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A B S T R A C T   

In this work, the influence of tungsten on the crevice corrosion resistance of three super duplex stainless steels 
(SDSS) containing 0.0, 0.6, and 2.1 wt.% W was determined. The PD-GS-PD technique was used to estimate the 
critical crevice repassivation temperature by performing tests at different temperatures. Additionally, long-term 
potentiostatic experiments were conducted as a function of temperature in natural seawater to validate PD-GS- 
PD testing. Results showed that W improved crevice corrosion resistance as evidenced by the higher initiation 
and repassivation crevice temperatures, which were 7.5–15 ◦C higher in the 2.1 wt.% W SDSS than in the W-free 
case.   

1. Introduction 

In the case of super duplex stainless steels (SDSS), it is known that 
increasing the Cr, Mo, and N content improves their localised corrosion 
resistance to chloride-containing electrolytes with a pH value ranging 
from slightly acidic to moderately alkaline [1–6]. Tungsten has also 
been shown to improve the localised corrosion resistance of SDSS, 
although the mechanisms and the extent to which W can improve pitting 
and crevice corrosion performance are still a cause of debate within the 
scientific community [7,8]. 

Two different roles of W need to be considered when investigating its 
effect on corrosion resistance: (i) its influence as a solid solution element 
in the solution annealed (SA) condition; and (ii) its impact on the pre-
cipitation kinetics of deleterious phases in, e.g., isothermally aged ma-
terials. The scope of this work focuses on the former role, as the W effect 
on precipitation kinetics has been addressed elsewhere [8]. 

Literature published so far on SA stainless steel indicates that pure W 
does not form a passive layer [9]. However, there is disagreement as to 

whether W contributes to passivity when it is added to Fe-Cr stainless 
steels. Belfrouh et al. [10] reported a detrimental effect of W when 
added to austenitic stainless steels in the absence of Mo; however, the 
authors indicated that when combined with Mo, W could improve 
pitting corrosion resistance. In contrast, Bui et al. [9] performed 
potentiodynamic polarisations of austenitic stainless steels as a function 
of W content in acid and neutral chloride-containing-electrolytes. In 
some conditions, the authors included tungstates to study the inhibition 
effect of W both as a solid solution element and as an anodic inhibitor in 
the electrolyte. The results showed a clear improvement in the corrosion 
resistance of the material with increasing W content, and, according to 
the authors, W was present in the passive layer in the form of WO3. The 
influence of W on improving passivity was a function of the pH of the 
bulk electrolyte. In acid media, W interacted with water to form insol-
uble WO3. In neutral pH, WO3 bonded to the substrate, increasing the 
stability of the passive film. The tungstates added to the electrolyte 
inhibited corrosion by surface absorption without electrochemical 
reduction on the passive layer. Tomashov et al. [11] studied the 
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influence of W additions from 0.18 to 2.67 wt.% to austenitic stainless 
steels. The authors obtained lower corrosion rates and higher pitting 
potentials (EP) as the W content increased. However, the 0.18 wt.% W 
addition worsen the corrosion resistance when compared with the 
W-free base alloy. 

For ferritic stainless steels, Ahn et al. [12] obtained a clear 
improvement in pitting corrosion resistance in neutral and acid 
chloride-containing electrolytes. W had the same beneficial effect as Mo 
when added at the same at.% (i.e., half the quantity of Mo in wt.%). 
However, the authors reported no synergistic effects when both ele-
ments were added together. Cho et al. [13] also studied ferritic stainless 
steels, analysing the influence of W on the repassivation kinetics. The 
authors observed a beneficial effect of W on the localised corrosion 
resistance of the materials, although an equal addition of Mo (in wt.%) 
had 1.6 times the effect of W, i.e., W and Mo would have had approxi-
mately the same beneficial influence if added at the same at.%. Goetz 
et al. [14] observed enrichment of Mo and W at the surface of ferritic 
stainless steels. However, the improvement in localised corrosion 
resistance was not attributed to this enrichment, but to a lower activity 
of Fe. The authors concluded that Mo had a higher beneficial effect than 
W, even at equal at.% additions. 

Habazaki et al. [15] investigated additions of Mo and W to amor-
phous Fe-Cr alloys. Both elements, although W to a greater extent, 
improved corrosion resistance of the materials by inhibiting Cr disso-
lution during passivity. Thereby, the passive layer was enriched in Cr 
and localised corrosion was averted. Nevertheless, when the W and Mo 
were added in excess (10 at.%), the dissolution during passivation 
increased and the inhibiting effect was lost. Consequently, the results in 
the literature seem to indicate the existence of an optimal W concen-
tration range within which W improves the stability of the passive film. 
W might be detrimental or ineffective outside this range; nevertheless, 
the optimal composition range is not well defined. 

Despite the extent of the research presented above, all these in-
vestigations focused on single-phase stainless steels (either austenitic or 
ferritic) or amorphous alloys. Consequently, there is a lack of knowledge 
on the role of W on highly allowed dual-phase stainless steels such as 
duplex stainless steels. Recently, Haugan et al. [7] compared two 
different SDSS containing W, specifically 0.55 wt.% and 2.2 wt.%. The 
authors performed different electrochemical techniques to obtain the 
critical pitting temperature (CPT), the critical crevice temperature 
(CCT) and the repassivation temperature (TR); the later one determined 
based on repassivation potentials (ER) measured following ASTM G61 
[16]. Although the authors found a marked improvement in crevice 
corrosion resistance with W content; a reference W-free alloy was not 
included in the test matrix, and the samples were extracted from com-
ponents made using different forming methods (i.e., extruded pipe vs. 
rolled plate). Additionally, the cyclic potentiodynamic polarization 
(CPP) technique adapted from ASTM G61 has limitations that need to be 
considered when studying highly alloyed stainless steels. 

