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A super duplex stainless steel was subjected to solution annealing at 1323 K. This led to grain
coarsening, ‘limited’ (~ 7 pct by area) austenite-to-ferrite phase transformation and changes in
phase-specific chemistry. No changes in the phase boundary nature or galvanic coupling
between phases were, however, noted. The general corrosion behavior was determined by the
electrochemical performance of the individual phases. The corrosion performance of the ferrite
phase degraded monotonically with annealing time. This was related to a combined effect of
grain coarsening and dilution in alloying (chromium and molybdenum content) elements.
Corrosion of the austenite phase was, however, non-monotonic: as the effects of grain
coarsening was counter-balanced, at least during the initial stages of annealing, by relative
molybdenum enrichment. This study thus provided clear experimental data relating phase-speci-
fic corrosion performance with annealing induced changes in grain size and local chemistry in a

super duplex stainless steel.
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I. INTRODUCTION

DUPLEX stainless steels (DSS) offer a combination
of excellent corrosion resistance and mechanical prop-
erties.' 3! The corrosion resistance and mechanical
properties of DSS are even better than that of the
austenitic stainless steels, and are attributed to the
typical two-phase microstructure.>* Like the auste-
nitic stainless steels, DSS is also solution annealed at
1323 K to 1423 K (1050 °C to 1150 °C) and for
dpproprldte durations."¥ Though the solution anneal-
ing in DSS serves the purpose of dlssolvmg unwanted
phasest!*®!: it is often associated with grain coarsening,
possible austenlte to-ferrite phase transformation and
changes in the phase-specific chemistry.!"* " Naturally,
such changes in the microstructures are expected to
reflect on the corrosion performance.
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The excellent corrosion performance of a stainless
steel is related to the overall Passwatlon the formation
of chromium oxide film.'*" This chromium oxide
passive film imparts uniform corrosion resistance. The
local breakdown(s) of the passive films, on the other
hand, accounts for degradation in the corrosion behav-
ior. [13-14) The DSS grades, for example, are often
categorized by their pitting resistance equivalent number
(PREN).'"*%¢1 The PREN is a measure of the local
breakdown(s) in the passive film under pitting environ-
ment. The chemistry (more specifically the chromium
(Cr), molybdenum (Mo) and mtro%en (N) content) of
the alloy decides the PREN.[!->111 However, there
are enough examples!®!%!! 1" 201 in the literature show-
ing that pitting corrosion resistance, especially the
critical pitting temperature,’®¢ ¥ depends on the sub-
strate microstructure as well. More spec1ﬁcally, the grain
size refinement is expected to enhance corrosion perfor-
mance®' ?*: a combined effect of the nature®®'** and
electronic properties (donor-acceptor densities)!!”-?+2!
of the oxide film. The alloying of the substrate is also
important. The exact chemistry of the substrate me 2/
affect the stability or retention of the oxide film.”

The protective abllltg of the oxide film on duplex!?¢-+3
and austenitic®’ 3*% stainless steels is reported to
depend on the chromium and molybdenum contents.
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The solution annealing, and associated microstruc-
tural evolution, thus may affect the (uniform) corrosion
behavior. And there are several excellent research
publications (101116200 relating solution annealing with
pitting and general corrosion. However, focused
research was never extended to (i) phase-specific elec-
trochemical performance and (ii) relating (i) with local
microstructure. These defined the twin objectives of the
present manuscript.

II. EXPERIMENTAL PROCEDURE

This study involved solution annealing of a super
duplex stainless steel: a Sandvik™ SAF-2906™ grade.
In duplex stainless steel (DSS), the solution annealing
temperature is often grade specific.l'! The standard and
super DSS grades require ~ 1323 K to 1343 K (1050 °C
to 1070 °C) for solution annealing. It is to be noted that
1323 K is the most commonly used!" ® solution anneal-
ing heat treatment for this specific grade (SAF2906), and
the same was used in the present study. Further,
different solution annealing periods, 1 to 12 hour, were
used. The very high-solution annealing time periods are
of ‘limited” relevance to actual industrial practice.
However, exposure to such long periods stimulate
accelerated microstructural evolution, which is of rele-
vance to harsh service environment. This study had twin
objectives: (i) role of solution annealing time of

microstructural evolution and (ii)) extend such
microstructural  evolution to relative corrosion
performance.

Direct ex-situ observations, with electron backscat-
tered diffraction (EBSD) and wavelength-dispersive
X-ray spectroscopy (WDS), helped in identifying the
phase-specific but time-dependent microstructural
changes. Such changes included grain coarsening,
austenite-to-ferrite phase transformation and changes
in the phase-specific chemistry. The last two factors were
also simulated with a commercial diffusion software
Dictra™. The samples were then subjected to selective
dissolution of the austenite or the ferrite phases.
Phase-specific dissolution data and single-phase elec-
trodes were thus obtained. Subsequent observations, on
single-phase electrochemical behavior, were further
collaborated with local information from Fourier-trans-
formed infrared spectroscopy (FTIR) imaging, provid-
ing information on the local stability or retention of the
passive chromium oxide. Experimental procedures are
further explained in following paragraphs.

