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Crevice corrosion and environmentally assisted
cracking of high-strength duplex stainless steels
in simulated concrete pore solutions

ABSTRACT

This paper presents a study of crevice corrosion and environmentally assisted cracking (EAC) mecha-
nisms in UNS S$32205 and S32304 which were cold drawn to tensile strengths of approximately
1300 MPa. The study utilized a combination of electrochemical methods and slow strain rate testing to
evaluate EAC susceptibility. UNS S32205 was not susceptible to crevice corrosion in stranded geometries
at ClI~ concentrations up to 1.0 M in alkaline and carbonated simulated concrete pore solutions. UNS
S$32304 did exhibit a reduction in corrosion resistance when tested in a stranded geometry. UNS
$32205 and S32304 were not susceptible to stress corrosion cracking at CI~ concentrations up to 0.5 M
in alkaline and carbonated solutions but were susceptible to hydrogen embrittlement with cathodic

overprotection.

1. Introduction

Corrosion of embedded reinforcing steels is a prevalent issue in
concrete structures exposed to marine environments and deicing
chemicals, e.g., NaCl and CaCl,. These environmental exposures
contribute chlorides (Cl7) that can ingress and ultimately destabi-
lized passive films formed on the surface of steel reinforcing bars,
leading to corrosion [1]. While many strategies are available to
mitigate corrosion; including the use of high-performance/low
permeability concretes, increased cover thicknesses, and coatings,
these technologies often cannot provide necessary corrosion
resistance as the service lives of critical concrete structures (e.g.,
bridges, dams, ports, etc.) are extended beyond 75 years [2]. As a

result, materials with intrinsic corrosion resistant properties, such
as stainless steel reinforcement, must be investigated.

The use of various stainless steel alloys for corrosion-resistant
reinforcement has been the subject of much research, with a focus
primarily on austenitic grades (e.g., UNS S30400 and S31600) and,
more recently, on austentic-ferritic duplex grades (e.g., UNS
$32101, S32205, and S32304) [3-10]. These materials have gener-
ally been shown to exhibit excellent corrosion resistance when
compared with mild steel reinforcement, with an increase in chlo-
ride threshold levels (CTLs; i.e., the chloride concentration neces-
sary for corrosion initiation) of approximately one order of
magnitude [11,12].

However, there has been significantly less study of high-
strength corrosion-resistant reinforcing materials for use in pre-
stressed concrete applications. Prestressed concrete is often used
in construction to minimize tensile cracking of the concrete
by “prestressing” the steel reinforcement in tension to apply a


http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2019.01.082&domain=pdf

“precompressive” stress to the concrete that is strong in compres-
sion [13]. This precompression of the concrete allows for longer
spans and improved durability and has become a ubiquitous form
of concrete construction in bridges, parking decks, piling, and other
structures. As a result, many additional requirements are placed on
the mechanical properties of the reinforcement:

o Ultimate tensile strengths on the order of 1900 MPa compared
with 500 MPa for mild steel reinforcement.

e Stress relaxation of less than 2.5% when loaded to 70% of the
ultimate tensile strength for a period of 1000 h.

e 7-wire strands produced continuously in a roll which provides
for curved as well as straight placement in a structure with no
discontinuities in the prestressing forces applied to the
concrete.

These rigorous mechanical requirements place many additional
constraints on which corrosion-resistant alloys can be used for pre-
stressing reinforcement and how they can be produced (e.g., ther-
momechanical heat treatments). The fact that prestressing
reinforcements are produced in a stranded geometry also causes
concerns for the influence of crevice corrosion phenomena [14].
The authors recently demonstrated this effect in stranded pearlitic
prestressing steels, where a reduction in CTLs of approximately
70% was attributed to stranding and associated crevice corrosion
[15]. In addition, the constant tensile stress state of approximately
70% of the material’s ultimate strength presents concerns for envi-
ronmentally assisted cracking (EAC) mechanisms, such as stress
corrosion cracking (SCC) and hydrogen embrittlement (HE), that
have been previously reported [16-22].