1.1. Electrochemical techniques to determine crevice corrosion resistance 

ER and, for studies using crevice formers, ER,Crev are often obtained 
by means of potentiodynamic tests. ASTM G61 describes the CPP tech-
nique, which is the most widely used. The CPP technique consists of a 
slow potentiodynamic polarisation (PD) scan to a pre-specified current 
density value. The current density value must be high enough to initiate 
localised corrosion in the forward scan. As soon as this current density 
value is reached, the direction of the polarisation is reverted during the 
backward PD. ER is then defined as either a cross-over potential or when 
the backward scan reaches the passive current density (ipass) [17]. 
However, several studies [18–21] have indicated the dependence of ER 
with the extent of pit and crevice propagation, which can be related to 
the electrical charge (Q) passed during the forward scan. For certain 
stainless steels and corrosion resistant alloys (CRAs), i.e., UNS S30400, 
S31603 and N08825, only when the propagation was deep enough (i.e., 

Q > 10− 30 C/cm2), ER became independent of the size of the attack 
[21–25]. These findings imply the existence of a minimum pit or crevice 
depth to obtain reproducible ER values. Especially for highly alloyed 
CRAs, the CPP method might allow insufficient time for localised 
corrosion propagation during the forward step, as the backward 
potentiodynamic scan starts as soon as the pre-defined current density is 
reached. Additionally, several investigations [23,26] have shown an 
inherent large scatter in critical potentials since the extent of the 
localised corrosion attack might be insufficient to ensure a lower-bound 
ER value. 

Researchers have, thus, developed alternative methods to circum-
vent the limitations of the CPP technique. Tsujikawa and Hisamatsu [27] 
developed a new electrochemical test to study crevice corrosion of 
nickel-based CRAs, which is referred to as the Tsujikawa-Hisamatsu 
Electrochemical (THE) test. This multi-step technique is now stand-
ardised in the ASTM G192 standard and consists of the following steps 
[28]: (i) PD to a potential more positive than critical potential, (ii) 
galvanostatic polarisation (GS) for 2 h to let localised corrosion propa-
gate, and (iii) iterative potentiostatic polarisation (PS), lowering the 
potential 10 mV every 2 h until repassivation is achieved. Thanks to the 
GS step, the total charge passed is better controlled as the current is held 
constant during the time of the galvanostatic step. As a result, a suffi-
ciently deep localised attack can develop, which leads to more repro-
ducible ER values [21–24]. ER is defined in this technique as the highest 
potential where the current stops increasing during the PS. Nevertheless, 
the THE method is slow and time consuming as ER is normally found at 
low potentials. Thus, it often takes many iterations and a long time to 
reach ER using 10 mV steps every 2 h. Additionally, in some cases [29], it 
was difficult to discern when repassivation occurred due to the current 
behaviour during the PS step, complicating the determination of ER. 

Consequently, Mishra and Frankel [29] changed the third step of the 
THE test to a backward PD scan. As in the case of CPP, ER is defined as 
the cross-over of both potentiodynamic scans or when the backward 
scan reaches ipass. This technique was referred to as the PD-GS-PD 
method by the authors, named to reflect the three different steps, spe-
cifically: (i) potentiodynamic polarisation scan (PD), (ii) galvanostatic 
polarisation (GS), and (iii) reverse potentiodynamic polarisation scan 
(PD). Thereby, the issues mentioned above with the CPP and the THE 
techniques were resolved. In a PD-GS-PD scan, crevice corrosion de-
velops during the GS step, resulting in a low scatter of the results while 
keeping the testing time short. 

The PD-GS-PD has successfully been used to analyse the localised 
corrosion resistance of nickel-based alloys [29–35]. The PD-GS-PD 
technique has, as well, been used to test conventional [24] and 
highly-alloyed stainless steels, specifically UNS S32205 and S32750 [36, 
37]. Results showed that the PD-GS-PD method gave the most conser-
vative crevice repassivation potentials (ER,Crev) values among the 
different methods, i.e., the lowest values in comparison to the CPP and 
THE tests [29–31]. In addition, these ER values were independent of the 
scan rate used during the PD steps [29], torque applied to the crevice 
former (if greater than 2 N∙m) [31], and the charge passed during the GS 
step [30]. These results indicated that the PD-GS-PD technique allowed 
sufficient localised attack propagation during the GS step to let ER 
become independent of the experimental variables mentioned above. 
The PD-GS-PD method is, thus, a proven technique for testing localised 
corrosion resistant of highly alloyed CRAs, such as SDSS. 

Since ER is used to determine the localised corrosion resistance of an 
alloy, it can be used to analyse the role of different alloying elements on 
the resulting corrosion resistance [32,33]. Additionally, by testing at 
different temperatures, the PD-GS-PD technique can be used to deter-
mine the critical crevice temperature as well as the crevice repassivation 
temperature (TR,Crev) [7,38]. 

The objective of this investigation was to quantify the crevice 
corrosion resistance of commercial SDSS as a function of W content. 
Therefore, three SA materials differing mainly in their W content were 
compared. Firstly, PD-GS-PD tests were conducted at incremental 
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temperatures to determine changes in TR,Crev as a function of W content. 
The results were, then, validated using long-term potentiostatic testing 
in natural seawater. 

2. Experimental 

Three different materials were employed in this work, i.e., UNS 
S32750, S32760, and S39274. Table 1 shows their chemical composi-
tion. UNS S32750, a W-free SDSS, was used as a reference material; 
whereas UNS S32760 and S39274 contained 0.6 wt.% W and 2.1 wt.% 
W, respectively. All materials were received as extruded pipes with a 30 
mm wall thickness and a 203.2 mm diameter. Additionally, a 100 mm by 
150 mm by 9.5 mm UNS S39274 rolled plate was included in the test 
program to compare the results to Haugan et al. [7] and analyse the 
influence of product form variations. 

Round samples with a thickness of 3 mm were machined from all 
materials. The final diameter for UNS S32750 and S32760 specimens 
was 25 mm, whereas the diameter of the UNS S39274 specimens was 30 
mm. 

2.1. Sample preparation 

Both extruded pipe and rolled plate UNS S39274 samples were 
received in the SA condition (heat-treated at 1085 ◦C for 10 min). On the 
other hand, UNS S32750 and UNS S32760 were received as extruded 
and, thus, were solution annealed according to the manufacturer’s 
specifications in an air furnaced at 1100 ◦C for 15 min and rapidly 
quenched in water. Fig. 1 includes micrographs of the four materials 
studied in this work. All materials were within the acceptable austenite/ 
ferrite ratio range [7,8], i.e., 40–60 %. 