A. Sample Preparation and Microstructural
Characterization

A super duplex stainless steel (Sandvik SAF-2906"™),
chemical composition listed in Table I, was procured as
a commercial 12-mm-thick hot rolled plate. Samples (15
mm x 15 mm x 3 mm) were taken from the mid-thick-
ness and mid-width sections, of the hot-rolled plates, by
electro-discharge machining. Further preparation
involved standard metallography (grinding on succes-
sively finer SiC papers up to 1200 grit and then polishing

METALLURGICAL AND MATERIALS TRANSACTIONS A

with ~ 0.5 um diamond paste) plus electropolishing. For
the latter, an electrolyte of methanol and perchloric acid
(80:20) was used at 253 K (— 20 °C) and 16 volts dc.
These electropolished specimens were then solution
annealed, with resistance heating plus protective envi-
ronment, in a deformation simulator Gleeble™ 3800. A
temperature of 1323 K (1050 °C) and different durations
(1, 3, 6, 8 and 12 hours) were used, followed by water
quenching.

To compare microstructures of the same regions,
before and after the solution annealing, micro-hardness
indentations were made. The same area on the specimen
(bound by 4 indentations) was examined by the EBSD
(electron backscattered diffraction) and WDS (wave-
length-dispersive X-ray spectroscopy) before and after
the solution annealing. A Fei'™ Quanta-3d FEG (field
emission gun) SEM (scanning electron microscope) with
EDAX™ EBSD (OIM™) and WDS was used. It is to
be noted that the WDS used TEX™ version, involving
poly-capillary lens and parallel beam spectrometry.
Beam and video conditions were kept identical between
the measurements.

B. Electrochemical Tests

The electrochemical tests included: (I) General Cor-
rosion behavior with Potentiodynamic Polarization
(used for specimens with both austenite and ferrite
phases) and (II) Phase-Specific Electrochemistry. (I) is
the standard®” potentiodynamic polarization, while (II)
involved rigorous procedure for preparation on sin-
gle-phase electrodes®® #® and then testing them for
potentiodynamic polarization, electrochemical impe-
dance s;?ectroscopy (EIS) and Mott—Schottky (M-S)
analysis.*'*>#7] Two different electrochemical environ-
ments were used. The former (1M H,SO, solution) was
used for general corrosion including passivation, while 2
M H,SO, + 0.5 M HCI was used for phase-specific
electrochemistry which is selective dissolution of the
respective phases). It is to be noted that the selection of
the electrochemical environment was based on the past
literature,*® ** and multiple trials (which has not been
included for brevity). Following are the details on the
experimental procedures adopted.

C. General Corrosion Behavior with Potentiodynamic
Polarization

This was carried out in 1 M H,SOy, solution (scan rate
of 20 mV/min) at an ambient temperature. A freshly
prepared solution was used for each test. All the tests
were performed using VSP-300™ potentiostat: a plat-
inum electrode as the counter electrode, a saturated
calomel electrode (SCE) as the reference electrode and
the specimen as the working electrode. The test solution
was deaerated by purging Ar gas: ~ 30 minutes before
the start of the test and also during the test. At the start
of each electrochemical experiment, the specimen was
polarized at — 1 Vgcg for 60 seconds. This was followed
by dipping in the solution for 30 minutes to obtain a
stable open circuit potential (OCP). The tests were
conducted by scanning the potential from — 0.40 Vgcg
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Table I.  Composition of the Super Duplex Stainless Steel (Sandvik SAF-2906™) in Weight Pct Alloying Elements

Elements C Si Mn P

Cr Ni Mo Cu N

Weight Pct 0.03 0.3 1.0

0.015

29 7 2.3 0.80 0.35

and stopped before the onset of transpassive region. For
further details on the potentiodynamic polarization and
analysis, the reader may refer elsewhere.l*”)

III. PHASE-SPECIFIC ELECTROCHEMISTRY

A. Phase-Specific Electrochemical Dissolution
and Potentiodynamic Polarization on Single- Phase
Working Electrodes

To measure the effect of solution annealing on
individual phases (ferrite and austenite), single-phase
working electrodes were prepared by selective dissolu-
tion of the other phase.®®*% To establish the peak
potentials (necessary to dissolve each phase), electro-
chemical polarizations were carried out in deaerated
2 M H,SO4 + 0.5 M HCI solution, and the tests
were performed at a potential range from — 0.40 to
— 0.20 Vscg and at a scanning rate of 20 mV/min.
Otherwise, the procedure used was same as the earlier
Section II-C. The specimens were held, for 15 hours, at
the measured™® *®! peak potentials for each phase. A
3-D non-contact optical profiler (Zeta'™) was used to
measure the depth of dissolution of the respective
phases. A total 60 line-scans, of each 500 um in length,
were acquired for measuring the average depth of
dissolution.

