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Abstract: This paper clarifies the causes of a corrosion process observed in austenitic stainless-steel
pipes, grade 316L, used for conducting freshwater in a port area. During the pressure test of the
installation, before it was put into service, about five months after its construction, a loss of pressure
was detected due to leaks of the fluid contained and the presence of corrosion damage on the wall of
the tubes, in some cases even passing through the thickness of the tube. An analysis of the chemical
composition of the pipe material was carried out, as well as semi-quantitative analysis of the chemical
composition of the deposits in the defects, and a culture of sulfate-reducing bacteria (SRB) in Kliguer
medium of the stagnant waters within the facility. All this makes it possible to conclude that the
observed process fits within the so-called microbiologically induced corrosion (MIC), and, in all
probability, it can be affirmed that this process is promoted by the presence and proliferation of
sulfate-reducing bacteria (SRB).

Keywords: 316L stainless steel; corrosion; pitting; microbiologically induced corrosion; sulfate
reducing bacteria

1. Introduction
1.1. General Background

Nowadays, when building or reconditioning new facilities or infrastructures exposed
to aggressive environments, designers tend to recommend the use of stainless steels (S5)
for such purposes. It is true that stainless steels, mainly (AISI) 304, 304L, 316, and 316L, are
well-known for their excellent corrosion resistance and good mechanical properties, so they
have been widely used in a large number of aggressive environments and applications [1],
most often with good results and performance. However, it is also true that SS are not
free of corrosion issues, as it is mistakenly believed in practice. Thus, in many cases, it is
not considered necessary to take any precautions or carry out a maintenance plan on the
installation to fight against corrosion issues during the construction and/or exploitation
phases; this fact has led to important economic losses due to in-service failures, or even
during the construction phase, in a non-negligible number of cases. In this sense, different
strategies have been proposed to avoid corrosion issues in this type of steel, including
anodic protection (e.g., [2]), cathodic protection (e.g., [3,4]), and the use of protective
coatings, such as composite electrochemical coatings (e.g., [5-7]) and cold spray coatings
(e.g., [8]), among others.

Failure processes in metallic and non-metallic pipeline systems are extensively re-
ported in the literature, covering a wide variety of failure mechanisms that include, for
example, plastic collapse from local thin areas [9], brittle fracture [10], fatigue [11,12],
creep [13], and corrosion processes [14,15]. When dealing with metallic pipelines used

Appl. Sci. 2023, 13, 2598. https:/ /doi.org/10.3390/app13042598

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13042598
https://doi.org/10.3390/app13042598
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3037-652X
https://orcid.org/0000-0002-3950-6071
https://doi.org/10.3390/app13042598
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13042598?type=check_update&version=1

Appl. Sci. 2023,13, 2598

20f15

in water conduction systems, the main cause (not unique) of failures and leaks is corro-
sion, which may be additionally associated with non-adequate material selection, non-
standardized construction processes, poor maintenance, etc. [16].

Stainless steels are very commonly used for applications in the marine environment,
which is one of the most corrosive natural environments in the world. Moreover, due to the
influence of corrosive factors, such as temperature, dissolved oxygen, C1~, and pH, metals
(including stainless steels) operating in the marine environment usually suffer from pitting
corrosion, crevice corrosion, or stress corrosion processes, among others. This restricts
the performance reliability of stainless steels in real applications [17,18]. In addition, the
microorganisms living in marine environments have a strong impact on the corrosion
behavior of metallic materials [19]. The bacteria attaching and multiplying on material
surfaces can significantly change the interface properties of the material by physical or/and
chemical means, which is known as microbiologically influenced corrosion (MIC) [20].

At the same time, MIC can take place in environments and working conditions where
there are no other corrosion processes taking place, or it can appear in combination with
other corrosion modes. More importantly, microorganisms can accelerate the kinetics of
anodic/cathodic corrosion reactions in such a way that they can be viewed as “catalytic”
entities. Microorganisms are also known to induce a localized attack, including dealloying,
pitting, localized galvanic corrosion, and stress corrosion cracking [21].

The economic costs associated with MIC in buried pipelines, marine, oil and gas, and
other chemical plants are enormous. MIC-induced problems in buried pipelines/equipment
have attracted a great deal of attention all around the world [21]. Some of the main concerns
when facing MIC are that, on the one hand, it is a very fast type of corrosion (there are
examples of pipes corroded in months-to-a-year timeframes) and, on the other hand, once
it has started, it is very difficult to stop it and to guarantee the integrity of the affected
piping system.