The specimens were subsequently wet ground down to 500 US-grit 
SiC paper, rinsed with acetone, followed by distilled water and 
ethanol, and cleaned in an ultrasonic bath with ethanol for 5 min. 

The coupons were mounted in the multi-crevice assembly shown in 
Fig. 2 as described in ISO18070 [39]. The crevice washers were made of 
polytetrafluoroethylene (PTFE) with 12 artificial crevice slots (i.e., 24 in 
total). The washers were covered with PTFE tape as indicated by ASTM 
G192, which improved the reproducibility of the results as determined 
by preliminary testing [28]. The applied torque was 5 N⋅m [37]. A small 
hole of 2 mm in diameter was drilled close to the edge of each specimen 
to pass a 200 μm Pt wire, which was used to suspend the multi-crevice 
assembly as illustrated elsewhere [40–43]. 

The total surface area of the specimens exposed to the electrolyte was 
approximately 6.5 cm2 for UNS S32750 and S32760, and 11 cm2 for 
S39274. The area covered by the crevice former was 4.9 cm2 for all 
specimens. 

2.2. Crevice corrosion tests in 3.5 wt% NaCl 

The experiments were carried out in a double-wall cell filled with 
approximately 160 mL of 3.5 wt.% NaCl, pH 6.5 solution (a minimum 
volume/specimen area ratio of 14.5 cm3/cm2 for UNS S39274, which 
had the largest total surface area). The electrolyte was purged with N2 
for 2 h before the sample was immersed. The cell was continuously 
purged for the duration of the tests. The dissolved oxygen concentration, 

which was monitored during testing by means of a fibre optic oxygen 
meter, remained below 10 ppb from the moment the sample was 
immersed and until the end of the experiment. 

The electrochemical tests were performed at different temperatures: 
room temperature (22 ± 1 ◦C), 40 ◦C, 50 ◦C, and 60 ◦C. The temperature 
was controlled by a water bath connected to the jacketed cell, except for 
the room temperature tests that were performed at the pre-set laboratory 
temperature. A condenser filled with continuously running cold tap 
water (approximately 10 ◦C) was placed in the outlet of the gas port to 
avoid evaporation of the electrolyte during testing. 

The PD-GS-PD tests were conducted in a conventional three- 
electrode setup. An Ag/AgCl KCl saturated electrode was used as the 
reference electrode and a Pt mesh as the counter electrode. All samples 
were freely exposed at the corrosion potential (Ecorr) for 15 min after 
immersion and before polarisation. Subsequently, a small cathodic 
current density of 1 μA/cm2 was applied to remove possible surface 
contamination [37]; followed by another 30 min of Ecorr exposure to 
allow the surface to stabilise. 

The following procedure for the PD-GS-PD technique was used [37]: 
(i) the PD step was conducted at a scan rate of 0.167 mV/s, starting 30 
mV below Ecorr and ending when a pre-defined current density (iGS) was 
reached, (ii) the GS step was done at the pre-defined iGS for 2 h, and (iii) 
the reverse PD step was done at a scan rate of 0.167 mV/s, starting at the 
last potential measured during GS and ending when repassivation was 
achieved. ER,Crev was defined in two different ways for comparison: (i) as 
the cross-over potential of the forward and backward PD scans, and (ii) 
as the potential at which ipass reached 1 μA/cm2 [17]. The iGS values 
were: (i) 25 μA/cm2 for all temperatures [37], and (ii) 100 μA/cm2 for 
50 ◦C and 60 ◦C. The highest current density, 100 μA/cm2, was high 
enough to avoid metastable activity and current noise triggering the 
start of the following step in the PD-GS-PD technique, as explained 
below. 

Once the ER,Crev was obtained for each material at each different 
temperature, the TR,Crev was defined as the temperature at which the ER, 

Crev experienced a sharp drop from potentials associated with trans-
passivity to lower, usually negative, potentials [7,44]. 

All tests were conducted at least in duplicated, while additional ex-
periments were conducted as needed when large variations in ER,Crev 
were found to confirm the repeatability of the results [23,26]. In this 
regard, the number of tests conducted at temperatures in the vicinity of 
TR,Crev was up to 8 per condition. 

2.3. Long-term experiments in natural seawater 

UNS S32750 and UNS S39274 extruded pipe specimens were 
exposed in natural seawater with the same crevice assembly as described 
in section 2.1. The seawater was taken from the Trondheim fjord 
(Norway) from 80 m depth and brought into a 5 L glass container with 
an inlet close to the bottom and an outlet close to the top to let the 
natural seawater flow continuously during the test. The container was 
placed on top of a hot plate. The temperature was regulated using a PID 
controller connected to a thermocouple placed close to the specimens. 
The set temperature was maintained within a ±1 ◦C variation. The 
seawater flow was approximately 4 mL/min to avoid turbulence while 
ensuring a uniform temperature within the container. 

Table 1 
Chemical composition in wt.%.  

Material (UNS) PREN*/ PREN,W** Si Mn Cu Ni Cr Mo N W Fe 

S32750 43 / 43 0.27 0.51 0.14 6.42 25.6 3.83 0.30 – 62.9 
S32760 41 / 42 0.50 0.60 0.60 7.1 25.2 3.6 0.25 0.62 61.5 
S39274 extruded pipe 40 / 43 0.24 0.71 0.52 6.3 24.9 3.1 0.29 2.1 61.8 
S39274 rolled plate 40 / 43 0.20 0.71 0.48 7.6 24.6 2.9 0.35 2.1 61.1 

*PREN = %Cr + 3.3 %Mo + 16 %N. 
**PREN,W = %Cr + 3.3 (%Mo + 0.5 %W) + 16 %N. 
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The specimens were exposed at: (i) open circuit potential (OCP), and 
(ii) polarised at +600 mVAg/AgCl, to simulate chlorinated seawater [7, 
40]. An Ag/AgCl KCl saturated reference electrode was used, and in the 
case of the polarised samples, a Pt mesh served as the counter electrode. 
The tests with the specimens at OCP started at 50 ◦C and the temperature 
was increased fortnightly at 5 ◦C steps until crevice corrosion initiated. 
The initiation of crevice corrosion was determined as a sharp drop on the 
OCP as described by Oldfield and Sutton [45]. For the specimens 
polarised to +600 mVAg/AgCl, the initial temperature was 40 ◦C and was 
increased in 5 ◦C steps weekly. Crevice corrosion initiation was assumed 
when the current density exceeded 25 μA/cm2 for over 24 h. The tem-
perature at which crevice corrosion initiated was considered the CCT. 
After crevice initiation, the specimens were kept at that temperature for 
at least 48 h before decreasing the temperature at 2.5 ◦C steps every 48 h 
until (i) the OCP value recovered for the freely exposed samples, or (ii) 
the current decreased below 25 μA/cm2 for over 24 h for the polarised 

samples . This temperature was considered the TR,Crev. Two specimens of 
the same material were exposed in the same container simultaneously 
for repeatability. Since the replicated polarized specimens were con-
nected to the same potentiostat, the temperature scan was reversed once 
both samples showed crevice corrosion. 

