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ABSTRACT 

The effect of isothermal heat treatments at 475, 700, and 
870°C on the localized corrosion susceptibility of 2205 duplex 
stainless steel (UNS S32205) was assessed in chloride-con-
taining environments at 60°C. Microstructural changes with 
heat treatment were analyzed with scanning transmission 
electron microscopy (STEM) for thermally treated S32205. The 
results of the tests indicate that exposure of S32205 to these 
temperatures resulted in an initial drop in the crevice repas-
sivation potential (Ercrev). This drop was partially recovered for 
specimens aged at 870°C for times longer than 5 h, but the 
recovery was not observed for the 700°C aged material. The 
drop in Ercrev correlated with the precipitation and growth of 
Cr-depleted secondary austenite as well as a grain boundary 
chromium-depleted (GBCD) layer between a Cr-rich precipi-
tate and the decomposing ferrite matrix. The depletion sever-
ity of the secondary austenite phase differed for S32205 aged 
at 700°C and 870°C, with the 700°C aged materials yielding 
a secondary austenite phase containing approximately 12.5% 
Cr and the 870°C precipitated secondary austenite containing 
approximately 15.8% Cr. The formation of secondary austenite 
results in a non-recoverable loss of localized corrosion resis-
tance for S32205.

KEY WORDS:      aging, duplex stainless steel, model, sensitiza-
tion, sigma

INTRODUCTION 

Duplex stainless steels, containing approximately 
equal volume percents of austenite and ferrite, are 
used in many applications because of the attractive 
combinations of strength, corrosion resistance, and 
stress corrosion cracking resistance. The volume frac-
tions of austenite and ferrite are controlled by alloy-
ing additions (C, Mn, Ni, and N stabilize the austenite 
phase and Cr, Mo, and W stabilize the ferrite phase) 
in combination with post-solidifi cation thermome-
chanical processing. In addition to their effect on 
phase stability, the Cr, Mo, W, and N content of the 
stainless steel also increase the localized corrosion 
resistance. Because these attractive properties depend 
on achieving an appropriate distribution and chem-
istry of austenite and ferrite, any fabrication process 
that results in phase transformation can have delete-
rious consequences on the mechanical properties and 
corrosion resistance. The richness of the metallurgi-
cal reactions, their effects on alloying element redistri-
bution within the microstructure, and the consequent 
changes in corrosion resistance have prompted much 
research into these alloys. The phase transformations 
of interest to corrosion resistance of duplex stainless 
steels can be divided roughly into two temperature 
regimes:

—transformations occurring following complete or 
partial ferritizing depending on the alloy (above 
approximately 1,300°C), including reactions 
that occur through postferritizing annealing at 
lower temperatures1-3
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—transformations that occur due to prolonged 
exposure to aging temperatures below about 
1,000°C

The high-temperature partial ferritization of a nitro-
gen-containing duplex stainless steel results in the 
supersaturation of the ferrite with nitrogen that, upon 
cooling, results in nitride precipitates of the M2N type 
and primary austenite (referred to here as γ1). The “M” 
in the M2N precipitates is predominantly chromium, 
but the duplex stainless steels containing Mo and 
W may also contain high levels of these alloying ele-
ments.2 Upon reheating this ferritized and quenched 
structure, a secondary austenite (γ2) forms through a 
cooperative precipitation mechanism with M2N.2 The 
secondary austenite is low in alloying elements, such 
as Cr, Mo, and W, rendering it susceptible to corro-
sion. In weld fabrication of these alloys, the weld fi ller 
metal composition is designed to produce a roughly 
equal volume fraction of austenite and ferrite such 
that the weld metal itself retains the properties of the 
base metal. However, the heat-affected zone adjacent 
to the weld can see high-temperature exposure that 
results in partial ferritizing and nitride precipitation. 
There have also been cases of autogenous welding 
where the weld zone underwent deleterious high-tem-
perature nitride precipitation.4 However, the focus of 
the present paper is on the effects of aging at temper-
atures below 1,000°C.