1.2. Case Background

Despite being a well-known issue, the aforementioned problems and premature
failures of pipelines systems still occur nowadays. As an example, the failure analysis
of a AISI 316L grade stainless steel piping system for freshwater conduction installed in
the Port of Santander, in the north of Spain, is carried out in this work. The geometry of
the conduction is: 10S Pipe 8 Inch (DN 200 mm), which has 211.58 mm and 219.10 mm
of inner and outer diameters, and, therefore, 3.76 mm of wall thickness. The different
tubes employed were joined by welding. The failure of the system was detected before its
commissioning, when difficulties arose during the pressure test, around five months after
its installation. During this time, it was assumed that the system was completely empty,
without any type of water inside, according to the construction company’s indications.

The week after the pressure test, the company in charge of construction work pro-
ceeded to video-inspect the inside of the pipes. The presence of generalized corrosion
damage in the pipe walls was detected, verifying a process of pitting corrosion that, to a
greater or lesser degree, was extended through practically all the pipe sections inspected.
Interestingly, some of the defects even had a through-wall nature, producing leaks and
pressure loss during the pressure test.

Based on all this, the company in charge of the construction works deduced that
the corrosion process observed must have developed between the installation and the
date of the pressure test (approximately five months), since no corrosion was detected
just after the installation of the pipes, neither visually nor in the radiographies of the
circumferential welds.

This work, thus, analyzes the failure of the described piping system. Section 2 pro-
vides an overview of the experimental methodology, with Section 3 providing a thorough
description of the results obtained and the corresponding discussion. Finally, Section 4
gathers the main conclusions.
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2. Experimental Approach

In order to clarify the causes of the aforementioned corrosion phenomenon in the AISI
316L stainless steel port piping facility, one 0.6 m long section of the pipe, shown in Figure 1,
was extracted from the system. This section contains clear evidence of the commented
processes, including a through-wall pitting. Additionally, as it can be observed, for better
protection, the pipes were covered with a 0.3 mm thick rubber coating glued to the external
surface, which had to be removed for the subsequent analysis trying not to damage the
outer face in case it needed to be inspected.

In order to determine the root cause of the deterioration shown in the tubes, the
following analyses were carried out:

- Visual analysis of inner and outer faces of the sample, in order to find any other
evidence of damage that is not detected yet.

- Visual analysis of the video-inspection performed with a robotic submersible camera
inside the pipes. There were more than two hours of records, and the most interesting
and singular frames were extracted as images and will be shown here.

- Analysis of the chemical composition of pipe material. This was carried out by spark
emission spectroscopy, which allows for the determination of the content of alloying
elements with high accuracy.

- Analysis of the pipe pitting defects by scanning electron microscopy (SEM). The
micromechanisms of the pits were analyzed, as well as the semi-quantitative chemical
composition of the material surrounding the pits and other singular points of interest,
such as grain boundaries or corrosion products.

- Bacterial culture of the water remaining inside the piping system in an area with an
abundance of corrosion products. The sample was analyzed by culturing the mixture
of microorganisms present in Kliguer medium and inoculating in a flute beak at 25 °C
for one week.

ST+
AR

Figure 1. Sample of pipe extracted from the port piping system; a through-wall pitting can be
observed in the center (black arrow).

In order to complete such analyses, some sub-samples were extracted from the afore-
mentioned tube by means of a refrigerated metallographic precision cutter, assuring that
no alterations were generated in the samples.

Section 3 describes the results obtained and provides some discussion about the
different findings.
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3. Results and Discussion
3.1. Visual Inspection of the Sample

In the section of the pipe received in the laboratory, the presence of a through-wall
pitting stood out, as shown in Figure 2. This pitting does not follow a radial development
from the inner face of the tube to the outer, but rather an intricate one. In the inner area
of the tube, in the vicinity of the through-wall pitting, other pitting onsets can be easily
distinguished with the naked eye, as presented in Figure 2b.

These defects, as shown in Figure 3, are present to different degrees along the whole
inner wall of the sample; however, as observed in Figure 4, they were mainly located in
the zone covered by the stagnant water and in a belt just above it, but only on one side. It
is noteworthy that the same pattern seems to be observed in all these pitting initiations:
pitting surrounded by “clean” material (i.e., non-corroded stainless-steel tone) that extends
to an outermost surface crown with evidence of oxidation.

