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Abstract: Strength properties of annealed austenitic stainless steels are relatively low and therefore
improvements are desired for constructional applications. The reversion of deformation induced
martensite to fine-grained austenite has been found to be an efficient method to increase significantly
the yield strength of metastable austenitic stainless steels without impairing much their ductility.
Research has been conducted during thirty years in many research groups so that the features of the
reversion process and enhanced properties are reported in numerous papers. This review covers
the main variables and phenomena during the reversion processing and lists the static and dynamic
mechanical properties obtained in laboratory experiments, highlighting them to exceed those of
temper rolled sheets. Moreover, formability, weldability and corrosion resistant aspects are discussed
and finally the advantage of refined grain structure for medical applications is stated. The reversion
process has been utilized industrially in a very limited extent, but apparently, it could provide a
feasible processing route for strengthened austenitic stainless steels.

Keywords: metastable austenitic stainless steel; cold rolling; annealing; reversion; grain size;
mechanical properties; fatigue; corrosion; medical applications

1. Background

Austenitic stainless steels (ASSs) are potential candidates for structural parts in transportation and
construction industries due to their excellent formability, work hardening capability and weldability,
together with good corrosion resistance. However, their yield strength (YS) is generally low, for instance
for the EN 1.4301/AISI 304 around 210-230 MPa and 330-350 MPa for EN 1.4318/AISI 301LN grade [1],
which limits their use for structural applications. (For the ASSs grades, AISI codes will be used
hereafter as commonly in the literature). Many grades are, however, metastable at room temperature,
which means that the austenite phase transforms to martensite during cold working, so that their
work hardening capability and ductility can be utilized to improve the strength by cold deformation
(the temper rolling process). As an example, the strengthened condition +C1000 with the minimum
proof strength (Rpo.2) of 700 MPa [2] can be achieved by about a 20% cold rolling thickness reduction
for 304 and 301LN ASSs, with some loss of elongation. However, the disadvantage of strengthening by
temper rolling is the formation of anisotropy in mechanical properties, the strength being different
in different directions relative to the rolling direction [3,4]. Moreover, lowest values are obtained in
compression tests parallel to the rolling direction [3]. The cold rolling tends also to impair the corrosion
resistance of ASSs [5-7].

The strength of ASSs can also be increased by nitrogen alloying, and the processing and properties
of high-nitrogen steels have been investigated extensively, e.g., [8,9]. However, in conventional
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processing of Cr-Ni alloys, the limit of nitrogen solubility is low and problems with the hot ductility
may also appear with increased nitrogen content [4]. Hence, other strengthening methods are desirable.

Grain size (GS) refinement is an effective method for increasing the static strength properties
of metals and alloys (the Hall-Petch relationship) and also their fatigue performance, especially in
the high-cycle fatigue (HCF) regime. The GS of commercial ASSs is typically larger than 10 pm.
Even though the impact of GS on strength is not so high in ASSs as in ferritic steels, it has been shown
in a large number of papers that the refinement of GS can provide significant improvement in the YS of
austenite, e.g., [10-29]. The traditional hot rolling process or cold rolling and recrystallization annealing
are not effective for refining the GS of the austenite phase, although GS of 2 um has been obtained by
using warm rolling and annealing [30]. The role of dynamic recrystallization in GS refinement in ASSs
has been reviewed by Zhao and Jiang [31], but it is not very efficient due to high temperatures required.
However, the reversion treatment, in which deformation-induced o’-martensite (DIM) transforms
back to austenite has been shown to refine the austenite GS to submicron size, resulting in excellent
combinations of YS and tensile elongation (TE), as reported in numerous studies during the last
30 years.

The martensite to austenite reversion process in austenitic Cr-Ni steels was already studied in the
1970s and 1980s [32-37], but it continued comprehensively in Japan in early 1990s, e.g., [38—40] and
later in many groups in various countries, e.g., [10-21,30,41-79]. The studies in Finland, starting in
2004, as supported by a Finnish stainless-steel company and in collaboration with two research groups
in USA and one in the Czech Republic, may be mentioned separately [22-29,80-103]. In laboratory
studies, the reversion process has been applied to several commercial Cr-Mn and Cr-Ni steel grades
such as 201, 201L, 204Cu, 301, 301LN, 304, 304L (see later in Section 5.1).

As the reversion process is carried out simply using cold rolling and annealing, it seems
more appropriate for bulk production of large-sized sheets and has more potential for actual
applications than numerous other severe plastic deformation techniques applied to GS refinement.
However, despite extensive academic research work, as far as the present authors know, there only exist
a couple of industrial companies utilizing the reversion-treatment for ASSs. In Japan, Nano grains Co.
Ltd (Komatsuseiki Kosakusho Co., Ltd.) produces grain-refined 304, 316 and 301 foils (thickness range
80-300 um), with the GS finer than 1 pm, using repeated reversion treatment [104]. Especially the
enhanced properties of micro-scale cutting and hole piercing are utilized in the manufacturing of
orifices for electronic fuel injection [105-107]. Nippon Steel & Sumitomo Metal company lists in its
product catalogue fine-grained 304 (SUS304 BA19) and 301L (NSSMC-NAR-301L BA1) grades: thin
sheets, strips and foils (0.08-0.6 mm) having both high strength, ductility and formability and smooth
formed surface due to refinement of GS [108,109]. The feasibility of the process for an industrial
manufacturing using a continuous annealing line has been demonstrated in one laboratory study [12].
In recent studies by Jarvenpéi et al. [87], a pilot induction heating line has been employed to simulate
industrial conditions in reversion annealing of the 301LN grade.

In order to highlight the advantages of grain-refined ASSs, in the present paper, the main
process variables and their influences in the reversion-treatment are introduced, and the state of the
art of mechanical properties of reversion-treated, fine-grained ASSs are reviewed. The formability,
weldability, corrosion properties and medical applications are also included in this survey. A short
overview of the state of the research on the reversion process has recently been published as a conference
paper [103], but the present review is much more comprehensive than that.

2. Cold Rolling Stage

The first stage of the reversion treatment is cold rolling of an ASS sheet to obtain DIM, which can
be reversed to fine-grained austenite in the subsequent annealing stage. In the following, we point
out the different stability of the austenite in different ASSs towards transforming to martensite,
depending mainly on the chemical composition of the steel. Some commercial ASS grades will be
compared. The degree of cold rolling reduction is a factor affecting the fraction of DIM created,
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and in industrial rolling, it cannot very high. Therefore, only partial transformation of austenite
to DIM can happen affecting the microstructure obtained in the annealing stage. Further, the DIM
forming gradually will be inevitably deformed to different degrees, which also has an influence on
microstructure heterogeneity and thereby on the mechanical properties.

The reversion heat treatment for ASSs consisting of the cold rolling and annealing stages is
schematically presented in Figure 1. A metastable ASS must first be cold worked to transform the
austenite to DIM and deform it. There is often some hexagonal e-martensite formed as well, but its
fraction and contribution are minor in the reversion process, so that much attention has not been
paid on that phase. Highly-deformed cell-type DIM is preferable for a source of a large number of
nucleation sites for new austenite grains to attain the desired highly-refined GS in the subsequent
reversion annealing [38—40]. If the total cold-rolling reduction is small, the transformation of austenite
to DIM tends to remain partial and coarse-grained deformed austenite (DA) grains are retained in the
structure. Furthermore, the lath-type, slightly deformed DIM reverses into austenite with coarser GS.
Accordingly, very high cold rolling reductions of 90% to 95% were recommended originally and applied
in numerous studies, e.g., [14,15,17,19,20,39,40], which can, however, be impractical in industry.
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Figure 1. Reversion treatment of a metastable austenitic stainless-steel consisting of cold rolling and
annealing stages. Important variables have been designated.

The austenite thermal stability has been discussed by Lo et al. [110] in their extensive review
on ASSs, listing numerous Equations for the chemical compositional dependence of M temperature,
for instance. The mechanical stability, the susceptibility of austenite to DIM formation, is mainly
affected by the chemical composition of the steel and its GS, but also GS distribution, grain morphology
and orientation as well as deformation conditions (stress state, temperature, pass strains, strain rate,
etc.) have their influence [111,112]. Das et al. [113] have collected a very extensive literature data
and developed a neural network model to predict the amount of DIM formation with its influencing
parameters in a variety of ASSs. Mechanical driving force (stress) and temperature were found to
have high significance, while concerning uniaxial tensile testing conditions. Regarding GS refinement,
highly metastable grades are favored, and according to Tomimura et al. [38], the Ni equivalent
(Ni + 0.35Cr) < 16.0% (all compositions are in mass %) is required to transform more than 90% of
austenite to DIM during 90% cold rolling at room temperature (RT).

The Nohara equation (Equation (1)), defining the temperature at which the amount of 50% DIM
is transformed from austenite through cold deformation of 0.30 true strain, is commonly used for
evaluation of the mechanical stability of austenite in rolling [114]. It shows that all alloying elements
decrease the stability, though with varying power.

Mgzo (°C) = 552 — 462(C + N) — 9.2Si — 8.1Mn — 13.7Cr — 29(Ni + Cu) — 18.5Mo — 68Nb — 1.42(GS - 8) (1)
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Here the alloying elements are in mass % and GS is in ASTM unit. The Mg3 temperature is around
2040 °C for 301LN, whereas lower for 304 (examples in Table 1). From Equation (1), it is also seen that
during deformation Ni stabilizes austenite more than Mn does, which is contrary to that concerning
thermodynamic austenite stability [115]. Refining the GS also increases the stability, as reported in
numerous studies, e.g., [46,75,114]. In repeated reversion treatments, to be discussed shortly later, this
means that in subsequent cold rolling stages, the DIM formation becomes reduced [21]. The relationship
between austenite GS and its stability under tensile and fatigue loading will be discussed later in
Section 5.

In addition to alloying adjustments, another method to enhance the DIM transformation is rolling
at lowered temperatures, the technique which has been applied to 304/304L and 316L grades in
particular [10,41,66,116-120].

To give examples, the DIM fractions formed during cold rolling for some Cr-Mn and Cr-Ni ASSs
(the exact chemical compositions are listed in Table 1; concentrations are always in mass %) are plotted
as a function of the cold rolling thickness reduction in Figure 2. They show that in the 304/304L grade,
only a small fraction of DIM can be obtained at RT [20,121]. After a 90% cold rolling reduction, Di
Schino et al. [11] obtained 35% and Ravi Kumar et al. [54] 43% of DIM. However, at 0 °C, in experiments
performed by Forouzan et al. [14], about 55% DIM was formed by a 30% cold rolling reduction in a 304
ASS (Mg30 = 13 °C), and even a completely martensitic structure could be obtained after 60% reduction.
In a 301LN ASS (Mg3g = 23-27 °C) in order to achieve a fully martensitic structure, a cold rolling
reduction of about 60% is required [23,29,102], but for 201 and 201L grades, the reduction of 40% can
be enough for that [15,16,67]. However, it must be noted that for this higher metastability of 201/201L
ASSs, the nitrogen content must be low, for in experiments performed by Kisko et al. [28,83,101] and
Hamada et al. [80] using the 201 grade with 0.052%C and 0.245%N, the DIM fraction obtained was
only 30% after 60% cold rolling reduction. Hence, the exact chemical composition can greatly affect the
mechanical stability which can vary within an ASS grade, requiring attention. As seen from Figure 2,
if single pass reductions are high, adiabatic heating tends to reduce markedly the extent of DIM
formed [4,77].
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Figure 2. Examples of increase of the deformation-induced martensite fraction during cold rolling
deformation in 201/201L, 304/304L and 301LN grades. The chemical compositions of the steels are in
Table 1.

Mirzadeh and Najafizadeh [122] have modeled by means of an artificial neural network the effect
of the cold working temperature, amount of deformation, strain rate and initial austenite GS on the
volume fraction of DIM in a 301LN ASS. The appropriate grain refining zone can be determined
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using this model. The martensite content is increased when the degree of deformation is high or the
deformation temperature is low. Moreover, by increasing the strain rate and the ASTM GS number
(i.e., refining the GS), the amount of DIM is reduced.

Table 1. Chemical compositions and Mds, temperatures for Austenitic stainless steels (ASSs) in Figure 2.

