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Super duplex stainless steel specimens were subjected to controlled (in a deformation simulator) thermal
and thermal plus deformation treatments. The objective was to relate the corrosion performance with hot
(1000-1300°C) deformed microstructures. The microstructural evolutions were quantified with extensive
microtextural characterization and measurements of phase-specific micro-hardness. The corrosion
behavior was investigated by anodic polarization and phase-specific selective dissolution methods. Though
the thermal treatment imposed an increasing degradation in corrosion performance with holding tem-
perature, the associated deformation at that temperature brought a non-monotonic behavior. The best
corrosion performance (or the lowest passivation current density) was noted in the specimen deformed at
~1100°C. This superior corrosion behavior was attributed to the grain size refinement in the austenite
phase. Finally, a combination of transmission Kikuchi diffraction (TKD) plus transmission electron mi-
croscopy (TEM) clearly related the grain size refinement to discontinuous dynamic recrystallization. The
overall corrosion behavior was shown to be determined by a balance between decreasing austenite fraction

and dynamic recrystallization-induced grain size refinement of the austenite phase.
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1. Introduction

Though the name ‘stainless’ was coined in 1913 for the first
commercial chromium-bearing austenitic steel (Ref 1, 2), the
duplex stainless steel (DSS) was commercialized only in 1930
(Ref 1-3). This interesting grade, having an almost equal
presence of face-centered cubic (FCC) austenite and body-
centered cubic (BCC) ferrite phases, offers properties and
performance exceeding those of its single-phase counterparts
(Ref 4). The developments in DSSs have been undertaking
continuously in last ~90 years, (Ref 1, 2): starting from the
original lean DSS or the first generation grade to more recent
innovations of second and third generations—the super and the
hyper grades. The classifications of DSS are primarily based on
their resistance to pitting or pitting resistance equivalent
number (PREN) (Ref 1). The alloy chemistry primarily
determines the resistance to pitting of any DSS (Ref 1, 4, 5),
but the substrate microstructure also plays a significant role in
pitting as well as general corrosion resistance (Ref 6-9).

The high alloying element content and the high strength of
the DSS naturally bring out fabrication challenges (Ref 1, 2,
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working and the solutionizing heat treatment (Ref 11, 12). Even
the last step, which simply requires heating and holding to a
relatively high temperature, has interesting science and tech-
nology behind it. The solutionized DSS is water quenched
immediately after the solutionizing to avoid the formation of
harmful tertiary phases (Ref 1, 13, 14). The holding temper-
ature and time of the solutionizing heat treatment determine the
grain size plus phase fraction and phase-specific chemistry, and
all these metallurgical parameters affect the corrosion resistance
of SDSS (Ref 9). Similarly, the cold working (Ref 8, 15-17)
and post-cold work annealing (Ref 18, 19) also affect the
corrosion performance of SDSS because they control the
presence of local lattice curvatures, i.e., local distortion in
crystallographic orientation. It has been already reported, in a
SDSS, that the presence of large lattice curvatures and
associated high-angle grain boundaries were detrimental to
the corrosion performance (Ref 8). At the same time, minor
cold work did enhance the corrosion resistance.

With all such references relating to substrate microstructures
with corrosion performance in DSS (Ref 6, 8, 9, 15—18), the hot
working and associated microstructure evolution naturally
become important. Controlled hot working, for example, has
been successfully implemented to introduce superplastic defor-
mation (Ref 20-22) or to produce micro-duplex structures (Ref
23), and, more relevant to the present study, to obtain optimized
flow behavior (Ref 24-26). The latter, the basis of the
processing maps (Ref 24, 27, 28) and numerous publications
Ref 29-31 in DSS, is based on balancing between work
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hardening and work softening. In particular, hot working is
expected to produce reduced strain hardening than cold
working. The relatively ‘subdued’ effect of high temperature
plastic deformation is further softened by dynamic recovery
(DRcev) and/or dynamic recrystallization (DRx). Dynamic
recovery (Ref 32-34) is a high-temperature mechanism that
evolves with a large deformation, in which immobile disloca-
tions are released to annihilate immediately with neighboring
dislocations of opposite sign. In dynamic recrystallization
(opposed to static recrystallization), the nucleation and growth
of new grains occur during high-temperature deformation itself
(Ref 35-37). These are reported in hot working of DSS as well
(Ref 38, 39).