2.4. Characterisation 

After testing, the specimens were analysed by means of an Infinite 
Focus Microscope (IFM) employed as optical microscope with the pos-
sibility of taking 3D pictures of the surface. The number of crevice at-
tacks present on both sides of the specimens were identified and their 
depth measured. The volume and projected area on the surface of the 
crevices were calculated using a commercial surface and image analysis 
software (MountainMaps) [46]. In selected cases, the corrosion attack 
was further analysed in a scanning electron microscope (SEM) coupled 
with energy-dispersive x-ray spectroscopy (EDS). 

At the end of the PD-GS-PD tests, the electrolyte was stored in plastic 
containers and brought to the Department of Chemistry at the Norwe-
gian University of Science and Technology (NTNU) where the concen-
tration of released ions in the solution were measured by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). 

The total Q measured during the PD-GS-PD tests (Qexp) was calcu-
lated as well from the GS and reverse PD steps until repassivation was 
achieved, assuming that the Q provided by the forward PD was negli-
gible due to the low current densities measured and the short time of this 
step compared to the rest of the test. 

Fig. 1. Light optical micrographs of (a) UNS S32750, (b) UNS S32760, (c) UNS S39274 extruded pipe, and (d) UNS S39274 rolled plate. The microstructure was 
revealed by applying two different etching steps. In the first step, a 15 wt.% KOH solution was used, and a potential of 3 V was applied for 12 s. In the second step, the 
solution was 20 wt.% NaOH with an applied potential of 1.5 V for 10 s. 

Fig. 2. Schematic diagram of the multi-crevice assembly described in 
ISO18070 [39]. 
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3. Results 

3.1. Critical crevice temperatures by the PD-GS-PD technique 

Fig. 3 illustrates two results obtained with the PD-GS-PD technique. 
In the case of Fig. 3a, the specimen suffered crevice corrosion, indicated 
by a large hysteresis loop and a low ER,Crev. In contrast, Fig. 3b illustrates 
a case where the specimen did not suffer localised corrosion, displaying 
a small hysteresis loop at a high anodic potential. As discussed below, 
this small hysteresis loop is thought to be due to the depassivation of the 
specimen surface due to the high potentials reached in the forward PD 
scan, i.e., the specimen reached the transpassive region [47]. In the first 
case (Fig. 3a), crevice corrosion was arrested due to repassivation and 
the term ER,Crev can be used. However, in the example shown in Fig. 3b, 
the threshold symbolises the transpassive potential (ETrans). Hereafter, to 
differentiate when the value obtained represented ER,Crev or ETrans, the 
following criterion was followed. The values obtained were defined as 
ETrans when the cross-over in the backward PD scan occurred at or above 
+0.7 VAg/AgCl (i.e., the drop of potential during the GS step was negli-
gible, resulting in a potential above the reversible potential of the oxy-
gen evolution reaction in the conditions of the test [47]); otherwise, the 
potential was described as ER,Crev. 

Fig. 4 illustrates unexpected results of the PD-GS-PD technique. In 
Fig. 4a, the GS step was triggered due to a metastable attack and high 
current noise; whereas Fig. 4b shows crevice corrosion starting during 
the backward PD scan instead of during the GS step. Fig. 5 shows the 
potential evolution during the GS step for all extruded materials at 50 
and 60 ◦C for both iGS conditions. All forward PD scans reached trans-
passive potentials, i.e., above the Ecorr values that could be attained in, e. 
g., seawater due to the action of microorganisms or chlorination [48]. 

Nevertheless, apparent metastable activity—evidenced by frequent 
current spikes—was present in all materials, increasing in intensity at 
higher temperatures. UNS S32750 and especially UNS S32760 started to 
show metastable events at room temperature with increasing severity at 
40 ◦C, 50 ◦C (Fig. 4a), and 60 ◦C (Fig. 5). On the other hand, UNS S39274 
exhibited metastable activity only at temperatures above 50 ◦C (Fig. 5). 

For UNS S32750 and UNS S32760, metastable activity and high 
current noise reached current densities higher than 25 μA/cm2 at 50 ◦C 
and 60 ◦C, causing the GS step of the technique to start at lower po-
tentials. As a result, the potential increased during the GS step as seen in 
Fig. 5, and the reverse PD scan did not cross the forward PD scan 
(Fig. 4a), making the determination of ER,Crev impossible. Consequently, 
the tests at 50 ◦C and 60 ◦C were repeated with an iGS of 100 μA/cm2. 
With the higher iGS setting, the forward PD scan continued until 
reaching a stable critical current. In this regard, the potential during the 
GS step stayed relatively constant in the absence of crevice attack, while 
it exhibited a sharp decrease when crevice corrosion initiated, as shown 
in Fig. 5. 

Fig. 6 illustrates the ER,Crev and ETrans for the two iGS values at 50 and 
60 ◦C, whereas Fig. 7 shows ER,Crev and ETrans as function of temperature. 
The ER,Crev and ETrans values were unaffected by the choice of iGS as 
shown in Fig. 6. Only for UNS S32760, ER,Crev dropped to +0.15 VAg/AgCl 
when using 100 μA/cm2, whereas the drop remained at high anodic 
potentials, i.e., +0.6 VAg/AgCl with a iGS of 25 μA/cm2. Only minor dif-
ferences were observed in ER,Crev values when comparing the cross over 
and current criteria, as seen in Fig. 6 and 7. Nevertheless, ETrans obtained 
with the cross-over definition was slightly more positive than that 
measured at 1 μA/cm2. 