Grade C Si Mn Cr Ni Mo N \Y PN Ref.
201 0.080 0.54 5.90 16.60 3.70 0.11 0.040 [15]
201 0.024 0.38 7.02 17.06 4.07 0.04 0.164 [77]
201L 0.027 0.51 5.91 16.20 3.88 0.08 0.040 [67]
301LN 0.017 0.52 1.29 17.30 6.50 0.15 0.150 27 [23]
301LN 0.025 0.53 1.25 17.50 6.50 0.09 0.150 23 [29]
301LN 0.024 0.54 1.22 17.80 6.40 0.133 28 [4]
304 0.040 0.34 1.15 18.06 8.33 0.05 0.048 6.2 [123]
304 0.060 0.02 0.33 18.40 8.60 0.06 0.024 9.6 [11]
304 0.065 0.48 1.35 18.20 8.37 0.046 -6.7 [121]
304L 0.021 0.56 1.37 18.44 9.38 0.038 -16 [121]
304L 0.027 0.43 1.58 18.20 8.22 0.35 13 [14]
304L 0.020 0.30 1.50 18.60 10.10 0.020 -29 [54]

Concerning the actual deformation degree experienced by DIM during cold rolling, it is important
to realize that the DIM formation proceeds gradually, as seen in Figure 2. This means that at low rolling
reductions, a significant fraction of the formed DIM remains inevitably only “slightly-deformed” and the
resultant lath martensite plays a significant role in the microstructure evolution. In industrial practice,
however, heavy cold rolling or complex processing routes are not desired. Promisingly, for instance for
a 301LN ASS, cold rolling reductions as low as 35% to 52% seem to result in excellent strength-ductility
combinations (see Table 2 in Section 5.1), even though the GS refinement is not most efficient and the
GS obtained is not uniform [23,29]. Even very low reductions such as 10% to 40% have been reported
to reduce significantly the average GS in 301LN during complete reversion [60,64].

The stability of austenite under tensile deformation will be further discussed in Section 5. It can
be mentioned here that Ahmedabadi et al. [124] have recently modelled the DIM formation (f,’) during
cold rolling of a 304 ASS using a sigmoidal logistic equation, Equation (2):

B 2
1+ exp[—B(e —em)]

Jar @)

In the equation, the parameter f; is the maximum value of a given “S”-curve, &, is the abscissa
of the mid-point of a given sigmoid, and ¢ is deformation strain. The parameter 8 represents the
steepness of the curve. The fitting parameters for the model can be correlated to physical parameters
associated with the austenite to DIM transformation. This model eliminates the limitations present in
the previous models, as discussed. Importantly it shows that it is not always possible to completely
transform austenite into martensite, which means that the DA affects the microstructure evolution in
reversion annealing.

3. Reversion Annealing

During the annealing stage of the cold-rolled ASS sheet containing DIM, the reversion of DIM back
to austenite can take place, refining the GS and enhancing the mechanical properties. There are two
reversion mechanisms, shear and diffusional ones, the type depending on the chemical composition of
the steel, heating rate and annealing temperature but hardly on the degree of cold rolling reduction.
In this chapter, we first discuss the type and kinetics of the reversion in various Cr-Ni type ASSs and
the factors affecting them. This section is followed by the discussion on the temperature range suitable
for the reversion treatment, accounting for the different reversion mechanism. It can be noticed that
certain typical temperatures (600-1000 °C) have been applied in experiments for commercial Cr-Ni
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and Cr-Mn ASSs, and the duration of annealing can be selected to be very short (less than 1 s) or even
hours, highlighting the flexibility of the process.

3.1. Reversion Mechanism

In metastable ASSs, DIM reverses back to austenite during continuous heating or isothermal
annealing at an appropriate temperature regime. Reversion of martensite to austenite is a phenomenon
also taking place during intercritical annealing in low carbon martensitic stainless steels [125] and
medium-Mn steels, e.g., [126]. A variety of experimental methods have been employed to study
both martensitic transformation and DIM reversion in ASSs, e.g., microscopic methods, dilatometry,
calorimetry, X-ray diffraction (both postmortem and in situ), internal friction, various magnetic,
positron annihilation or hardness/mechanical properties measurements [127-132]. A small amount
of e-martensite can form in some ASSs at small deformation degrees, and it reverses at much lower
temperatures than o -martensite does (see e.g., [63]). Singh [37] reported that the e-martensite was
stable up to 200 °C, and according to Santos and Andrade [128], it reverses in the temperature range
50-200 °C and between 150400 °C according to Dryzek et al. [129]. Very recently a latent strengthening
mechanism, bake hardening without interstitials, due to the reversion of ¢-martensite, has been
reported in a metastable FCC high entropy alloy by Wei et al. [133]. Annealing for 20 min at 200 °C
was enough for complete reversion accomplished by a shear-assisted displacive mechanism.

The reversion of &’-martensite (i.e., DIM) to austenite can occur by two different mechanisms,
a diffusionless shear or diffusion-controlled one, as reported already in 1967 by Guy et al. [36];
see also [39,45]. Guy et al. observed that austenite with mechanical twins formed first from martensite
in 18Cr-8Ni and 18Cr-12Ni steels, which then recovered to a subgrain structure. Concerning the GS
refinement, both reversion mechanisms can readily lead to a micron-scale GS, though in principle the
diffusional reversion is more efficient [38]. In Fe-Cr-Ni ternary alloys, in the first stage, the shear phase
reversion results in austenite which contains traces of prior «’-martensite morphology, the same grain
boundaries as those of original austenite and a high density of defects. After the fast transformation,
defect-free austenite subgrains are formed which coalesce to a structure resembling recrystallized
structure [38,39]. An example of the formation of dislocation free grains from subgrains is shown in
Figure 3a. On the contrary, the diffusional reversion is characterized by the nucleation and growth
of randomly oriented equiaxed austenite grains; the result is shown in Figure 3b. The nucleation
occurs on the cell or lath boundaries of the deformed DIM, and austenitic grains grow in size with time
but can stay in a nanometer or submicron range. Secondary phase precipitates can also form in the
course of the reversion, for instance nano-size chromium nitrides in 301LN [22,26,89] (Figure 3c,d) and
carbides in 301 [130,134,135].

The chemical composition of the steel and annealing temperature are two important variables
affecting the type of the reversion mechanism [23,39]. Tomimura and co-workers [39] reported that the
reverse transformation of martensite to austenite occurs by diffusionless mechanism in metastable
Fe—Cr-Ni ternary alloys with the high ratio of Ni to Cr (about >0.6), whereas the diffusive reverse
transformation happens at the low ratio of Ni to Cr (such as <0.5). Somani et al. [23] proposed a
model to predict the reversion type based on the chemical composition of the steel, adopting the
Cr- and Ni-equivalents including some other elements in addition to Cr and Ni. Using this model,
for instance, an AISI 301 reverses by the shear mechanisms above 670 °C, whereas a 301LN grade
exhibits diffusion-driven transformation [23], controlled by the fast diffusion of interstitial nitrogen
atoms [136]. This model has also been used by Misra et al. [88]. Shirdel et al. [70] adopted different
equivalents including microalloy elements as predicting the reversion mechanism for a 304L steel.
According to that prediction, the shear mechanism is possible above 783 °C. Based on microstructure
features, the diffusion-controlled mechanism was the dominant one at the temperature range of
600-650 °C, and the shear reversion mechanism might be operative at temperatures higher than 750 °C.
Sun et al. [137] reported diffusional reversion for a 304 ASS after a 85% cold rolling reduction and
annealing at 550-650 °C at a low heating rate of 10 °C/s based on model predictions and observed



Metals 2020, 10, 281 7 of 43

time-dependence of the reversion at 650 °C. However, Cios et al. [132] showed by the transmission
Kikuchi diffraction measurements that the reverse transformation proceeded in a 304 ASS through a
diffusionless mechanism.

Figure 3. Reversion in 301LN ASS occurred by the shear reversion (a), where dislocation free grains are
formed by continuous recrystallization (arrows pointing out such subgrains) [29], diffusional reversion (b)
(reproduced from [84], with permission from Elsevier, 2017) and diffusional reversion with chromium
nitride precipitation (c,d) (reproduced from [22], with permission from Springer Nature, 2007).

For a 301 ASS, microstructural observations of Johannsen et al. [135] indicated that it underwent a
diffusional reversion from martensite to austenite in all annealed samples (90% cold rolled; heating rate
100 °C/min; annealed at 600-900 °C for 30 min) except when annealed at 800 °C and possibly at 850 °C
while a shear reversion mechanism seemed to be active. Knutsson et al. [130] found that the diffusional
reversion started at about 450 °C and the shear reversion at higher temperatures of 600 °C. In addition,
carbo-nitride precipitation was observed for samples heat treated at these temperatures, which led
to an increasing Ms-temperature and new «’-martensite formation upon cooling. They applied cold
rolling reductions between 23% to 60%, but this did not affect the reversion rate.

Consistently with the above observations, Somani et al. [23] and Misra et al. [88] showed for a
301ASS that the shear transformation had occurred in the course of heating at a high rate of 200 °C/s or
during annealing at temperatures around 800 and 900 °C. However, at 700 °C the reversion kinetics
was clearly time dependent, i.e., the reversion was presumably diffusion controlled there (as mentioned
above, the model developed predicted the start temperature of austenite formation As = 670 °C for
the shear transformation [23]). The continuous recrystallization of the shear-reversed austenite or
the recrystallization of DA grains requires a higher temperature than the reversion itself does or it is
slower than the martensitic reversion [121,138,139]. In a 301 grade, for the recrystallization that refines
the GS following the shear reversion within few seconds, the temperature of 900 °C has been found
feasible [23]. According to Sun et al. [140], in an 80% cold-rolled 304 ASS, the shear reversion took
1 min at 750 °C, while the recrystallization of DA grains required 15 min.

Yagodzinskyy et al. [134] investigated microstructural changes in 70% cold-rolled ASSs 301 and
301LN, containing 0.10% C and 0.16% N respectively, under slow linear heating at a rate of 15 °C/min
and found the precipitation of carbides and nitrides respectively at martensite laths interfaces in the 301
steel and martensite/austenite interfaces in the 301LN steel. The start of reversion was at 550 and 500 °C
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in these steels, respectively. In the 301, the reversion was diffusion controlled at 600 °C, but there was

also 30% retained austenite after the cold rolling, and stripes of «’-martensite formed recurrently in the

retained austenite by a mechanism which seemed to be shear. The bimodal grain structure with the

1 pm average GS was formed after recrystallization at 700-800 °C. In contrast, the new austenite grains

grew continuously in the 301LN under diffusion control and a uniform GS of 0.35 pm was obtained.

On the other hand, the start As and finish A¢ temperatures for the diffusional reversion depend on

both the heating rate and chemical composition of the steel. The effect of heating rate was already
investigated in Fe-Ni-C alloys by Apple and Kraus in 1972, who observed the shear mechanism at
high heating rates and diffusional at low heating rates [141]. The diffusional reversion proceeds
more rapidly with increasing annealing temperature, and the A¢ temperature depends on soaking
time. The transformation kinetics from martensite to austenite has been modelled in a 301LN ASS by
Rajasekhara and Ferreira and found to be controlled by the diffusion of nitrogen [136]. Sun et al. [142]
reported diffusional reversion for the 304 ASS (Ni/Cr = 0.49) after a 93% cold rolling reduction and
annealing at 650-700 °C at a low heating rate of 10 °C/s. Tomimura et al. [39] found that the reversion
was diffusional at 652 °C in an 18Cr-9Ni alloy (Ni/Cr = 0.5) in spite of a high heating rate of 300 °C/s.
Somani et al. [23,80], Kisko et al. [27,28,81-83] and Jarvenpé4 et al. [84-87] have used a high heating

rate of 200 °C/s in their experiments. They found that in 301LN (Ni/Cr = 0.4), the diffusion-controlled
reversion started, depending on prior cold rolling reduction, around 650-700 °C and was completed
within few seconds at 750-800 °C. Examples of the influence of cold rolling degree on the reversion
kinetics in a 301LN ASS are illustrated in Figure 4, where also the data of Takaki et al. [40] for an
18Cr-8.5Ni steel is included. A higher reduction results in faster reversion. The diffusional reversion is
fast at 750 °C and above in both steels being completed within 100 s even after 45% cold rolling reduction.

= 100 - N 10 T 9
.? ] .T 301LN ®e o 080 8 v
e ] o . o
o801 — 80 o« ® e
p=i 71 18cr-8.5Ni =
T X % 0 0©
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Figure 4. The effect of prior cold rolling reduction and annealing parameters on the reversion kinetics:
Annealing temperature (a) and soaking time at 700 °C (b). Data collected from References [23,40] (a)
and [23,26,88] (b). Legend: Reduction (%CR), annealing temperature (°C) and time (s).

However, under certain conditions, both the shear and diffusional reversion mechanisms seem
to be active in a 301LN [84,102] and also in a 204Cu [82,101]. Guy et al. [35] found that in 18Cr-8Ni
and 18Cr-12Ni ASSs the reverse transformation can proceed by both processes depending upon the
heating time and temperature. Lee et al. [45] reported that in a 11Cr-9Ni-7Mn steel both mechanisms
can occur sequentially, the diffusionless reverse transformation during continuous heating followed by
the diffusive reverse transformation during the isothermal holding. Similarly, Knutsson et al. [130]
pointed out that in a 301 ASS, the shear reversion only reverses 90% to 98% of the martensite, and a
complete reversion can only be achieved by diffusional reversion for long holding times. According to
Shakhova et al. [62], in S304H (18Cr-8Ni-2Cu-Nb) ASS after very severe caliber rolling to a total strain
of 4, both reversion mechanisms were found to take place in annealing at 600-700 °C. The appearance
of equiaxed austenite grains suggested diffusive reversion, while the elongated grains were signs of

shear reversion. The latter was also indicated by the rather high dislocation density remained in the
annealed microstructure.
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3.2. Temperature Range for Reversion

The difference in the reversion mechanisms can be illustrated by the reversion-temperature-time
diagram where the start and finish temperatures of the martensite reversion to austenite are drawn [39].
Moreover, from the diagram, it is possible to judge how the reversion process makes progress under
certain conditions. In Figure 5, the respective temperatures are Ay and Ay for the shear reversion
and A and A¢ for the diffusional one. The martensitic shear reversion proceeds during heating in a
narrow temperature range Ay—Ag. These temperatures depend on the chemical composition of steels
being lowered by increasing the Ni/Cr ratio, but they are independent of the heating rate. The shear
reversion rate is fast and independent of prior cold rolling reduction, and the reversed fraction is
independent of isothermal holding time between these temperatures. The possible reversion treatment
routes in Figure 5 are 1 and 2, leading to complete reversion, but the austenite grains can contain
high dislocation density after short holding (route 1), or they can be dislocation-free and refined after
sufficient holding (route 2).

