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Abstract

Failure of flexible risers can occur, among several factors, due to their cold drawn carbon steel tensile armor wires 
collapse. These wires are susceptible to corrosion by seawater which increases propensity to a synergistic sweet stress 
corrosion mechanism, when they are associated with CO2-saturation, high tension, pressure, temperature, and crevices 
occurrence. In the present study, the influence of crevice in the annular region of flexible risers on the severity of pitting 
corrosion was quantified. Two different cold drawn carbon steel wires were compared. Corrosion tests by immersion were 
carried out on wires subjected to three-point bending in synthetic seawater environment at 0.1 MPa, 25 °C and 2 MPa, 
60 °C. The crevice occurrence and the internal energy were significant intensifying factors for pitting corrosion, which was 
demonstrated by the higher frequency and depth of the pittings and by the arrangement of corrosion deposits in crevice 
assembly samples. The carbon content of the wire did not significantly influence corrosion.
Keywords: Risers; Crevice corrosion; Stress corrosion; Tensile armor wires.

1 Introduction

Flexible risers are widely applied on floating offshore 
platforms worldwide and they are considered a standard fluid 
conduction system in several offshore units in Brazil [1,2]. 
The oil production in the pre-salt fields in Brazil has been 
increasing [3], whose reserves are considered as heavy oil 
(higher relative densities) and sweet oil (basically composed 
of hydrocarbons and CO2) [3,4]. Kermani and Harrop [5] 
denotes that corrosion in the oil industry can be related to 
the CO2 saturated environment, which leads to the formation 
of H2CO3 [4]. The use of carbon steel in riser’s metallic 
armor due to their lower overall cost, increases the corrosion 
susceptibility [6].

The space between polymeric protective layers in 
which the carbon steel tensile armor wires are located is 
called annular and has a basically structural function. Failures 
related to the annular are particularly sensitive, since there 
is a much greater propensity for collapse due to accelerated 
corrosion compared to the polymeric and stainless steel 
alloy components on the riser’s outside and inside layers, 
respectively [7]. The permeability of annulus’ polymeric 
layers exposes steel wires to corrosion [8] and its severity is 
important [9,10]. Stress corrosion cracks (SCC) associated 

with crevice corrosion can occur in the wires and they cause 
accelerated degradation processes related to carbon oxides 
and carbides [11,12]. The combination of the mechanisms 
provides pitting in the carbon steel.

In this study, crevice corrosion between flexible 
riser’s polymeric layers and carbon steel armor wires 
was evaluated, relating it to pitting corrosion intensity. 
Flexible riser’s annulus operating conditions were emulated, 
considering CO2-saturated deep-water system, followed by 
quantitative and qualitative evaluation of pittings formed in 
armor wires surfaces.

2 Materials and methods

2.1 Wire characterization

The two new straight wires (cross section 14 × 6) mm, 
with dissimilar chemical contents were named as 1 and 2. 
The preparation of the wires was made by simple cuts to 
adjust the length and cleaning with water and surfactant. 
Chemical analysis was performed on the two wire’s steel 
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Three specimens of each group were placed in the 
autoclave (Figure 1). The specimens were submerged in 
synthetic seawater (ASTM D1141) heated at 60 °C (± 2 °C). 
This temperature corresponds to the riser’s operational 
typical temperature range [13] and to the noticeable increase 
in corrosion effects observed in similar studies [14,15]. 
At the first week the test was performed under atmospheric 
pressure. A purge was performed to replace atmospheric air 
with CO2-saturated atmosphere. Then, 2 MPa (20 bar) of 
CO2 (99,999% purity; < 2 ppm O2 content) working pressure 
was applied. Water volume and exposed metallic area ratio 
(V/A) was fixed at 1 ml/cm2. The test was carried out for 
three months.

Pitting analysis was performed in longitudinal 
metallographic sections of the specimens, using optical 
microscopy (Zeiss Axio Scope.A1 + Canon EOS 1000D). 
The tensioned face of the wires was analyzed. The length of 
analysis was 54 mm (27 mm for each side from the loading 
pin). The frequency and depth of pitting were determined by 
Fiji-ImageJ software, from micrograph binarization and gray 
pixel x distance plot, which were later converted into depth 
× distance plot. The two largest valleys and peaks of a given 
investigated surface were considered as limits for analysis. 
An illustration of the applied method is shown in Figure 2.

Significant differences in the pitting depth were analyzed 
by analysis of variance (ANOVA), at the significance level 
of 0.05 (5%), whose lower values (p-values) reject the null 
hypothesis that there is no significant difference between groups.