Post-dissolution cavities were filled with a very slow
setting epoxy resin. The specimens were then cured for
12 hour. After curing, the extra resin was carefully
removed by grinding with fine SiC paper (2500 grit size).
Selective dissolution of the ferrite phase, for example,
resulted in the formation of cavities by dissolution of the
ferrite. This left the austenite phase unaffected. By
grinding away the extra epoxy resin, only the austenite
phase was exposed. Single-phase ferrite and austenite
electrodes were thus prepared. These single-phase elec-
trodes were then subjected to potentiodynamic polar-
ization tests in 1 M H,SO,; solution, using a
methodology described in Section II-C. Only addition
was SEM imaging, to confirm absence of crevice
formation at the metal-resin interface.

B. Electrochemical Impedance Spectroscopy (EILS)
and Mott—Schottky (M-S) Analysis of Single-Phase
Working Electrodes

The single-phase electrodes were also subjected to
electrochemical impedance spectroscopy (EIS) and sub-
sequent Mott—Schottky (M-S) analysis. These were
needed to establish electronic properties of the respec-
tive passive films. A passive potential of 0.2 Vgcg, a
potential clearly in the passive potential regime: as
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obtained from potentiodynamic polarization of single
phases, was applied for 10 hours in 1 M H,SO, solution.
EIS measurements were performed on this passivated
specimen by applying a sinusoidal potential of 10 mV
amplitude (with the frequency range of 10 KHz to 10
mHz in the potential range of 0.2 to 0.8 Vgcg with a step
size of 50 mV). The M-S analysis was performed at a
fixed frequency of 1000 mHz.[*'#>4%4) Mott—Schottky
relationship determined*>° % the charge distribution
at the semiconductor-solution interface. This was
obtained from the electrode capacitance (C) as a
function of electrode potential (E), as per Egs. [1] and

2].

1 2 kT
- E— Ep— & |
? ssoeND< o e> 1]
1 2 kT
=~ (E-Ey-"2 2
C? 880€NA< o e) 2

where ¢ denotes the dielectric constant of the passive
film, & the permittivity of vacuum (8.854 x 10~'* F/m),
e represents electron charge, Np denotes the donor
density for n-type semiconductor and N, denotes the
accepter density for p-type semiconductor, Ep, is the flat
band potential, k is the Boltzmann constant and 7'is the
absolute temperature.

C. Fourier-Transformed Infrared (FTIR) Imaging

For the FTIR-imaging, a Bruker™ 300-Hyperion
unit was used. It is to be noted that the approximate
FTIR wavenumber of the Cr,05 film is 660 cm™'.°*
Past studies!®® had used EBSD plus FTIR-imaging as an
effective means for relating substrate microstructure
with stability or retention of the Cr,Oj5 film. The same
methodology was adopted, in the present study, for the
single-phase electrode specimens. While EBSD provided
the substrate microstructure, post-anodic polarization
Cr,05 films were characterized as area under the Cr,0O5
peak.

D. Thermo-Kinetic Simulations

Thermo-kinetic simulations were also carried out to
predict ‘limited’ austenite-to-ferrite phase transforma-
tions and evolution of phase-specific chemistry. Dic-
tra™, a module associated with Thermo-Calc™
software, was employed. This module enabled calcula-
tion of kinetics of Phase transformations of a multi-
component  alloy.’*®  The module included
appropriate database of both thermodynamic parame-
ters and concentration plus temperature-dependent
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diffusion coefficients. “‘Moving phase boundary’ model,
interface migration being controlled by the mass bal-
ance, was employed. It is to be noted that the model
involved the flux of elements diffusing across the
interface and the establishment of local equilibrium at
the interface: a combination of MOBFE4 database of
Dictra™ plus TCFE9 database of Thermo-Calc™. The
nucleation was not considered. Further, silicon concen-
tration was also not considered: the effective silicon
content was added to the chromium concentration.