However, how such evolution in hot worked and annealed
microstructures would affect the corrosion performance of DSS
has never been explored comprehensively. For example, in
solution annealing treatment, both temperature and duration
matter. G. Fargas et al. observed that the pitting resistance
decreased with the decreasing of intermediate annealing
temperature from 975°C to 875°C performed on cold-rolled
DSS due to the formation of the undesired phases such as sigma
phase at low annealing temperatures (Ref 40). M. Gholami
et al. reported that the pitting corrosion resistance decreased
with the increasing of solution annealing temperature with a
preferential attack in the ferrite phase (Ref41). X. Liu et al. also
observed increased pitting corrosion resistance with the
increasing of solution annealing temperature in the temperature
range of 850—-1100°C for SDSS (Ref 42). Similarly, several
researchers have studied and discussed the effect of hot
deformation on corrosion resistance of DSS. Y. H. Yang et al.
reported that 2205 DSS, after deformation at 1050°C, showed
deterioration in the pitting corrosion resistance. Deformation at
this temperature favors dynamic recrystallization (DRX), which
increases the y/y grain boundary and &/y boundary (Ref 43). M.
Dabala et al. proposed that the partial DRX of austenite, for
example, after deformation at 950°C, improved the corrosion
resistance of DSS (Ref 44). E. Paredes et al. stated that many
useful products like corrugated bars are more prone to local
corrosion, and fabrication through hot working provides better
corrosion resistance (Ref 45). Even in large industrial forgings,
hot deformation affects the pitting resistance (Ref 46).

The partitioning of austenite forming (Ni, N) and ferrite
forming (Cr, Mo) elements with annealing temperature results
in not only in different chemical compositions of the austenite
and ferrite phase but also in differences in corrosion properties.
The overall corrosion behavior of a DSS depends on the
constituent ferrite and austenite phases. The microstructures of
the constituent phases evolve differently with different hot
deformation conditions; thus, the respective electrochemical
corrosion behavior also changes in accordance with the changes
in composition. Though some of these results provide great
technological information, but details about microstructure and
processing are still not adequate, and it is a matter of active
research. Hot worked microstructure and its corrosion resis-
tance thus provided the basis for this study. This is the

motivation behind the present study. This study correlates the
microstructural developments such as grain size of phase-
specific, misorientation and ferrite fraction that occurred during
hot deformation of SDSS with the corrosion (passivation)
behavior. The correlations between microtexture (grain refine-
ment by dynamic recrystallization) and corrosion behavior
(passivation) are first of its kind.

2. Experimental Procedure

2.1 Material and Processing

This study is on a SAF 2906 SDSS, and its chemical
composition is listed in Table 1. Chemical composition was
measured using optical emission spectroscopy (OES). It is to be
noted that OES measurements were repeated twice and the
average value is reported. The starting material (noted as as-
received or AR) was received (from Sandvik™ Materials
Technology, Sweden) as a hot-rolled and then solutionized (at
1050°C, 1 h) ~12-mm-thick plate. Though the microstructure
appeared fully recrystallized, subsequent microtexture mea-
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Fig. 1 (a) Schematic of the thermal and thermal plus deformation
treatments used in this study. For details on the temperature, refer to
Table 2. (b) True plastic stress () versus true plastic strain (€pagtic)
plots obtained from the compression tests in a deformation simulator
at different temperatures

Table 1 Composition of the super duplex stainless steel (Sandvik SAF-2906™") in weight %

Elements C Si Mn P

Cr Ni Mo Cu N S

Weight % 0.03 0.30 1.01 0.015

29.05 7.02 2.30 0.80 0.35 0.012
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Table 2 Different temperatures used for the thermal and the thermal plus deformation cycles (as in Fig. 1)

Deformation temperature (50% plain strain compression)

Annealing temperature, without any deformation (holding time 60s)

Room temperature (RT) (27°C)
500°C

700°C

1000°C

1050°C

1100°C

1200°C

1300°C

Not applicable
500°C

700°C

1000°C
1050°C
1100°C
1200°C
1300°C

surements showed signatures of ‘remnant’ plastic deformation
and associated misorientation (Ref 47).

Cylindrical compression specimens of 8§ mm diameter and
12 mm length were prepared from the mid-width and mid-
thickness sections of the AR plate. As shown in Fig. la, two
types of experiments were performed. One set of samples was
subjected to controlled uniaxial compression in a deformation
simulator (Gleeble3800™") for different deformation tempera-
tures (see Table 2). The compression tests were conducted to a
50% reduction in thickness (strain rate of 0.01 s™), followed by
water quenching. Figure 1b shows the flow behavior, a point
discussed in the next section, of the corresponding compression
tests. Further, another set of samples was subjected (see Fig. 1a)
to the same (heating rate, holding temperature-time and water
quenching) thermal treatment (but without imposing any
deformation). Samples from the thermal tests provided the
basis for easy comparison. Table 2 lists the temperatures for
thermal and thermal plus deformation treatment used in this
study. In this study, the thermal treatments are being referred to
as annealing (without any deformation) although it is not
annealing in the true sense.

