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Summary

Traditionally, many firewater mains are made of carbon steel or cast iron. At present, more
and more stainless steel is used as material for firewater pipes due to usually better corrosion
resistance in natural waters than iron or carbon steel. In some few cases, however, unexpected
corrosion failures in systems using austenitic stainless steels have been observed only after a
relatively short time of usage ranging from a few weeks to a few years. Most of these corro-
sion damages are associated on the weld nuggets or in the heat-affected zones of girth site
welds. One of the most important factors affecting the corrosion resistance of stainless steel at
welds and in heat-affected zones are the surface oxide films originating from the welding heat
in the presence of oxygen. Therefore, proper root shielding is important especially when weld-
ing pipes for fire protection systems where the water is taken from natural sources (e.g. from
rivers, lakes or tap water), as microbially induced corrosion (MIC) can increase the risk for
corrosion damages significantly.

Two failure cases in fire protection systems (FPS), one in stainless steel factory and one in
power plant have been studied and are described in thisstudy. A proposal for the corro-
sion/failure mechanism is suggested and general recommendations how to avoid or diminish
the risk for unexpected localized corrosion failures in FPS are given.
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Preface

Stainless steels have been used in various environments during the years. However, stainless
steels are quite a new material used as pipes in fire protection systems (FPS). In spite of their
usually good corrosion resistance there have been some unexpected failure cases in these fire
protection systems. The fire protection system is a demanding environment in the aspects of
corrosion. The water quality used in fire extinguishing systems depends on the source where
it has been taken and the water stays stagnant most of the time thus increasing its corrosivity.
There isalways a risk for microbially induced corrosion (MIC) in natural or tap water. The
aim of this study isto introduce two cases and the affecting factors which have to be taken
into account while using stainless steel as a material in FPS. Also general recommendation
how to avoid or diminish the risk for localized corrosion in these environments is given. This
research wasdone at VTT during the year 2007 and was financed by Outokumpu Stainless

Oy.
Espoo 12.2.2008

Leena Carpén
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Introduction

Carbon steel or cast iron are traditional materials for firewater mains. Relatively
few corrosion case histories of sprinkler or firewater systems have been published
[1-7]. However, clogged tubes due to corrosion of carbon steel or cast iron have
caused problems over the years and alternative materials have been considered.
Stainless steel is nowadays adopted in firewater piping. Stainless steels have been
extensively used in many technical applications involving natural waters (sea wa-
ter, brackish water, river water, tap water etc.). These materials usually have an
excellent corrosion resistance in cold, flowing, low-chloride containing water. In
stagnant water, like it is usually found in firewater systems, the corrosion resis-
tance evidently diminishes. This is the case also when the temperature or the chlo-
ride content increases. Also thiosulfate is known to have a detrimental effect on
the pitting corrosion resistance of stainless steel if it exists in a proper réatio to
chloride and/or sulfate [8,9].

Corrosion of stainless steels in natural waters and in systems using such water is
typically localized corrosion, e.g. pitting and crevice corrosion. In welded struc-
tures, corrosion is often concentrated in the weld nugget itself or in the heat-
affected zone. The openings of the corrosion pits are typically very small but large
subsurface cavities are often formed. Especially on-site welds, like welded butt
joints of pipes, are vulnerable to such pitting failures. On-site welds are usually
welded from the outside of the pipe using shielding gas inside. Normally it is dif-
ficult or even impossible to clean the root of the weld after welding properly. If
the shielding gas contains even arelatively small amount of oxygen, heat tint lay-
ers (colored oxides) will be formed close to the weld. These heat tint layers pro-
mote the initiation and growth of corrosion pits even in seemingly harmless envi-
ronments [10,11]. The pit initiation potential in these areas as well as on the weld
itself isusually lower than on the base metal.