As
E B Af Shear +
3 grain growth
4(6' ‘/ Shear +
| - . N
© _ diffusional
(o
% n Diffusional
=

(partial)

Diffusional
(complete)

Shear

Time
Figure 5. The temperature range for the reversion, dependent on the reversion mechanism. Various reversion

treatments (numbered 1 ... 5) are possible. The original idea of the reversion-temperature-time diagram is
from Reference [39].

On the other hand, the A and A¢ temperatures for the diffusional reversion depend on the heating
rate in addition to the chemical composition of the steel (Figure 5). The effect of heating rate was
already investigated in Fe-Ni-C alloys by Apple and Krauss [141] in 1972. In isothermal annealing,
the diffusional reversion proceeds more rapidly with increasing annealing temperature, and the A¢
temperature depends on soaking time, as seen from the Ag and A¢ curves. The reversion annealing
routes 3, 4 and 5 are possible, and a short holding (route 3) below Ay would result in partial reversion
and a sufficiently long holding (route 4) to complete reversion. A slow heating to the Ay—Ag regime
means the initiation of shear reversion which might be completed by the diffusional reversion (route 5)
or some DIM remains stable.

There are several studies where the reversion range of 304 ASS has been investigated, but quite
different values for As (or Ay) and A¢ (or Ag) have been reported. As mentioned above, the mechanism
seems to change at around 750 °C from diffusional to shear type with increasing heating or annealing
temperature. Guy et al. [36] reported Ag = 540 °C for an 18Cr-8Ni steel. Tomimura et al. [39] found by
the saturation magnetization measurements a narrow reversion range 575-625 °C for a 90% cold-rolled
16Cr-10Ni steel where DIM reverted to austenite by the shear mechanism during heating at a high rate of
300 °C/s. Mumtaz et al. [143] estimated from the changes in the saturation magnetization for a 304 ASS
(40% to 55% cold rolled, rapid heating, though the rate not given, 5 min holding) the As temperature
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to be between 625-650 °C, and the A¢ between 900-950 °C, hence a very wide range. At 700-800 °C,
the reversion kinetics was dependent on the previous cold rolling reduction. Tavares et al. [144] obtained
by thermomagnetic analysis the As and A¢ temperatures during heating (heating rate was not given) as
A ~ 430440 °C and A¢ = 610-616 °C. Cios et al. [63] determined A5 and A temperatures of 450 and
700 °C, respectively, from dilatometric curves. Shakhova et al. [62] data and ThermoCalc calculation for
an Fe-0.1C-0.1N-18Cr-8Ni-2Cu-0.5Nb steel indicated the A¢ temperature of 800 °C.

There are few studies on the reversion range itself in 301 and 301LN ASSs, although the reversion
mechanisms have been investigated in numerous works. However, the A¢ temperature for a 301LN
ASS has not been clearly reported, and due to the diffusion-controlled reversion, it is dependent on cold
rolling reduction and annealing duration, as evident from Figure 4. In that data, about 5%DIM is left
after 10 s holding at 700 °C after the 75% reduction, while after the 63% reduction, Jarvenpéaa et al. [84]
reported 10% of DIM and Rajasekhara [26] 5% after 100 s and 20% after 10 s. Anyhow, in numerous
studies, temperatures between 600 and 1000 °C have been used for reversion treatments of 301LN
ASS [12,22-26,84-87].

For 201 and 201L grades, the temperature of 850 °C has been found to be an adequate reversion
annealing temperature resulting in complete reversion within 30 s and in the finest GS [15,16].
Kisko et al. [27] obtained high tensile elongations (softened structure) in a 60% cold-rolled 201 ASS after
15 s at 800 °C. Sadeghpour et al. [69] found that in a 201L + 0.12Ti steel, the reversion rate depends on
temperature and holding time, so that the reversion seemed to be diffusion controlled. The temperature
of 900 °C was convenient for the reversion within a soaking time of 60 s.

4. Evolution of Reversion-Annealed Microstructures

In reversion annealing, a highly refined austenite GS is to be created. In this chapter the
microstructure of reversion-treated ASS is discussed accounting for the fact that in practice the
microstructure is not simple highly refined structure but is quite complex. Due to a limited cold-rolling
reduction, the deformed structure consists of DA in addition to DIM, the latter deformed to various
degrees. This results in non-homogeneous microstructure inherited from recrystallization of DA and
reversion of DIM during the annealing stage. At low annealing temperatures, also recovered DA
and retained DIM exist. In prolonged annealing, the grain growth of fine grains can be expected.
The numerous studies to characterize and classify the microstructure are described with examples
of GS and its distribution. Separately, a chance of repeating the reversion treatment or employing
complex reversion routes have been mentioned, while looking for bimodal GS distributions.

4.1. Reversed Microstructures

The degree of cold rolling reduction prior the annealing influences on the reversed microstructure,
e.g., [29,40,145]. After a high reduction, when the lath-martensitic structure is completely destroyed
forming a cell structure, equiaxed austenite grains nucleate at random and grow in the recovered
martensite matrix. In this case, small equiaxed austenite grains much below a micrometer can form
during the full reversion. Instead, after a low cold rolling reduction, the DIM is still lath-martensitic,
and reversed austenite nucleates on lath boundaries and forms a stratum structure of austenite laths
and blocks. The reversed austenite just looks like a lath-martensitic structure. Guy et al. [36] found a
twinned substructure in austenite. Finally, subboundaries in the shear-reversed austenite are gradually
replaced in the continuous recrystallization process by high-angle grain boundaries forming thereby
refined microstructure [29,38,40,54,146]. This happens especially after low cold rolling reductions [29].

However, if the microstructure contains both DIM and DA after cold rolling, different deformation
states of DIM and DA tend to modify the microstructure, resulting in non-homogeneous GS distributions.
In ASSs such as 304 and 316, grades where the austenite stability is high, low DIM fractions may be
attained even after high cold rolling reductions (see Figure 2). Inhomogeneity in GS is a result of the
reversion of DIM and the recrystallization of DA, the latter being often partial after low-temperature
annealing. Similarly as in shear reversed austenite, the recrystallization of DA grains is sluggish in nature,
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and it also seems to take place by a gradual evolution of subgrains and their subsequent transformation
into fine grains, i.e., by the continuous recrystallization type process, e.g., [29,39,40,45,54].

Jarvenpad et al. [29,84] have investigated in detail the reversed microstructures created at low
annealing temperatures after low cold rolling reductions and pointed out the complexity of the
microstructure, consisting of fine-grained reversed austenite, DA with different recrystallization degree
and retained DIM. They showed in reversed structures obtained at low temperatures (<800 °C),
in addition to micron-scale reversed grains and coarse DA grains, the presence of medium-sized (GS
range 3-10 um) grains. Medium-size grains are formed from slightly deformed DIM so that their
fraction depends on rolling reduction and annealing temperature. In Figure 6, examples of different
microstructures created in a 301LN are displayed revealing a broad variation of the reversed austenite
GS. In addition to the annealing temperature, the cold rolling reduction has a significant influence,
whereas the fraction of slightly deformed austenite increases with decreasing rolling reduction [29,102].

Figure 6. Examples of reversed microstructures in 301LN with various grain size. Partially reversed
(32% cold rolling, 750 °C for 0.1 s) with shear reversed (SR) fine and medium-size grains, a large DA
grain and retained DIM (red colored phase) (a) and diffusionally reversed ultrafine and medium-size
grains in 63% cold-rolled steel, annealed at 800 °C for 1 s (b) and at 900 °C for 1 s (c).

A further factor resulting in non-homogeneous GS distribution is the elemental segregation
present even in cold-rolled and annealed ASS sheets. Man et al. [100] have pointed out that the 301LN
grade exhibits pronounced manganese banding, which is experienced in differences in the stability of
austenite during cold rolling and consequently in GS after reversion annealing.

However, heterogeneous GS has been found to be beneficial especially for the ductility of ASSs
(see more in Section 5), and therefore, in numerous studies, special processing routes have been applied
intentionally to create such a structure. Ravi Kumar et al. [146] reported GS distribution varying widely
between 100 nm and 2 um after two-stage annealing of a 90% cold-rolled 316L ASS, resulting in a
good combination of YS and ductility as compared to the coarse-grained counterpart after annealing
at temperatures above 900 °C. Sun et al. [146] applied three cold rolling and annealing stages for a
304 ASS to obtain a GS of 150 nm providing good mechanical properties. In a more recent study;,
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Sun et al. [140] reported that in two-stage annealing of a 304 ASS containing 47% DIM and 53% DA
after two-stage cold rolling (67% + 47%, respectively) at 800 and 850 °C, non-uniform grain structure
was created, where the fraction of ultrafine grains (<1 um) decreased and larger austenite grains
(up to 3 um) increased with prolonged annealing. Ravi Kumar et al. [18,146,147] and Ravi Kumar and
Raabe [148] have obtained bulk ultrafine-grained ASS with mono- (maximum at GS = 0.6 pm) and
bimodal-type (minimum at GS = 0.5 pum and maximum at GS = 1.40-1.65 um) GS distributions by
4-stage cyclic thermal processing in a 90% cold-rolled AISI 304L grade. This enhanced significantly
the elongation. Roy et al. [117] also reported a bimodal GS distribution in a cryo-rolled 304L grade
after annealing at 700-800 °C. The GS was very fine: one group between 50-100 nm and the other
200-300 nm from DA. A beneficial contribution to ductility was claimed. Poulon-Quintin et al. [30]
obtained a bimodal grain structure consisting of ultrafine-grained austenite with average GS equal to
0.5 um as a consequence of martensite reversion together with bands composed of recrystallized fine
grains of 2.0 um from strain-hardened austenitic bands in a 15Cr-9Ni-3Mo steel, which was 80% cold
rolled forming 75%DIM and 25%DA.

In principle, the grain growth tendency of reversed very fine grains is high during the initial
period of annealing (1-100 s) due to the high curvature of grain boundaries and consequently large
driving forces for grain growth [26,89]. The value of the activation energy of grain growth was found
by Rajasekhara et al. [26] to be equal to that of conventional ASSs (~205 kJ/mol). Kisko et al. [82]
obtained much higher values for a Nb-microalloyed 204Cu grade, the value increasing from 363 to
458 kJ/mol with the increasing Nb content. Some experimental results for the growth of reversed fine
grains in 201L, 204Cu, 301LN and 304 ASSs have been collected in Figure 7, revealing the trends at 800
and 900 °C. There is some difference between the data of 304L [17,70] and 304 [11] at 900 °C, but the
processing of the structures was also different. Anyhow most importantly, the data indicate that grains
do not grow much at 800 °C, if a GS of around 1 um is concerned. The grain growth can also be retarded
effectively by microalloying. The influence of Nb [19,82,83,101] and Ti [68] microalloying for restricting
the grain growth has been determined. For instance, the grain growth was effectively retarded in a
204Cu ASS by 0.28 wt. % Nb alloying even at 1100 °C and by 0.11 wt. % Nb at 1000 °C [82].

10
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Figure 7. Grain growth of reversed grain size at 800 and 900 °C in 201L [67], 204Cu [82], 301LN [26],
304L [17,70] and 304 [11] ASSs.
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Table 2. Examples of grain sizes and mechanical properties achieved in reversion treatments of Cr-Mn, Cr-Ni and some special austenitic stainless steels.