2.2 Microstructural and Micro-hardness Characterizations
of Specimens

Post-thermal and thermal plus deformation treatment, the
specimens were sectioned (using electro-discharge machining),
in two halves, parallel to the compression axis. Before the
microstructural characterization, the surface of the specimens
was polished metallographically, followed by a final elec-
tropolishing. For the latter, an electrolyte of 80:20 methyl
alcohol and perchloric acid was used at —20°C and 16 volts dc.
These were then subjected to microstructural characterization
using electron backscattered diffraction (EBSD) with a TSL-
OIM™ system in a FEI"™ Quanta 3D-FEG (field emission
gun) scanning electron microscope (SEM). For EBSD mea-
surements, the beam, video and step sizes (0.3 um) were kept
identical. The specimens for transmission electron microscopy
(TEM) were prepared by twin-jet polishing (Struers'™
Tenupol-5) using the same electrolyte and electropolishing
condition (as mentioned earlier for EBSD sample preparation).
These were then examined by transmission kikuchi diffraction
(TKD: using TSL-OIM™ system in a FEI"™ Nova Nano SEM)
and by TEM (Thermo™ Themis-300, operated at 300 keV).

Finally, Vickers micro-hardness measurements, of the
respective phases, were made in a Fischerscope™ HM 2000.
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At least 15 measurements were taken, for each phase in a
specimen, with 10 mN load and 20 s dwell time.

2.3 Electrochemical Characterization

The electrochemical characterization of all the specimens
was carried out by potentiodynamic and potentiostatic polar-
ization. The test specimens were provided an appropriate
electrical connection from one side while mounting in an epoxy
resin to expose the opposite side of the specimen (at least 1 cm?
area) to the electrolyte. The electrical connection wire was
insulated to avoid contact with the test solution. For all the
electrochemical measurements, the specimens were polished up
to mirror finish with a diamond paste of 0.5 um particle size
and cleaned properly. The contact regions between the test
specimen and the resin were covered with a nonconductive
lacquer.

All the electrochemical tests were performed, as per ASTM
G5 standard procedure, in a conventional three-electrode cell
using a platinum foil as the auxiliary (counter) electrode,
specimen as the working electrode and a saturated calomel
electrode (SCE) as the reference electrode. The tests used a
Bio-LogicTM VSP 300 potentiostat. The anodic polarization
(passivation) behavior of deformed and thermal plus deformed
conditions has been studied in the test solution of 0.1M H,SO,
+ 0.25 M Na,SO, at room temperature (25°C). At the start of
each electrochemical experiment, the specimen was cathodi-
cally polarized at —1000 mVgcg for 60 s for surface cleaning,
and this was followed by immersing in the solution for 30-
45 min to obtain a stable open circuit potential (OCP). Argon
gas was bubbled through the solution for 1 h before the start of
electrochemical experiments to remove the dissolved oxygen
and the bubbling was continued until the end of the experiment.
A potential sweep with a scan rate of 10 mV/min was employed
for the anodic polarization tests from —0.55 Vgcg to 0.9 Vgcg.
The anodic polarization data (see Fig. 2a) were then analyzed,
and passivation current density (i,) was measured as current
density corresponding to the passive potential of 0.2 Vgcg.

Further, to support the observed electrochemical results
obtained in 0.1M H,SO,4 + 0.25 M Na,SO, solution, the hot-
deformed specimens were subjected to selective dissolution of
the ferrite and the austenite phases in 2 M H,SO,4 + 0.5 M HCI
solution at 25°C. As mentioned, the focus of the present work is
to explore the corrosion behavior of SDSS in hot-deformed
conditions, these experiments were conducted only for hot-
deformed conditions. For this, specimens mounted in epoxy

Volume 31(2) February 2022—1481
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Fig. 2 Typical anodic polarization curves (potential versus current density) in (a) 0.1M H,SO,4 + 0.25M Na,SO, solution and (b) 2 M H,SO4+
0.5M HCI solution. (a) also includes passivation current density (ip). The inset in Fig. 2(b) shows distinguishable ferrite (o) and austenite (7)
dissolution peaks and their corresponding peak potentials. (c) Electron backscattered diffraction (EBSD) images (combing information on phase
plus image quality 1Q) showing selective dissolution in ferrite and austenite after phase-specific potentiostatic dissolution. (d) Depth of
dissolution versus distance. These are shown, along the white lines marked in (c), respectively, for the ferrite (o) and the austenite (y) phases
(before and after the dissolution for 1050°C)

resin (with appropriate electrical connections at the back) were
suitably prepared (as mentioned earlier). First, potentiodynamic
polarization tests (identical conditions as mentioned earlier)
were conducted in an electrolyte of 2 M H,SO,4 + 0.5 M HCI.
Two different anodic peaks were observed for the ferrite (o) and
the austenite (y) phases (as shown in Fig. 2b). The i, was
measured at a passive potential of 0.2Vgcg. Potentiostatic