Natural waters contain always a diversity of microbes and thus these seemingly
harmless environments might turn out to be aggressive. Microbes can change the
environment's corrosiveness either chemically or physically. This phenomenon is
called microbially induced corrosion (MIC). It is generally accepted that the en-
noblement (increase of the open circuit potential) of stainless steel surfaces de-
tected all over the world in ocean waters, brackish waters, rivers and even tap wa-
ter is caused by microbial colonization [12-18]. This ennoblement can exceed the
pit initiation potential. However, the mechanism of ennoblement is not clear and
many different hypotheses and theories have been suggested during the years. One
of these is the role of manganese oxidizing bacteria [18,19]. As aresult of bacte-
rial activity, Mn?* that is dissolved in waters is oxidized to Mn*". Mn** isa strong
oxidant causing the potential of the metal to rise. Mn** reacts further and forms
manganese dioxide (MnO,). The reduction of MnO, according to the reaction
MnO, + H,O + € ® MnOOH + OH" offers the needed cathodic reaction. Sulfate
reducing bacteria (SRB) have often been detected together with iron and manga-
nese oxidizing bacteria from the failure areas of stainless steels. SRBs can, by
producing sulfides (S*), lower the redox potential within the deposits on the sur-
face. This diminished redox potential together with elevated corrosion potential
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caused by MnO; rich deposits raise the interfacial potential difference within the
deposits above the critical pitting potential and pits can nucleate.

Besides manganese oxidizing bacteria and SRBs, recently it has been shown that
also a combination of iron oxidizing bacteria (I0B) and sulfate reducing bacteria
yielded the highest localized corrosion rate of austenitic stainless steel type EN
1.4432 compared to 10B or SRBs alone [20].

Another way for SRBs to enhance the corrosion of stainless steel is to form thi-
osulfate (S;05%). SRBs consume sulfate (SO4%) by reducing it to sulfide, which
can be oxidized to thiosulfate in the presence of air. In simulated paper machine
water, it has been demonstrated that thiosulfate produced by the metabolic activity
of SRBs caused severe pitting corrosion to stainless steel [9].

In this report, failure analyses of two case histories of fire protection systems sus-
pected to be caused by MIC are presented.

Goal

The goal of this work was to look at the usage and possible problems of stainless
steels used in fire water systems using natural fresh waters (including tap water)
and to prepare guidelines to the safe use of stainless steels especially in pipes of
fire protection systems.

Description of cases

This paper describes two different cases. The first one is taken from a fire extin-
guishing system of a stainless steel factory and the other case is from a fire extin-
guishing piping of a power plant in Finland.

Case 1: Fire protection system in a stainless steel plant

The fire extinguishing system in a stainless steel plant has been originally made of
carbon steel. Gradually it has been partly changed to stainless steel type EN
1.4301. If new firewater tubes have to be installed, only stainless steel is used
both in old and new building. The system under study sill has both carbon steel
and stainless steel parts. Removed carbon steel pipes were heavily corroded and
had a huge amount of reddish brown deposit and tubercles inside the pipes after
20 years of usage, Figure 1. So they had become unusable and unsafe. The exam-
ined stainless steel parts have been installed to the fire protection piping in cold
rolling mill at 2002 and some failures had occurred after less than three years of
usage. The raw water comes from the river, it is not specially treated and stays
stagnant most of the time in the fire protection piping of cold rolling mill. The
temperature varies from about 5-10°C in some staircases during winter times to up
to 50°C over furnaces of the annealing lines.

Stainless steel is also partly used in hot rolling mill fire protection system (FPS).
The water comes from the same source but the water in the system is used for
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washing once a week instead the stagnant situation at the cold roll mill. No fail-
ures have been detected in these stainless steel pipings after 15 years of usage.

The firewater of the whole factory comes from the same source, namely from the
river. The firewater is stored in a concrete container nearby the cold rolling plant.
The chloride content of the river is usualy very low (~1 mg/l). Only very seldom
higher chloride values have been measured, when brackish water (~1000 mg/I of
CI") from the sea nearby is mixed with river water during times of strong southern
wind. Typical analysis of the water composition is given in Table 1.The pressure
in the system is 13 bars due to the height of some buildings.

Four samples (samples no.1-4) taken from the piping system of cold roll mill as
well as one sample (sample no. 5) taken from the FPS of hot rolling mill were ex-
amined. The girth welds in samples 1-4 were made by manual metal arc welding.
Instead sample no. 5 had only longitudinal factory made weld.

e
[ A7

Figure 1. A piece of carbon sted pipe taken from a fire extinguishing system of a stainless
steel factory after 20 years of use.

