel is taken from 
Ref. [30]. and EI value of IF steel is taken from Ref. [27]. 

Table 3 
Variation of the thickness strain along the cups drawn at 0.5 mm/min. 
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highly strained. Hamada et al. [26] found that the deformation strain is 
localized on the grain boundaries of TWIP steels during biaxial defor-
mation of Erichsen testing. The phase map in Fig. 7(b) revealed that the 
martensitic transformation is activated under multiaxial deformation in 
Erichsen testing. Hence, the austenitic structure of the CG 301LN steel 
was dominantly transformed to α′-martensite, about 97.7%. 

It is well established that the local variations in the internal plastic 
strains, which show the lattice distortions during Erichsen deformation, 
is measured from the local misorientations within crystalline lattices 
through KAM method [33]. This can reflect the amount of dislocation 
density caused by plastic deformation in stretch formability punching. It 
can be seen from the KAM map of the deformed microstructure in Fig 7 
(c) that strain is mainly localized in the grain boundaries. It can be 
further observed from the KAM map of the CG 301LN that the intensity 

of local misorientations is not uniform and the grains are not deformed 
to the same extent. Since, some portions in the deformed microstructure 
are free from deformations of local strain accumulation, highlighted by 
arrows. 

Similarly, the IQ map of the DRA T800-1 after multiaxial deforma-
tion reveals nanograins and few coarse grains, as shown in Fig. 8(a). The 
corresponding phase map reveals that the nanograins boundares are 
favorbale sites for initiation of martensite transformation. Since, the 
deformed structure is fully transformed to maternsite, as shown in Fig. 8 
(b). This is confirmed from the KAM map in Fig. 8(c). It is observed that 
local misorientations are extened to be more obvious on the whole 
structure showing the strain localization along the grain boundary. This 
further indicates the homogeneous deformation process in the DRA 
structure, which comfirms the homogenity in the achieved 

Fig. 7. Microstructure evolution of the CG 301LN after stretch formability deformation by Erichsen test at EI = : (a) EBSD-IQ map, (b) EBSD-phase map, and (c) the 
corrosponding KAM map of (a). 

Fig. 8. Microstructure evolution of the DRA structure (T800-1) after stretch formability deformation by Erichsen test at EI = : (a) EBSD-IQ map, (b) EBSD-phase map, 
and (c) the corrosponding KAM map of (a). 

Fig. 9. (a) The average KAM values of the commercial 301LN and DRA T800-1 structure deformed under Erichsen testing, and (b) XRD patterns of the corre-
sponding structures. 
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microstruture by DRA processing. 
The average KAM values of the previous structres at KAM angles 

ranging from 0 to 5◦ are shown in Fig. 9(a). As evident, the domain of the 
KAM values of the DRA T800-1 depicted a higher local misorientatrions 
indicating a high change in the internal plastic strain of the DRA T800-1. 

Furthermore, in order to quantify dislocation density of Erichsen 
deformed CG-LS and UFG-LS specimens, average crystallite size and 
lattice strain were first estimated by the W–H method considering 
average peak broadening of four martensite peaks and the dislocation 
density (ρd) estimated from the following equation [34] using the 
average crystallite size (D) and micro-strain (ε) as follows: 

ρd = 2
̅̅̅
3

√ (
ε2)1

2
/

Db (1)  

where, b is the Burgers vector. For BCC α-ferrite,b = a
̅̅̅
3

√ /2, where a =
0.28664 nm [35]. The detailed values of crystallite size, micro-strain 
and dislocation density are summarized Table 4. The calculated 
micro-strain of Erichsen deformed UFG-LS found to be relatively higher 
than CG-LS specimen. This is further corroborated with the calculated 
dislocation density. Accumulation of relatively large amount of 

micro-strain in UFG-LS specimen yield relatively high fraction of strain 
induced martensite transformation from austenite. 

3.5. Deformation profile during erichsen testing (FEM) 

Distribution of Von-Mises strain at the end of Erichsen tests on 301 
LN and T800-1 specimens are presented in Fig. 10. A definitely more 
uniform distribution of strain is observed in the LN specimen. However, 
steep strain gradient is obvious in the other specimen. For instance, the 
maximum von-mises strain in the contour of T800-1 specimen is about 
70% larger than that in the LN specimen at the same value of punch 
stroke. This is related to the higher strain hardening capability of the LN 
specimen especially at quasi static condition. In this regard, the defor-
mation of the sheet in the shoulder region significantly increases the 
flow stress. As the result, thinning of the sheet is limited in the ongoing 
deformation. 