1482—Volume 31(2) February 2022

polarization tests were conducted at these respective peak
potential(s) (E, or E,, see Fig. 2b, for the respective phase(s)) in
a freshly prepared solution 2 M H,SO4 + 0.5 M HCI solution
for 3 h to dissolve a particular phase. The methodology was
otherwise identical to that earlier described for potentiodynamic
polarization tests. The selective dissolution of the ferrite phase
resulted in the formation of cavities and left the austenite phase
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almost un-attacked (see Fig. 2¢). The reverse was naturally
valid for the selective dissolution of the austenite phase. The
depth of dissolutions (see Fig. 2d) was quantified, for different
phases and associated microstructure, by a 3-D non-contact
optical profiler: Zeta™. It may be noted that the same
electrolyte solution has been used for establishing the phase-
specific peak potentials and its dissolution in the previous
publications (Ref 8, 9, 19). Analytical reagent grade chemicals
are used for preparing the solutions for conducting electro-
chemical corrosion experiments. Figure 2b-d illustrates the
methodology used for (a) establishing the individual peak
potentials for the ferrite and austenite phases, (b) direct
observation of phase-specific dissolution after potentiostatic
experiment and (c) depth of dissolution of post-selective phase
dissolution.

3. Experimental Results

Figure 1b collates the results from the compression tests
done at different deformation temperatures. It is clear that the
effects of temperature on the flow stress and strain hardening
were significantly different. For example, clear strain hardening
was noted for compression tests done at room temperature (RT)
and 500°C. For tests done at > 1000°C, on the other hand,
evidence of flow softening and flow saturation was observed
(Fig. 1b). These different flow behaviors at different deforma-
tion temperature naturally reflected on the microstructural
evolution. Microstructural evolution, as visualized through
EBSD, for the entire range of thermal and thermal plus
deformation cycles is collated in Fig. 3. More specifically,
specimen deformed at RT and 500°C, showing clear strain
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Fig. 3 (a) EBSD image quality (IQ) plus phase maps of as-received (AR) SDSS and the AR 50% deformed at room temperature (RT) and at
500 °C. (b) Similar EBSD images are also shown for samples subjected to different thermal and thermal plus deformation treatments (Fig. 1 and

Table 2)
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hardening (as in Fig. 1b), is shown in Fig. 3a. It is to be noted
that the thermal treatment at the same temperature (500°C) did
not alter the microstructure. However, specimens subjected to
both thermal and thermal plus deformation treatment above >
1000°C, see Fig. 3b, brought out noticeable differences in the
resultant microstructure. In particular, the phases appeared less
strain hardened: an observation easily justified from the stress-
strain behavior (Fig. 1b). Further, a qualitatively reduced
fraction of the austenite phase with clear discontinuities (see
Fig. 1b) was noted with an increase in temperature (in 1200°C
and 1300°C). Absence of tertiary phases, like Cr,N and sigma,
was also confirmed on the water quenched samples by FEG-
SEM. From Fig. 3b, it is clear that the annealing treatment
above 1000°C changes the morphology of the two phases. The

1484—Volume 31(2) February 2022

thermal plus deformation treatment changes the morphology of
the two phases at all the temperatures.

A quantitative comparison of the microstructural evolution
is given in Fig. 4: in terms of phase fraction % (Fig. 4a) and
phase-specific grain size (Fig. 4b), misorientation (Fig. 4c) and
micro-hardness (Fig. 4d). The accurate phase identification was
possible by considering a minimum of five Hough peaks (Ref
48-50) for the respective phase or space group. From such
phase(s), average grain size and kernel average misorientation
(KAM) values were then measured. It is to be noted that in an
automated EBSD analysis, a grain was considered as a region
bound by a continuous boundary with > 5° misorientation.
Such regions were ‘assumed’ as circular in shape, and grain size
data from automated EBSD maps are often reported as the
mean of the ‘circle equivalent diameters’ of the measured grain
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areas and from that the average grain size was estimated. KAM,
on the other hand, represented misorientation of every mea-
surement point(s) with respect to its immediate neighbors
(six—as a hexagonal grid was used in the present study),
provided any such misorientation did not exceed 5°. Finally, a
combination of EBSD plus micro-hardness enabled accurate
measurements of phase-specific hardness.