Grade CR T t GS YS TS TE Ret. Grade SR T t GS  YS S TE
[%] [°C] [s] [um] [MPa] [MPa] [%] [%] [°C] [s] [um] [MPa] [MPa]l [%]

9 85 30 01 1370 [15] 80 700 1200 076 830 953 36  [47]

201 2 770 1155 27 [28] 77 800 1 06 880 4 9]

60 800 45 686 1020 31 28] 6 800 1 768 1060 43 [23]

40 629 964 37 28] 700 10 1004 1106 38  [23]

o 30 007 1485 1780 33 [16] 63 800 1 054 720 1060 35  [22]

201L 95 180 014 1075 1710 37 [16] ; 800 1 711 995 50  [23]

o 30 006 1300 33 [67] 700 100 901 1106 37  [23]

180 035 1070 24 [67] 790 80 09 670 1030 55  [87]

1 05 1100 1260 30 [80] 56 690 60 07 815 1105 45  [87]

201L-023N 60 800 4 15 800 1100 50 80] 680 45 07 855 1135 44  [87]

100 680 1020 58 [80] 660 30 985 1160 29  [87]

201-03Nb 90 900 60  0.09 1000 1500 35 717 SOILN 160 798 1057 38  [12]

900 60 005 1000 1330 4 [69] 800 o7 773 1023 41 [12]

20T 0 850 60 005 1005 36 [68] 50 80 645 1036 41 [12]

750 600 013 856 34 [68] 160 778 1057 32 [12]

w00 1 723 1041 47 28] 750 o7 682 1063 35  [12]

Y04Cu o 1 606 1093 45 [83] 80 709 1042 35 [12]

10 1185 1308 43 [83] 160 682 1000 46  [12]

700 400 899 1345 37 83] 800 o7 662 1017 39  [12]

1000 605 1180 36 [83] 80 644 1017 46 [12]

45
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Table 2. Cont.

Grade CR T t GS YS TS TE Ret. Grade SR T t GS  YS S TE
[%] [°C] [s] [um] [MPa] [MPa] [%] [%] [°C] [s] [um] [MPa] [MPa]l [%]

800 1 997 1187 51 [83] 160 809 1125 37  [12]

204Cu-045Nb 60 10 1141 1297 40 [83] 750 07 785 1089 35  [12]

700 100 1124 1319 40 [83] 80 748 1068 [12]

1000 1015 1258 31 83] 760 8 11 590 1030 57  [87]

95 850 1 0.07 1970 [65] 695 65 08 750 1080 54  [87]

o 80 10 609 1122 36 [28] 675 45 780 1100 50  [87]

301 750 10 1001 1318 28 28] 820 130 16 520 1000 62  [87]

900 1 584 1032 44 [23] 32 690 70 12 785 1140 51  [87]

52 w0 L 1070 1290 28 [23] 660 40 915 1135 32 [87]

10 05 1000 1250 35 [88] 20 75 600 29 749 1010 33  [60]

90 750 1200 1.02 550 840 41 [11] . 20 331 815 62 [12]

“0s 85 580 1800 0.5 1120 1440 12 [137] 350 831 62 [12]

80 700 60 015 1020 1160 8 [50] 900 120 22 994 1160 40  [20]

70 750 600 1/02 950 1050 47 [148] ” 00 1200 014 1000 1010 40 [14]

304L 18000 033 1000 1010 40  [14]

P 1Ce1 Mgy 50 100 085 900 1100 60 [72] 65 850 60 062 885 1385 44  [70]

75 10 05 1450 1500 19 [72] 67 550 150 027 1890 2050 6  [48]

17Cr-6Ni2Cu 75  700-900 0.22 980 1100 30 [51] 67 650 180 08 1170 1350 12 [48]

0 3% 220 1640 59 [48]

CR, Cold rolling reduction; T, annealing temperature; t, holding time; GS, grain size; YS, proof/yield stress; TS, tensile strength; TE, total elongation.
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4.2. Repeated Reversion Treatments

Commonly, the prior austenite GS has an influence on its decomposed structure. Does the original
GS affect the reversed structure? As a reversion treatment refines the GS, it is expected that by repeating
the reversion treatment further refinement can be achieved. Ma et al. [21] repeated the conventional
reversion treatment twice (75% reduction, annealing at 650 °C for 10 min + 50% reduction and annealing
at 630 °C for 10 min) in an Fe-0.1C-10Cr-5Ni-8Mn alloy. After the first reversion, the structure consisted
of nearly equiaxed austenite grains with the average size of about 300 nm, whereas after the second
reversion, some grains are even smaller than 100 nm while others are a little larger than 200 nm. The
YS increased from 708 MPa to 779 MPa by repeating the reversion, but the elongation decreased from
36% to 32%.

As mentioned in the previous section, in order to create the bimodal GS distribution, special
reversion treatments with several rolling and annealing stages have been executed in processing
of 304L steel. Sun et al. [137] have used three-stage processing and also two reversion stages [140].
Ravi Kumar et al. [147] and Ravi Kumar and Raabe [148] have employed complex rolling and annealing
schedules, with iterative and isothermal annealing periods. The present authors have also applied
various repeated schedules to 301LN ASS and obtained further GS refinement and higher uniformity of
the grain structure. However, concerning industrial purposes complex reversion annealing treatments
are hardly very interesting or practical, although a treatment repeated twice has been utilized [104,107].

5. Properties of the Reversion-Treated Structures

For steel users, the mechanical properties are important, and the reversion treatment is intended
to enhance them, especially the YS of ASSs. In this extensive chapter, the tensile properties will first be
discussed based on the vast experimental data collected from the literature, mainly for reversion-treated
commercial Cr-Mn and Cr-Ni ASSs. The influence of the GS on YS has been analyzed. The enhanced
YS-ductility combinations achieved are highlighted as a practical result while employing the reversion
process. Further, the excellent tensile ductility being affected by the stability of the austenite has
been discussed in detail. The effect of highly refined GS on the stability, a somewhat disputed issue,
will be considered. Particularly, the influence of carbide/nitride precipitation occurring in many ASSs
during reversion annealing reducing the stability, but neglected in many studies, will be addressed.
The deformation mechanisms and the related strain hardening rate are also discussed, which is
interesting in trying to understand the background of high ductility.

In a separate section, fatigue properties will be described showing distinct advantages attained from
the reversion treatment if based on fatigue resistance under a given stress amplitude. Finally, the other
properties, though more rarely investigated, such as the formability, weldability, corrosion resistance and
surface properties for medical applications, will be considered, highlighting that they are comparable
or better than the corresponding properties of conventional coarse-grained ASSs.

5.1. Tensile Strength Properties

A principal target of the reversion treatment is to increase YS of an ASS without impairing its
high elongation. An example of typical results is illustrated in Figure 8, where a set of engineering
stress—strain curves are plotted for a 301LN ASS showing how significantly YS is increased by refined
GS as a result of reversion treatments. Moreover, the tensile strength (TS) is improved while TE is
decreased. Certain typical changes, a yield point and a concave shape, appear in the flow curves, to be
discussed later.

In order to give a view of the current state, some data concerning the mechanical properties of
reversion treated ASSs were collected from the literature and listed in Table 2. In addition, the cold
rolling reduction, annealing temperature and duration as well as the (average) GS are given in the list
if available. The commercial steel grades 201/201L, 301/301LN and 304/304L mostly investigated are
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included. Some data are also for a 204Cu and Ti- or Nb-microalloyed 201and Nb-microalloyed 204Cu
as well as for a couple of austenitic alloys.
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Figure 8. Examples of engineering tensile stress—strain curves for a 301LN ASS with refined grain size
after various reversion treatments. Data collected from References [87,102,103]. Legend: Reduction
(%CR), temperature (°C), duration (s).

From the data in Table 2, a general conclusion can be drawn that no distinct difference exists
between the Cr-Ni and Cr-Mn type grades, and same temperatures between 650-900 °C and holding
times 1-1800 s are feasible for the reversion. It seems that the YS (proof stress, Rpo.2) values reported
for 201/201L ASSs can be well above 1000 MPa, even up to 1485 MPa [16], but in those instances severe
cold rolling reductions of 90% to 95% have been applied to obtain the GS of an order of 60-100 nm.
However, the 60% cold rolling of 201 with 0.23%N [80] similarly as 204Cu and 204Cu-0.45NDb [83] can
result in YS of 1.1 GPa, while TE is still about 40%.

YS values of the reversion-treated 301/301LN ASSs achieved are typically over 700 MPa and up to 1
GPa, i.e., 2-3 times compared to the YS of respective commercial annealed sheets. Further, the reversed
structures obtained at low temperatures (800 °C and below) exhibit significantly enhanced YS compared
to the structures created at temperatures of 900 °C. Then, a slight upper yield point appears with
discontinuous yielding (Liiders strain), as seen in Figure 8 [87,103].

Moreover, the 304 and 304L grades require a high cold rolling reduction at lowered temperatures,
as pointed out in Section 2 (Figure 2), and then, comparable strength values have been obtained. It can
be noted that exceptionally high strength values have been reported by Shen et al. [48] for a 304L ASS
after 67% multipass warm rolled at 400 °C, which formed 73% of DIM. After annealing at 550 °C for
150 s, the reversed GS was 0.27 um and the amount of retained DIM 32%. As listed in Table 2, the tensile
properties reported were extremely high, YS 1890 MPa, TS 2050 MPa and TE 6%. Moreover, annealing
at 650 °C resulted in high strength. YS values around 2 GPa with reasonable ductility have also been
reported by Rasouli et al. [72] in interstitially alloyed Ni-free Cr-Mn grain-refined ASSs with a low
C/N ratio. It can be mentioned that very recently, Xu et al. [149] have shown that the refined GS in an
18Cr-8.3Ni ASS exhibits the enhanced YS and YS-ductility combination in relation to its coarse-grained
counterpart also at elevated temperatures, up to 600 °C.

Concerning the influence of the degree of cold rolling on YS, Somani et al. [23] and Misra et al. [24]
reported that the YS of completely reversed structure in a 301LN steel, created at 800 °C-1s, increased
from 800 to 950 MPa with increasing the reduction from 45% to 77%, while the TE remained practically
unchanged (about 43%). This can be understood as a result from GS refinement due to the heavier
cold rolling. However, the prior cold rolling reduction in the range of 32% to 63% did not affect
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markedly the mechanical properties of the low-temperature partially reversed structures, where a
larger, non-uniform GS will be balanced by stronger retained phases, DIM and DA [87]. Experiments
using induction heating indicate that the annealing temperature (660-820 °C) has an essential influence
on YS, for it increased with decreasing the peak temperature, but any influence of the cold rolling
reduction between 32% and 56% has not been realized (see Table 2) [87]. Regarding the YS of 201/201L
ASS, it seems that the cold rolling reduction of 50% to 70% has resulted in considerably lower values
(YS ~ 400-750 MPa) than the reduction of 90% to 95% has done (YS above 1000 MPa), although the data
are quite scarce. For instance, Rasouli et al. [72] have reported high YS values for a 17Cr-11Mn-0.275N
ASS, YS 1450 MPa and TE 19%, although the 80% cold rolled structure contained 53% DIM only.

The evident fact is that the TS cannot be increased so significantly as the YS, only about 200 MPa
to reach the level of 1100 MPa in most cases. This is due to somewhat lower strain hardening rate
(SHR) owing to finer GS generally increasing the austenite stability and shorter elongation in reversed
fine-grained structures (Figure 8).

The background mechanisms of high YS of reversion treated ASSs have been analyzed in some
papers. For instance, in completely reversed structures of 301LN, the strengthening contributions of
solid solution, precipitation, dislocations and GS have been evaluated, the values being approximately
200, 120, 40, 250 MPa respectively (annealing at 800 °C for 1-10 s; GS = 0.54-1 um) [22]. Thus, refined GS
is an important strengthening factor. Moreover, Kisko et al. [83] estimated the amount of GS
strengthening to be about 300 MPa in a 204Cu ASS as annealed at 900 °C for 10 s (GS 1.4-1.9 um).

The Hall-Petch relation between YS and GS has been reported in numerous studies.
Di Schino et al. [10] found that it holds down to 3 pm GS for a 301 ASS, and according to Huang
et al. [47] at least down to 0.74 um GS for 301LN and even to 0.135 pm GS for a 304L according
to Forouzan et al. [14]. In structures reversed at low temperatures, the amount of precipitation in
certain grades, the retained phases and their annealing state are additional contributors, so that it is
obvious that any exact relationship between GS and YS cannot be expected for them. The several
features affecting the Hall-Petch relationship for YS vs GS of reversed structures were discussed
by Rajasekhara et al. [22]. Anyhow, several relationships have been proposed, and some examples
are shown in Figure 9. Shakhova et al. [62] reported the slope 395 um~"° and the friction stress
0o = 205 MPa for the data collected for Cr-Ni ASSs from the literature. Kisko [101] analyzed the
literature data for Cr-Ni and Cr-Mn steels and realized a wide scatter, the slope varying in the range
256-377 um~? and the o, between 241-428 MPa. Moreover, Jarvenpda [102] has found a marked
scatter especially in the slope, being in the range 261-576 um =, while o, is 225-273 MPa. The GS is
not uniform in many instances in the reversed structure, which is an apparent reason for the scatter in
the values of the coefficients in the Hall-Petch relationship. A modified Hall-Petch relation has been
suggested to account for the grain size distribution [150] but not applied to reversed structures.