The transformations that occur during the aging 
of duplex stainless steels below their typical mill-
annealing temperatures (ranging from 1,038°C to 
1,050°C) have been the subject of much study 
because of the deleterious effect of intermetallic 
phases and carbides on the mechanical properties 
and corrosion resistance.5-18 These studies have 
shown that: 

—in the temperature range from 900°C to 600°C, 
the formation of χ, σ, M23C6-type carbide, 
and secondary austenite (γ2) occurs leading 
to increased localized corrosion and reduced 
toughness;

—the increased localized corrosion is manifested 
by increased intergranular corrosion rate in oxi-
dizing sulfuric acid solutions, higher reactiva-
tion kinetics in electrochemical potentiokinetic 
reactivation tests, decreased critical pitting/
crevice temperatures, decreased breakdown 
potentials, and increased corrosion rates in oxi-
dizing chloride solutions;

—the repassivation potentials in chloride solu-
tions decreased by as much as 1,400 mV upon 
aging in the 600°C to 900°C range;

—in the temperature range of 475°C, spinodal 
decomposition and formation of α′ regions rich 
in Cr occurs; and

—in the 475°C regime, the toughness is signifi -
cantly decreased, but the intergranular corro-
sion rate increases only moderately in oxidizing 
sulfuric acid solutions.

—The localized corrosion resistance in terms 
of breakdown and repassivation potentials 
decreases only marginally upon exposure to the 
475°C range.

Although these studies have clearly demonstrated 
that the localized corrosion resistance of duplex stain-
less steels is affected drastically by aging in the 900°C 
to 600°C temperature regime, such effects were attrib-
uted rather vaguely to Cr and Mo depletion due to 
intermetallic and carbide phase precipitation. How-
ever, from our prior studies on Ni-based alloys (Alloys 
600 [UNS N06600][1], 825 [UNS N08825], and 22 [UNS 
N06022]), it was clear that the reduction in repassiv-
ation potentials for localized corrosion due to the pre-
cipitation of intermetallic or carbide phases in the 
grain boundaries was rather modest (100 mV to 
250 mV) in comparison to that observed for duplex 
stainless steels.18-21 These contrasting observations 
suggest that the spatial extent of depletion of alloy-
ing elements in duplex stainless steels must be much 
greater than in Ni-based alloys.

The main objective of this study was to evaluate 
the microchemical causes for the drastic reduction in 
repassivation potential for crevice corrosion observed 
in duplex stainless steel 2205 (UNS S32205). A fur-
ther objective of the paper was to model the effect of 
aging on the repassivation potential using a model 
formulation that has already been presented.22-24 In 
our previous work on modeling repassivation poten-
tials, we have shown that the experimental values of 
repassivation potential generated for a limited set of 
environments could be used to predict the values for 
a much wider set of environments containing aggres-
sive, inhibitive, and diluent species. Thus, the model 
can be used to compare the experimental results pre-
sented in this paper with results generated by others 
in other environments.

EXPERIMENTAL PROCEDURES

Materials
The compositions of S32205 used in this study 

are shown in Table 1. The effect of small heat-to-heat 
variation on corrosion resistance is neglected in pre-
senting the results in this paper. Some specimens 
were tested in the mill-annealed (as-received) con-
dition, while others were subjected to thermal heat 
treatments at 475, 700, 870, or 1,250°C for times 
up to 480 h. Upon reaching the specifi ed thermal 
heat treatment time, specimens were immediately 
quenched to room temperature in an agitated water 
bath.

All specimens meant for corrosion testing were 
polished on a silicon carbide (SiC) grinding wheel in 

 (1) UNS numbers are listed in Metals and Alloys in the Unifi ed Num-
bering System, published by the Society of Automotive Engineers 
(SAE International) and cosponsored by ASTM International.
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sequence from 60 grit to 600 grit, and subsequently 
degreased in a 10-min ultrasonic acetone (CH3COCH3) 
bath. Immersion into test solutions occurred within 
1 h of degreasing.