Figure 3 and 4 brings out detailed comparative microstruc-
tural evolution between the two sets of samples, those produced
by thermal and those produced by thermal plus deformation
treatments (see Figure la and Table 2). As shown in Fig. 4a,
>1050°C treatments resulted in a near-monotonic increase in
the transformation of austenite to ferrite. Further, the deformed
specimens clearly showed a lower fraction of transformed
ferrite. Though this study did not deliberate further on this
interesting aspect of deformation-induced retardation of dis-
placive phase transformation (Ref 51), this may be noted for
future study and reference. Moreover, the microstructural
evolution was not restricted only to the phase transformation.
There were clear indications of phase-specific grain coarsening
and even grain refinement (see Fig. 4b). The grain refinement

was observed only during 1000°C-1100°C deformation of the
austenite phase, while hot-deformed austenite >1100°C and
ferrite > 700°C showed grain coarsening. On the other hand,
appropriate thermal treatment (> 700°C for austenite (y) and
>1000°C for ferrite (or)) led to clear grain coarsening. These,
as will be presented later, constituted a critical aspect of the hot-
deformed microstructure developments and had a significant
implication for corrosion performance. Misorientation (see
Fig. 4c), for all phases and conditions, showed a near-
monotonic drop with an increase in temperature.

Of course, the drop in misorientation imposed by the
thermal cycle was noticeably less (close to the measurement
uncertainty, especially for the higher annealing temperatures)
than the more significant decrease enabled by the higher
temperature deformation. This point is further confirmed by the
phase-specific micro-hardness measurements (Fig. 4d). As
shown in Fig. 4d, the thermal cycle did not have a significant
effect on the phase-specific hardness, but thermal plus defor-
mation treatments provided clear softening (or decrease in
hardness). In other words, high temperature deformation was
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associated with significant softening. This, as presented subse-
quently, also affected the corrosion performance.

The passive current density (i,) values, as obtained from
anodic polarization under two different electrolytes, are sum-
marized in Fig. 5. In 0.1M H,SO4 + 0.25M Na,SO, solution,
the studied conditions showed typical active-passive anodic
polarization similar to anodic polarization observed for other
stainless steels in H,SO4 solution. The two activation peaks
observed for SDSS in the solution of 2M H,SO,4 + 0.5M HCI
during anodic polarization were associated with selective
dissolution of ferrite and austenite phases. This is mainly
because of difference in the chemical composition of austenite
and ferrite phases. It has been reported that the activation peak
observed at lower potential region was associated with active
dissolution of ferrite phase followed by its passivation, whereas
austenite phase active dissolution occurred at higher potential
region (Ref 53, 54). In this study, we have compared the effect
of hot deformation temperature on the passivation behavior of
SDSS. Since i, values clearly reflect the extent of passivation
(formation of Cr,O3), these were used to represent the
passivation behavior of the SDSS. I ... on the other hand,
represents the corrosion rate at E.y. oo may not be helpful in
assessing the passivation characteristics at potentials higher (or
more anodic) than E.,,, where passivity sets in. This is the
reason that the present study, as well as previous publications
from us on SDSS (Ref 8, 9, 19), used i, values to define the
corrosion performance of the SDSS. The i, estimated from
0.1M H,SO4 + 0.25M Na,SQOy, covered the entire temperature
range (Fig. 5a). For the annealed, or the samples subjected to
only the thermal treatments, a slight increase in corrosion
resistance (or decrease in i,) is observed till 1000°C, and this is
followed by a clear increase in i, (or decrease in passivity/cor-
rosion resistance) at the higher temperatures. In contrast, the
corrosion resistance of deformed specimens showed an inter-
esting pattern (Fig. 5a): slight decrease (consistent, but well
within the measurement uncertainty) till 700°C (i.e., increase in
ip), a clear decrease from 700°C to 1100°C (i.e., decrease in i)
and a final degradation > 1100°C (i.e., increase in i,). This
clear non-monotonic pattern for > 1000°C hot deformation
cannot be explained by the near-monotonic increase (Fig. 4a) in
the ferrite fraction or the relative softening (Fig. 4c and d).

Further, as the focus of the present study is in exploring the
corrosion performance of the hot-deformed microstructures, i,
values and phase-specific dissolution were measured (for the
relevant temperature range: RT plus 1000°C-1300°C) with 2M
H,SO4 + 0.5M HCI electrolyte and a procedure explained
earlier with Fig. 2. Figure 5b clearly shows a near-monotonic
increase in i, with annealing temperature versus a non-
monotonic (lowest at 1100°C deformation) performance in
hot-deformed specimens. Further exploration of the corrosion
performance and its possible correlation with hot-deformed
microstructures were attempted through microstructure-specific
dissolution. The i, values observed in the solution of 0.1M
H,SO,4 + 0.25M Na,SO, are one decade lower than the values
observed in 2M H,SO,4 + 0.5M HCI solution, and this is mainly
due to the differences in the concentrations of the solutions. The
lower concentration of H,SO,4 along with addition of Na,SOy4
decreased the general corrosion and also promoted the passivity
in the studied conditions. The critical current density values
observed in 2M H,SO4 + 0.5M HCI solution are almost three
decades higher than the values observed in 0.1IM H,SO, +
0.25M Na,SO,. This is clearly the effect of chloride ions that
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do not make the passive film as protective as in a non-chloride
sulfate solution.