As mentioned, Shen et al. [48] reported very high strength values close to 2 GPa for a 304L
with very fine GS. Both DIM and mechanical twins were found to be effectively suppressed during
tensile testing due to the refinement of GS so that the background of the strength seemed to be mainly
the strengthening due to GS refinement. However, from the Hall-Petch relationship in Figure 9, it
is expected that the GS of 270 nm (corresponding to 1.92 um~%?) would result in YS of 1000 MPa,
not close to 2 GPa. It can be concluded from the microstructural data that the structure annealed at
550 °C consisted of 41% reversed austenite (supposed to be formed by the diffusional mechanism),
32% retained recovered martensite and 27% DA. Therefore, it remains unclear, how the complex
microstructure behaved to result in the GS of 270 nm and why this microstructure and GS provided the
YS as high as 1.89 GPa. The dislocation structure must have a prominent contribution. As mentioned,
the temper-rolled cold strengthened ASSs show directional anisotropy, so that the YS is lower in
parallel than in transverse direction to the rolling direction [3,4]. However, the experiments have
shown that this anisotropy disappears in completely reversed structure suggesting that it is related to
the deformation in austenite [28,101]. This means that the reversed structure without any directional
anisotropy can have the YS of about 650 MPa.
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Figure 9. Examples of the Hall-Petch relations presented for reversed structures. Data for annealed
coarse-grained 301LN is included from [151].

5.2. Tensile Ductility and Austenite Stability

5.2.1. Tensile Elongation

It is notable that the elongation values of reversed ASS structures are good in spite of high strength,
though slightly decreasing with increasing YS, as seen in Figure 8. Generally, the TE is in the range of
30% to 40% even for the structures with the YS = 1 GPa. It should, however, be noticed that many
reported elongation values have been measured using non-standard tensile specimens with a short
gauge length (15-25 mm instead of 80 mm), which may give too optimistic values.

In order to highlight the excellent strength-ductility combinations achieved with reversion-treated
ASSs, YS vs TE combinations for 2XX and 3XX series, steels listed in Table 2 are plotted in Figure 10
together with some technical data for commercial temper-rolled steels and a trend line for the latter.
The data though scattered indicate that many of the combinations achieved by reversion treatments
are better than those obtained by temper-rolling. The combinations for 201/201L seem to distribute
in two groups, well above the trend line and slightly below that, whereas for 301LN, they form one
group above the trend line of the temper-rolled steels. From Table 2, it is seen that the higher values of
201/201L are obtained when very high cold rolling reductions are employed in the reversion treatment,
whereas lower reductions are not so effective in GS refinement and increasing strength.

Furthermore, it has been found that the directional anisotropy, present in temper-rolled steels,
is absent in completely reversed structures without DIM and DA [28]. The anisotropy appears in
cold rolling of 5% reduction so that the texture cannot be the reason for that, but the dislocation
structure. This means in practice that a steel with its YS order of 700 MPa can be manufactured without
the directional anisotropy. Strength values in compression are not available so that they cannot be
compared with tensile properties.
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Figure 10. Yield strength-total elongation combinations for some reversion-treated steels listed in
Table 2 compared to those of annealed 301LN and temper-rolled 301LN and 201L steel.

5.2.2. Elongation and Austenite Stability

In principle, the stability of austenite while transforming to martensite affects the strain hardening
rate (SHR) and may influence on the ductility via the TRIP effect [152]. According to scarce data
of Guo et al. [153], the tensile elongation of 301 ASS (Mg3g = 39 °C) increases about 5%-units with
increasing DIM fraction formed at different test temperatures, although the effect is quite marginal
compared to the influence of martensite on SHR and TS. Cios et al. [63] measured the maximum
elongation in a 304 ASS at —10 °C where about 50%DIM was formed. However, tensile tests at different
temperatures by Weiss et al. [154] showed that the maximum uniform elongation for a 304L ASS is
obtained at test temperatures of 2040 °C, where only few per cents of DIM had formed, whereas the
elongation decreased while more DIM was formed at lower test temperatures. They also refer to
11 investigations, which indicate that the maximum uniform elongation is obtained in conditions
when about 20% of DIM was present. Talonen [155] also found that the elongation is highest at
test temperatures where only a relatively low amount of DIM was formed in 304 and 301LN ASSs.
In agreement, Hamada et al. [156] measured the maximum elongation at 50 °C for 201 and 201L ASSs,
showing only 0% to 20% of DIM.

The rate of DIM formation in ASSs is classically described by the sigmoidal equation (OC-model)
developed by Olson and Cohen [157]. The OC-model assumes that shear band intersections act as
nuclei for martensite and that the nucleation and growth process of «’-martensite can be described by
two parameters, o and f, as in the following equation:

far = 1= exp[~B(1 - exp[-ae])"] 3)

where f, is the martensite fraction, ¢ is the true strain, « and f are parameters and m is the fixed
exponent. The parameter « describes the rate of the shear band formation, assumed to be mainly
dependent on the stacking fault energy (SFE) and strain rate. The parameter § is proportional to the
probability that the o’-martensite is nucleated at a shear band intersection, being dependent on the
chemical driving force and temperature. The exponent m describes the rate of the formation of the shear
band intersections, often found to have the constant value of 4.5. In cold rolling, Forouzan et al. [14]
reported « = 3.041 and (3 = 3.786 for AISI 304L (Mg3p = 12.9 °C) and Somani et al. [23] & = 2.2 and
3 =4.4 for 301LN (Mg3g = 26.6 °C). The existing models used to predict the increase in the volume
fraction of martensite with strain were examined and modified by Lichtenfeld et al. [158] to fit the
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experimental data for a metastable 304L and stable 309 ASSs as well as data for 304 and 301LN collected
from the literature. They reported values « = 3.0 and 3 = 4.3 for 304L (Mg39 = 2 °C) and o = 5.65
and 3 = 4.03 for 301LN (Mgsp = 37 °C) in tensile tests at a low strain rate avoiding adiabatic heating.
Talonen [155] observed that the OC-model fitted well with his tensile test data, obtained at low strain
rates, with « # 11.7 and 3 = 6.1 for a 301LN steel (Mg3p = 23°C). A recent logistic model was mentioned
in Section 2, presented for 304 ASS cold-rolled to different reductions [124]. In that paper, also the
limitations of the OC-model have been discussed.

In ultrafine-grained austenite, no shear bands are formed, but martensite nucleates on grain
boundaries [75,81,102], so that the basis of the OC-model could be doubted. However, sigmodal
shapes of DIM fraction vs strain have still been recorded (as seen in Figure 11). Marechal [75] even
fitted his tensile data with the OC-model and determined the values of the parameters and their GS
dependence, down to 0.5 um GS. However, it is hard to draw any conclusions from the varying values
of all the parameters.
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Figure 11. Examples of DIM evolution during tensile testing in various 301LN (Mg3g = 27 °C)

structures [82,85,87] and coarse-grained annealed 301LN with Mg3p = 37 °C from Reference [155].
Legend: Reduction (%CR), temperature (°C), duration (s).

The austenite stability also depends on GS, as indicated by the Nohara equation (Equation (1))
for coarse grain sizes. Yoo et al. [159] found that DIM fraction after tensile fracture decreased from
60% to 25% with decreasing GS from 2 um to 0.3 um in a 10.30Cr-8.14Ni-7.47Mn steel. However,
Matsuoka et al. [160] reported that the mechanical stability does not depend on GS in ASSs, because
the martensite transformation is not necessarily multi-variant under tensile strain/stress, but the
single-variant martensitic transformation is favored.

Marechal [75] and Jarvenpda et al. [84] have extensively studied the stability of austenite in
tensile testing in various reversed grain-refined structures of 301LN ASSs. Figure 11 shows examples
of DIM vs strain in tensile tests determined by the latter authors. Generally, refining the GS down
to about 1 um was found to increase the stability, similarly to the GS change from 20 to 1.5 pm in
the figure, but surprisingly, submicron-sized austenite was more unstable (GS of 0.6 and 0.5 um)
than the coarse-grained austenite [84]. Similarly, Kisko et al. [81] noticed the same trend in a 204Cu
steel. Marechal [75] and Kisko et al. [81] explained the reduced stability of submicron grains by DIM
nucleation on grain boundaries as a single variant (block), whereas the nucleation occurred at shear
band intersections in the coarse-grained structure. Ravi Kumar and Gujral [161] and also Lee et
al. [162] have reported DIM nucleation at the vicinity of grain boundaries in ultrafine-grained ASSs,
although this was not related to a lower stability in their studies.
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However, according to Jarvenpad et al. [86], the real reason of the lower stability appearing in
certain grain-refined structures in the 301LN ASS is the precipitation of chromium nitrides while
annealed at low temperatures such as 650-800 °C (the curves for GS of 0.6 and 0.5 um obtained at
800 and 750 °C, respectively, shown in Figure 11). A similar drop in the stability was observed by
He et al. [163] in the low-temperature (800 °C-30 min) reversed structure of 321 (17Cr-8Ni-0.3Ti) ASS
as comparing with the structure formed at 1000 °C. The reason for the low stability was suggested to
be carbide precipitation. In consistence, Saenarjhan et al. [164] and Kim et al. [165] have reported the
decrease of the austenite stability in a 15Cr-15Mn-4Ni steel due to My3Cg carbide precipitation during
long-term annealing of the austenitic structure at around 800 °C. Johannsen et al. [135] noticed in a
90% cold-rolled 301 ASS, while annealing temperatures above 750 °C, an increase in the amount of
martensite, which was formed during cooling. (Fe,Cr,Mo0),3Cg carbides were formed within the grains
and at grain boundaries, being an obvious reason for the reduced thermal stability of the reversed
austenite. Moreover, Karimi et al. [166] observed new martensite forming during cooling in a 301 ASS,
containing 0.11%C, after annealing at 900 °C for 100 min due to carbide precipitation.

Moreover, the results of Kisko et al. [83] reveal increasing DIM fraction after tensile testing of a
204Cu ASS while annealed at 700 °C for 1000 s, and the carbide or/and nitride precipitation could be the
reason for that, though not confirmed. Lei et al. [51] found lower stability of a nano-ultrafine-grained
(220 nm) structure of a 0.06C-17Cr-6Ni-2Cu steel compared to that of the coarse-grained (25 pm)
structure, but they did not present any explanation. Huang et al. [47] have reported much lower stability
of a ultrafine-grained 301 steel (GS 270 nm, deformed by ECAP and annealed for 1 h at 580-620 °C
resulting in reversion) compared to a coarse-grained (GS 84 um) counterpart during tensile straining.
They suggested that micro-twins present in ultrafine grains could act as potential nucleation sites for
martensitic transformation grains. However, the carbide precipitation might be the potential reason.

The annealing durations in most of the above-mentioned studies were quite long, 0.5-1 h.
According to Kim et al. [165] the precipitation of carbides and Cr;N in annealed austenite
(Fe-0.2C-15Cr-15Mn-5Ni-0.2N) seems to be quite a slow process even at 700-800 °C. However, Jarvenpda
et al. [86] predicted that Cr,N can start to precipitate in fine-grained austenite in a 301LN ASS within
10 s at 750 °C, and 0.15%N could be precipitated in 100 s. Evidently the precipitation can be very fast
during the reversion treatment. Rajasekhara et al. [22,26] found by TEM nano-size CrxN precipitation
within 1 s at 700-800 °C during reversion annealing. The precipitation took place presumably already
in deformed martensite, where it is much faster than in annealed austenite. Hong et al. [167] observed
that 30% tensile prestrain intensified precipitation in 347 type ASS, where carbides were formed in
annealing at 650 °C around deformation bands. Knutssen et al. [130] found carbo-nitride precipitation
in samples heat treated at 750 and 800 °C for 1 h after 61% cold rolling, but not after 23% reduction,
indicating that high deformation was essential having the influence on diffusion rate and the rate
of precipitation.

In 301LN ASS, the nitrogen is the element precipitating during reversion annealing.
Lee et al. [162] reported only insignificant promoting effect of the depletion of solute atoms near
high Cr-bearing particles of 10 nm in size and 3 nm Nb-bearing particles in a 70% cold-rolled
Fe-0.1C-10Cr-5Ni-7.7Mn-0.3Nb steel, annealed at 664 °C for 10 min, on the total DIM fraction in tensile
testing. However, Saenarjhan et al. [164] showed that the stability of austenite against martensitic
transformation is enhanced with increasing C or N content, and N is a more effective element at an
equivalent concentration. It is possible to estimate the potential effect of nitrogen precipitation in a
301LN ASS, considering the difference in the DIM formation between the data of Talonen et al. [155]
in a 301LN with the M43 = 37 °C and data reported by Jarvenpéi et al. [84,85,87,102] and Somani et
al. [23] for another 301LN with the Myzg = 27 °C. These DIM vs strain curves are “Annealed” 14 um
GS and “63Cr-1050-200” 20 um GS in Figure 11. For instance, at 0.2 true strain, the DIM fractions are
about 45% and 32% in these steels, respectively. Thus, the difference of 10 °C in My3p seems to result
approximately in a 13% difference in the DIM fraction at 0.2 strain. Importantly, we can notice that the
stability of the “Annealed 14 um GS”, and “63Cr-800-1 0.6 um GS” steels is quite equal up to 0.25 strain.
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In the Nohara equation (Equation (1)) for Mg3o, the coefficient of N is 462, which means that the change
of 0.022%N would cause the change of 10 °C in M439. However, during the reversion GS has been
refined from 20 to 0.6 pum (ASTMS to ASTM18). According to Equation (1), this GS refinement reduces
Mgso by 1.42 x 10 = 14 °C (i.e., M430 changes from 27 to 13 °C). Additionally, the Myso difference
of 10 °C between the steels based on the chemical compositions must be accounted, i.e., the total
difference is 24 °C. With the power of 462 for N, the change of 0.052%N can cause this. This is about
1/3 of the total content of 0.15%N in the steel. Thus, we can conclude that binding of a part of N, which
was available (0.15%) in the 301LN ASS studied by Jarvenpad et al. [84,85,87,102], was good enough
to result in the considerable stability drop, seen in Figure 11, observed between the low-temperature
(precipitated) and high-temperature (no precipitates) annealed structures of this steel.