Table 1. Typica water composition of firewater at the stainless steel factory.
Given is the result of an analysis of firewater taken at the fire station in early No-
vember 2007. The water was slightly greenish, but clear.

pH cr So4* Hardness | Fe Mn Alkalinity

mg/I mg/I mmol/| mg/I mg/I mmol/|
7.0 11 3.1 0.17 0.51 0.006 0.35
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Case 2: Fire protection system in a power plant

In Case 2 [21,22] the pipes in the system were also originally constructed from
carbon steel and had been gradually replaced by austenitic stainless steel pipes
(both EN 1.4301 and EN 1.4401). In the system there still were some parts made
of carbon steel (main piping) or cast iron (larger valves) and the water contained
high amounts of precipitated iron. The water used in this fire extinguishing system
was tap water with a low chloride concentration (25 mg/l). The water was treated
with chloramine (with hypochlorite and ammonium chloride reacting in water
forming chloramine) when the system was filled with water. The water stayed
stagnant most of the time and was usually changed once a year.

Unexpected pitting corrosion in stainless steel pipes of this FPS was observed af-
ter just a few years of service. The pits detected were situated in the welds or in
the heat-affected zones. The first perforations were detected in EN 1.4401
stainless steel pipes after two years of operation. Later on, several pits causing
leaks were also detected in the EN 1.4301 material. The pressure in the piping
system is 10 bars and the temperature is same as ambient temperature, 20...25 °C.

Experimental procedures of studied cases

Metallurgical analysis

Metal samples were removed from the systems and were examined visually and
under a stereomicroscope. The chemical composition of pipe material and the
weld metal were analyzed with an optical emission spectrometer. Metallurgical
examinations consisted of optical light microscopy of cross sections prepared
from the samples, scanning electron microscopy (SEM) studies from failure areas
and energy dispersive spectroscopy (EDS) of corrosion products or of the deposits
on the inner surfaces of the pipes.

Water analyses

The water used in fire extinguishing system of stainless stedl factory (Case 1) is
taken from theriver near by the factory.

In Case 2 water analysis were taken from the pipes a few months after the first
leaks were detected as well as two years later simultaneously with leaking pipe
samplesto be studied. Also atypical analysis of the feed water was available. The
amounts of iron, manganese, calcium, magnesium, chloride, sulfate, bicarbonate,
nitrate and nitrite as well as pH of the water samples were analyzed.

Microbiological assays

In Case 1, the metal samples were totally dried when arriving to the laboratory for
further studies. Thus the traditional methods, like cultivation could not be applied
for detection of possible bacteria. However, preliminary trial with new PCR-
method (Polymerase Chain Reaction method) was done with one metal sample
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with corrosion failure (sample no. 3). The total DNA was isolated from the metal
piece sample (deposit covering the pit) and purified. The DNA content was meas-
ured by spectral photometer. Bacterial DNA was multiplied by using PCR-
primers P2 and P3 targeted for eu -bacteria [23] and SRB- specific primers for
SRB Group 6, including e.g. Desulfovibrio species. PCR products were analyzed
in DGGE (denaturing gradient gel electrophoresis).

In Case 2 microbiological assays were also performed. Total count of aerobic and
anaerobic bacteria and the amount of sulfate reducing bacteria were analyzed by
cultivation from the samples taken at site from the water inside the pipes as well
as from the deposits on the surfaces of the pipes. Samples were scraped from sev-
eral places on the surface of the opened pipe. The system had been opened half an
hour before the sampling.

Microbiological analyses were performed also from the pipe samples delivered to
the laboratory. Some of these samples were taken from dried deposits and some
from deposits still wet or from pipe samples, which were transferred under the
water taken from the system. In the last mentioned case the cultivation for the
growth of iron bacteria in ferrous sulfide agar medium [24] was performed and
the biofilm formation was studied with stainless steel coupons immersed to one
dilution of the cultivation tubes. The incubation of these coupons was 6 d at the
temperature of 25 °C. After the incubation the coupons were stained with acridine
orange and examined by epifluorescense microscopy.

Plate count agar medium at 25 °C or 30 °C was used for the determination of vi-
able count of heterotrophic aerobic bacteria and Shahidi-Ferguson medium
(DIFCO) without antibiotic additions at 30 °C for the determination of total count
of anaerobic bacteria. The presence of sulfate reducing bacteria (SRB) was veri-
fied on Postage' s medium with incubation of 10 days at 25 °C in anaerobic jar and
the amount of SRB was estimated using the most probable number (MPN)
method.

Electrochemical measurements

In Case 2 also some polarization curve measurements were performed in order to
study the influence of iron rich deposits as well as that of the chloramine treat-
ment on the pitting potential of EN 1.4301.