Crevice Repassivation Potential Measurements 
 Crevice repassivation potential tests were carried 

out in chloride environments ranging in concentration 
from 0.4 M Cl– to 0.04 M Cl–. Crevice repassivation 
potential (Ercrev) measurements were recorded from 
scans made following the potential staircase method. 
Solutions were prepared by adding 4.69 g or 46.9 g 
of sodium chloride (NaCl) to 2 L of deionized water 
(17 MΩ·cm to 18 MΩ·cm) to yield 0.04 M and 0.4 M 
Cl– solutions, respectively. Prior to testing, test cells 
were deaerated by purging with grade 5.0 nitrogen for 
a minimum of 1 h. Cells were heated to and main-
tained at 60°C by inserting into a thermostatically 
controlled heater that continuously monitored the 
temperature of the test solution.

Potential staircase (PS) scans utilized a protocol 
that raised the working electrode potential to a speci-
fi ed value (400 mV vs. saturated calomel electrode 
[SCE] to 500 mVSCE) and held that potential for up to 
4 days. A “charge trigger” was implemented during 
the potentiostatic hold step, which would automati-
cally reverse the potential scan if a charge density of 
10°C/cm2 (31.5 mA·h, assuming uniform distribution 
over the whole crevice area) was achieved. The poten-
tial was then scanned in the reverse direction at a rate 
of –0.0167 mV/s to a fi nal potential of –400 mVSCE. 
Ercrev was recorded as the highest potential that corre-
sponded to a current density of <1 µA/cm2 when 
scanned in the reverse direction.

Cyclic potentiodynamic polarization (CPP) tests 
were also conducted on the S32205 alloy, but yielded 
inconsistent data. The reasons for the failure of CPP 
tests to yield consistent repassivation potentials even 
for the same annealing treatment may be related to 
the tendency of the potentials to attain high values 
in the transpassive regime. In such cases, true crev-
ice corrosion did not occur, resulting in high values of 
“repassivation potentials.” This issue was addressed 
in our previous paper.22 Therefore, CPP results were 
abandoned from further consideration. The recorded 
data were confi rmed by posttest examination of the 
specimen for signs of localized corrosion.

Microscopy
Specimens meant for scanning transmission elec-

tron microscopy (STEM) analysis were polished on a 
600-grit grinding wheel to approximately 10 mils to 
15 mils thick. Next, 3-mm discs were punched from 
the foil with a 3-mm TEM disc punch. The disks were 
then polished to sub-10 mil thicknesses on both sides 
and degreased in an ultrasonic acetone bath. The 
samples were then electropolished using a 5% per-
chloric acid (HClO4) + 20% acetic acid (C2H4O2) + 75% 
methanol (CH3COOH) solution at 0°C. A JEOL 4000 
FEX† analytical electron microscope was used in both 
TEM and STEM modes for imaging, diffraction, and 
energy-dispersive spectrometry data collection. The k 
factors for elemental analyses were determined using 
a mill-annealed sample as a standard in which the 
ferrite and austenite grain compositions had been 
measured via the microprobe. 

RESULTS

Crevice Repassivation Potentials 
with Thermal Aging 

The results of the PS test method for the as-
received duplex S32205 stainless steel in 0.04 M and 
0.4 M NaCl solutions are shown in Figures 1 and 2, 
respectively. It can be seen that at the applied poten-
tial of 0.4 VSCE, the anodic current density increases 
slightly indicating active pit growth within the crev-
ices. Upon lowering the potential, the current density 
decreases until a potential is reached where negative 
excursions of current are observed, followed by com-
plete repassivation (inset in fi gures). It is interest-
ing to note that during the potential reduction scan, 
the current shows periodic increases, indicating an 
initial decrease in the dissolution rate followed by 
an increase toward a higher value as the concentra-
tion gradients within the pits stabilize. It is only upon 
complete repassivation that the current remains at a 
low value. The PS scan for the 870°C aging treatment 
is shown in Figure 3. It can be seen that during the 
downward potential scan, two dips in the current are 
observed. The fi rst dip in the current at about 0.1 V 
was somewhat transient and occurred at a relatively 
high current density, whereas the second dip at about 
–0.2 V represented a complete repassivation. A simi-
lar behavior was observed for the 700°C, 480-h aging 
treatment (Figure 4). On the other hand, the 700°C,  † Trade name.