5.2.3. Elongation, Stacking Fault Energy and Deformation Mechanism

The Mg3g temperature and SFE are relevant parameters concerning the mechanical stability of
austenite towards the martensitic phase transformation. M43 temperature was discussed in Section 2.
It is commonly pointed out, that the SFE of a material determines the deformation mechanism and
thereby affects the strain hardening behavior and ductility. The contribution of DIM formation to
ductility was discussed earlier concluding that too a high fraction of DIM is not beneficial.

It is well known that a low SFE (<20 mJ/m?) favors the martensitic transformation (TRIP effect),
whereas a higher SFE favors mechanical twinning (TWIP effect), e.g., [168]. Saeed-Akbari et al. [169]
presented 20 mJ/m? as the upper limit for strain-induced o’-martensite formation in high-Mn steels.
Allain et al. [168] suggested that with the SFE in the range 12-35 m]/m?, mechanical twinning would
take place in addition to dislocation glide. It is well known that for instance in medium-Mn steels,
the best combination of strength and ductility is obtained when both the TWIP and TRIP effects
are activated in austenite grains, e.g., [170]. There are opinions that twinning plays a vital role in
contributing to the excellent ductility of reversion-treated effectively grain-refined ASSs [90,149,171],
where the DIM formation becomes restricted due to fine GS.

SFE of ASSs has been discussed for instance by Lo et al. [110]. Recently Noh et al. [115] considered
the validity of several equations proposed in the literature for determining the SFE of ASSs and the
influence of SFE on the thermal and mechanical stability of austenite. They found that the tendency for
strain-induced martensite transformation was governed not by the thermodynamic stability but by the
SFE, which was increased more effectively by Ni than by the equivalent amount of Mn. They developed
a modified SFE equation (Equation (4)) and experimentally determined Ni equivalents which may
provide a criterion for austenite stability under tensile deformation.

SFE (mJ/m?) = 5.53 + 1.4[Ni] — 0.16[Cr] + 17.1[N] + 0.72[Mn], (4)

Here the alloying elements are in mass %. Using Equation (4), the SFE of 20 m]/m? was found
to be the limit for stable austenite against DIM formation; hence, the same value as suggested to be
the upper limit for martensite formation earlier [168,169]. For the 301LN steel used by Somani et
al. [23] (see Table 1), the predicted SFE is 15.36 mJ/m?, a value in fair agreement with that determined
experimentally by Talonen (13-15 mJ/m?) [155].

Equation (4) does not include the GS, but it is also known that in addition to temperature, fine GS
increases the effective SFE [167,169]. The effective SFE is affected by grain boundaries tending to
decrease the width of extended dislocations (see e.g., Mahato et al. [172]). It can be estimated from
the work of Saeed-Akbari et al. [169]) that the submicron GS in reversed microstructures tends to
increase the SFE of Cr-Mn and Cr-Ni ASSs by about 6 mJ/m2. Hence, when the SFE of 301LN is
15 mJ/m?2, in a highly refined structure, the effective SFE could be 21 mJ/m?. This is above the limit
value of 20 mJ/m?, and DIM formation might be restricted. Anyhow, we can conclude that refined GS
reduces the DIM formation tendency and favors the activation of the TWIP effect instead of TRIP. This
supports the arguments of Misra et al. [25,90,171] concerning the role of twinning in grain-refined ASSs.
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Xu et al. [20] reported the occurrence of mechanical twinning instead of DIM in an 18Cr-8.3Ni ASS with
the predicted SFE of 18.9 mJ/m? without accounting for any GS (22 pm) influence. We can conclude
that the effective SFE has been about 25 mJ/m? for the grain-refined steel so that DIM formation is
expected to be negligible. Lei et al. [51] found both TRIP and TWIP mechanisms in ultrafine-grained
(GS 0.22 um) 17Cr-6Ni-2Cu steel with the calculated SFE of 16.4 mJ/m? (using Noh'’s equation (Equation
(4)) SFE is 12.6 mJ/m? without effects of GS and Cu, but both of them increase the SFE), so the existence
of twinning is expectable. Hamada et al. [156] reported that the highest tensile elongation was achieved
in coarse-grained 201 and 201L ASSs at 50 °C, where both the TRIP and TWIP effects were found to be
active, apparently due to increase of the SFE by elevated deformation temperature. The SFE of the
studied steels was estimated to be in the order of 20 mJ/m? at 50 °C.

In summary, it seems that the SFE of slightly below 20 m]/m? is quite optimal for strain hardening,
while twinning may contribute to high ductility with minor DIM formation in Cr-Ni and Cr-Mn ASSs.
Thus, in principle the GS refinement affects beneficially the SFE of 301, 301LN and 304 steels while
increasing it.

5.2.4. Strain Hardening Rate and Elongation

If we compared the SHR affected by DIM formation and the respective elongation in a tensile
test, it is obvious that the elongation is not directly related to the maximum SHR or DIM fraction
(Figure 12a). The latter fact was also pointed out earlier as an observation that the maximum elongation
generally corresponds to DIM fractions below 20%. However, it seems that we can find a relationship
between the tensile elongation (fracture strain) and the strain corresponding to the maximum SHR
(called a peak strain), as demonstrated in Figure 12b. The figure includes data from tensile tests at
different temperatures [154-156] and different grain sizes [83,85,102]. In both instances, the elongation
increases with the increasing peak strain. From the relationship, it can be concluded that the maximum
SHR should be reached as late as possible to delay necking (though before necking), and generally
the DIM formation tends to occur too early, at too small strains. According to the data in Figure 12b,
there are no cases where the austenite is too stable (concerning the ASS grades 201, 201LN, 204Cu, 301
and 301LN). Consistently, in medium-Mn steels with duplex structure, superior mechanical properties
are obtained when the volume fraction and stability of austenite are maximized [170].
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Figure 12. Strain hardening rate curves for selected AISI 301LN structures [85,87] (a) and the relation
between fracture strain and the strain at the peak SHR (b). SHR = strain hardening rate.

Considering the reason for the SHR exhibiting a peak, according to Marechal [75], the kinetics of
austenite to martensite phase transformation dominates at the strains before the peak, whereas at the
peak and beyond, the apparent work hardening of the «’-martensite has the dominant effect on SHR.
Thus, the rate of DIM formation should not be too fast but gradual.
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5.2.5. Discontinuous Yielding

Discontinuous yielding, Liiders strain, has been frequently observed in ultrafine-grained
ASSs [51,80,85,87,160,173]. Conventionally, the yield point is connected with a high density of
mobile dislocations formed by unlocking pinned dislocations and rapid dislocation multiplication,
when the material within the deformation band effectively softens and undergoes localized plastic
deformation [174,175]. Liiders-type behavior has been detected in an ultrafine-grained Fe-C alloy with
carbide particles [176] and Matsuoka et al. [160] reported it in 16Cr-10Ni ASS with 1 um GS. Lei et al. [51]
found a Liiders strain of 15% in an Fe-0.06C-17Cr-6Ni-2Cu with GS = 220 nm. The appearance of
a yield point with low subsequent strain hardening also happens in austenitic TWIP-type steels in
connection with GS refinement down to a few microns [177].

Gao et al. [173] observed a very long Liiders strain of 0.4 in tensile deformation of an ultra-fine
grained (bimodal GS, 1 um and 0.2 um) 304 ASS fabricated by a two-step cold rolling and annealing
process. The authors explained the observation by intense formation of martensite, promoted by the
incremental strain localization in the band region. After that, the strain localization region started
to propagate to the undeformed region, leading to the Liiders-type deformation and also the high
subsequent uniform elongation. Marechal [75] demonstrated the presence of 24% stress plateau in a
stress—strain curve of a 301LN, cryorolled (100% DIM) and annealed at 750 °C for 30 min, forming a
partially recrystallized fine grain structure without DIM.

Jarvenpaa et al. [29,87] showed that the discontinuous yielding in a 301LN ASS became more
pronounced with decreasing GS obtained with decreasing annealing temperature so that the Liiders
strain disappeared when the GS was larger than about 1 um, and the annealing temperature increased
to 900 °C. Typical stress—strain curves revealing that are displayed in Figure 13. At 690 °C the reversed
GS is below 1 um and Liiders strain of even more than 10% appears, though dependent on the
presence of retained phases DIM and DA and the fraction of fine grains (affected by the prior cold
rolling reduction).
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Figure 13. Initial parts of stress—strain curves of various reversed structures of a 30LN steel. Data from
References [29,87]. Legend: Reduction (%CR), temperature (°C), duration (s).

Thus, the discontinuous yielding phenomenon in 301LN ASS could be connected with effective GS
refinement or/and precipitation occurred at low annealing temperatures. Jarvenpaa [102] suggests that
in addition to submicron-sized GS, the imposing softening and Liiders-type yielding are enhanced by
the interaction between dislocations and fine precipitates, i.e., pinning effects. Marechal [75] explained
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and modelled the appearance of the discontinuous yielding with two factors: DIM formation at small
strains (transformation strain contribution) and, as a key factor, the relative flow stress difference
between work hardened fine-grained austenite and DIM, resulting in a negative strain hardening rate
contribution balancing the influence of the work hardening of austenite. Accordingly, when the GS
of austenite is sufficiently reduced to increase its strength and the transformation rate of DIM is also
sufficient (affected possibly by the precipitation in a 301LN), though not particularly high, the strain
localization will be induced.

At any rate, the discontinuous yielding of a partially reversed structure can be largely diminished
by subsequent 10% cold rolling reduction, as demonstrated in Figure 13 [87]. Obviously, new mobile
dislocations are created by this plastic deformation.

5.2.6. Tensile Properties of Temper-Rolled Reversed Structures

As mentioned, temper rolling is a common method to improve the strength of annealed ASSs. The
influence of small cold rolling reductions on the tensile properties of reversed structures of 301LN grade
has rarely been investigated. However, in a study [87], it was found that a 10% cold rolling reduction
increased the YS of the low-temperature annealed (690 °C-60 s) structure only faintly (see Figure 13),
although the DIM fraction grew by 10%. A 20% reduction increased the YS slightly more efficiently,
but the improvement, in spite of 38% DIM, was still very modest in comparison with the effect of the
same cold rolling reduction on a commercial steel containing 29% DIM. It is obvious that the influence
of the DIM formation on the strength is more pronounced in a soft coarse-grained structure than in
a strong reversed structure, but also the work-hardening of the soft coarse austenite grains must be
much higher than the work-hardening of refined reversed grains.

Mao et al. [178] have recently reported that a good combination of strength and ductility can be
obtained in a fine-grained (average GS 5 um) 316L ASS by a cold rolling reduction of 30%. The steel
sheet exhibited the YS and TS of 1045 and 1080 MPa, respectively, but with a short uniform elongation
of 7%. Jung and Lee [179] applied warm rolling of 40% reduction at 500 °C to a 10.30Cr—8.14Ni-7.41Mn
ASS, previously 75% cold rolled and annealed at 663 °C for 5 min to obtain a fine GS of 2 um.
This deformation increased the YS from 401 to 736 MPa (TS 1076 MPa, TE 25%). This observation on a
significant improvement of the YS is somewhat different from those of Jarvenpaa et al. [87], but the
rolling reduction used was also much higher.

5.3. Fatigue Behavior

5.3.1. Fatigue Strength

The effect of the GS refinement on fatigue strength has been studied extensively in nano-structured
materials and also in metastable ASSs [43,60,64,74,87,180-196]. GS can be refined by various means in
addition to the reversion, too. For instance, Ueno et al. [181] used equal channel angular pressing to
obtain nanosized grain structure in a 316L ASS and observed a beneficial effect of GS refinement on
fatigue strength. A drastic enhancing influence of nanocrystalline structure created by an ultrasonic
attrition treatment has been reported for 316L and 301LN ASSs in bending fatigue cycling [185]. In this
instance, in addition to the refined GS, compressive residual stresses and DIM formation during the
attrition treatment can contribute to the fatigue strength improvement.

Examples of the results of the studies on the fatigue strength of reversion-treated ASSs are plotted
in Figure 14, the strain amplitude-fatigue life curves in Figure 14a and the stress amplitude-fatigue life
curves in Figure 14b. The influence of GS is not pronounced as based on strain amplitude (Figure 14a)
compared to that if based on stress amplitude (Figure 14b). Di Schino et al. [43] investigated the high
cycle fatigue (HCF) behavior of the N-alloyed (16.5Cr-1.0Ni-11.5Mn-0.3N) steel in axial load-controlled
tests as a function of the GS, but they did not found any influence of grain refinement on the fatigue
limit (2 X 10 cycles). This was explained in terms of the formation of slip bands on the steel surface
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promoted by nitrogen alloying and crack initiation in them. On the contrary, a slight beneficial effect of
GS refinement was detected in the fatigue limit of a standard 304 ASS, as seen in Figure 14b.