Crevice corrosion attack did not occur at room temperature in any of 
the three SDSS; thus, all the potentials were labelled as ETrans. UNS 
S32750 transitioned from ETrans to ER,Crev at 40 ◦C. The transition 

Fig. 3. PD-GS-PD plots of (a) UNS S32750 at 60 ◦C and (b) UNS S39274 
extruded pipe at room temperature. Arrows indicate the direction of the scan. 
Dashed arrows indicate how ER,Crev and ETrans were obtained from the cross- 
over potential and 1 μA/cm2 definitions. 

Fig. 4. PD-GS-PD plots of (a) UNS S32760 at 50 ◦C with an iGS of 25 μA/cm2 

and (b) UNS S39274 extruded pipe at 60 ◦C with an iGS of 100 μA/cm2. Arrows 
indicate the direction of the scan. 
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temperature was 50 ◦C for UNS S32760 and 60 ◦C for the UNS S39274 
rolled plate. In contrast, UNS S39274 extruded pipe suffered stable 
crevice corrosion at 60 ◦C with no clear transition temperature. Despite 
the absence of a clear transition region (Fig. 6 and 7), the transition 
temperature was assumed to be between 50 and 60 ◦C, i.e., approxi-
mately 55 ◦C. At the transition temperature, some specimens showed 
signs of corrosion while others did not, resulting in a large dispersion in 
ER,Crev values. Therefore, the minimum number of tests was increased to 
8 per condition. Additionally, this large fluctuation suggested that this 
temperature could be set as TR,Crev, since it marked the change from 
transpassive attack to stable crevice propagation. Table 2 summarises 
the TR,Crev measured for all the extruded pipe materials. 

3.2. Critical crevice and repassivation temperatures in natural seawater 

Fig. 8 and Table 2 summarise the results of the long-term natural 
seawater exposure testing. Figs. 8a and b show OCP and temperature as 
a function of exposure time, together with an insert presenting a picture 
of a specimen after the test to illustrate the severity of the crevice 
corrosion. Figs. 8c and d show the current and temperature evolution for 
the specimens polarised to +600 mVAg/AgCl, alongside with pictures 
indicating the extent of crevice corrosion. In the case of UNS S32750 
polarized to +600 mVAg/AgCl, the two specimens did not initiate crevice 
corrosion at the same temperature. Since both specimens were tested 
simultaneously in the same container, the temperature was increased 
until the second specimen also developed crevice attack (i.e., specimen 1 

Fig. 5. Potential evolution during the galvanostatic step of the PD-GS-PD tests for the extruded pipe materials tested at 50 ◦C and 60 ◦C at two iGS values as indicated.  
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developed crevice at 45 ◦C while specimen 2 showed crevice corrosion at 
50 ◦C). 

As seen in Fig. 8, OCP remained in the 0.05 to 0.25 VAg/AgCl range in 
all cases with no clear stepwise drop. At the end of the tests, the external 
surface was covered by a thin layer of calcareous deposits and only 
minor signs of attack were found under the crevice formers. In contrast, 
all specimens polarised at +600 mVAg/AgCl suffered crevice corrosion. 
All samples repassivated during the backward temperature stepwise 
ramp. As seen in Table 2, TR,Crev values were lower than CCT, indicating 
a hysteresis in critical temperatures. In the particular case of UNS 
S32750 polarized to +600 mVAg/AgCl, the two specimens obtained 
different TR,Crev (corresponding to 2.5 ◦C < CCT, respectively), as indi-
cated in Table 2. UNS S39274 exhibited higher CCT and TR,Crev values 
than the W-free UNS S32750 (Table 2), suggesting a higher resistance to 
crevice corrosion. 

3.3. Surface characterisation 

The number of localised attacks was quantified by visual inspection 
after both PD-GS-PD and long-term exposure testing. Fig. 9 summarises 
the total number of localised attacks after PD-GS-PD testing. In this re-
gard, the number of attacks increased with temperature; although UNS 
S32760 had approximately the same quantity of crevice sites from 40 ◦C 
to 60 ◦C. UNS S39274 had the lowest number of attacks up to 50 ◦C; 
while at 60 ◦C, UNS S32760 and the UNS S32974 rolled plate samples 
exhibited the lowest number of crevice sites. 

Fig. 10 summarises the depth of each attack found on the specimens 
exposed to natural seawater at OCP, together with the total number of 
crevice sites, and micrographs of the deepest attack for each material. 
The average crevice depth was slightly higher in UNS S39274 than in 
UNS S32750, but in all cases the crevice depth remained below 35 μm. 
The crevice corrosion severity was drastically higher in the specimens 
polarised at +600 mVAg/AgCl, where through-thickness penetration of 
some crevice sites was found, as illustrated in Fig. 8c for UNS S32750. In 
the case of UNS S39274, the crevice attacks were large, but did not 
penetrate through the thickness (Fig. 8d). 

The extent of all attacks in the PD-GS-PD tests was further quantified 
and illustrated in Fig. 11 by (a) the total volume of the attack, (b) the 
projected area on the surface, and (c) the maximum depth of the crevices 
after PD-GS-PD testing. Some interesting findings can be highlighted by 
comparing Fig. 11 with the ER,Crev and ETrans extracted from Fig. 7. 
Below the critical temperature, the extent of transpassive attack was 
approximately similar in range for the three materials. The dispersion in 

Fig. 6. A comparison of the effect of iGS on ER,Crev and ETrans. The values were 
obtained for the extruded pipe materials from the PD-GS-PD tests at 50 ◦C and 
60 ◦C; ER,Crev and ETrans determined as (a) backward PD scan reaching 1 μA/cm2 

and (b) cross-over of forward and backward PD. Error bars show maximum and 
minimum values. 

Fig. 7. ER,Crev or ETrans values obtained for all materials from all the PD-GS-PD 
tests, defined as (a) backward PD scan reaching 1 μA/cm2, and (b) cross-over of 
forward and backwards PD. Error bars show maximum and minimum values. 

Table 2 
CCT and TR,Crev values obtained with the PD-GS-PD technique and after long- 
term exposure in natural seawater for the extruded pipe materials.  