As shown in Fig. 6a (and all data are not included for
brevity), depth of dissolution did scale with phase-specific grain
size and KAM values. These naturally varied with deformation
temperature. As shown in Fig. 6b—a monotonic increase in
average depth of dissolution, with deformation temperature, is
seen for the ferrite phase. In comparison, the austenite phase
shows a non-monotonic pattern resembling the earlier trend in
general corrosion (Fig. 5b). In brief, like the earlier studies on
this SDSS grade (Ref 8, 9, 19), the patterns of general corrosion
in 2M H,SO,4 + 0.5M HCI (Fig. 5b) show a non-monotonic
change in i, with deformation temperature. The corrosion
results were then extended to phase-specific dissolution under
the same electrolyte (see Fig. 6b) showing the same non-
monotonic behavior in the austenite phase. In brief, it appears
that the austenite phase determined the general corrosion
behavior of the two-phase alloy. In the two-phase SDSS, the
austenite and the ferrite phases act as cathode and anode (Ref
53-55), respectively. Naturally, the galvanic corrosion behavior
is important in such a two-phase metallic material. As indicated
in a recent study (Ref 56), albeit on coarse pearlite, the galvanic
corrosion and the local galvanic coupling depend on the phase
boundary orientation relationship (OR). It may further be noted
that the axis-angle nature of the austenite-ferrite phase bound-
ary (Ref 9) did not change (these data are not included for
brevity) noticeably with hot deformation. In other words, in the
absence of changes in the galvanic coupling (Ref 56), between
the austenite and the ferrite phases, it appeared that the
corrosion performance of the SDSS grade was decided by the
microstructural evolution in the respective phases.

As summarized in Fig. 7a, the hot deformation temperature
brings an increase in grain size and a reduction in KAM for the
ferrite phase. Though the austenite showed a reduction in
KAM, there was clear non-monotonic change in grain size:
grain refinement from 1000°C to 1100°C followed by grain
coarsening > 1100°C. The relative effects of grain size and
KAM (Fig. 7a) on the respective phases are further decoupled
in Fig. 7b (for ferrite) and Fig. 7c (for austenite). These showed
the same trend: corrosion resistance, for both phases, reduced
(i.e., more depth of dissolution) with grain coarsening but
increased (i.e., lesser depth of dissolution) with relative
softening (and decrease in KAM). KAM is a result of strain
localization. The strain distribution was estimated using the
KAM parameter measured by EBSD. Increase in KAM
indicates high strain concentration, which affects the corrosion
performance (protectiveness of the passive film). In brief, it is
apparent that the non-monotonic corrosion performance of the
SDSS, in general (Fig. 5b), and in particular, for the austenite
phase (Fig. 6b) was enabled by the deformation-induced grain
size refinement in the austenite. As the grain refinement was the
highest for deformation at 1100°C (Fig. 7a), this was naturally
the working temperature for the best corrosion resistant SDSS
grade. The grain size refinement, during austenite hot working,
is the focus of the next section in discussion.

4, Discussion

Fabrication of metallic materials, including two-phase DSS
(Ref 2), always involves hot working (Ref 1, 5). Any classical
review or textbook on hot working describes it firstly in terms
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of the stress—strain response. For example, cold working is
reflected in the work hardening, while hot working often
involves work softening (Ref 51). The latter may include a
simple flow saturation representing dynamic recovery (DRcv),
or a drop in stress and inflection in the stress—strain response
(Ref 25, 57-59) signifying dynamic recrystallization (DRx).
The onset of discontinuous DRx in metallic materials, for
example—in FCC copper and austenitic iron (Ref 60—62)—was
observed before peak stress followed by a clear inflection or
softening. However, in non-cubic hexagonal zirconium (Ref
63), the discontinuous DRx was noted without an inflection.
Thool et al. Ref 63 tried to relate this analytically with three
factors: DRx being ‘limited’ in (i) grain size and (ii) kinetics,
plus (iii) extensive dynamic recovery. It is to be noted that the
present SDSS revealed only flow saturation (Fig. 1b) repre-
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senting dynamic recovery, while EBSD showed clear evidence
of grain refinement (Fig. 3b), symbolizing dynamic recrystal-
lization. Further, austenite-to-ferrite phase transformation
alone, as evident in the samples subjected to only the thermal
treatments (Fig. 4a), enabled clear grain coarsening (Fig. 4b). In
brief, indirect experimental evidence on grain coarsening, in
samples undergoing phase transformation, versus grain refine-
ment, in samples subjected to thermal plus deformation
treatments, strongly indicates DRx as the mechanism behind
the observed grain refinement in the hot-deformed austenite
phase.