IV. RESULTS

Figure 1(a) shows EBSD images of the same region
before and after the solution annealing (1323 K, 8 hour).
Appropriate circles and arrowheads are used, in the
figure, to indicate direct evidences of grain coarsening
and austenite-to-ferrite phase transformation. Data
from multiple EBSD scans (of direct microstructural
observations) were then collated to present a consoli-
dated picture of the solution annealing-induced
microstructural evolution: coarsening of the austenite
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Fig. I—Direct observations, with EBSD (electron backscattered diffraction), on annealing induced coarsening and austenite-to-ferrite

transformation. (a) This is shown, with image quality (IQ) plus phase maps, on specimens before and after 1323 K (1050 °C) annealing for 8 h.
Data from different annealing time periods were then collated to show (b) grain size and (c¢) phase fraction vs annealing time. In (a) circles plus

arrow heads are used to indicate both grain coarsening and austenite-to-ferrite transformation, while (¢) also reports Dictra™

simulations. Error

bars in (b) and (c) represent standard deviations from multiple EBSD scans.
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and ferrite grains (see Figure 1(b)) and changes in phase
fractions (Figure 1(c)). The grain size was estimated
from the standard linear intercept, using boundaries
with misorientation > 5 deg. In the starting as-received
structure (0 hour annealing), the ferrite grains were
marginally coarser than the austenite grains (5 vs 3 um).
The size advantage of the ferrite grains continued
throughout the solution annealing, evolving into respec-
tive average grain sizes of 12 and 9 um (for the ferrite
and the austenite phases, respectively) after 12 hours of
annealing (Figure 1(b)). The grain coarsening was
accompanied by changes in ferrite and austenite phase
content: or ‘limited’ (~ 7 pct by area) austenite-to-ferrite
phase transformation (see Figure 1(c)). More specifi-
cally, austenite volume fraction dropped monotonically
from ~ 50 to ~ 43 pct. Naturally, this was accompanied
by a corresponding increase in the ferrite fraction. The
Dictra™ captured the quantitative patterns of this
austenite-to-ferrite  phase  transformation  very
effectively.

The grain coarsening reduced the relative presence of
the austenite—ferrite interface: the interface length per
unit area dropped monotonically with annealing time,
see Figure 2(a). Further, it is to be noted that austen-
ite—ferrite boundary had a preferred boundary nature.
As shown in the misorientation distribution function
(MDF)P? 6! section in Figure 2(b), there was a clear
bias for 45 deg (001) axis-angle boundary misorienta-
tion. However, this boundary nature as represented by
boundary number fraction vs deviation from 45 deg
(001), did not appear to change with annealing time. In
summary, solution annealing induced microtextural
changes were clearly identified as grain coarsening plus
‘limited’ (~ 7 pct) austenite-to-ferrite phase transforma-
tion. However, there was no evidence of the change in
the interface nature with annealing duration.

Changes in the phase-specific chemistry constituted
another important observation. As shown in Figure 3,
SEM-WDS peak profiles were measured for different
elements: for example, molybdenum in austenite and
ferrite (see Figure 3(a)). Nitrogen quantification was
avoided due to its lower atomic number (and corre-
spondingly large background). From WDS peak profiles
(Figure 3(a)), and using appropriate standards,®® the
phase-specific elemental compositions were measured at
different stages of solution annealing. The experimental
(WDS measurement) as well as the simulated (Dictra™™)
compositions showed a similar trend. Such trends can be
described as monotonic drop and increase of Cr in
ferrite (Figure 3(b)) and austenite (Figure 3(c)). Exactly
opposite trend was observed for Ni (see Figures 3(d)
and (e)). The Mo in ferrite (Figure 3(f)) also dropped
monotonically, while in austenite a non-monotonic
behavior was observed (Figure 3(g)). It is important to
note that these experimental trends were captured
effectivel¥ by the Dictra™ simulations.

Dictra™ simulations provided explanations for the
observed experimental composition changes. This expla-
nation is largely based on the chemical potential
gradients, as a function of solution annealing time,
across the ferrite and the austenite phases. The increase
in annealing time enabled decreased presence of Cr
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Fig. 2—Coarsening induced changes in the austenite—ferrite
interface. (a) Austenite-ferrite interface length per unit area vs
annealing time. (b) Number fraction of austenite—ferrite boundaries
at different deviations from 45 deg (001). This is shown for three
different annealing periods. Also included are the appropriate MDF
(misorientation distribution function) 45 deg sections for these
annealing periods.