Raman spectroscopy tests (Brüker Optics Senterra 
R200-785) were performed on samples to give the nature 
of corrosion deposits in the pitting.

3 Results and discussion

Chemical analysis results are shown in Table  1. 
Wires 1 and 2 exhibited a high and medium commercial 

by optical emission spectrometer (Foundry Master XPert 
Oxford). Two samples of each wire were analyzed to give 
the chemical content. Samples were polished for optical 
micrographic analysis (Zeiss Axio Lab.A1) and etched by 
Nital 2% solution. Vickers microhardness tests (Future Tech 
FM-800) were performed on the samples, applying 1000 gf 
load. Roughness analysis (Ra scale Mitutoyo SJ-410) was 
also performed on the wire samples at a speed of 0.5 mm/s 
of the stylus over the surface, measuring a length of 4.8 mm.

2.2 Stress corrosion cracking tests at 20 
bar CO2 pressure and 60 °C

The 150 mm long specimens were subjected to three-
point bending (TPB) in 130 mm spam. Although in TPB the 
localized corrosion might not match with the most stressed 
region, therefore reducing the chance of reproducing cracks, 
the choice for TPB was made to have a very local stress 
plateau matching the crevice promoted by polyethylene 
plates (HDPE). The deflection corresponding to the average 
yield strength of the wires was obtained, according to ASTM 
E290-14 for static tension systems, as specified in ASTM 
G39 (Figure 1).

TPB test yield strength and deflection of the wire 
1 and wire 2 were, respectively, 1364 MPa and 4.7 ± 0.2 mm; 
957 MPa and 3.5 ± 0.2 mm. The deflection was assessed by 
coordinate measuring machine (Mitutoyo Crysta-Apex S 574). 
To ensure the same deflection in both wires, the maximum 
deflection line in relation to the wire face at supporting pins 
was measured on the elastic line. Specimens of both wires 
were tested with and without mounting of polyethylene 
plates and polytetrafluoroethylene (PTFE) tapes wrapped 
around the ends of the specimens, emulating the occurrence 
of crevice. Four analysis groups were evaluated as follows: 
wire 1 without layer and tapes (W1), wire 1 with HDPE 
layer and PTFE tape (PW1), wire 2 without layer and tapes 
(W2) and wire 2 with HDPE layer and PTFE tape (PW2).

Figure 1. (a) Three-point bending individual support assembled with wire and HDPE layer, emulating the polymeric layer and a gap which 
encourages crevice. Golden arrow indicates where crevice occurs due to the gap imposed by PTFE tapes and (b) stress corrosion test autoclave 
in operation.
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carbon steel chemical composition respectively, both as 
manganese alloy [16].

The microstructure of the wires, shown in Figure 3, 
is composed by highly cold-worked ferrite and perlite. 
Metallography showed great similarity to 70% cold drawn 
carbon steel microstructure [17] Tensile armor wires 
microstructures studied by Tagliari et al. [18] also presented 
a longitudinal section with similar features.

Vickers microhardness was significantly different 
between Wire 1 (320 ± 3 HV) and Wire 2 (367 ± 3 HV). 
Surface roughness was significantly different between 

Wire 1 (0.5 Ra ± 0.04 µm) and Wire 2 (1.2 Ra ± 0.05 µm). 
Both wires presented roughness equivalent to cold drawn 
profiles [19].

Comparisons between micrographs of tension 
surfaces of PW and W groups showed a notable difference 
in the aspect of localized corrosion. The PW specimens 
showed several colonies of pitting, which suggests a 
factor influencing corrosion by crevice (Figures 4 and 5). 
Localized corrosion shows no difference between PW1 and 
PW2. The orange color surrounding pitting denotes the 
formation of oxide film. Crevice can be considered a 
subsystem with its own concentrations of impurities, 
ions and saturation. Therefore, the severity of localized 
corrosion can be observed. The formation of pitting and 
deepening in the occluded regions of the system are linked 
to the saturation of Fe2 + and the early formation of a 
little cohesive and brittle precipitate. Thus, it appears that 

Figure 2. Binarization process and surface profile plotting. Surface micrography (a); binarized image (b); surface profile plot (c); depth × 
distance plot (d).

Figure 3. Wire micrography. Wire 1 at left, wire 2 at right. Elongated pro-eutectoid ferrite (light phase) and perlite (dark phase).

Table 1. Tensile armor wires steel chemical content (wt%)

Sample C Si Mn P S Al
Wire 1 0.72 0.20 0.72 0.016 0.012 0.04
Wire 2 0.36 0.21 0.65 0.014 0.011 0.04
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iron oxide films were formed early and due to occlusive 
effect of crevices [20,21].