Corrosion-resistant high-strength stainless steels for prestress-
ing applications have been the subject of recent research and field
application, with a focus on a variety of alloys. Initial research of
these materials concentrated on high-strength nitrogen-charged
austenitic alloys with a goal of achieving strengths similar to those
of high-C prestressing steels, high corrosion resistance, and low
magnetic permeability [23]. Work performed under COST Action
534 - New Materials and Systems in PSC Structures, an effort sup-
ported by the European Union [24-30], investigated high-strength
stainless steels produced from alloys UNS S30400, and S31600
which were cold drawn to achieve tensile strengths required for
prestressing applications. These studies investigated resistance to
Cl~ induced corrosion and EAC mechanisms.

The authors’ prior publication presented the results of a com-
prehensive study of the CI~ induced corrosion resistance of high-
strength stainless steels (tensile strengths of 1300-1800 MPa) in
simulated alkaline (pH ~ 12.5) and carbonated (pH ~ 9) concrete
pore solutions [31]. The study included austenitic grades UNS
$30400 and S31600; duplex grades S32101, S32205, and S32304;
and martensitic grade S17700. From this investigation, duplex
grades UNS S32205 and S32304 were identified to be the best per-
forming, with no corrosion evidenced at Cl~ concentrations of up to
0.5 mol/L in alkaline and carbonated solutions.

Studies of EAC mechanisms in stainless steels have largely
focused on austenitic allows such as UNS $S30400 and S31600 with-
out strengthening along with limited recent study of advanced
steel alloys including corrosion-resistant duplex stainless steels

[32-36]. The effect of heat treatment on the hydrogen embrittle-
ment susceptibility of 17% Cr stainless steel was studied by Tavares
et al. [37]. Samples, quenched and tempered at different tempera-
tures were subjected to cathodic hydrogen charging in a 3.5%NacCal
solution for 24 h prior a slows strain rate test and it was main-
tained during the SSRT. Samples tempered at 650 °C, which possess
a high toughness and low hardness, showed the lowest H.E. sus-
ceptibility with a strain reduction of 57%. Samples tempered at
500 °C, which have high hardness and low toughness, exhibited
the highest susceptibility with a strain reduction of 86%. Heon-
Yound Ha et al. [38] performed a study where a correlation
between N content in duplex stainless steel and resistance to cor-
rosion cracking studied using slow strain rate testing (SSRT) meth-
ods on two alloys of varying N content. The alloy with higher N
content had higher resistance to stable pit initiation than its coun-
terpart. Also, the reduction on strain and tensile strength due to
stress corrosion cracking was lower in the alloy with higher N con-
tent (64.3% compared to 87% in elongation and 33% compared to
64% in strength). A surface examination was performed after the
SSRT and it was seen significant amounts of pits in the alloy with
lower N content, which matched with previous observations.

Additional studies focused on microstructural characterization
of EAC damage in duplex stainless steels include work by Kherad-
mand et al. [39] using nano-indentation with an in-situ hydrogen
charging on different phases, austenite and ferrite, in a duplex
stainless steel UNS S32507. It was found that hardness in both
phases, austenite and ferrite, increases with electrochemically
charged hydrogen. Liu et al. [40] studied the role of microstructure
on the influence of hydrogen embrittlement in different advanced
high-strength steels. They performed a hydrogen pre-charging and
continue the hydrogen charging along with a linearly increasing
stress test. In summary, the authors found that cracks in duplex
stainless steels initiated in martensite region and/or at the inter-
face of martensite and ferrite; and they propagated into ferrite or
transverse martensite.

Zanotto et al. [41] performed a study on the stress corrosion
cracking behavior of two stainless steels, UNS S32304 and UNS
S$32404, in chloride/thiosulphate solution. Samples were subjected
to a SSRT while submerged in the solution. Maximum strains were
compared in order to study the SCC behavior, along with optical
inspection and E,., measurement. In general, both duplex stainless
steels showed a reduction in strain when they were subjected to
NaCl in presence of thiosulphate at different concentrations. How-
ever, when subjected to NACE TM-0177 solution, only UNS S32304
showed corrosion while UNS S32404 was immune, even at high
concentrations of S,03". Authors claimed that the presence of sig-
nificant amount of Mo in UNS S32404, play an important role in the
resistance of SCC at these environmental.