(Figure 3(b)) & Mo (Figure 3(f)) in ferrite and Ni
(Figure 3(e)) in austenite. Being respective phase stabi-
lizers, Mo and Cr partitioned towards ferrite, while Ni
and N did the same for austenite.** %! Dictra™
showed increased chemical potential gradients for Mo
and Cr in the austenite. This was mainly due to the
diffusion of nitrogen from austenite-to-ferrite. The
diffusion of nitrogen (from austenite-to-ferrite) and
diffusion of Cr and Mo (from ferrite to austenite)
increased and decreased the Cr and Mo concentrations
in austenite (Figure 3(c) and ferrite (Figures 3(b) and
(f)) phases, respectively. Beyond a certain annealing time
(3 to 6 hour), nitrogen content in the ferrite reached
saturation (as calculated by Dictra™). This led to
chemical potential of nitrogen in the ferrite to increase,
and allowed diffusion of nitrogen from ferrite to
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austenite. This diffusion of nitrogen, and the fact that austenite phase) marginally till 6 hours of annealing and
Mo diffusion in the austenite is very slow,[®* ¥ affected then dropped with annealing beyond 6 hours. As
the Mo concentration. The Mo content increased (in the presented later in the manuscript, the electrochemical
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Fig. 3—(a) EBSD microstructure (0 h annealing) with WDS (wave length-dispersive X-ray spectroscopy) ‘point’ measurements. Included are
WDS peaks (counts per seconds, CPS, vs energy) for molybdenum (Mo) in austenite and ferrite. WDS estimated elemental (Cr, Ni and Mo)
compositions in ferrite (b), (d), (f) and in austenite (c), (), (g) vs annealing time. At least 20 ‘points’ were measured to provide the average and
the standard deviations (shown as error bars). (b) to (f) also provide simulated chemical compositions from Dictra™.
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Fig. 4—(a) Standard Tafel analysis!®’" of anodic polarization data. Intersection of anodic and cathodic Tafel lines provides corrosion current
(icorr)> corresponding potential being E., .. Passive region, where current does not get strongly affected by change in potential, of the anodic plot
gives passivation current (i,). (b) Potentiodynamic polarization with 1 M H,SO,.

behavior of the austenite phase was largely determined
by grain coarsening plus non-monotonic changes in the
Mo concentration.

All such microstructural changes are naturally
expected to reflect on the electrochemical behav-
jor [8:10-11.1624.26-351 The anodic polarization data are
interpreted with Tafel analysis.”” This is shown in
Figure 4(a). As shown in the figure (and described in the
figure caption and elsewherel®>’"), the corrosion per-
formance can be captured with corrosion current (icor),
corrosion potential (Ecorr), and passivation current (ip).
More specifically, drop in icor Or i, indicate enhanced
passivation (or resistance to corrosion), while an
increase represent degradation.’”) As indicated in
Figure 4(b) and summarized in Table II, there was a
clear degradation after 8 and 12 hour solution anneal-
ing. The general corrosion behavior (with the composite
two-phase electrode), however, did not capture possible
changes associated with shorter annealing durations. It
was hence decided to expand the electrochemistry to (i)
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dissolution of individual phase and (ii) polarization
behavior with single-phase electrodes.

As shown in Figures S(a% and (b), and described in
further details elsewhere,”®*®! appropriate anodic
polarizations tests (in 2 M H,SO, + 0.5 M HCI)
identified the dissolution peak potentials for the ferrite
(o) and the austenite (y) phases. It is to be noted, from
Figures 6(a) and (b), that at all stages of solution
annealing the o (the phase easier to dissolve) had higher
dissolution current density than y. By applying appro-
priate peak dissolution potentials (see Figure 5), the
specific phases were selectively dissolved. As described in
the experimental procedure, this was achieved by
appropriate electrochemical potentiostatic exposures in
2 M H,SO,; + 0.5 M HCI solution for 15 hours. The
measured depth of dissolution (as measured by 3d
profilometer) with annealing time showed clear differ-
ences (Figure 6(c)). For ferrite phase, depth of dissolu-
tion increased monotonically with solution annealing
time. The austenite phase, however, showed a clear
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Table II.  The i, icor (in yA/cmz) and E,,,, (mVscg) of 2906 Super Duplex Stainless Steel (Figure 4(a)) at 1323 K (1050 °C) for
Different Annealing Time in 1M H,SO4 Solution
Annealing Time 0h lh 3h 6 h 8h 12h
zp (tA/em?) 1.48 1.29 1.62 1.90 3.17 3.67
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Fig. 5—(a) Potentiodynamic polarization with 2 M H,SO,+ 0.5M HCI showing clear ferrite («) and austenite (y) dissolution peaks and
corresponding potentials. (b) Similar potentiodynamic polarization plots for specimens subjected to different solution annealing (1323 K (1050

°C)) durations.

non-monotonic behavior: lowering of dissolution depth
till 6 hour, followed by an increase. Much of the
subsequent manuscript is devoted to explore this
non-monotonic corrosion performance of the solu-
tion-annealed austenite phase.