1200
12 - ; GS=0.7ym AISI 301LN: Axial :5[74]
GS~0.5 pm 16.5Cr-7Mn-6.5Ni B O [74] : Axial [194]
AISI301LN AO [87,102] A 0O[87,102]
AISI301LN @O [98] — 1000 4 °O[43]
17 é"' AISI 301LN: Bending
§ GS~0.7 um é 800 A
L3 L}
2 08 Z !
2 EO600 4 |/ gl
£ 06 =
£ a0 o™ .
ﬁ R 95} Oo o e G$~20 pm ".0
0.4 e e 2004 o e e G i
GS~20 um % -— . ! -4 000 Ofea.
s T — E AISI 304: Asial es-ITHm
0.2 +———/— 0 0 ——r T ——— .
1000 10000 100000 1000000 1000 10000 100000 1000000
Number of cycles to failure Number of cycles to failure

Figure 14. Fatigue life of reversion-treated 301LN in total strain-controlled tests compared to
coarse-grained or annealed steel based on (a) strain amplitude and (b) mid-life stress amplitude.
Data for 304 and 16.5Cr-7Mn-6.5N are from References [43] and [74], respectively.

Hamada et al. [194] noticed a significant improvement in the fatigue life of a reversion-treated
301LN steel (63% cold rolling reduction, annealing at 800 °C for 1 s; average GS ~0.75 pm) under
bending fatigue loading compared that of the coarse-grained (GS = 20 pm) counterpart (number of
cycles to fracture more than 10* cycles). As evident from Figure 14b, the fatigue limit was significantly
increased from 350 MPa to 630 MPa, reaching 59% of the TS. Planar dislocation structure typical to low
SFE metals was found in fatigued coarse-grained steel, with intense formation of slip bands and crack
propagation along these bands and grain boundaries. Contrary to that, fatigue loading created few
deformation features, and fatigue damage was observed to occur by grain boundary cracking in the
fine-grained counterpart. A small amount of DIM was formed in the fine-grained structure, whereas
in the coarse-grained steel, appreciable amount of martensite was detected, and hardness increased
about 47% during cycling. It should be noted that due to a high cycling frequency of 23 Hz, specimens
tended to be heated during fatigue loading, which may have affected the austenite stability. Due to
higher strength of the fine-grained steel, the adiabatic heating might be higher in fine-grained than in
coarse-grained specimens.

Fargas et al. [64] carried out axial fatigue tests with a 301LN ASS under load control (R = 0.1) and
found that GS refinement achieved by reversion treatments led to fatigue limits clearly higher than that
of annealed coarse-grained counterpart. Interestingly, even a 20% cold rolling reduction providing 28%
DIM was enough for this improvement. They also observed that after the fatigue tests, the amount
of DIM was close to 44% for the coarse-grained (GS 11.7 + 4.1 um) steel, while the reverted samples
(40% cold rolling reduction before annealing and GS 2.3 + 1.5 um) showed less than 23% of DIM.
Hence, the stability of austenite increased with decreasing GS and less slip bands were also observed
in fine-grained structures, both observations being consistent with those by Hamada et al. [194].

Liu et al. [182] used the tension-tension loading (R = 0.2 at 95 Hz) for an 18Cr-8Ni ASS (70% cold
rolling; annealing 710 °C-10 min, 760 °C-5 min and 950 °C-5 min). They obtained the fatigue
strengths of 811, 568 and 501 MPa for the reversion-treated structures with GS of 400 nm, 1.4 um,
and 12 um, respectively, i.e., a distinct improvement in fatigue strength due to the GS refinement.
The respective YS values were 878, 571 and 316 MPa so that the fatigue strength was lower than the YS
for submicron-grained steel but higher for the coarse-grained one. After fatigue testing, distinct slip
bands were formed on the surface of the coarse-grained sample, while shallower slip bands were
present on fine-grained surfaces. The surface of the submicron-grained sample was smooth and without
slip bands or other deformation marks. This sample also showed the smallest increase in hardness in
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fatigue, only 8%, whereas the hardness increased up to 80% in the coarse-grained counterpart. In the
submicron-grained structure, a very small amount of martensite and dislocations were generated.
Moreover, these observations on surface deformation and the higher stability of the refined structure
are in agreement with those reported earlier by Hamada et al. [194] and Fargas et al. [64] for 301LN ASS.

In strain-controlled fatigue testing, nano- or ultrafine-grained materials usually exhibit longer
fatigue lives in the HCF regime and shorter fatigue lives in the LCF regime compared to
their coarse-grained counterparts due to their higher strength and lower ductility, respectively
(see e.g.,, Hoppel et al. [180]). However, as shown in Figure 14a, Man et al. [184,196] and
Chlupova et al. [99] reported slightly higher fatigue resistance of the ultrafine-grained structure
compared to that of coarse-grained counterpart of a 301LN ASS in the range 10*-10° cycles.
Moreover, Droste et al. [74] reported an improvement of the fatigue life due to the GS refinement
(from 28 to 0.7 um) both in LCF and HCF regimes in a metastable 16.5Cr-6.5Ni-7Mn ASS under total
strain amplitude loading. They suggested that the small difference in hardness between austenite
and DIM in the ultrafine-grained partially-reversed structure would lead to more homogeneous
strain distribution during cycling, whereas in the coarse-grained structure, strain is localized in the
austenite phase. The data of Jarvenpaa et al. [87,102] also inserted in Figure 14a, indicate hardly any
influence of GS on the LCF life of the same steel. However, in a comparison based on the mid-life
stress amplitudes, the reversed fine-grained structure was distinctly better than the coarse-grained
counterpart (Figure 14b). In the HCF regime, the fatigue strength, i.e., the stress amplitude level at 10°
cycles, was in the range of 460-570 MPa for the reversed structures (GS = 0.6-3.4 pm), being even more
than twice higher compared to corresponding value of the annealed coarse-grained (=20 um) structure.

Jarvenpad et al. [29,87] have shown that low prior cold rolling reductions before the reversion
annealing can lead to fatigue strength identical to that achieved after the 63% reduction. For the highest
fatigue, strength of over 500 MPa was obtained in the partially reversed 32% and 56% cold-rolled
structures created at lower temperatures with longer holding times. The fatigue strength was practically
independent of the loading direction relative to the rolling direction. Mateo et al. [190] reported
that even a cold rolling reduction as low as 20%, resulting in a very non-homogeneous reversed
structure (the mean GS below 3 pm), led to 36% improvement (i.e., 100 MPa) of the fatigue limit
compared to that of an annealed 301LN. However, the fatigue limit remained lower than that of a 20%
temper-rolled sheet.

Similarly, as in the case of tensile properties, subsequent cold rolling deformation has been
found to have only a slight effect on the fatigue strength of the partially reversed structure in a
301LN ASS, whereas the improvement is much more pronounced in the coarse-grained steel [87,102].
However, the fatigue limit (at 10° cycles) for the low-temperature reversed structure is about
600 MPa without any temper rolling, corresponding to the fatigue limit of 20% temper-rolled
coarse-grained structure.

In summary, it can be noticed that the fatigue strength of reversion-treated ASSs has been
extensively studied for Cr-Ni and few Cr-Ni-Mn grades. Research on Cr-Mn type steels seems to be
lacking. The results indicate the fatigue strength is highly improved by the GS refinement, as compared
on the basis of stress amplitude. As is typical, the comparison based on strain amplitude does not
show significant influence of GS. The influence of GS can be seen in the formation of slip bands and
crack initiation.

5.3.2. Cyclic Stability

In metastable ASSs DIM forms during tensile testing and also during fatigue loading.
Hard martensite in the soft austenitic matrix is known to improve fatigue strength; e.g., [60,64,98,186-192].
The cyclic deformation-induced martensitic transformation depends on the temperature, total strain
amplitude and the cumulated plastic strain [186], and significantly on GS as pointed out in the
previous section.
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It has been shown that an increase in the DIM fraction leads to higher fatigue strength in the HCF
regime due to increased strength, but relatively, LCF strength is decreased due to impaired ductility.
It has been argued that there is an upper limit to martensite fraction in improving the fatigue resistance
in the HCF regime, but the exact value of this limit seems to be unclear. Topic et al. [191] showed that
in a 304 ASS (coarse-grained condition), pre-formed DIM is beneficial for fatigue life if its fraction is
below 20%. Mateo et al. [60,190] found that even a 28% DIM fraction did not impair fatigue strength
and Fargas et al. [64] reported a clear improvement even with a 38% DIM fraction (obtained by 40%
reduction of a coarse-grained annealed sample) in cold rolled specimens.

Initial cyclic softening followed by pronounced cyclic hardening has been observed in cyclic
loading in a coarse-grained annealed 304 ASS. The cyclic hardening is connected with DIM formation
during dynamic straining, e.g., [192]. Poulon et al. [195] observed in a 15.38Cr-9.06Ni-3.06Mo ASS,
with a fine 2.5 pm and coarse 21 um GS, a slight cyclic softening followed by a secondary cyclic
hardening, whatever the GS. The secondary cyclic hardening was more intense and started earlier at
high strain amplitudes, being promoted especially in the coarse-grained steel. During the hardening
stage, in grains larger than 2 pm, the formation of DIM occurs inside austenite grains on dislocation
structures with the presence of nuclei on cell walls or dipolar walls. However, in fine grains, where
plasticity activity occurs at grain boundaries, an intragranular dislocation structure is not a prerequisite
for martensite nucleation but nuclei can appear along grain boundaries.

Biermann et al. [186] and Droste et al. [74] divided cyclic behavior of a 16.5Cr-”Mn-6.5Ni ASS into
three stages: a primary hardening followed by a stage of cyclic softening being related to an increasing
dislocation density and their interactions in the beginning of cyclic deformation and a rearrangement
and annihilation of dislocations in the stage of cyclic softening and, finally, a secondary hardening due
to the martensitic transformation. The secondary hardening increases with increasing strain amplitudes,
and the onset occurs at a lower number of cycles. Increasing temperature reduces the degree of
secondary hardening. In a recent study, laser beam annealing has been used to reverse the DIM in this
steel, and cyclic hardening behavior and fatigue properties investigated [193]. Earlier, laser annealing
was used for the reversion in a 301LN steel [197].

In studies of Jarvenpdd et al. [84,87], Chlupova et al. [99] and Man et al. [196], a minimal softening
was found in reversed structures of a 301LN ASS at a strain amplitude of 0.4%, as seen in in Figure 15a.
The same has reported by Droste et al. [74] for a 16.5Cr-7Mn-6.5Ni ASS. The softening was followed by
slight hardening of the coarse-grained structure. At a higher total strain amplitude of 0.6%, both the
coarse-grained and fine-grained reversed structures experienced unstable behavior, characterized by a
pronounced hardening period, as illustrated in Figure 15a. A slight softening took place before that
in the fine-grained structure, but not in the coarse-grained counterpart. However, the fine-grained
reversed structures, which were strong as shown by the stress amplitude level (initially about 750 MPa),
exhibited much less cyclic hardening than the coarse-grained structure, which had a low initial stress
amplitude (about 320 MPa). Therefore, the stress amplitudes were close to each other after about
5000 cycles. DIM transformation occurred over the course of cycling after certain incubation periods
(Figure 15b), and obviously, this is connected with cyclic hardening. However, in spite of a very
different amount of hardening between the structures with these different GSs, the amount of DIM
formed in cycling was high but quite similar among the studied structures (about 80% DIM after 5000
cycles at 0.6%). Thus, the influence of GS on DIM formation was not pronounced, which is somewhat
contrary to the observations from load-controlled tests mentioned in the previous section. However, the
influence of a given DIM fraction on cyclic hardening is much more significant in soft coarse-grained
austenitic structure than in strong fine-grained structure, similarly as reported by Droste et al. [74].
Jarvenpad et al. [84] have discussed this.

In summary, after initial slight softening or constant stage, cyclic hardening takes place in
grain-refined as well as coarse-grained ASSs, which can be attributed to DIM formation. The amount
of DIM is independent of the GS, but the degree of cyclic hardening is more pronounced in soft
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coarse-grained austenite than in grain-refined austenite. The background of the phenomena is quite
well understood.
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Figure 15. Cyclic medium-life stress amplitude (a) and DIM fraction (b) vs number of cycles curves
of coarse-grained and reversed fine-grained 301LN at 0.4% and 0.6% strain amplitudes. Data from
References [87,99,102].