It is important, at this stage, to review the available literature
on DRx and DRcv in DSS (Ref 32, 34, 38, 64-67). Arguably,
such references are contradictory at times. For example, Cizek
and Wynne in 1997 reported (Ref 32) the absence of DRx in the
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ferrite phase. On the other hand, Fan et al. Ref 68, in cast and wrought, hot working with excellent SEM channeling
2009—-based purely on optical microscopy—claimed DRx in contrast plus TEM imaging. They proposed that DRx has been
the ferrite phase. Iza-Mendia et al. Ref 38 explored DSS, both suppressed in the austenite phase. However, a large body of
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Table 3 Relevant (to hot working) microstructural inputs (My,p,¢), and their relationship with deformation temperature
(Tper) and corrosion resistance (Cr). A summary of corrosion resistance with Tp.s, with respect to the relevant My, is

then given.

Microstructural input (My,p.¢)

Mlnput =f (TDcf)

Corrosion resistance (Cr) = f (Mynpu)

Ferrite fraction (F,)
Average grain size:
Ferrite (d5,)
Austenite (d),,)
Misorientation (A6)

F:x X TDcf

AB < I/TDcf

d},, < Tpep, for all Tper
d’, x Tpes, unless there is a DRx

CR X I/Fa
o Ci ox (74
Cr x (7r)

av

Cr ox AB

Summary: A6 drop is often minor. Corrosion resistance is thus expected to reduce with Tp.s, unless there is a grain size refinement by DRx.

published literature (see Evangelista et al. Ref 69, Dehghan-
Manshadi and Hodgson Ref 37, Fan et al. Ref 68, Cizek Ref 33,
Haghdadi et al. Ref 70, Kingklang and Uthaisangsuk Ref 39)
clearly indicated discontinuous DRx in the austenite phase. It
has been reported (Ref 40) that DRx grain size in the austenite
phase is 1/3rd of that of austenitic steels under identical
deformation conditions, and the DRx happened (Ref 69) only at
very high temperature. This plus the excellent dynamic
recovery naturally makes (Ref 63) the present SDSS grade
prone to exhibit flow softening instead to more classical DRx-
induced inflection.

Experimental difficulties in exploring DRx-induced
microstructural evolution are (i) avoiding post-hot deformation
static recrystallization, and (ii) accurate microstructural char-
acterization. These were addressed in the present study by
using a deformation simulator (with appropriate water quench-
ing—a cooling rate of ~550°C/s being reported (Ref 71) on the
specimen surface) and a combination of transmission kikuchi
diffraction (TKD) plus transmission electron microscopy
(TEM), see Fig. 8. The TKD (Fig. 8a), for example, clearly
captured a few large ferrite grains and much smaller austenite
grains, in clusters, in the 1100°C deformed plus quenched
microstructure. The orientation gradients inside a grain can be
represented as grain reference orientation deviation or GROD.
The GROD represents the misorientation of every measurement
point within a grain with respect to the grain average
(quaternion average) orientation. The GROD thus can be a
true measure of the orientation gradients inside a grain. The
TKD, on the other hand, is extremely effective in capturing
very small misorientations at excellent spatial resolution.
Naturally, TKD based GROD was shown (Ref 63) to be
extremely effective in capturing signatures of plastic deforma-
tion (in general) and, in particular, the DRx grains. The same
technique has been adopted in the present study as well. As
shown in Fig. 8b, orientation gradients, or GROD, were
observed in both austenite and ferrite grains. Though such
orientation gradients were noticeably more in the larger ferrite
grains (Fig. 8c), the smaller austenite grains showed clear
presence of dislocation substructures inside the grains (Fig. 8d).
In other words, both recrystallization and plastic deformation
were involved in the creation of smaller austenite grains:
establishing clearly DRx as the mechanism for the grain size
refinement in the austenite phase.

There are numerous studies on hot working in DSS (Ref 45,
46, 72). Arguably, these are, at times, inconsistent. Part of this
can be attributed to the different grades and starting microstruc-
tures of DSS: cast versus wrought, and lean versus super and
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hyper. For example, this study is specific to SDSS SAF 2906,
which is scientifically and technologically important. However,
it is unknown if observations on DRx during hot working in
wrought SAF 2906 can be translated to other grades and
starting microstructures. Therefore, the real contribution of this
study was to quantitatively define the role of deformation
temperature on the microstructural evolution and then to link
the relevant microstructural parameters (from hot working) to
the corrosion performance. These naturally constitute a broader
topic, which is expected to be grade independent and novel.