Here, we expand on upon previous work with a focus on the
influence of crevice corrosion phenomena and EAC mechanisms
on the long term durability of high-strength corrosion-resistant
prestressing reinforcements produced from duplex grades UNS
$32205 and S32304. The results provide insights into the impact
of stranding on CTLs and the potential susceptibility to brittle fail-
ure by EAC mechanisms (i.e., SCC and HE) during the service life of
a prestressed concrete structure. Testing for crevice corrosion
resistance was performed using simulated 7-wire strands in alka-

Z?l::fliZal composition and ultimate tensile strength (UTS) of alloys investigated.
Alloy (UNS No.) Composition (%) — Fe balance UTS (MPa)
C Mn P S Si Ni Cr Mo Cu \ N Al
$32205 0.004 0.82 0.023 <0.001 0.51 5.1 221 32 0.21 0.12 0.22 - 1349
S32304 0.018 0.87 0.011 0.001 0.43 4.8 223 0.31 0.23 0.07 0.14 - 1247




line and carbonated solutions with the addition of ClI~. SCC suscep-
tibility was evaluated using slow strain rate testing (SSRT) tech-
niques in alkaline and carbonated solutions containing Cl~. HE
susceptibility was evaluated using excessive cathodic polarization
to generate H*. The following sections provide a summary of the
materials studied, the methods used, the results of the study, and
the ramifications of those results.

2. Materials and methods
2.1. Materials

Stainless steel alloys selected for the investigation included duplex grades
$32205 and S32304. Stainless steel alloys were strengthened by cold drawing with
the assistance of a spring wire manufacturer. A target final wire diameter similar to
that typically used for prestressing reinforcement (3-5 mm) was specified for the
cold drawing operation along with a target tensile strength of approximately
1300 MPa. Measured chemical compositions and ultimate tensile strengths (UTS)
of the as-received materials are provided in Table 1. The chemical composition of
all materials used were within the limits specified in ASTM A276 [42].

(a) S32205 longitudinal

(c) S32304 longitudinal

Scanning electron micrographs of etched microstructures are shown in Fig. 1 in
both longitudinal and transverse orientations with respect to the drawing direction.
Duplex grades were electroetched in a 20% NaOH solution with an applied potential
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SSRT Silicone
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Fig. 3. Apparatus and exposure cell used for SSRTs.

(b) S32205 transverse

(d) S32304 transverse

Fig. 1. Longitudinal and transverse microstructure of as received UNS $32205 and S32304 materials following cold drawing.

Fig. 2. Cylindrical dogbone specimen used for all SSRTs.



of 4V, with austenite etching bright and ferrite etching dark. Significant longitudi-
nal grain alignment and elongation that was axisymmetric with the drawing direc-
tion were observed as a result of the heavy cold drawing. An approximately 50/50
proportion of austenite and ferrite (measured using quantitative image analysis)
was observed in both UNS $32205 and S32304.

SCE reference

TENSION electrode
Saturated KCI
Pt counter saltbridge
electrode
Silicone sealant
Cell containing Rubber stopper Beaker filled with
testing solution saturated KCI
SSRT specimen
TENSION

Fig. 4. Experimental setup for HE SSRTs.

o0
Po\a‘“'a“

(a) Wire specimen at 0.5 M CI

of
\’o\a‘“‘a“

(c) Strand specimen at 0.5 M CI

2.2. Exposure solutions

Experiments were conducted at a temperature of 24 °C (75 °F). Two simulated
concrete pore solutions were used to represent alkaline and carbonated concrete.
Alkaline solutions consisted of 4 g/L of Ca(OH), with a pH of 12.5. This solution
was used to represent aging concrete which has lost much of its highly soluble
cations (e.g., K*, Na*) due to leaching [31]. Carbonated solutions used to simulate
concrete that has fully carbonated or acidified through the cover depth contained
0.3 M NaHCOs and 0.1 M Na,CO5; with a pH of 9.5 [31]. To simulate a marine expo-
sure, CI~ was added as NaCl at concentrations of up to 1.00 M. For testing of crevice
corrosion phenomena, Cl~ concentrations were selected based on the results of sin-
gle wires with the goal of testing only exposures that bracketed the CTL of each
alloy. For SCC testing, CI~ was added at a concentration of 0.5 M to simulate an
exposure to seawater.