TABLE 1
Chemical Compositions of the Materials(A)

 Alloy Lot Fe Ni Cr Mo Mn C N Si

 S32205 AB130 Bal. 5.8 22.5 3.2 1.55 0.017 0.164 0.41
 S32205 AB260 Bal. 5.7 22.5 3.22 1.42 0.018 0.172 0.35

(A) Both heats were obtained as plate material.

wt%
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24-h and the 475°C, 2-h aging treatments did not 
show the two-step behavior (Figure 5). 

The measured Ercrev values for isothermally heat-
treated S32205 in 0.4 M chloride solutions are shown 
in Figure 6. In the 700°C and 870°C aging conditions, 
a decrease in repassivation potential was observed 
at intermediate aging times, whereas at longer times 
a small recovery of the repassivation potential was 
observed. The initial increase in repassivation poten-
tial from the mill-annealed specimen is unclear and 
may be related to dispersion in the repassivation 
potential data. The 475°C aging produced a smaller 
decrease in repassivation potential, but longer aging 
treatments were not conducted for this tempera-
ture in this study. Similar effects were observed for 
aged specimens tested in the 0.04-M chloride solu-
tion (Figure 7). The effect of chloride concentration 
on repassivation potential for several thermal treat-
ment conditions is shown in Figure 8. For the 1,250°C 
treatment, the effect of thermal treatment is observed 
mainly at lower chloride concentrations.

The corrosion morphology is shown in Figure 9. 
For the 1,250°C treatment, the corrosion is mainly 
inside the ferrite grains and along the grain boundar-

ies. For 870°C and 700°C aging, the corrosion appears 
to be preferential to the ferrite phase and along the 
sigma-ferrite boundaries. The extent of corrosion is 
much greater for the 700°C aged sample.

Scanning Transmission Electron Microscopy 
Analyses

At 700°C, precipitation occurred at both α/γ and 
α/α boundaries in as little as 0.5 h. A representation 
of each, along with the energy-dispersive x-ray spec-
troscopy (EDS) composition profi les that trace the 
arrow are shown in Figure 10. The composition pro-
fi les are shown in terms of the ratio of the alloying ele-
ment to Fe. The α/α precipitates have a sawtooth 
morphology, while the α/γ precipitates are more cellu-
lar. The α/γ precipitates show heavy Mo enrichment 
and a slight Cr depletion at the grain boundary. The 
α/γ precipitates show no Cr depletion and a slight Mo 
enrichment at the grain boundary in the matrix. At 
ferrite-ferrite boundaries, the decomposing matrix is 
depleted in Cr when compared to the mill-annealed 
condition, which showed a Cr/Fe peak intensity ratio 
of 0.33 for primary austenite and 0.38 for primary fer-
rite. Similar depletion has been shown by Park, et al.17

FIGURE 1. Potential staircase method scan for as-received duplex 
stainless steel S32205 in 0.04 M NaCl solution at 60°C. The inset 
fi gure indicates the detailed region near repassivation.

FIGURE 2. Potential staircase method scan for as-received duplex 
stainless steel S32205 in 0.4 M NaCl solution at 60°C. The inset 
fi gure indicates the detailed region near repassivation. 
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As the heat treatment progressed, increased pre-
cipitation was observed. A metallographic image of 
the precipitated region in the α/α interface after 5 h 
at 700°C shows that the ferrite has decomposed to a 
region of Cr-rich precipitates along with a depleted 
matrix phase (Figure 11). The depleted matrix shows 
more severe Cr depletion containing approximately 
half the chromium contained in the mill-annealed 
ferrite phase. The precipitates at this heat treatment 
showed slight Cr and Mo enrichment. These phases 
are likely the eutectoid transformation of α → σ + γ2, a 
reaction that has been described in the literature.7-9 In 
essence, the abstraction of Cr and Mo to the precipi-
tate destabilizes the ferrite phase, which transforms 
to a secondary austenite phase. Due to its formation 
mechanism, the secondary austenite is depleted with 
respect to Cr and Mo as compared to the primary aus-
tenite. Outside the precipitated region, the non-trans-
formed ferrite matrix showed some grain-boundary 
Cr depletion (Figure 12), though the depleted levels 
were not as severe as those observed in the second-
ary austenite. This is verifi ed further in Figure 13, 
which shows the composition profi le across a second-

ary austenite -primary austenite boundary. The transi-
tion from the primary phase to the secondary phase is 
denoted on the profi le.