UNS Technique Potential CCT (◦C) TR,Crev (◦C) 

S32750 
PD-GS-PD  > 60 40 

Natural seawater OCP > 80 – 
þ600 mVAg/AgCl 45 / 50 42.5 / 47.5 

S32760 
PD-GS-PD  > 60 50 

Natural seawater 
OCP – – 
þ600 mVAg/AgCl – – 

S39274 
PD-GS-PD  > 60 ~55 

Natural seawater OCP > 80 – 
þ600 mVAg/AgCl 55 50  
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depth, area, and volume increased as the temperature approached the 
critical value, with maximum values increasing with temperature for all 
materials. The large increase in dispersion and the differences in 
maximum values above and below the TR,Crev can be used to identify the 
transition from transpassive dissolution to crevice corrosion, as dis-
cussed below. 

The maximum crevice depth, maximum crevice volume, and 
maximum corrosion area at the transition between ETrans and ER,Crev 

were obtained from Fig. 11 and are summarised in Table 3. The 
maximum crevice depth values gathered in Table 3 were considered the 
threshold to define the transition to stable crevice attack. Below this 
value, the attack was considered to be transpassive dissolution. On the 
contrary, above this value, crevice corrosion took place in the GS or 
backward PD steps and the potential threshold obtained was ER,Crev. 
Accordingly, crevice corrosion in UNS S32750 stabilised at lower 
transpassive attack depths than the W-containing SDSS. 

Selected samples were further analysed by SEM-EDS to gain a better 
understanding of the crevice dissolution process. Figs. 12 and 13 illus-
trate crevice attacks found by SEM after the PD-GS-PD tests. SEM-EDS 
analysis revealed different degrees of corrosion depending on the 
propagation size. Selective dissolution of ferrite (α) occurred during the 
early stages of the attack whereas austenite (γ) corroded as corrosion 
propagated into the crevice. Thereby, the following 4 stages were 
identified, and they are numbered in Fig. 12: (i) phase boundary attack, 
(ii) selective corrosion of α, (iii) initiation of γ dissolution, and (iv) 
complete dissolution of all phases. 

3.4. Additional characterisations 

The concentration of ions released after the PD-GS-PD tests was 
quantified by ICP-MS. Fig. 14 shows the results for the specimens that 
exhibited crevice corrosion, i.e., low ER,Crev values. For most materials, 
Cr and Fe cations were the main elements dissolved into the electrolyte. 
The exception was UNS S39274 rolled plate, which had a preferential W, 
Ni, and Mo dissolution but a low Cr and Fe release when compared with 
the other tree materials. 

Fig. 15 illustrates the Qexp calculated from the PD-GS-PD tests in C/ 
cm2, as it is typically reported in the literature. [21,25] The Qexp was 
four times larger in Fig. 15b than in Fig. 15a because the iGS used was 
four times higher, as explained in the experimental section. UNS S32750 

Fig. 8. CCT and TR,Crev tests in natural seawater of extruded pipe materials (a) UNS S32750 at OCP, (b) UNS S39274 at OCP, (c) UNS S32750 polarised to +600 
mVAg/AgCl, and (d) UNS S39274 polarised to +600 mVAg/AgCl, the picture inserts show a specimen after exposure to illustrate the attack. 

Fig. 9. Total number of localised corrosion attacks in 2 specimens for each 
material and test temperature after the PD-GS-PD testing. 
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had a larger Qexp at 50 ◦C and the highest Qexp in all cases with an iGS 
=100 μA/cm2. Nevertheless, at 60 ◦C and iGS =25 μA/cm2, UNS S39274 
showed the largest Qexp. 

4. Discussion 

4.1. Disadvantages of the PD-GS-PD technique 

Although the PD-GS-PD technique has been applied successfully to 
study the crevice corrosion of Ni-alloys [29–35] and some stainless 
steels [36,37]; in this work, the technique showed limitations. The first 
issue was the effect of the metastable activity and high current noise 
experienced for some materials at all temperatures, but particularly near 
the transition temperature. The current density of these metastable 
events and the associated current noise was high enough to trigger the 
GS step before reaching the critical crevice potential or ETrans, as seen in 
Fig. 4a. As a result, the potential increased during the GS step (Fig. 5) 
instead of remaining constant (in the case of no corrosion) or decrease 
with time (if corrosion initiated). Earlier published data [32,35] showed 
a similar potential increase during the GS step, although it was attrib-
uted to the inhibiting effect of Cr or Cu ions in solution being studied and 
not to an experimental artefact. It was, thus, necessary to increase the 
value of the iGS from 25 to 100 μA/cm2 to circumvent this problem. As 
seen in Fig. 5, the initial potential achieved during the GS step was only 
slightly higher (approximately 10 mV) with 100 μA/cm2 than with 25 
μA/cm2. 

For samples that developed stable crevice corrosion, the ER,Crev was 
independent of the choice of iGS, as illustrated in Fig. 6, despite the 
differences in charge passed during testing (Fig. 15). Even though the 
Qexp values were lower than those reported for UNS S30400, S31603, 
and N08825 [21,25], it is, thus, reasonable to assume that the crevices 
were large enough with both iGS values [30]. 

The second observation is that, in all cases, the forward scan reached 
transpassive values, which a priori could influence the crevice initiation 
step. Even though Cr cannot passivate at transpassive potentials, ther-
modynamically Fe can [47], and it has been shown that UNS S32750 
forms a Fe passive layer at those potentials [49]. Additionally, an 
insoluble Mo-rich layer has been found at transpassive potentials for 
Ni-alloys, suggested to form as result of a local decrease in pH due to the 
hydrolysis of Fe(III) ions dissolved in the crevice solution [50]. 

Additionally, it has been reported that the passive film on UNS S32750 is 
completely dissolved at 1.4 VAg/AgCl [51]. Nevertheless, even if the 
passive film is not completely dissolved, it is Cr-depleted in comparison 
with the film at lower passive potentials. As result, the passive film is 
weaker and transpassive attack can occur [52–54]. Transpassive attack 
of (S)DSS leads to the preferential attack at phase boundaries [55,56] 
followed by selective dissolution of the ferrite phase [51,56]. Addi-
tionally, Jakobsen et al. [52] found that for temperatures below the CCT, 
transpassive attack propagates after initiation, but it is unstable. 