2.3. Investigation of crevice corrosion mechanisms

2.3.1. Specimen preparation

In order to compare the performances of single wires and 7-wire strands, sim-
ulated prestressing strands of grades UNS S32205 and S32304 were produced. To
form a strand, seven wires were bundled together and secured using plastic cable
ties. A wire for electrical contact was then soldered onto the end of the bundle. Fol-
lowing the soldering operation, the ends of the strands were encapsulated in epoxy.
Details on the preparation techniques used to prepare wire and strand test speci-
mens are provided in [15]. The exposed surface area of each strand specimen was
24.5 cm?. A total of eight specimens of $32205 and eight specimens of $32304 were
produced. Cyclic potentiodynamic polarization (CPP) techniques were used to eval-
uate the influence of stranding on the Cl~ induced corrosion resistance of S32205
and S32304. Each specimen was conditioned for a period of five days prior to expo-
sure to Cl~ to form a stable passive film on its surface. The five day duration was
based on the results of previous research on these alloys [31].

2.3.2. Cyclic potentiodynamic polarization studies

All CPP experiments were conducted using a typical three electrode electro-
chemical cell consisting of a Pt foil counter electrode with surface area of 4 cm?,
a saturated calomel reference electrode (SCE), and the working electrode being
the test specimen. A solution volume of 250 ml was used for wire specimens to
ensure a minimum solution-volume-to-specimen-surface-area ratio of 0.2 ml/
mm?. Due to the increased exposed surface area in stranded specimens, a larger
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(b) Wire specimen at 1.0 M CI
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(d) Strand specimen at 1.0 M CI

Fig. 5. Polarization curves of S32205 wire and strand specimens tested in alkaline solutions. Both S32205 wire and strand specimens did not exhibit corrosion initiation

during CPP testing and repassivated at Cl~ concentrations of up to 1.0 M.



solution volume of 700 ml was required. This solution-volume-to-specimen-sur
face-area ratio is based on requirements of ASTM G31 [43].

The reference, counter, and working electrodes were connected to a poten-
tiostat (Reference 600, GAMRY) to carry out the CPP scan. A scan rate of 1 mV/s
was used for all experiments. This scan rate is higher than that typically employed
for the study of corrosion behavior solutions that simulate the environment in con-
crete (0.1-0.17 mV/s). The increased scan rate has been shown to yield slightly
higher values of breakdown and protective potentials [44]. All potentials are given
on the SCE scale. Potentials were anodically scanned from —25mV versus the
steady E.or until either O, was evolved or corrosion initiation occurred. In either
case, potential scans were reversed after a current increase of approximately two
orders of magnitude beyond the passive condition, and the potential was decreased
to the original Eo at the same 1 mV/s scan rate. Each experiment utilized a new
sample that underwent its own conditioning procedure. Following testing, speci-
mens were examined for unintended crevice corrosion by destructively examining
the sample using an optical microscope. If unintended crevice corrosion had
occurred (i.e., corrosion that was not isolated within the intended exposed surface
area), the data were deemed aberrant, and the experiment was repeated with a new
specimen.

-7 -6 -5 -4 -3 -2 -1 0 1
log(i) (mA/cm?)

(a) Wire specimen at 0.25 M CI

Corrosion
Initiation with
Repassivation

(c) Wire specimen at 1.0 M CI

Corrosion
Initiation with
Repassivation

(e) Strand specimen at 0.5 M CI

The first CPP experiments were conducted on duplicate specimens in alkaline
and carbonated solutions containing 0.5 M Cl~ to provide an initial indication of
corrosion resistance. Based on the results of tests in 0.5 M CI~, the concentration
of CI~ was either increased or decreased for the remaining tests. For example, if
the first series of tests on an $32205 strand in 0.5 M CI~ containing pore solutions
showed full repassivation during the CPP scan, the second series of tests would be
performed at an increased Cl~ concentration of 1 M.