Additionally, in the inner surface of the tube, the signs of corrosion products are
evident, characterized by a reddish tone. These corrosion products are deposited in a sector
of the pipe (see Figure 4) which may be indicative of an existing (stagnant) water level
inside the pipe during some period of the process from the installation to the pressure test.

s .-’.s '

Figure 2. Through-wall pitting in the sample. (a) Through-wall pitting in the sample, outer face;
(b) through-wall pitting and other pitting onsets, inner face of the sample. The arrows indicate the
observed pits.
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Figure 4. Area (red ellipse) with deposits of reddish corrosion products; inner face of the tube. The
arrow indicates a straight line identified as the level achieved by the stagnant water.

3.2. Video-Inspection from the Inside of the Piping System

After the pressure test, and due to the unexpected results, a video recording of the
interior of the entire piping system was carried out using a robotic camera. The whole
recording was provided to the authors of this work. In the several hours of video that were
collected, a generalized deterioration due to corrosion is observed, which is of the same
type as the one observed in the sample during the visual analysis.

Figure 5 shows examples of the results of the inspections carried out. These records
make it possible to verify that the corrosion was a very extended process, with a general
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level of damage that can be classified as very advanced. Although it can be seen that the
level of damage varies from one section to another, there does not seem to be any section of
the piping system that is free of the corrosion process. In many of the pits observed (e.g.,
Figure 5b), a “mushroom-shaped” mark around the defect is evident. These marks may be
due to the generation of gas during the corrosion process, which accumulates in pockets,
bubbles, or tubercles around the defect and finally bursts (perhaps during the pressure
test), leaving the aforementioned “mushroom-shaped” mark printed on the tube wall.

Supporting the previous observation, as presented in Figure 6, in some sequences of
the inspection videos, the presence of gas bubbles attached to the inner surface of the pipe
can be observed. Here, it is important to note that the figure shows images of parts of the
piping system where the water level inside meant that the camera had to be submerged. A
more detailed observation of these bubbles reveals the existence of a corrosion pitting in
the center of each one of them, as presented in Figure 6b. At the same time, for there to be a
separation between gas and water, the existence of a film or membrane that separates both
media must be considered.

TECHNICAL PIPING
Arqueta 2 -> Argyeta 1
Acero inoxidable DN 200

a
) CL1: 043.90 m 26.05.22 08:30

MEGHNICALPIPIN

—=
c

) NERTRRTORI0 11 26. 05.22_’_'-!i_1:02

Figure 5. Video-inspection image of the interior of the piping system. (a) Detail of pitting; (b) detail
of “mushroom-shaped” marks around two pits.
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(EGHNICAL PIPING
EIHUBEF2UN0 10]0 -> Pozo tubo rojo
RERIOIIOH(ttahle DN 200

Figure 6. Video-inspection image of the interior of the piping system. (a) Gas bubbles; (b) detail of
gas bubbles, right over some pitting defects.

3.3. Chemical Composition of the Pipes

A sub-sample was extracted from the section of the tube provided in order to determine
the chemical composition of the material. It was determined using the spark optical
emission spectrometry technique. The results of this analysis are summarized in Table 1,
where, as a reference, the expected values for an AISI 316L grade stainless steel have also
been incorporated [22].

As can be observed, if the uncertainties of the test technique are considered, all the
elements present percentages that may be considered to be within the required ranges,
although it should be noted that Cr, Ni, and Mo are close to their corresponding lower limit
of the required range. The presence of Cu of around 0.3% can also be observed, which is not
among those expressly typified for AISI 316L steel, but its presence cannot automatically
classify the alloy as not being in agreement with the specification. In any case, neither
the fact that Cr, Ni, and Mo are in the low range, nor the presence of Cu in the amounts
reported, can justify the corrosion process observed here.
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Table 1. Chemical composition of the stainless-steel sample (% weight).

Test Required [22]

C 0.022 + 0.005 <0.03
Si 0.450 £ 0.072 <1.00
Mn 1.507 + 0.080 <2.00
P 0.035 £ 0.005 <0.045
S <0.008 <0.03
Cr 16.22 +0.48 16.0-18.0
Ni 9.86 = 0.37 10.0-14.0
N 0.037 £ 0.009 -
Mo 1.944 £+ 0.091 2.0-3.0
Cu 0.319 £ 0.028 -

3.4. SEM Analysis of the Pitting Defects

Two sub-samples from the section of the pipe received in the laboratory were obtained
in order to carry out a scanning electron microcopy (SEM) analysis of the micromechanisms
taking part in the pitting process analyzed here. One sub-sample contained the main
trough-wall pitting (Figure 2a) and its surrounding area, and another sample contained
an area where generalized pitting in an earlier stage of the process could be observed
(Figure 3).