Following 24 h of thermal treatment at 700°C, the 
lowest Ercrev value for S32205 were recorded. STEM 
imaging revealed that grain boundary chromium 
depletion (GBCD) was evident for this heat treatment 
as more heavily etched regions of the TEM specimen 
during the electropolish step, as illustrated in Figure 
14, along with EDS profi les taken from a grain bound-
ary extending into the matrix phase as well as several 
EDS profi les taken from phases present in the precipi-
tated region. The Cr depletion at the grain boundaries 
dropped below the Cr level of the secondary austen-
ite (phases marked as 0, 2, 3, and 5). The precipitate 
at spot 1 shows enormous Cr enrichment, while the 
precipitate at spot 4 shows little Cr enrichment and 
only slight Mo enrichment, different from the profi les 
seen at 0.5 h and 5 h of aging. It is evident that as the 
isothermal aging time increases, the Cr-depleted sec-
ondary austenite continues to grow, constituting an 
increasing volume fraction of the microstructure. This 
phase is estimated to contain approximately 12.5% Cr 

FIGURE 3. Potential staircase method scan for the duplex stainless 
steel S32205 aged at 870°C for 24 h, tested in 0.4 M NaCl solution 
at 60°C. The inset fi gure indicates the detailed region near 
repassivation. 

FIGURE 4. Potential staircase method scan for the duplex stainless 
steel S32205 aged at 700°C for 48 h, tested in 0.4 M NaCl solution 
at 60°C. The inset fi gure indicates the detailed region near 
repassivation.
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based on the Cr/Fe intensity ratios from EDS profi les 
taken from the secondary austenite and parent ferrite 
phase from which it precipitated. The primary ferrite 
is estimated to contain roughly 24% Cr.

STEM imaging was also performed on initial 
aging times at 870°C. Precipitates appeared larger 
at this temperature than for comparable treatments 
at 700°C. Figure 15 shows a precipitated region evi-
dent after 0.5 h exposure. The precipitate (a) is shown 

FIGURE 5. Potential staircase method scan for the duplex stainless 
steel S32205 aged at 475°C for 2 h, tested in 0.4 M NaCl solution 
at 60°C. The inset fi gure indicates the detailed region near 
repassivation. 

FIGURE 8. Effect of chloride concentration on the repassivation 
potential of S32205 for different aging treatments. 

FIGURE 6. Effect of aging time at three different temperatures on the 
Ercrev of S32205 in 0.4 M NaCl solution at 60°C. 

FIGURE 7. Effect of aging time at two different temperatures on the 
Ercrev of S32205 in 0.04 M NaCl solution at 60°C. 
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as the dark spike in the image, which is joined by 
two austenite phases (c and d) that appear to be con-
suming a ferrite grain (b). The precipitate is highly 
enriched in Cr, while the two secondary austenite 
grains are Cr-depleted, though not to the extent seen 
at 700°C. The intact ferrite grain showed no composi-
tional deviation from the mill-annealed ferrite. How-
ever, after 2 h at 870°C, the specimen did not show 
any ferrite or austenite grains with compositions 
approaching that observed for the mill-annealed sam-
ple. Figure 16 displays the compositions determined 
at the center of nine different grains, along with a 
precipitate phase. All of the grains examined were 
Cr-depleted with respect to the mill-annealed compo-
sition. While the Cr-depleted secondary austenite was 
not as severely depleted as the 700°C aged material, 
it appeared sooner at 870°C and was more abundant 
after longer aging times than at 700°C (Figure 14).