2.4. Environmentally-assisted cracking susceptibility by slow strain rate testing

2.4.1. Manufacture of test specimens

Cylindrical dogbone specimens were machined from $S32205 and S32304 wires
for use in the SSRT setup. The schematic shown in Fig. 2 depicts the geometry of the
cylindrical dogbone specimen used for all SSRTs. For each SSRT, the exposed region
of the cylindrical dogbone specimen was polished with SiC paper up to 600 grit fol-
lowed by 6 um diamond paste.

2.4.2. Slow strain rate testing method
Fig. 3 shows the apparatus used for all SSRTs and the exposure cell used for SCC
and HE tests.

(b) Wire specimen at 0.5 M CI

Change in
Behavior During
Reverse Scan

(d) Strand specimen at 0.25 M CI

Corrosion
Initiation with
Repassivation

(f) Strand specimen at 1.0 M CI

Fig. 6. Polarization curves of S32304 wire and strand specimens tested in alkaline solutions. Wire specimens were corrosion resistant at up to 0.5 M Cl~. Corrosion initiation
occurred in wire specimens at 1.0 M CI. In strand specimens, full repassivation was observed at 0.25 M Cl~ concentration. At higher Cl~ concentrations, corrosion initiation

was observed in strand specimens.



Specimens that were exposed to solutions were placed in a 200 ml (6.8-0z)
polypropylene exposure cell. Once the specimen and exposure cell were secured
in the SSRT apparatus, the testing solution was added to the cell, required instru-
mentation was connected, and the SSRT was commenced. A constant displacement
rate was applied using an RPM calibration of the variable speed drive motor. A con-
stant displacement rate of 25-10-° mm/s (1-10~®in./s) was used for all SSRTs. This
displacement rate corresponds to a strain rate of 10~ s~! for the 25 mm (1 in.) gage
length with reduced cross section. The 10~®s~! strain rate was selected, as it has
been shown to result in the most significant damage by SCC and HE and, thus, pro-
vides a conservative assessment of EAC susceptibility [45]. The duration of each
SSRT was approximately 50 hr. During the SSRT, load in the specimen was moni-
tored using a calibrated tension load cell connected between the screw jack shaft
and the coupler used to secure the dogbone specimen. Following the SSRT, fractured
specimens were examined using optical and scanning electron microscopy (SEM).
Damage was quantified by interpretation of the stress vs. strain behavior and mea-
surements of the reduction in area of the fracture surface using optical microscopy.

2.4.3. Stress corrosion cracking susceptibility

The SSRT method was used to evaluate the SCC susceptibility of S32205 and
S32304 in alkaline and carbonated solutions with the addition of 0.5M Cl~. All
SSRTs were conducted at open circuit, i.e., no external potential was applied to
the specimens. The test setup used a simple exposure cell like that shown in
Fig. 3 with no electrodes immersed in solution for electrochemical measurements.

2.4.4. Hydrogen embrittlement susceptibility

The SSRT method was used to evaluate the HE susceptibility of $32205 and
$32304 in alkaline and carbonated solutions, with an applied cathodic polarization
to generate hydrogen. While the exposure cell design was similar to that in Fig. 3,
additional electrodes and a potentiostat were necessary to apply the cathodic over-
potential to the specimen. Fig. 4 shows the experimental setup used for HE SSRTs.

A Pt foil counter electrode with a surface area of 4 cm? was placed through an
access hole in the lid of the exposure cell. An SCE reference electrode was placed in
an adjacent beaker filled with saturated KCl and sealed with a rubber stopper. The
reference electrode was electrolytically connected to the exposure cell with a salt
bridge filled with saturated KCI. The dogbone specimen acted as the working elec-
trode. The counter, reference, and working electrodes were connected to a GAMRY
Reference 600 potentiostat that was used to apply the potentiostatic cathodic
polarization.

(a) Crevice corrosion

(c) S32304 strand specimen

HE tests were performed at potentials of —1.00 V and —0.82 V in alkaline and
carbonated solutions, respectively. The potentiostatic polarization was applied to
the specimen in conjunction with commencing the SSRT. These potentials lie
20 mV below the Ey.uz “Hydrogen” line at the pH of 12.5 in alkaline solutions
and 9.5 in carbonated solutions (on the SCE scale: E,ppjied = —0.242-0.059-pH in
volts). With the potential shifted to below Ey. 12, atomic H is generated on the sur-
face of the working electrode, which simulates a cathodic overprotection of the
steel that is known to cause HE damage. This atomic H may be absorbed into the
metal, resulting in embrittlement, or it may combine to form H; as a gas [30].