Figure 7a shows an image obtained by means of SEM of the through-wall pitting of
the sample (inner face). In this image, the areas in which the process has advanced in
depth, connecting with the outer surface, can be clearly distinguished. Additionally, a
second region adjacent to the perforations can also be observed (see Figure 7b), where
a loss of material was clear to the naked eye. In this region the tube has lost part of the
surface material and grain boundaries are noticeable, pointing to a process that advances
preferentially along such grain boundaries. Finally, Figure 7c shows an area attached to
the through-wall pitting where no metal loss was observed by the naked eye, but where
an advanced level of damage at grain boundaries can be seen through the SEM image,
supporting the previous observation about the preferential attack at the grain boundaries.

Meanwhile, Figure 8a presents another pitting from the second sub-sample, which is
in an earlier stage of the process. It can be observed that it is not a through-wall pitting. In
this case, the observation at higher magnification, shown in Figure 8b, makes it possible to
once again confirm the existence of the same type of processes that advances preferentially
through the grain boundaries.

As a first hypothesis to explain the corrosion processes progressing along the grain
boundaries, it is worth considering the existence of chromium carbides precipitates at the
grain boundary. However, the low carbon content of grade AISI 316L stainless steel makes
the formation of these precipitates very difficult in practice (chemical composition analysis
revealed 0.022% C content).

In any case, to rule this out, a semi-quantitative chemical composition scan was
carried out using SEM, with an example of the results found being shown in Figure 9
(chemical composition scan in a non-damaged area) and Figure 10 (chemical composition
in a particular grain boundary within a damaged area). In all cases, no peaks of Cr were
observed. If these analyses had detected abnormally low Cr percentages, they would have
been indirectly indicative of chromium carbide precipitation at the grain boundary (the
zone close to the precipitates becomes depleted of Cr to feed the carbides). With all this,
steel sensitization (precipitation of chromium carbides at the grain boundary) can be ruled
out as the main cause of the corrosion phenomena being analyzed.

Finally, a SEM semi-quantitative analysis of the chemical composition of the corrosion
products deposited in the sample was carried out in the area presented in Figure 3, where
onset pitting and corrosion deposits can be observed. The results, which are presented in
Figure 11, show the presence of sulfur (S) in non-negligible percentages, which cannot come
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from the small amount of sulfur existing in the steel (see Table 1 with a <0.008% S content).
Thus, necessarily, sulfur has been provided externally, quite likely by the corrosive agent.

e b T

200 pm EHT =20.00 kV Signal A=NTS BSD Aperture Size = 100.0 um
(| WD =125 mm Mag= 21X | Probe = 500 pA 5 1AM

3 - 3 v ¥ >
S P o B Ny X R % L
i % ~ . Ped?Y L o ¥
EHT =20.00 kV
WD=11.0mm Mag= 200X | Probe = 500 pA i

& LI AN &5 ‘
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Figure 7. (a) SEM image of a through-wall pitting on the inner face of the tube sample; (b) surrounding
area with metal loss observed by naked eye; (c) surrounding area without metal loss to naked eye.
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200 pm EHT = 20.00 KV Signal A= SE1 Aperture Size = 100.0 um
WD = 85mm Mag= 28X I Probe = 500 pA
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Figure 8. (a) SEM image of a pitting in an early stage of the process on the inner face of the sample;

(b) detail of the pitting in an early stage.

Figure 9. Grain boundary semi-quantitative chemical composition scan by means of SEM; Cr in red.
Non-damaged area.
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Quantitative results
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Figure 10. Spot analysis of semi-quantitative chemical composition by means of SEM in damaged
grain boundary; Cr content is around 16%.

Quantitative results
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Electron Image 1

[Full Scale 826 cts Cursor: 0.000

Figure 11. Chemical analysis (SEM) of corrosion products in the tube.

3.5. Bacterial Culture of the Water Found Inside the Piping System

Once the piping system has been studied, the stagnant water found inside was ana-
lyzed in order to further assess the corrosion causes. A sample of stagnant water in an area
with an abundance of corrosion products, and close to regions with clear evidence of the
corrosion processes described above, was obtained.

The sample was analyzed by culturing the mixture of microorganisms present in
Kliguer medium and inoculation in a flute beak at 25 °C for 1 week. The results during
the observation time did not show the presence of fermenters, but the culture did return a
positive result in terms of the presence of sulfate-reducing-bacteria (SRB). This positive in
SRB in the culture is observed as a consequence of the reduction of sodium thiosulfate to
hydrogen sulfide, and its precipitation as iron sulfide S3Fe,, which generates pockets of
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H,S, probably corresponding to the gas pockets shown in Figure 6. This hydrogen sulfide
can then be used by sulfur chemolithotrophic bacteria, which cannot be detected with the
culture medium used in this case, and which oxidizes it, generating the acidification of
the medium.