DISCUSSION

The decrease in repassivation potential of S32205 
in this study is consistent with various observations 

of the effect of aging on the localized corrosion 
resistance of duplex stainless steels. For example, 
Ravindranath and Malhotra8 found that aging at 
700°C reduced the breakdown potential of S32205 
by several hundred millivolts and that localized cor-
rosion occurred near austenite phase boundaries. 
Park, et al.,17 found a considerable decrease in criti-
cal pitting temperature in 6% ferric chloride (FeCl3) 
solutions upon aging of a 22Cr duplex stainless steel. 
Amadou, et al.,11 found that a cast duplex stainless 
steel showed an almost 1,000-mV decrease in repas-
sivation potential in synthetic seawater when aged in 
the temperature range between 600°C and 900°C. In 
their case, the decrease in repassivation potential was 
much greater than that of the breakdown/pit initia-
tion potential and was relatively independent of the 
aging temperature. However, they did not measure 
local composition changes in the alloy.

The decrease in the repassivation potential of the 
alloy upon aging is dependent on the aging tempera-
ture, time, and the test solution. In the 0.4-M chloride 
solution, longer aging times at both 700°C and 870°C 
resulted in a partial recovery of the repassivation 

(a)

(c)

(b)

(d)

FIGURE 9. Crevice corrosion mode of S32205 after repassivation test. Clockwise from top left: 1,250°C, 20 min; 870°C, 
48 min; 700°C, 30 min; and 700°C, 24 h. 
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potential. The recovery was more rapid for 870°C 
than 700°C. For the 0.04-M chloride solution, the 
700°C aging did not show a recovery within the aging 
time periods tested, whereas the 870°C aging showed 
some recovery. The more rapid recovery at the higher 
aging temperature may be explained as the result 
of greater diffusion of the alloying elements into the 
depleted secondary austenite phase from the ferrite 
phase. The slower recovery in the 0.04-M chloride 
solution may be a result of the larger pit size in the 
lower chloride solution. The pit initiation potential in 
the 0.04-M chloride solution is higher (more positive) 
than the pit initiation potential in the 0.4-M chloride 
solution. This means that when the potential is held 
at 0.4 VSCE during pit/crevice growth, more pits are 
likely to nucleate and grow in the 0.4-M chloride 
solution than in the 0.04-M chloride solution. This 
would also mean that there will be a smaller num-
ber of larger pits in the 0.04-M chloride solution (note 
that typically all these specimens are held potentio-
statically until an average charge density exceeds a 
preset value). If these larger pits span the second-
ary austenite grain completely, then the repassivation 

potential measured in the 0.4-M chloride solution 
“samples” the whole secondary austenite. Longer 
aging times may result in some diffusion of Cr and Mo 
at the edges of the secondary austenite resulting in 
some recovery. In contrast, pits in the 0.04-M chloride 
solutions probably nucleate in regions deep inside 
the secondary austenite where the recovery is slower 
due to greater diffusion distance from the surround-
ing ferrite grains.

MODELING OF AGING EFFECTS 
ON REPASSIVATION POTENTIAL

The experimental results indicate a strong rela-
tionship between the measured repassivation poten-
tial and the depletion of chromium. This observation 
raises a question of whether the Erp depression can 
be predicted quantitatively using the obtained com-
position profi les. Such a quantitative prediction 
could be used to confi rm the proposed mechanism 
of Erp depression and would be useful for assessing 
the localized corrosion resistance of thermally aged 
duplex alloys in industrial practice.

FIGURE 10. (left) Ferrite-ferrite boundary and (right) ferrite-austenite boundary precipitates observed in S32205 after 0.5 h 
at 700°C. The ratio of element peak intensities to Fe from EDS are shown on the vertical axes.
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To answer this question, we used a previously 
developed mechanistic model for calculating the 
repassivation potential as a function of both alloy 
composition and solution chemistry of the envi-
ronment.22-23 Since the details of this model were 
described previously,22-23 only its essential features 
are summarized here. The model was derived by con-
sidering the dissolution of a metal in a localized cor-
rosion environment in the limit of repassivation. The 
model envisages the dissolution of the metal under-
neath a layer of a concentrated metal halide solu-
tion. In the process of repassivation, a thin layer of 
oxide is assumed to form at the interface between the 
metal and the hydrous metal halide. The model rep-
resents the formation of the oxide layer using a par-
tial coverage approach. The partial coverage fraction 
increases as repassivation is approached. The disso-
lution rate of the metal under the oxide is much lower 
than at the metal-halide interface and corresponds 
to the passive dissolution rate. Thus, as the repas-
sivation potential is approached, the dissolution rate 