Paredes et al. Ref 45, for example, explored corrosion
performance of hot and cold worked corrugated austenitic and
DSS rebars. They found that surfaces of the corrugated bars are
more prone to local corrosion, and fabrication through hot
working provided better corrosion resistance. Such a study is of
clear technological relevance but lacks any details on
microstructure or processing. Ciuffini et al.’s Ref 46 observa-
tion that ‘thermal history coupled with plastic deformation
decides resistance to pitting corrosion’ is categorical, and they
even attempted some correlation with optical microstructures of
large industrial forgings. However, identification of the relevant
microstructural parameters appears inadequate in their study.
There are also clear contradictions. Sicupira et al. Ref 72
proposed better corrosion resistance in warm-rolled DSS, while
Seshweni et al. Ref 73 claimed cold rolling to be better. In the
absence of appropriate microstructural inputs and understand-
ing, such contradictions are expected. It is to be noted that the
corrosion performance for the present grade of SDSS shows
non-monotonic behavior with imposed strain (Ref 8) and also
with deformation temperature (Fig. 5b). Such non-monotonic
behavior, even with a single process parameter, has an
explanation in the form of interplay between different
microstructural inputs. Without identifying the appropriate
microstructural inputs and their relative role on corrosion
performance, any experimental study is bound to be very
subjective. The present study tries to bring some objectivity
into this. Firstly, it identified the relevant (for hot working)
microstructural parameters: phase fraction, grain size and
misorientation. These microstructural inputs (M) Were then
related, experimentally, to the deformation temperature (Tpef)
and the corrosion resistance (Cg), see Table 3. Table 3 also
brings out the natural conclusion of this study: corrosion
resistance is expected to reduce with increasing Tpep, unless
there is a grain size refinement by DRx. This conclusion is
expected to be grade independent and appears to be the primary
contribution of this study.
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5. Conclusions

This study explored quantitative microstructural evolution in
SDSS, SAF 2906, through controlled thermal and thermal plus
deformation treatments. Relevant microstructural parameters
from hot working were then related to the corrosion resistance.
The following are the main conclusions:

e At temperature of deformation < 1000°C, SDSS showed
strain hardening while flow saturation was observed at
deformation temperature > 1000°C. However, no inflec-
tion in the work hardening response, the classical signa-
ture of discontinuous dynamic recrystallization (DRXx),
was noted at temperatures = 1000°C.

e Annealing (from thermal treatments) and deformation
(from thermal and deformation treatments) brought the
following microstructural responses:

e At temperatures = 1050°C—increase in austenite-to-fer-
rite phase transformation occurred in both annealing treat-
ments and annealing plus deformation treatments.
However, the extent of phase transformation is slightly
less with the introduction of deformation.

e At temperature = 1000°C—grain coarsening of both fer-
rite and austenite phases occurred with thermal treatments.
Thermal plus deformation treatments also produced grain
coarsening of ferrite. However, clear grain refinement was
observed, between 1000°C and 1100°C deformation, in
the austenite phase.

¢ Softening, as estimated by misorientation, was observed
in in both phases with annealing and thermal plus defor-
mation treatments. The softening through thermal treat-
ments was, however, insignificant as compared to thermal
plus deformation treatments.

e At temperatures = 1000°C — corrosion resistance of the
SDSS increased (i.e., i, decreased) near-monotonically
with annealing temperature. However, a non-monotonic
response was observed in the hot-deformed specimens: in-
crease in i, at deformation temperatures 1000°C-1100°C
followed by a decrease at higher deformation tempera-
tures. A similar pattern of non-monotonic corrosion resis-
tance response was also noted for the austenite phase.

e It was shown that phase-specific corrosion resistance in-
creased (i.e., i, decreased) with grain refinement and with
enhanced softening (or decrease in misorientation). Thus,
the non-monotonic corrosion resistance, with deformation
temperature, was clearly related to grain refinement, dur-
ing deformation at 1000°C-1100°C, in the austenite phase.

e A combination of transmission Kikuchi diffraction plus
transmission electron microscopy clearly identified DRx
as the mechanism behind grain refinement in the austenite
phase. As the DRx was ‘limited’ in grain size and kinetics
and microstructure was associated with extensive dynamic
recovery, the DRx did not create classical inflection in the
stress-strain response.

e In DSS, corrosion resistance is shown to reduce with
deformation temperature, Tper, unless there is a grain size
refinement by DRx.
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