The presence of a small hysteresis loop even in specimens that did 
not suffer crevice corrosion (Fig. 3b) is a consequence of reaching 
transpassive potentials in the forward PD scan. Therefore, the term ER, 

Crev is not applicable in these situations. Instead, ETrans should be used to 
indicate that the hysteresis loop was caused by transpassive dissolution. 
In this work, ER,Crev and ETrans were differentiated based on the E-log(i) 
behaviour followed by the specimen during the reverse PD scan. In the 
absence of crevice corrosion, the current density during the reverse PD 
scan rapidly decreased obtaining a new Ecorr within the oxygen evolu-
tion potential range [47] (Fig. 3b). This Ecorr coincided with a change in 
the slope of the forward PD scan, indicating a change in the electro-
chemical reaction occurring on the surface (most likely signalling the 
onset of the transpassive region or the oxygen evolution reaction [47]). 

Based on the observations presented above, it is, thus, reasonable to 
assume that crevice corrosion initiation on SDSS during PD-GS-PD 
testing at temperatures below CCT requires a minimum amount of 
transpassive attack in the forward PD scan or during the initial stage of 
the GS step. In this regard, repassivation will occur quickly and at high 
potentials if the depth of the transpassive attack is below a critical value, 
xCrit,Trans. Contrarily, crevice corrosion will initiate and propagate dur-
ing the GS and backward PD steps above xCrit,Trans. The maximum depth 
of the transpassive attack found at the transition temperature, i.e., below 
the TR,Crev, was considered as an estimator of xCrit,Trans. As seen in 
Table 3, W increased the maximum depth of the transpassive attack, 
suggesting an increase in the critical depth required to stabilize crevice 
corrosion. 

Another unexpected result was the delay in the crevice corrosion 
initiation for some of the specimens. In some instances, crevice corrosion 
initiated during the backward PD scan, instead of during the GS step as 
seen in Fig. 4b. The same behaviour was observed in other works [36,44, 
57] for cases where the material suffered mild localised corrosion. This 

Fig. 10. (a) All localized attacks depths, (b) pictures of deepest attack on UNS S32750, and (c) picture of deepest attack on UNS S39274 found on the specimens 
exposed at OCP in natural seawater. 
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issue may be avoided by either extending the duration of the GS step, by 
using PTFE-covered ceramic crevice formers since they have been shown 
to produce more demanding crevices in highly corrosion resistant 
nickel-based alloys [31,58,59], or both. Nevertheless, ER,Crev values 
were independent of whether crevice corrosion started in the GS or 
backward PD step. The Qexp measured in both cases was similar, sug-
gesting the same extent of the crevice attack. 

During the backward PD scan, all specimens experienced a maximum 
in current density around 0.1 to 0.4 VAg/AgCl (e.g., Figs. 3a and 4b). In 
this regard, the reversible potential for the reduction of Cr(VI) to Cr(III) 
lies within this potential range for the tested conditions [47]. Therefore, 
the formation of a Cr-rich passive film is thermodynamically stable in 
this potential range and, consequently, the current density drops shortly 

Fig. 11. Crevice size measurements (a) volume, (b) area, and (c) maximum depth present in 2 specimens of all extruded materials after the PD-GS-PD tests at all 
temperatures. 

Table 3 
Maximum depth, volume and surface area of transpassive attacks found in each 
material. The max. depth represents the depth of the transpassive attack at the 
transition temperature and it was taken as an estimator of xCrit,Trans.  

Material (UNS) ETrans 

(VAg/AgCl) 
T 
(◦C) 

Max. depth 
(μm) 

Volume 
(mm3) 

Area 
(mm2) 

S32750 0.80 40 7.9 2.86⋅10− 5 0.067 
S32760 0.81 50 16.1 2.40⋅10− 4 0.105 
S39274 

extruded 
pipe 

0.78 50 16.9 9.77⋅10− 4 0.421 

S39274 rolled 
plate 

0.87 60 45.2 1.29⋅10− 3 0.172  
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after, stifling crevice corrosion propagation. 

4.2. Effect of W on crevice corrosion resistance 

Crevice corrosion did not initiate in the forward scan for any of the 
materials in the tested temperature conditions, making the determina-
tion of the CCT impossible. CCT values of UNS S32750 reported in the 
literature obtained from CPP tests are in the 65-70 ◦C range both in 
simulated and natural seawater environments [7,44], which are above 
the temperatures tested herein. The TR,Crev was determined as the tem-
perature at which the results transitioned from ETrans to ER,Crev, as 
explained in section 3.1. Peguet et al. [55] described a transition tem-
perature interval for CPT up to 10 ◦C for the DSS UNS S32205. On the 
other hand, Sun et al. [60] suggested that only DSSs present the tran-
sition temperature interval because of their inhomogeneous 

microstructure, as the austenitic stainless steels tested by these authors 
showed a sharp CPT transition. Nevertheless, since the temperature in-
terval used herein was ≥ 10 ◦C, no clear transition temperature interval 
could be observed for the TR,Crev. 

The long-term experiments in natural seawater performed in this 
work showed that specimens freely exposed in natural seawater 
exhibited small attacks that did not affect the OCP up to 80 ◦C, which 
made the determination of the critical temperature impossible. In 
contrast, the CCT measured at an applied potential of +600 mVAg/AgCl, 
which simulated chlorination treatments [7,40], was 45 ◦C and 55 ◦C for 
UNS S32750 and UNS S39274, respectively. Interestingly, the CCT 
values determined from the potentiostatic long-term exposure tests were 
similar to the TR,Crev results of the PD-GS-PD tests (Table 2), suggesting 
that, for SDSS, TR,Crev obtained by PD-GS-PD could be used as an esti-
mator of crevice corrosion initiation in materials selection. 

Fig. 12. SEM pictures of a crevice attack found in UNS S32750 after the PD-GS-PD tests at 60 ◦C. The numbers indicate the propagation stage: (1) phase boundary 
attack as the attack grows in area, (2) selective dissolution of α phase, (3) partial γ dissolution, and (4) γ is completely dissolved and the attack deepens. 