In order to further survey the distribution of strain in the deformed 
cups of 301 LN and T800-1 specimens, the longitudinal and through 
thickness strain components along the centre-line of the metal strips 
were plotted for various punch stroke values (Fig. 11). The thickness 
strains calculated by FEM analyses at the end of the deformation are in 
acceptable agreement with the experimental measurements presented in 
Table 1 except for the MSW strain in the 301 LN specimen which is 
larger than that calculated numerically. As can be seen both from 
Table 1 and Fig. 11, the values of strain in the sidewalls of 301 LN are 
close to the values in the THD zone. However, in case of T800-1, the 
strain values in the centre zone of the dome are more than twice that of 
the sidewalls. The same trend is also observed for the stretching (lon-
gitudinal) strain component in the two specimens. However, this 
observation is only for the final steps of the deformation while for 
smaller strokes, a relatively uniform distribution of strain is also seen for 
the T800-1 specimen. The localization of deformation at larger strains in 
the T800-1 specimen can be related to its definitely lower strain 

Table 4 
Quantitative microstructural features, i.e., phase fractions, micro-strain, crys-
tallite size, and dislocation density of the Erichsen deformed CG-LS and UFG-LS 
specimens.  

Structure Austenite 
% 

Martensite 
% 

Micro- 
Strain ( 
× 10− 3) 

Crystallite 
size (nm) 

Dislocation 
density ( ×
1014 m− 2) 

CG at LS 2.3 97.7 1.5 ±
0.3 

93 ± 5 2.2 ± 0.2 

UFG at 
LS 

1.0 99.0 2.7 ±
0.5 

69 ± 3 5.5 ± 0.3  

Fig. 10. Contours of Von-Mises equivalent strain at the end of Erichsen tests on (a) 301 LN, and (b) T800-1 specimens.  

Fig. 11. The longitudinal and thickness strain components along the longitudinal centre-line of Erichsen strip specimens of (a) 301 LN and (b) T800-1.  
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hardening capability which resulted to its lower EI value. 

4. Conclusions 

The present work aims to develop a new processing route to fabricate 
a new class material with an outstanding combination of strength and 
formability through double reversion annealing (DRA) processing. DRA 
was applied in two subsequent deformation stages with fast-heating 
annealing of a heavy cold deformed metastable austenitic 301LN 
stainless steel. The most relevant results of the present work concerning 
the achieved grain structure by DRA and related mechanical propertiess 
can be briefly summarized as follows:  

1. Nanosized grain structures with an average grain sizes of ~0.48, 
~0.53 and ~0.75 μm were achieved after two times cold reductions 
(~53% and 63%) followed by initial annealing at 690 ◦C/60s and 
secondary annealing at 750 ◦C/0.1s, 800 ◦C/1s and 900 ◦C/1s, 
respectively.  

2. The mechanical properties i.e., YS, UTS and ductility of the DRA 
structures are found remarkably higher than that of the structures 
produced by single reversion annealing process. A superior combi-
nation of yield (~1030 MPa) and tensile strengths (1240 MPa) and 
ductility (36 pct) obtained after DRA at 690 ◦C for 60s and 750 ◦C for 
0.1s of heavily deformed structure.  

3. Interestingly, the DRA structures exhibit high stretch formability 
even though the ultra-high strength level. The stretch formability, 
indexed by EI, of the DRA structure are comparative with those of 
low strength high-Mn TWIP steels and significantly higher than TRIP 
and DP steels.  

4. The strain profiles calculated by FEM analyses for 301 LN and T800-1 
specimens were in acceptable agreement with the experimental 
measurements. As suggested by Von-Mises strain contours as well as 
the strain components plotted for various amounts of punch stroke, 
with the progress of deformation, strain localization occurred in 
T800-1 specimen resulting in about twice strain values at the end of 
deformation. However, definitely more uniform deformation was 
observed in 301 LN until the end of the deformation. This could be 
ascribed to higher strain hardening rate in the latter specimen. 
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