5.4. Stretch Formability

The formability properties of reversion-treated structures are scarcely reported in the literature.
Tensile ductility of ASSs is high, so the formability can be expected to remain on a good level in spite
of the GS refinement and high strength. In one study, the stretch formability properties of the reversion
treated 3 mm thick sheets of a 301LN ASS with the YS in the range 682-998 MPa, and temper-rolled
structures of 301LN and 301ASSs, for reference, have been determined by the Erichsen cupping
tests [198]. The results indicated that the stretch formability of the reversion-treated structures is
identical or slightly better than that of the temper-rolled counterparts at a given YS level. Furthermore,
the stretched cup surface of reversion-treated sheets is smoother than the surface of the cups of
commercial temper-rolled sheets. This is in accordance with a technical data from Nippon Steel &
Sumitomo Metal reporting excellent strength and formability for grain-refined thin sheets of AISI 304
(SUS304 BA1) and 301L (NSSMC-NAR-301L BA1) [108,109]. Further tests on the formability have been
carried out by the authors but not published yet, and the study continues.

5.5. Weldability

Welding of steel sheets is often needed for constructive applications. In fusion welding processes,
cold-strengthened ASSs tend to soften at the heat-affected zone (HAZ), and therefore, welding with
restricted heat inputs must be applied. Weldability of reversion-treated ASSs has been investigated
very scarcely. In a very recent study [199], it has been shown that autogenous laser welding of a
reversion-treated ultrafine-grained (YS ~ 670 MPa) 301LN steel sheet (3 mm thick) created a weld metal
with coarse columnar grains and a very narrow HAZ, similarly as happens in a temper-rolled (YS ~
740 MPa) sheet [200-202]. Figure 16 displays an example of a laser welded joint and its microstructure
and hardness distribution in a 3 mm 301LN steel. The weld metal has a low hardness (240 HV),
naturally identical in the both sheets corresponding to the hardness of a hot-rolled sheet. The HAZ in
the reversion-treated sheet exhibited grain coarsening, but in the temper-rolled counterpart, the GS is
locally refined due to the recrystallization of the cold-rolled structure [201,202]. However, the grain
structure of the HAZ was still finer in the reversion-treated sheet and the softened zone was slightly
narrower. The YSs determined of the specimens cut across the weld seams were equal (629 MPa),
but the elongation was clearly better in the seam of the reversion-treated sheet. The YS of the laser
welded sheets was about double compared to that (330 MPa) of the hot rolled AISI 301LN sheet.
However, the fatigue limits were quite equal in the hot rolled and laser-welded reversion-treated and
laser-welded temper-rolled sheets.
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Figure 16. Cross-section of a laser weld on a reversion-treated 301LN sheet, hardness profile and grain
size distribution. The hardness profile is from Reference [199].

5.6. Corrosion Resistance

High corrosion resistance is one of the most important properties of ASSs. Lv et al. [203] have
investigated the effect of cold rolling temperature in the range from —196 °C to RT on corrosion
resistance of a 304L ASS by potentiodynamic polarization tests in a borate buffer solution. In rolling,
the austenitic microstructure was transformed completely to martensite. Results showed that samples
cold rolled at —120 °C had an equiaxed GS of about 300 nm, which displayed the best corrosion
performance. Moreover, the reverse transformation treatment was performed by annealing at 850 °C
for 180-270 s, but no results were given concerning the reversed structures.

Han et al. [204] showed that a refinement of austenite GS of a 304 ASS strip by a thermomechanical
treatment improved the TS and particularly the YS and also increased the intergranular corrosion
resistance. This was explained as a result from the increased grain boundary area and thereby a
decreased degree of the Cr depletion caused by carbide precipitation in the steel.

Di Schino et al. [41,42] have investigated the effect of refined GS on various properties of a low-Ni
nitrogen alloyed Cr-Mn (Fe-0.037C-18.5Cr-1.07Ni-11.4Mn-0.37N) ASS. In the experiments, cold rolling
of 75% reduction created about 45%DIM, and after the reversion annealing at 900 °C, GS varied from
2.4 pm after 10 s to 3 um after 10 ks holding. The general corrosion rate of the ASS with 2.5 to 40 um
GSs was measured in 5% H;SO, boiling solution for 10 h. It was found that the corrosion rate increases
with decreasing GS. It was concluded that increasing the grain boundary surface area by grain refining
causes destabilization of the surface passive film. The intergranular corrosion rate was estimated by
immersing the samples in H,SO, -FeSO; (Streicher solution) for 10 h. The intergranular corrosion
rate was found to decrease with decreasing GS. As GS is refined, the grain boundary area per unit
volume increases and the degree of the Cr depletion caused by carbide precipitation will decrease for a
given carbon content. The pitting corrosion rate was measured in a 10% FeCl3-6H,0O solution at RT for
10 h. In contrast to the reduction of the general corrosion resistance, the grain refining led to improved
pitting corrosion resistance in the low Ni-nitrogen alloyed steel as well as in a 304 ASS used for the
reference. The pitting of ultrafine grained steel was found to initiate in several sites but with small
individual pits, whereas in the large-grained steel pits were coarse and deep though lower in number.
Moreover, the pitting potential was found to shift towards more noble potentials with decreasing GS.

Consistent with the result of Di Schino et al. [41,42], also Hamada et al. [205] reported that
in a 301LN ASS the submicron-grained structure, formed upon reversion annealing at 800 °C
for 1 s, exhibited a better pitting corrosion resistance than the coarse-grained structure. This was
attributed to the preferential and faster pitting attack on grain boundaries in the coarse-grained steel,
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presumably due to more severe impurity segregation or chromium-nitride precipitation than in the
ultra-fine-grained structure.

As discussed in Section 5.2.2, precipitation of tiny CrxN particles has been detected in 301LN ASS,
occurring presumably in DIM before the reversion at 600-800 °C [22,26]. Hence, some concern can arise
if the precipitation impairs the corrosion resistance, even though the improvement in intergranular
corrosion resistance was reported [41,42], as mentioned above. The unpublished research on this
issue performed at the University of Oulu has indicated that there exists no risk to intergranular
corrosion in the instance that no DIM is present, i.e., after complete reversion. Electron microscopy
studies have revealed that particles locate inside austenite grains, not along grain boundaries [22,26,86],
obviously due to precipitation in deformed martensite before its transformation. However, the presence
of more than 2.7% DIM seems to degrade the corrosion resistance of low-temperature reversed structures.
According to the Strauss test, sensitization also in a 204Cu ASS has been found possible after reversion
annealing at 700 °C for 100-200 s (the DIM content 2.5% to 3%).

In summary, the general corrosion resistance is impaired, but the pitting corrosion resistance
is improved by refined GS. Retained DIM may be detrimental for corrosion resistance, and some
concern exists regarding the sensitization of ASSs with nitrogen alloying or high carbon content.
Further investigations might be performed to further clarify the issue.

5.7. Properties for Medical Applications

Additionally, metals or alloys with nano- or ultrafine-grained structures are attractive materials
for biomedical applications. Higher strength is one property desired and can be increased by the
reversion treatment, but also, their osteoblast activity seems to be improved by the GS. To enhance
osseointegration of orthopedic implants, the surfaces of implants, which are in direct contact with bone
tissue, are of importance. If the implant surfaces provide a better environment for bone cell functions,
then the integration of the implant with the juxtaposed bone tissue can be improved. By modifying
biomaterial surfaces to possess features having nanophase topography, implant surfaces mimic the
feature size of natural tissues, providing a more realistic niche to promote cellular functions on
implant surfaces. It seems that a steel surface with nano-/submicron-sized GS is this kind of advanced
topography without the risk of delamination as is the case with anodized oxide films, for instance.
The favorable enhancement of osteoblasts functions and cellular attachment on nano-grained surface
is attributed to ultrafine GS, i.e., the availability of greater open lattice in the position of high angle
grain boundaries and high hydrophilicity.

Professor Misra’s group together with researchers at the University of Oulu has investigated
reversion-treated 301LN ASS for medical purposes [206-210]. For instance, Venkatsurya et al. [207]
compared osteoblast response of grain boundary grooved and planar nano-/ultrafine-grained surfaces.
Nune et al. [208] studied the influence of GS on osteoblast differentiation and mineralization.
The determining role of grain refined structure on osteoblasts functions was fundamentally defined so
that surface roughness and grain structure are the contributing factors that strongly influence protein
adsorption on substrates and consequently cell attachment; proliferation and expression level of actin,
vinculin and fibronectin [209]. Recently, the corresponding behavior of a 304 ASS has been investigated
in another research group [211], and similar features as for the 301LN ASS have been reported.

Tufan et al. [212] obtained by machining substantial grain refinement up to 98.2 nm on the 316L
ASS surfaces. Biological experiments showed nearly 280% increase in the bone cell density on turned
samples compared to the as-received 316L stainless steel at the 5th day of culture, which was explained
with enhanced hydrophilicity of the turned sample as a result from the combined effect of surface
nanocrystallization and rougher nanoscale surface topography.

It is well known that a Cu-alloyed 304 ASS has antibacterial properties when Cu precipitates
in surface layers and release Cu ions, e.g., [213,214]. In annealed condition, the strength properties
of this steel are relatively low (YS = 250 MPa), but they can, evidently, be improved by refining the
GS by the reversion treatment, as shown for a 304 ASS in numerous studies. The Cu precipitation in
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annealed austenite needed for creating the antibacterial property requires quite a long aging time,
but it can take place at temperatures 650-800 °C [214]. At these temperatures, the grain growth in ASSs
is negligible, as discussed in Section 4.1. Further, Cu precipitation in deformed DIM can be supposed
to be a much faster process than in annealed austenite. Thus, the micron-scale reversed GS can be
retained during the aging treatment. The study on this issue has just been finished, and the results will
be published soon.

The integration of cellular and molecular biology with material science and engineering as described
here provides a route to modulate cellular and molecular reactions in promoting osteoinductive signaling
of surface adherent cells.

6. Conclusions

A large number of laboratory experiments have demonstrated that many commercial metastable
Cr-Ni and Cr-Mn ASS grades can, even after a reasonably low cold rolling reduction (*20% to 50%),
be reversion treated in a temperature region of 600-900 °C for a desired short duration, and excellent
yield strength-elongation combinations and high fatigue strength are obtained. The mechanical
properties surpass those of temper-rolled sheets. Moreover, the formability, corrosion and biomedical
properties are enhanced by the reversion treatment, although these properties have been much rarely
investigated. Weldability issues are most scarcely covered yet. After this intense research, the topic of
reversion phenomenon is quite matured and well understood, even though many details depend on
the exact chemical composition of the steel and processing variables (cold rolling degree, annealing
temperature, etc.) The highly refined grain size is the main factor for the enhanced properties, but also
partly reversed structures with retained martensite and austenite can exhibit excellent strength-ductility
combinations, although the grain size remains coarser and non-uniform. Numerous processing factors
affect the properties so that they must be adjusted for the case sensitively and the robustness of the
processing checked. However, studies demonstrate that the reversion processing route could be
adopted industrially for manufacturing austenitic stainless steels with advanced properties.

Recently it has been reported that the reversion-treatment approach can be adopted also to
high-Mn-TRIP steels. Various phenomena and features, found during the reversion treatment of
ASSs and discussed in previous sections, can exist in high-Mn-TRIP steels (Mn > 15%), too. In cold
rolling of certain Fe-Mn-C alloys, e-martensite can form and reverse in subsequent annealing [215,216].
In low-carbon high-Mn steels, two types of «’-martensite have been found to exist after cold rolling
with retained austenite [217-220]. The reversion of «’-martensite takes place during annealing in two
temperature ranges, together with a new phenomenon of Mn partition, not reported in the reversion
stage in ASSs. Both shear and diffusional reversion mechanisms can occur, and GS refinement can be
effective in austenite formed from cell-type martensite while ineffective in austenite reversed from
lath-type martensite. During deformation, TRIP and also TWIP mechanisms can occur. Thus, this field
is rich in details to be further investigated.

Reversion has been reported in high-entropy alloys [221], with the chemical composition metastable
enough for deformation-induced martensite formation during cold rolling. This will expand the
research field for studying reversion-affected phenomena and related properties.
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Nomenclature

o Parameter in Olson-Cohen model (Equation (3))

o’ -martensite Deformation-induced body-centered cubic martensite
B Parameter in Equations (2) and (3)

e-martensite Hexagonal epsilon martensite

3

Strain in Equations (2) and (3)

Em’ Abscissa of the mid-point of a sigmoidal curve (Equation (2))

0o Friction stress in the Hall-Petch relation

Ag Finish temperature of the martensite to austenite reversion

As Start temperature of the martensite to austenite reversion

ASS Austenitic stainless steel

CR Cold rolling

DA Deformed austenite, retained in cold rolling

DIM Deformation-induced martensite (o’ -martensite)

FCC Face-centered cubic

for Martensite fraction in Equation (2) and Olson-Cohen model (Equation (3))

fs Saturation martensite fraction in cold rolling deformation (Equation (2))

GS Grain size

HAZ Heat affected zone

HCF High cycle fatigue

m Exponent in Olson-Cohen model (Equation (3))

Muaszo Temperature where 50% a’-martensite is formed by 30% true strain

Mg Starting temperature of martensite transformation

LCF Low cycle fatigue

R R ratio, minimum peak stress divided by the maximum peak stress in fatigue cycling

Rpo2 Proof strength, yield strength

RT Room temperature

SHR Strain hardening rate

TE Tensile elongation, fracture strain

TS Tensile strength

YS Yield strength
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