3. Results and discussion
3.1. Influence of stranding on crevice corrosion

Figs. 5 and 6 show results of CPP testing of S32205 and S32304
wire and strand specimens, respectively, tested in alkaline solu-
tions. CPP experiments were conducted at ClI- concentrations of
0.5 and 1 M for S32205 and 0.25, 0.5, and 1 M for $S32304. Follow-
ing the specimen conditioning period, measured values of E.,, in
$32205 and S32304 strands were shifted negatively by approxi-
mately 200 mV when compared with wires. This shift was also
observed in tests of ASTM A416 carbon steel prestressing strands
(see [15]) and has been hypothesized to be due to aeration/concen-
tration cell effects in the stranded geometry that result in a mea-
sured cathodic polarization of Ecy.

In both alloys, at a potential of approximately 200 mV, a shift in
polarization behavior is observed. This change is likely related to
the oxidation of Cr,05 in the passive film to form CrO%~ (by Cr,-
05 + 5H,0 — 2Cr03~ + 10H" +6 e~), which will become thermody-
namically viable at potentials above 225 mV when pH is
approximately 12.5 [46]. Following the breakdown of the Cr,03
film, current densities actually decrease, which indicates the passi-
vating role of Ni and Fe at elevated electrochemical potentials [47].

(b) Pitting corrosion

Fig. 7. Corrosion damage in S32304 strand specimen following testing in alkaline solution with 0.5M Cl".



Current density rises again at a potential of approximately 650 mV
at the pH of 12.5 as H,0 is oxidized and O, is evolved (2H,0 —
0, +4H" + 4e7) [47].

In alkaline solutions, no degradation in corrosion resistance was
observed in the $S32205 wire and strand specimens that did not
exhibit corrosion initiation at CI~ concentrations up to 1 M. Strand-
ing did reduce the corrosion resistance of the S32304 stranded
specimens when compared with the wire specimens, which at a
Cl~ concentration of 0.5 M was not susceptible to corrosion initia-
tion in the single wire geometry but was susceptible when tested
in the seven-wire strand geometry. Corrosion initiation in both
the S32304 wire and strand specimens occurred within the O, evo-
lution region with electrochemical behavior that deviated from full
repassivation behavior at all potentials and led to repassivation
potentials of approximately —100 to —200 mV where the reverse
polarization curve intersected the forward polarization curve.

Fig. 7 depicts corrosion damage in an S32304 specimen tested
in an alkaline solution with 0.5M Cl~. Corrosion damage in the
$32304 strand was largely partitioned to the crevice regions where
impingement between the individual wires in the strand occurred
(see Fig. 7(a)). Moderate pitting corrosion was also observed on the
outer wires (see Fig. 7(b)).

Figs. 8 and 9 show results of CPP testing of S32205 and S32304
wire and strand specimens, respectively, tested in carbonated solu-
tions at the same Cl~ concentrations studied in alkaline solutions
(i.e.,, 0.5M and 1.0 M for S32205 and 0.25 M, 0.5 M, and 1.0 M for
$32304). The initial E,. of the S32205 and the S32304 strands in
carbonated solutions was shifted negatively by approximately
100 mV relative to single wires of the same alloy. Similar to the
behavior observed in alkaline solutions, a change in polarization
behavior was observed as the Cr,Os; was oxidized and O, was
evolved which is likely due to geometric effects and the availability

of reactants in interstices of the strand. However, potentials at
which these two reactions occurred increased by approximately
200 mV due to the reduced pH present in carbonated solutions
(i.e., (12.5-9)0.059 =0.206 V =206 mV). Here again, the S32205
wire and strand specimens were fully resistant to corrosion initia-
tion at CI~ concentrations up to 1 M. The corrosion resistance of the
$32304 strand was also found to be reduced in carbonated solu-
tions when compared with the wire specimens, with minor crevice
corrosion at Cl~ concentrations of 0.25 M.