Fig. 13. SEM pictures illustrating the crevice attack found in UNS S39274 (a) extruded pipe and (b) rolled plate after the PD-GS-PD tests at 60 ◦C.  
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The TR,Crev of UNS S32750 obtained by PD-GS-PD testing and after 
long-term exposure (i.e., 40 and 42.4 ◦C, respectively) was lower than 
reported values in natural or simulated seawater environments (i.e., 56 
◦C) [7,44]. The differences in TR,Crev were attributed to the severity of 
the PD-GS-PD technique when compared to the CPP method and the 
extended duration of the temperature steps in the long-term test. Only 

one study [36] obtained a lower TR,Crev than in this work – the TR,Crev 
was below 30 ◦C-, even though the electrolyte consisted of a more dilute 
NaCl solution (10,000 ppm Cl− ). The same PD-GS-PD technique was 
used, but the crevice formers were ceramic and covered with PTFE tape, 
resulting in a more aggressive localised attack [31,58,59]. 

Despite the experimental limitations discussed above, results indi-
cated that tungsten increased the crevice corrosion resistance of SDSS, as 
determined by both CCT and TR,Crev values (Figs. 7 and 8 and Table 2), 
and indirectly by the increase in xCrit,Trans (Table 3). In this regard, the 
W-free material (UNS S32750) had the lowest TR,Crev measured both by 
the PD-GS-PD method and potentiostatic testing at +600 mVAg/AgCl in 
natural seawater (i.e., 40 and 42.5 ◦C, respectively), whereas TR,Crev 
increased with incremental W content as summarised in Table 2. These 
findings are in agreement with a previous work [7] where only two 
SDSSs containing different degrees of W were investigated by perform-
ing CPP. By including a W-free SDSS as a reference, the enhancement of 
localized corrosion resistance due to the W could be inferred. Addi-
tionally, a higher extent of crevice corrosion propagation was achieved 
by using the PD-GS-PD technique in comparison to the CPP, facilitating a 
better comparison among the materials in a wider temperature range. 

It might be questioned, however, whether the small changes in the 
concentration of other alloying elements as seen in Table 1 could explain 
the differences observed in this investigation. In this regard, some of the 
elements have an important weight in the PRE formula such as Cr, Mo 
and N. Nevertheless, the impact of such changes in composition could be 
ruled out by comparing TR,Crev values of the different SDSS. In this re-
gard, the W-free UNS S32750 contained the highest amount of Cr and 
Mo, yet showed the lowest TR,Crev values. Similarly, UNS S32760 con-
tained the lowest amount of N among the SDSSs but gave an interme-
diate TR,Crev result. Another element—not included in the standard PRE 
expression—that has been shown to increase the CPT and the overall 
localized corrosion resistance in halide environments is Cu [61,62]. 
However, as discussed by Haugan et al. [7] the improvement in CPT in 
DSS by Cu was much lower than that obtained by W, and, thus, the role 
of small changes in Cu content could be ignored. 

4.3. Influence of the manufacturing route 

Haugan et al. [7], investigated the effect of W on the crevice corro-
sion resistance of two SDSS using a combination of methods that 
included CPP testing. However, the two SDSS studied also differed in 
product form. In this regard, the high-W UNS S32974 was produced as a 
rolled plate, whereas the UNS S32750 samples were extracted from an 
extruded pipe. Given that product form-to-product form variations can 
have an important effect on localised corrosion resistance [63], the in-
fluence of the manufacturing route was also studied herein, using 
samples extracted from the same plate as Haugan et al. [7]. 

As seen in Table 1, the rolled plate specimens had a higher Ni and N 
content than the extruded pipe specimens. Conversely, the Mo, Cu, and 
Fe contents were slightly lower in the rolled plate. Even though Ni im-
proves the corrosion resistance in acidic reducing environments, it does 
not influence localised corrosion resistance in oxidising chloride- 
containing solutions [3]. Despite the differences in N and Mo content, 
both materials had identical PRE values. Consequently, based on their 
chemical composition both materials were expected to exhibit similar 
crevice corrosion resistance. However, the results in this work (Fig. 7) 
showed a small but measurable influence of the manufacturing process 
in the TR,Crev values. In this regard, the average TR,Crev of the extruded 
pipe was approximately 55 ◦C whereas that of the rolled plate was 60 ◦C. 
Additionally, the number of crevice sites (Fig. 9) was higher in the 
extruded pipe, but the maximum crevice volume was larger in the rolled 
plate case (Fig. 10). More research is needed to elucidate the influence of 
product form and heat-to-heat variations on crevice corrosion 
resistance. 

Fig. 14. Concentration of ions released in the electrolyte after the PD-GS-PD 
tests at 60 ◦C. Due to the logarithm scale of the concentration axis, error bars 
are not visible. 

Fig. 15. Qexp calculated from the GS step and the reverse PD scan for all ma-
terials tested at (a) iGS =25 μA/cm2, and (b) iGS =100 μA/cm2. Error bars show 
maximum and minimum values. 
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5. Conclusions 

In this work, the TR,Crev of three commercial SDSS containing in-
cremental amounts of W was obtained by evaluating the ER,Crev values 
extracted from PD-GS-PD tests at different temperatures. Results were 
validated using long-term exposure in natural seawater at both the OCP 
and potentiostatically at +600 mVAg/AgCl, which allowed the estimation 
of CCT and TR,Crev. The following conclusion were drawn based on the 
evidence provided in this work:  

- The TR,Crev measured by the PD-GS-PD method increased with W 
content in solid solution.  

- The 2.1 wt% UNS S39274 SDSS had the highest TR,Crev and the best 
crevice corrosion resistance as determined by both PD-GS-PD testing 
and long-term exposure to natural seawater. In this regard, the CCT 
and TR,Crev of UNS S39274 were 7.5–15 ◦C higher than the W-free 
control, depending on the measurement technique. 

- A hysteresis in temperature was observed in the long-term poten-
tiostatic tests at +600 mVAg/AgCl, indicating a difference between 
CCT and TR,Crev of 2.5. to 5 ◦C depending on the material.  

- The product form of UNS S39274 influenced corrosion resistance, 
with the rolled plate samples exhibiting a slightly better performance 
as determined by TR,Crev. 

- The crevice attack initiated at α/γ boundaries. In all cases, α selec-
tively corroded; whereas dissolution of γ occurred at a later stage 
during crevice propagation. 
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