The selective dissolution of the phases was followed
by preparation of single-phase electrodes. As shown in
Figure 7(a), the dissolved ““ditches’ of the ‘other’ phase
were carefully filled with a non-conducting resin. The
single-phase electrode was then subjected to anodic
polarization tests separately for the ferrite (Figure 7(b))
and the austenite (Figure 7(c)) phases. Further,
phase-specific passivation current density (i,), corre-
sponding to passive potential of 0.2 Vgeg (ip:
Figure 7(d)), and corrosion current density (icor
Figure 7(e)) were estimated from the appropriate sin-
gle-phase  potentiodynamic  polarizations  plots
(Figures 7(a) and (b)). All the experiments were repeated
thrice to confirm the reproducibility. The i, and ico
showed an identical pattern as that of phase-specific
depth of dissolution (Figure 6(c)). In a word, local
dissolution (Figure 6(c)) and single-phase electrochem-
istry (Figures 7(d) and (e)) showed identical trends of
monotonic increase, with annealing time, in ferrite and a
clear non-monotonic pattern for the austenite phase.

The dissolution and electrochemistry of the respec-
tive phases are expected*'** to depend on the elec-
tronic property, or donor—acceptor densities, of the
corresponding oxides. It is to be noted that the passive
films are categorized!'*>? as p-type and n-type oxides.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Their electronic properties naturally affect the electron
transfer reactions, and the film stability.! ™ For example,
the n-type passive film is expected!'* to be more
stable, electrochemically, than the p- tyrge Oxide ﬁlrn
electronic properties can be obtained™!:#%#473.74
Mott—Schottky (M-S) analysis (Egs. [1] and [2]). The
M-S plots for both the phases (Figures 8(a) and (b))
showed positive slopes. This indicates!"*? n-type semi-
conductor nature of the passive film(s). Figure 8(c), on
the other hand, shows the calculated defect density (Np)
values of the respective passive films in the ferrite and
the austenite phases. It is to be noted that the Np values
represent cation-vacancy density in the passive film,
which arises from the dissolution of cations at the
film-solution interface. For a better chemical stability of
the pdsswe film and a lower diffusion, a lower value of
the Np is desired.!#!:4244:30-527L73.741 The plot of defect
density with increasing annealing duration for ferrite
showed a monotonic increase in defect density
(Figure 8(c)) in the ferrite phase. Austenite, on the
other hand, showed a non-monotonic behavior
(Figure 8(c)).

It is apparent that the ferrite phase had monotonic
pattern of grain coarsening (Figure 1(b)) and decrease in
Cr (Figure 3(b)) and Mo (Figure 3(f)) contents
(Figure 3(b)). The ferrite phase also had a monotonic
drop in corrosion resistance (Figures 6(c), 7(d), (e) and
8(c)). The electrochemistry of the austenite phase was,
however, clearly non-monotonic. The austenite phase
also had monotonic grain coarsening (Figure 1(b)), but

27172
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>

a non-monotonic evolution in Mo content (Figure 3(g)).
Was the corrosion performance of the austenite phase
determined by a balance between grain size and Mo
content? To explore this point, a combination of
FTIR-imaging plus EBSD was used.
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A previous study, albeit on austenitic stainless
steel, successfully related substrate microstructure with
FTIR Cr-oxide (Cr,O5) peak. It was shown!>*** that the
area under the peak provided a measure of the stability
or retention of the protective oxide film, and hence
related with measurements of local corrosion resistance.
This present manuscript used the same technique. At
least 30 measurements, in each phase and annealing time
periods, showed a steady drop in the area under Cr,O3
peak for the ferrite phase (Figure 9(a)). For the austen-
ite phase, on the other hand, a non-monotonic pattern
was clearly noted. It is clear that coarser grain size
adversely affected Cr,O; peaks both in ferrite
(Figure 9(b)) and in austenite (Figure 9(c)). The data
on austenite were further coupled with WDS measure-
ments on Mo content, and then binned for different
grain sizes (Figure 10). The collated data, clearly shows
that the Cr,O5 peak diminished with (i) increase in grain
size and (ii) drop in Mo content. It is hence established,
phenomenologically, that the corrosion performance of
the austenite phase, in SAF-2906™, during solution
annealing was determined by a balance between the
grain size and the Mo content.

V. DISCUSSION

Solution annealing is associated with routine indus-
trial production, and post-weld heat treatments, in both
austenitic stainless steels>’® and austenite-ferrite
duplex stainless steels.!"># In DSS, the solution anneal-
ing temperature is grade specific.!"">*® In lean DSS, for
example, a temperature of ~ 1273 K (1000 °C) is used.!!!
The standard and super DSS grades, on the other hand,
require ~ 1323 K to 1343 K (1050 °C to 1070 °C) for
solution annealing: which is extended to as high as
~1373 K (1100 °C) for tungsten-bearing grades.!'¥ The
selection of solution annealing temperatures, in DSS,
appears to originate from three factors: (i) ability to
dissolve unwanted intermetallic phases, (ii) to obtain
appropriate phase-mix and (iii) to provide relative
homogenization of the chemical composition. Naturally,
different aspects of solution annealing temperature
induced microstructure-property are not uncommon in
the domain of the published literature.® " Interest-
ingly, however, no such publication is available (to the
best possible knowledge of the present authors) on the
possible role of solution annealing duration. And this
was the starting point of the present study.