Despite the fact that DNA sequencing is required for the exact determination of the
type of SRB bacteria, an observation of the water samples under an optical microscope
allowed organisms to be detected that probably correspond to the type of bacteria that
proliferated during the culture, as shown in Figure 12.

0.05 mm

Figure 12. Organisms (probably SRB) observed in the culture.

3.6. Discussion
The main features to highlight in the analyses carried out are:

- the type of corrosion defects observed, which are mainly pit-type defects,

- the presence of gas pockets detected in some of the pits,

- the development of the process in a short time, before the piping system was put into
service, and about five months after its construction,

- thelack of water circulation in this period, as well as the evidence of the existence of
stagnant water,

- the presence of sulfur in the corrosion deposits, as revealed by the SEM semi-quantitative
analysis,

- the presence of sulfate-reducing bacteria (SRB), as revealed by the bacterial cul-
ture, and,
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- the absence of other obvious signs of aggressiveness of the environment or defects in
the material.

Thus, based on both the morphology of the corrosion damage observed and the
evidence of the presence of sulfate reducing bacteria (SRB), microbiologically induced
corrosion (MIC) by SRB seems to be the fundamental cause of the process suffered by the
pipes being analyzed.

Sulfate-reducing bacteria (SRB) comprise several groups of bacteria that use sulfate
(which in this case must be present in the water) as an oxidizing agent, reducing it to hydro-
gen sulfide H,S, which is a gas with a high corrosive capacity. The process generally takes
place under anaerobic conditions, favored by the formation of a sheet of biological material
itself (biofilm) or other elements of the system (sludge, coatings, oils). The accumulation of
H,S gives rise to the formation of pockets [23], which justify the existence of bubbles and
also tubers as the ones observed in Figure 6.

There are many references in the literature reporting failures caused by MIC corrosion
in different types of stainless steels [24-29] and, in particular, in AISI 316L grade [30-34].
These references share typology, characteristics, and a failure time range with the deteriora-
tion process analyzed here.

The analysis performed here also allows different recommendations to be provided
in order to avoid similar problems. The main one consists of avoiding the presence of
stagnant water in the system, given that this is the final cause of the MIC corrosion process.
Additionally, other alternatives, such as the use of inhibitors, could be considered, as it has
been successfully applied in other corrosive contexts (e.g., [35,36]).

Finally, when performing this kind of failure analysis where corrosion processes are
clearly involved, the use of electrochemical analyses could be considered to clarify the root
cause of the failure and the material tendency to develop this kind of damage (e.g., [37,38]).

4. Conclusions

According to the analysis carried out, the following conclusions can be derived:

Corrosion pitting-like defects have been the cause of the failures found in the pip-
ing system. Additionally, the development of the corrosion process has been very fast
(5 months).

e  Therobotic video-inspection confirmed that generalized pitting corrosion with thorough-
wall pitting is present in the whole facility to a higher or lower degree. Pockets of gas
associated with some of the pits can be observed, while in others “mushroom-shaped”
marks show the previous presence of gas bags.

e  The chemical composition of the material fits the requirements of AISI 316L grade
stainless steel, so material deficiencies are not the cause of the corrosion processes.

e  There is also evidence (level marks of corrosion products) of the presence of stagnant
water (corrosion products characterized by a reddish hue under the level mark). The
culture of the remains on the stagnant water samples from the facility has been positive
in terms of the presence of sulfate-reducing bacteria (SRB).

e  During the SEM analysis, in the more developed pits, a preferentially radial direction
was not observed, as would occur in the case of pitting by chlorides, discarding this
type of process; the pits follow an intricate path from the inner face to the outer one.
Additionally, it revealed no evidence of sensitization in the steel (roughly constant
Cr content in grains and boundaries), but the presence of sulfur was detected in
non-negligible quantities in the corrosion products.

Based on this, it can be concluded that the observed process fits within the so-called
microbiologically induced corrosion (MIC), and it can be affirmed that this process is
promoted by the presence and proliferation of sulfate-reducing bacteria (SRB). On the other
hand, no signs of aggressiveness in the environment different from those typical of port
areas were found. Finally, the typology of the detected defects is similar to that of other
MIC cases reported in the literature, as well as the rest of the characteristics: type of pits,
corrosion products, time to failure, etc., supporting the aforementioned conclusion.
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