Yang  et  al. [22] compared current density and 
fluctuations of inverse potential corrosion when the pitting 
corrosion phase of A516 steel (0.35% C) in the chloride 
ion solution is reached. During the time of immersion, 
fluctuations became more frequent. At the same time, 
filiform pitting, typical of crevice corrosion, were observed 
by the authors. The instability of the current density signals, 
accompanied by increasingly frequent and intense current 
spikes, indicates different corrosion rates from the rest of the 
system proposed by the authors. The values, therefore, were 
severely higher than those observed for general corrosion 
in their study. This parameter is essential for understanding 
the effect of crevice corrosion on carbon steel and has been 
widely expanded to more aggressive environments, such 
as saline solutions under high pressures and saturated with 

CO2, as summarized by Barker et al. [23] and evaluated by 
our present study.

Some representative sections of pitting analysis are 
shown in Figure 6. Pitting’s of the PW group were more 
frequent and notable for their elliptical shape. Pitting’s of 
group W were less frequent and had shallow geometry, 
which denotes less aggressive corrosion. Therefore, crevice 
geometry directly influences localized corrosion. No significant 
differences were found between wires 1 and 2, as well as 
between PW1 and PW2.

Hua  et  al. [14] evaluated the general and pitting 
corrosion rates on semi-polished UNS G15130 (0.12% C) 
carbon steel. Their tests were carried out at 8 MPa partial 
CO2 pressure, 35 °C and presented 0.1 mm/year general 
corrosion rate and, with saturation of CO2, promoted pitting 
corrosion rate of about 1 mm/year. Their samples tested after 
48 h showed narrow cavities of about 10 µm depth. Similar 

Figure 4. W1 and PW1 representative micrograph comparison. Left: W1 specimen; Right: PW1 specimen.

Figure 5. W2 and PW2 representative micrograph comparison. Left: W2 specimen; Right: PW2 specimen.

Figure 6. Representative SC tested wires’ cross section micrographs. Left column: PW1; Right column: W1.
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values were observed by Farelas et al. [24], contemplating 
CO2-saturation direct effect on localized corrosion severity. 
Their results contribute to the understanding of the considerable 
effect of CO2 saturation on the increase of localized corrosion 
observed in our study.

Li et al. [20] evaluated API N80 (0.42% C) carbon 
steel crevice and bending stress synergistic effects under 
CO2-saturated aqueous solution and they noted that corrosion 
rate increases with stress. Their study noticed that marked 
deepening in the cavities in the occluded regions was 
detected when the combined effect of stress and crevice was 
analyzed. They also verified that the depth increases twice 
when compared to the non-occluded surface, results that 
statistically endorse the deleterious effect of CO2-saturation 
on riser tensile carbon steel armor wires. It is important to 
note that in our test, CO2 has not been renewed, so that part 
of the gas may have been transformed by reactions with 
metal. Even so, we achieved significant differences between 
groups, as explained.

Results of pitting frequency and depth for each group 
are illustrated in Figure 7:

-	 PW1: a 36 pitting frequency and 33.2 (± 13.4) µm 
average depth;

-	 W1: 25 pitting frequency and 24.4 (± 13.9) µm 
average depth;

-	 PW2: 27 pitting frequency and 41.3 (± 17.5) µm 
average depth;

-	 W2: 19 pitting frequency and 29.6 (± 9.7) µm average 
depth;

-	 ANOVA showed 0.00007 p-value between groups and 
F-value = 8.06, higher than critical F-value = 2.69.

According to Hu  et  al. [25], CO2-saturated brine 
carbon steel crevice corrosion is related to inside crevice 
cathodic species consumption, such as H+ and H2CO3, 
promoting undesirable galvanic corrosion effect. Crevice 
occluded surface is preferably corroded resulting severe 
localized corrosion. Under-crevice surface acts as anode 
and free surface acts as cathode, explaining PW specimens’ 
rougher surfaces. Their study corresponds to the results of 
our work about the differential aeration phenomenon and 
its influence on localized corrosion of occluded surfaces.

Cathodic species consumption causes system’s and 
crevice subsystem’s pH increase, as presented by Panossian 
and Cardoso [26] and Li et al. [21]. Furthermore, Cl- ions 
concentration and crevice differential aeration increase. 
Combined with the increase in pH, these effects lead to 
negative corrosion potential displacement when compared 
to free surface.