tends toward the passive dissolution rate. The model 
includes the effects of multiple aggressive and non-
aggressive or inhibitive species, which are assumed 
to undergo competitive adsorption. The aggressive 
species form metal complexes, which dissolve in the 
active state. The inhibitive species and water contrib-
ute to the formation of oxides, which induce passiv-
ity. The formalism that describes these phenomena 
leads to a closed-form equation in the limit of repas-
sivation, i.e., when the current density reaches a pre-
determined low value, irp (irp = 10–2 A/m2), and the 
fl uxes of metal ions become small and comparable to 
those for passive dissolution. Most importantly for the 
study of thermally aged alloys, the parameters of the 
model have been generalized in terms of alloy compo-
sition for Fe-Ni-Cr-Mo-W-N alloys.23 This generaliza-
tion was based on experimental Erp data for 13 base 
(typically mill-annealed) stainless steels and nickel-
based alloys, supplemented by those for Fe and Ni. 
The relevant equations and parameters are given by 
Anderko, et al.23

FIGURE 11. Image of (left) Cr-rich precipitates and secondary austenite along with (right) respective EDS profi les for the 
dots on the image. Aged 700°C, 0.5 h.

FIGURE 12. Evidence of GBCD at the precipitate-ferrite interface. Elemental profi les are measured as a function of distance 
from the precipitate boundary.
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To calculate Erp of thermally aged samples, it is 
reasonable to assume that the measured Erp primar-
ily refl ects the localized corrosion of the regions that 
are most depleted in chromium. This is due to the 
fact that a pit stabilizes more easily in an area that 
is more susceptible to localized corrosion because of 
chromium (or molybdenum) depletion. In the case of 
S32205, the lowest-Cr zone corresponds to the sec-
ondary austenite phase. Furthermore, as discussed 
above, the size of the secondary austenite phase is 
suffi ciently large to stabilize a pit. This is important 
because a certain minimum size is necessary for sta-
bilizing a pit in an Erp measurement. Thus, we can 
reasonably assume that the repassivation potential of 

thermally aged S32205 samples can be calculated on 
the basis of the composition of the secondary austen-
ite phase.

Figure 17 shows the results of calculations using 
the generalized repassivation potential model23 for 
mill-annealed S32205 and for samples heat-treated 
at 700°C for 5 h and 24 h. To calculate the repas-
sivation potential of the bulk alloy, the composition 
of lot AB130 (Table 1) was assumed. The composi-
tion of lot AA260 would result in essentially the same 
prediction. The predictions for the bulk alloy are in 
excellent agreement with the experimental data for 
mill-annealed S32205 (cf. the thick line and diamonds 
in Figure 17). To calculate Erp for the 700°C, 5-h sam-

FIGURE 13. EDS profi les comparing the depleted precipitated matrix phase juxtaposed with the primary matrix phases after 
5 h at 700°C. EDS points were taken following the dotted line shown in the micrograph.
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ple, the profi les depicted in Figure 13 were used to 
estimate the alloy composition (i.e., 14.4% Cr, 3.3% 
Mo, 5.7% Ni, bal. Fe). For the alloy aged at 700°C and 
24 h, the Cr content was assumed to be 12.5% as dis-
cussed above and the Mo and Ni content was esti-
mated at 1.4% and 5.1%, respectively (based on the 
profi les from Figure 14). For both thermally aged sam-
ples, it was assumed that the nitrogen content in the 
secondary austenite remained the same as in the bulk 
alloy (i.e., 0.164%). This is a reasonable assumption 
due to the higher diffusivity of nitrogen compared to 
Cr and Mo. As shown in Figure 17, the calculated Erp 
values for both thermally aged samples are in rea-
sonable agreement with the data. It should be noted 
that the predictions are subject to considerable uncer-
tainty because the N content in the secondary aus-
tenite phase is unknown and the Mo content is highly 
uncertain (because of the small Mo intensity ratios). 
Thus, the predicted repassivation potentials should be 
considered satisfactory. The calculations indicate that 
the Erp values measured for the heat-treated samples 

can be explained quantitatively by the composition of 
the secondary austenite.