Solution annealing is expected to enforcel
changes in phase-specific chemical composition. The
solution annealing temperature is estimated to decrease
the PREN of ferrite and increase the PREN of austen-
ite.['* 2977781 A combination of these two has often been
argued®' to non-monotonically affect the critical
pitting temperature or CPT. The CPT is measured from
cyclic anodic polarization in a chloride solution. How-
ever, such CPT measurement cannot be made
phase-specific and may offer large measurement uncer-
tainty. Use of single-phase working electrodes
(Figures 6(c), 7 and 8) plus FTIR-imaging (Figures 9
and 10) resolved such difficulties. This study successfully
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values were calculated and plotted as a function of annealing time.

related microstructural parameters, grain size and
phase-specific chemistry, with resistance to uniform
and local corrosion.

A reader may question the extensive use of
phase-specific electrochemistry, a critical niche, in this
study: especially as the two-phase corrosion perfor-
mance is often governed’” by galvanic coupling. The

METALLURGICAL AND MATERIALS TRANSACTIONS A

latter is known!””*” to depend on: (i) electrochemical

environment, (ii) area fraction of the phases and (iii)
potential difference (OCP—see Table 111) between the
phases. (iii) is expected to depend on the nature of the
phase boundary, which did not change noticeably
(Figure 2) in the present study. More importantly, the
potential  difference (Table III) did not differ
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significantly, between the two phases, with annealing
time. In other words, it can be safely stated that the
galvanic coupling between the phases was not the
critical parameter determining the resistance to corro-
sion: and Tafel analysis of the general corrosion (or
two-phase working electrode) does not provide a clear
picture of the corrosion performance. This manuscript
hence extensively used single-phase working electrodes
for electrochemical characterization (Figures 7 and 8). It
is to be noted that this method is non-trivial (takes
about 4 to 5 working days for a single measurement),
and had rarely,”” ** been used for relating microstruc-
ture with corrosion performance in DSS. This, and the
direct experimental observations on annealing induced
microstructural evolution, provided two very interesting
features of the present experimental study.

Finally, electrochemistry of the single-phase working
electrode was used in conjunction with FTIR-imaging
(Figures 8 and 9). And they provided a unique perspec-
tive on phase-specific corrosion performance with solu-
tion annealing induced microstructural evolution.
Corrosion resistance of the ferrite phase dropped
monotonically with annealing time (Figures 7(d) and
(e)): a result of measured drop in Cr (Figure 3(b)) and
Mo (Figure 3(f)) contents and increase in grain size
(Figure 1(b)). For the austenite phase, on the other
hand, detrimental aspect of grain coarsening was
balanced (at least during initial solution annealing
stages) by increase in Mo content. In the subsequent
paragraphs, the role of grain size and Mo content, with
an emphasis on the electronic property of the protective
oxide film, are further deliberated.

Stainless steels, in general,[24’25’81’82] and DSS, in
particular,?" %! are known to improve their corrosion
performance with grain size refinement. However,
experimentally reported grain size range for such
improvement differs between the grades. More specifi-
cally, corrosion resistance of DSS has been
reported®' 2! to improve, noticeably, when grain size
reduced from 10 seconds of micron to a few hundred
nm. This study, on the other hand, experimentally
captured (Figure 9) reduced presence of the Cr,Oj film,
in both austenite and ferrite phases, even with ‘limited’
(several microns) coarsening of grains. Three different
models have been proposed to explain the beneficial
aspects of grain size refinement: (i) conversion of
Cr(OH); to Cr,03,2"? (ii) higher boundary density
promoting Cr diffusion (bulk to surface) and formation
of Cr,0; film,P' 238182 and iiig lower defect density
enhancing film stability.?' 2°#1:%2 While the present
manuscript did not provide direct experimental evidence
in support of the first two models, the Mott—Schottky
analysis of the oxide film (Figure 8(c)) indicated
time-dependent evolution of donor—acceptor densities.
More specifically, the film defect densities (Figure 8(c))
scaled with the corrosion performance of single-phase
working electrodes (Figures 7(d) and (e)).