Once localized corrosion initiated in S32304 strands, current
densities associated with corrosion propagation were much lower
than those observed in single wires (approximately 0.1 mA/cm? in
strands vs. 10 mA/cm? in wires). These low current densities likely
corresponded to a highly localized form of corrosion (crevice/pit-
ting) in which current contributions were negated when normal-
ized against the relatively large exposed surface area of the
strand sample.

The results of all CPP experiments on S32205 and S32304 wire
and strand specimens are summarized in Fig. 10 according to the
observed corrosion behavior. Metastable pitting/crevice corrosion
corresponded to minor breakdown in passivity evidenced by vari-
ations in current during polarization sweeps that included repassi-
vation well above E,,; with current densities in the reverse cycle of
the CPP curve that are generally less than the initial polarization.
Stable pitting/crevice corrosion corresponded to stable increased
current densities due to a breakdown in passivity that remained
high during reverse cycle of the CPP curve and high currents con-
tinued to near E.,. As discussed above, the corrosion resistance
of S32304 is jeopardized in the stranded geometry. One explana-
tion for the superior performance of S32205 is its chemical compo-
sition. As shown in Table 1, $32205 contains amounts of Ni and Cr
similar to those of S32304 but increased amounts of Mo (10X
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(c) Strand specimen at 0.5 M CI

(d) Strand specimen at 1.0 M CI

Fig. 8. Polarization curves of the $32205 wire and strand specimens tested in carbonated solutions. S32205 wire and strand specimens did not exhibit corrosion initiation at

Cl~ concentrations of up to 1.0 M in carbonated solutions.



higher in S32205) and N (1.6X higher in S32205). Previous studies
of the pitting corrosion resistance of duplex stainless steels $32205
and S32304 found that Mo and N are particularly effective in
increasing corrosion resistance in Cl~ containing neutral and acidic
solutions [48]. The effectiveness of Mo and N is also reflected in the
pitting resistance equivalency number (PREN) value, with Mo and
N making contributions of 3.3 and 30 times that of Cr, respectively
[49]. Because conditions within the crevice during corrosion prop-
agation are similar to an acidic CI~ solution, it is hypothesized that
the superior corrosion resistance of $32205 results from its
increased Mo and N content. Accordingly, this increased corrosion
resistance also typically comes with increased cost.

3.2. Environmentally-assisted cracking susceptibility

The results of all SSRTs performed on $S32205 and $32304 are
plotted in Figs. 11 and 12, respectively. In order to eliminate abnor-
malities associated with SSRT load frame compliance, the elastic
portion of the curve was truncated at a given stress level, and
the data were shifted. Based on microscopical observations and
the load vs. displacement curves, both S32205 and S32304 exhib-
ited non-ductile failures in SSRTs with immediate necking after
yield and no post-yield strain hardening. Little evidence of SCC
and HE damage was present in any of the SSRT stress vs. time
results, all of which had similar times to failure. The only indication
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Fig. 9. Polarization curves of the S32304 wire and strand specimens tested in carbonated solutions. S32304 wire specimens only exhibited corrosion initiation at the 1.0 M
Cl™ concentration. S32304 strands did not exhibit corrosion initiation at 0.25 M Cl~ concentrations. At increased Cl~ concentrations, corrosion initiation was observed in

$32304 stand specimens.
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Carbonated — pH 9.5
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Fig. 10. Summary of CPP experimental results for S32205 and S32304 strands.
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Fig. 12. SSRT results for S32304.

of damage was the increased strain softening in HE SSRTs just prior
to failure. This strain softening in HE damaged samples is caused
by cracks in the samples which reduce its axial stiffness and focus
strain localization and plastic deformation into a reduced cross
sectional area of non-embrittled material. Measurements of area
reduction at fracture were far better indicators of damage by SCC
and HE. The results of area reduction measurements from all SSRTs
performed are shown in Fig. 13.