CONCLUSIONS

❖ In this study, localized corrosion susceptibility of 
S32205 through crevice repassivation potential mea-
surements in chloride solutions was determined as 
a function of isothermal heat treatment time. It was 
found that at 700°C, a drop of ~450 mV was observed 
with initial aging of this material, which only slightly 
recovered after long aging times. A similar drop was 
noted at 870°C, but this was partially recovered (by 
100 mV) with prolonged isothermal aging. 
❖ Microstructural characterization of precipitated 
phases of S32205 was performed with STEM. Both 
ferrite-ferrite and ferrite-austenite boundary precip-
itates were noted for both thermal aging tempera-
tures. At 700°C, a eutectoid-like transformation had 
occurred where the ferrite decomposed to sigma and 
secondary austenite. The composition of this sec-

FIGURE 14. (left) STEM image and (bottom right) corresponding EDS profi les of various phases in the precipitated region 
of S32205 after 24 h exposure to 700°C. Evidence of sensitization at this heat treatment is evident as preferentially thinned 
grain boundaries in the image and from the EDS profi le taken at the boundary extending into the primary matrix phase. 
The numbers on the x-axis of the lower right fi gure (0 through 5) correspond to the numbered locations shown in the TEM 
micrograph on the left.
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ondary austenite was found to contain roughly half 
the chromium of the primary austenite, and caused 
the isothermally aged material to become susceptible 
to localized corrosive attack. At 870°C, the precipi-
tates were more globular and pervasive throughout 
the microstructure. Again, a Cr-rich precipitate was 
accompanied by a secondary austenite phase, whose 
composition was roughly 2/3 that of the primary aus-
tenite. This depleted phase made the specimen more 
susceptible to localized corrosive attack, but to a 
lesser extent than aging at 700°C.
❖ In addition to the Cr-depleted phase that pre-
cipitates with thermal aging, some grain boundary 

Cr depletion was observed as well. The initial drop 
in Ercrev is a confl uence of both of these, though the 
GBCD is recoverable with time. Reduced corrosion 
resistance with thermal aging due to the formation of 
secondary austenite is not recovered with prolonged 
thermal exposure, and the precipitation of this phase 
is accompanied by a non-recoverable reduction in 
localized corrosion resistance as observed with crev-
ice repassivation potential measurements in chlo-
ride-containing environments. S32205 aged at 700°C 
displayed no recovery with prolonged thermal expo-
sure, while aging at 870°C recovered approximately 
100 mV of the initial Ercrev drop. 

FIGURE 15. Selected area diffraction (SAD) images of phases evident for S32205 after 0.5 h exposure to 870°C, and 
corresponding EDS. The labels (a through d) in the bottom fi gure correspond to the locations indicated in the top fi gure.
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❖ A previously developed mechanistic model for cal-
culating the repassivation potential of Fe-Ni-Cr-Mo-
W-N alloys has been applied to predict Erp of thermally 
aged alloys on the assumption that the measured 
Erp values refl ect the composition of the phase that 
is most depleted in Cr (i.e., the secondary austen-
ite). A reasonably good agreement has been obtained, 
which indicates that the model can be used to predict 
the repassivation potential of heat-treated as well as 

annealed samples, as long their microchemical com-
position is known.
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FIGURE 16. EDS profi les of various selected phases for S32205 
after exposure to 870°C for 2 h.

FIGURE 17. Comparison of experimental (symbols) and predicted 
(lines) repassivation potentials of Alloy 2205 in a mill-annealed form 
(diamonds and thick line), after thermal aging at 700°C and 5 h 
(triangles and dashed line) and after thermal aging at 700°C and 
24 h (squares and thin line).
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