To appreciate Figure 8(c) (and its relation with
Figures 7(d) and (e)) better, a deliberation on the
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3.0 semiconductor nature of the oxide film is warranted.
m 0-10 The protective oxide film of a stainless steel is known to

254 @ 10-20 act as a highly doped semiconductor, with a defect
11 & 20-30 density in the range of 10%° to 10%! cm 312714521 These
204 % 30-40 defects include anion vacancies, cation vacancies and
1o 40-50 cation interstitials. And the defect density is expected to

51/ s 50-60 decide the semiconductor behavior and film stabil-

ity.5%3271 If cation interstitials and oxygen vacancies

Area Under the Cr203 Peak (cm'l)
wn

1.0 — 3h dominate then the oxide film is an n-type semiconductor

— Gk (or primarily an electron donor). For dominant role of

0.5 cation vacancies, on the other hand, the film becomes an

=== 12h electron acceptor or a p-type semiconducting oxide. The

0.0 . T T . T positive slopes of the M-S data (Figures 8(a) and (b))

160 165 170 175 180 185 190 clearly showed the n-type nature of the DSS oxide films

Mo (wt%) in passive potential regime. It is hence expected the film

defect density (Figure 7(%)) to determine the corrosion

Fig. 10—Area under Cr,O; peaks vs molybdenum (Mo) performance.“2’14’50’52’71’ 2l That is exactly what was
cc.mc_entration.‘ The data were AplOtted- using different grain size observed in the ferrite phase: grain Coarsening of the
binning and different annealing time periods. ferrite phase increased the defect density and reduced
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Table III. The OCP (mVscg) of Ferrite («) and Austenite (y) Phase in 2906 Super Duplex Stainless Steel (Figures 6(b) and (c)) at
1323 K (1050 °C) for Different Annealing Time 1M H,SO, Solution

Annealing Time 0h 1h 3h 6h 8 h 12 h
Ferrite («) — 250 — 290 — 259 — 282 — 328 — 335
Austenite (y) — 280 - 272 — 235 — 262 — 327 — 360

the corrosion performance (Figures 6(c) and 7(e)) plus
stability or retention (Figure 9(b)) of the oxide film. The
austenite phase, on the other hand, showed a
non-monotonic behavior: a balance (Figure 10) between
grain coarsening and substrate Mo content.

Mo in combination with Cr is reported®*>¥ to be
very effective in stabilizing the passive film. More
specifically, the polarity of passive film is expected®!-**!
to be modified by the formation of molybdates. Molyb-
dates may convert, through formation of negative
MoO™ in the outer layer of the film, the intrinsic
anionic _selectivity behavior to cationic behav-
jor.[P629°3133358 'The  resultant  bipolar film s
expected 227313333 o facilitate migration of oxide
ions: thus, promoting Cr,O; film formation. In addition,
Mo may also improve®>*# the repassivation by gener-
ating MoO; or MoO?". Further, highly stable and
insoluble compounds (such as FeMo0O,4 and MoO3) can
be promoted®®-2° 313331 by the presence of Mo—en-
hancing the stability of the passive film. Presence of Mo
near the metal-oxide interface may gprevent the dissolu-
tion rate of iron and chromium.®* *¢

Though this study did not explore the exact mecha-
nistic origin(s), it clearly related (Figure 10) the Mo
presence with stability and retention of the Cr,O5 film. It
is largely speculative, at this stage, to extend the present
observation to other grades of DSS. However, it is
apparent that the optimized solution annealing
time-temperature is to be based on relative Mo content
of the austenite phase (as decided by the phase-specific
chemical potentials and diffusivities).

VI. CONCLUSIONS

e Solution annealing (increased time duration up to 12
hour at 1323 K (1050 °C)) induced microstrostruc-
tural changes were quantified as:

e grain coarsening of both ferrite and austenite
phases

e ‘limited’ (~ 7 pct by area) austenite-to-ferrite
phase transformation

e Changes in phase-specific chemistry: Monotonic
increase in Cr and decrease in Ni in austenite;
decrease in Cr & Mo and increase in Ni in ferrite.
Mo, on the other hand, increased in austenite till
6 hours and then dropped.

e Selective dissolution of individual phases enabled
measurements of phase-specific dissolution depths
and creation of single-phase working electrodes. The

2492—VOLUME 51A, MAY 2020

single-phase electrodes were used to evaluate differ-
ent aspects of electrochemical performance (i.o and
ip: corrosion and passivation current density respec-
tively and ND: defect density in oxide film). Finally,
substrate microstructures were related, with
FTIR-imaging, to the stability/retention of the oxide
films. It was shown that:

e Corrosion performance (i, and i) of the ferrite
phase deteriorated monotonically, with time.
This coincided with increase in oxide defect
densities and lower stability of the Cr,O; film
(area under Cr,O; peak from FTIR)—features
attributed to grain coarsening and diminished Cr
& Mo presence in ferrite phase with increasing
time of solution annealing.

e Corrosion of the austenite phase was, however,
non-monotonic. It improved till 6 hours anneal-
ing and then degraded. It was shown that
increase in substrate Mo concentration coun-
ter-balanced the deleterious effects of grain
coarsening (at least during the initial 6 hour of
solution annealing). Mo content in austenite
decreased after 6 hours of solution annealing
resulting in lower corrosion performance (i, and

icorr)-
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