SCC SSRTs of S32205 and S32304 showed similar area reduc-
tions in air (approximately 80% in S32205 and 73% in S32304),

85

$32205

75 532304

65

55

Area Reduction (%)

45
35

25

In Air Alk. SCC Carb. SCC Alk. HE Carb. HE

Fig. 13. Area reductions of $32205 and S32304 SSRT specimens at failure.

indicating no damage by SCC in alkaline and carbonated solutions.
Damage by HE was evident in measured area reductions of S32205
and S32304 high-strength duplex stainless steels in alkaline and
carbonated solutions. With the generation of H, by cathodic polar-
ization, area reductions decreased to approximately 67% in $32205
and to less than 63% in S32304. The most significant HE damage
was in S32304 tested in carbonated solutions, which resulted in
an area reduction of 41%, almost half of the reduction when tested
in air.

The trends in area reduction were confirmed when tested spec-
imens were forensically examined with SEM. Fig. 14 depicts the
typical failure observed in SCC SSRTs (S32205 shown). In all cases,
no damage (i.e., cracking) resulting from SCC was evident in
$32205 and S32304. However, significant cracking, delamination,
and blistering were evident in all HE SSRTs (see typical damage
in Fig. 15).

Cracks in HE specimens were present only in the necked region
and increased in size nearer to the fracture surface, suggesting that
significant plasticity was required to cause crack initiation and
propagation. The most interesting observations of HE damage were
made on the fracture surface itself. The SEM micrograph in Fig. 16
shows the fracture surface of the specimen in Fig. 15. Here, two
distinct fracture morphologies are present. The center of the spec-
imen displayed a ductile cup and cone failure with a shear lip
around the perimeter and coalesced voids at the center. Around
the perimeter of the specimen, a layer at the surface had fully
delaminated from the ductile region at the center. Brittle cleavage
fracture of this delaminated surface layer was discovered at higher
magnifications. This is clearly shown in the SEM micrograph in
Fig. 17 that corresponds to region “A” in Fig. 16.



1.20mm

Fig. 14. No damage to S32205 SCC SSRT specimen in carbonated solution.

1.34mm

Fig. 15. Cracking in S32205 HE SSRT specimen in carbonated solution that was
potentiostatically polarized to —0.82 V vs. SCE.

Delaminated
Surface

Ductile
Fracture

Fig. 16. Fracture surface of S32205 HE SSRT specimen in carbonated solution that
was potentiostatically polarized to —0.82 V vs. SCE.

In Fig. 17, there is a definite transition between the ductile frac-
ture in the center of the specimen and the brittle cleavage fracture
at the surface. This transition likely indicates that H has only par-
tially diffused into the specimen. In this case, HE occurred to a

Ductile Fracture Brittle Fracture

Fig. 17. Fracture surface of S32205 HE SSRT specimen in carbonated solution
corresponding to region “A” in Fig. 16.

depth of approximately 60 um from the surface during the 50 hr
SSRT. This means that only 9.4% of the cross section of the speci-
men was affected by HE. Therefore, it can be anticipated that if
cathodic overprotection that results in the generation of H, occurs
over extended periods of time in service, H may saturate the steel
and promote fully brittle fracture of the cross section.

4. Conclusions

o Stranding reduced the corrosion resistance of S32304 speci-
mens due to crevice corrosion. Grade $S32205 strand specimens
were still fully resistant to corrosion at Cl~ concentrations up to
1.0 M in alkaline and carbonated solutions. The superior corro-
sion resistance of S32205 is derived from its 3.2% Mo content,
which contributes to its corrosion resistance in the acidic condi-
tions that develop within the crevice region of the strand during
corrosion propagation.

Slow strain rate testing (SSRT) of S32205 and S32304 high
strength duplex stainless steels showed no damage by SCC at
Cl~ concentrations of 0.5M in alkaline and carbonated solu-
tions. This conclusion is based on results from stress vs. time
measurements during SSRTs and also forensic investigations
of fracture surfaces following testing.

Damage by HE was observed in S32205 and S32304 SSRT spec-
imens. HE cracking was isolated to the necked region of SSRT
specimens. Examination of the fracture surface showed that
brittle fracture by HE had occurred only in the surface of the
specimen, with the rest of the fracture being ductile. With
longer periods of cathodic overprotection, it is likely that the
damage due to HE would become more extensive and the
mechanical behavior would be more brittle.
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