The above described mechanism, acting alone, 
would result in occluded surface’s severe corrosion and 
virtually uncorroded free surface. However, pitting’s 
acidification and passive films weakening are associated 
with this mechanism [27]. Pitting’s acidification, related 

to Fe-ions hydrolysis, causes Fe2+ concentration increase 
and H + consumption compensation. In evaluated test 
system (CO2-saturated crevice regions) prevails galvanic 
corrosion mechanism, characteristic of deaerated systems 
[28]. Our system here has a high steel to electrolyte ratio, 
so which it will work almost as a buffered solution (over 
saturation). So, the impact might not be so relevant.

Raman spectroscopy denoted siderite and cementite, 
typical compounds that are formed from ferritic-pearlitic 
carbon steel operating in deep CO2-saturated waters [29,30]. 
Raman analysis (Figure 8) showed siderite and cementite in 
the two wire configurations tested, although peak defaults 
occurred in relation to the literature [31,32].

For the siderite case, there is coincidence in carbonate 
ions (CO3

2-) symmetrical stretching mode intensity at 
1088 cm-1 [31]. Regarding to cementite, our sample peaks 
coincide with D (amorphous) and G (crystalline) graphite 
bands [32]. According to Gronebaum and Pluschkell [33], 
graphite D band occurs for Raman displacement closer to 
1300 cm-1 and corresponds to amorphous sp2-linked carbon 

Figure 8. Raman spectra of pitting deposits of PW and W.

Figure 7. Pitting average depth and frequency for each SC test wire 
TPB assembly.
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species, being predominant phase in cementite and, therefore, 
most relevant peak for comparison.

Dugstad et  al. [34] evaluated the outer polymeric 
layer eventual failure emulation and consequent ingress of 
seawater in the annulus, in direct contact with carbon steel 
wire. In their study, passive layer properties of siderite were 
studied when exposed to aerated ocean water. Their results 
exposed a siderite film formation reduced material corrosion 
rate by about one hundred times, due to its system solution 
supersaturation.

Similarly, our study founded film superficial damage 
after environment aeration, resulting in the formation of 
cementite porous and active film, increasing corrosion 

rate to higher rates than showed by previous siderite films. 
Therefore, differential aeration and crevice corrosion 
potential effects can be related to our results, since 
siderite occurred on the thin surface layers of cementite 
of about 5 µm, as verified by Berntsen et al. [35] in his 
study of relationship between siderite saturation and 
cementite films.

Such configuration was noticed in PW-assemblies, 
while in W-assemblies iron carbide deposits adhered 
directly to metallic substrate, suggesting, therefore, 
intermittence of pitting deepening. Figure  9 shows a 
shallow and wide pitting with siderite deposit associated 
with cementite film, while Figure 10 shows each tested 
group deposit arrangements. According to Kermani and 
Morshed [29] and Crolet [27], it is possible to justify 
a greater propensity to deepen the pitting, which can 
be detected by plotting a cross-sectional surface when 
analyzing the overlap order of siderite and cementite 
deposits on the samples surface.

For PW-assemblies (Figures  10), it is possible to 
observe cementite film (in black) consolidation and partial 
siderite layers (in light gray) deposition associated with more 
cementite depositions, a non-protective layer disposition. 
On the other hand, when observing W-assembly microscopies, 
it was possible to observe a consolidated siderite layer 
associated with partial cementite depositions, a protective 
layer’s singular arrangement.

Figure 10. Wires cross-section and characterization of siderite and cementite deposits. (a) PW1; (b) W1; (c) PW2; (d) W2.

Figure 9. Shallow and wide pitting with siderite deposit.
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4 Conclusions

The objective of the present study was to analyze 
tensile armor localized corrosion under deep-water atmosphere 
of CO2-saturated corrosive environment, to understand the 
stress corrosion occurrence associated with crevice corrosion. 
Immersion tests were carried out at 20 bar and 60 °C.

The following conclusions could be achieved:

-	 No significant difference between carbon steel wires 
1 and 2 behavior was found. Crevice effect, simulated 
by HDPE layer addition, is dominant in relation to 
the carbon content;

-	 Corrosion tests presented the significant effect of 
crevice to the formation of deeper pitting in more 
quantity. Wire 1 had a 44% higher pitch frequency 
and wire 2 had a 42% higher pitch frequency when 

accompanied by the HDPE layer. The occurrence of 
crevice significantly affects the localized corrosion 
of the wires. This problem is very likely with flexible 
risers;

-	 The severity of pitting corrosion in the PW group 
seems to be related to the deposits arrangements, 
despite the composition of the deposits being the 
same (cementite and siderite). The PW group showed 
greater adhesion of cementite to the steel surface, 
i.e., brittle passive cementite layer.
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