Six pieces of the size 20 x 20 mm containing base material and 2 pieces of similar
size containing the weld were cut from a pipe section removed from the fire ex-
tinguishing system. These samples were first cleaned with acetone and ethanol.
To remove the dense deposits from the surfaces the samples were cleaned with di-
luted nitric acid (900 ml water, 100 ml 65 % nitric acid) for 2 min at room tem-
perature.

The pitting behavior was investigated in water samples taken from the feed water
of the fire extinguishing system, one after the chloramine addition (named water
D, pH 7.7 and g 185 pS/cm) and one after activated carbon filtration but before
chloramine addition (named water E, pH 6.0 and g 165 puS/cm). Because the con-
ductivity (g) and the chloride content (less than 30 mg/l) of the waters were so
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low, 200 mg/l of CI" was added to accelerate and to highlight the phenomenon. To
simulate the conditions in fire extinguishing system a modified tape test [25] was
used in the laboratory. In this test electrolyte is brought into contact with the
specimen surface with the aid of multi-layer textile tape. Advantages to use this
method is that surfaces in as-received state as well as non planar surfaces (like
welds) can be tested. A saturated calomel electrode (SCE) was used as a reference
electrode and more alloyed stainless steel (EN 1.4401) was used as counter elec-
trode. In the case where pitting potential wasto be determined the specimens were
polarized to the level where the current reached 1 mA/cm?, where the scan direc-
tion was reversed. The pitting initiation potential was chosen to be the potential
where the anodic current clearly started to increase and had exceeded 10 mA. The
scan rate was 30 mV/min. Before the polarization measurements the open circuit
potential was recorded for 10 min or until the potential had become steady. Some
of the measurements were performed with the specimens covered with iron pre-
cipitate. Thisiron precipitate originated from a valve of the fire extinguishing sys-
tem and was representing the iron precipitate detected in the water inside the
pipes. All electrochemical measurements were performed using a Gamry CM S100
Corrosion Measurement System with PC3 Potentiostat. After the polarization
measurements the specimens were inspected under a low magnification stereomi-
croscope to reveal possible pitting corrosion [21,22]

Results

Case 1 — Stainless Steel Plant

Samples no. 1 -4 were removed from the FPS of the cold roll mill after less than
tree years of usage due to the occurred corrosion damages. Sample no. 1 had a
dark brown deposit evenly distributed on the inner surface of the pipe, Fig. 2. The
field welded joint on the inner surface was very uneven. A small section of the
pipe was cut for further examinations. This piece contained a small shiny area
with starting pitting, Fig. 3.

Figure 2. Inner surface of sample 1.
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Figure 3. Sarting pitting (an arrow) on the heat affected zone of a weld of sample 1.

The brown deposit area of sample 1 was found to contain iron (Fe), oxygen (O),
carbon (C) and chromium (Cr) as main components as well as manganese (Mn),
nickel (Ni), silicon (Si), aluminum (Al), calcium (Ca), sulfur (S) and phosphorus
(P), Table 2, page 21. The corroded area contained besides the elements men-
tioned already also titanium (Ti) and molybdenum (Mo). The amount of chro-
mium and nickel were higher at the corrosion area than on the uncorroded surface,
Table 2. Iron, chromium and nickel are the main components of stainless steel, so
main parts of these originate from the stainless steel. Also part of the manganese,
molybdenum and silicon originates from the material and the rest of these as well
as aluminum, calcium, sulfur and phosphorus originate from the environment (wa-
ter).

Sample no. 2 did not have a continuous brown deposit layer as sample 1. Instead
reddish brown deposit could be seen surrounding the corrosion areas on the heat
tint areas as well as some deposits on the inner surface close to the weld, Fig. 4
and 5. Very strong heat tint colors (dark brown and blue) could be seen surround-
ing the field welds of this sample.

Figure 4. The inner surface of sample no. 2.
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Figure 5. A closer look to the weld area with pitting corrosion (an arrow).

A piece of this sample (Fig. 5) was further divided for studies with SEM/EDS and
to prepare a metallographic cross section of the failure area. SEM-examination re-

vealed corrosion products (Fig.6) close to the several small openings of pits
(Fig.7).

-
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Figure 6. Corrosion products on the heat affected zone of a weld of sample no. 2. SEM-figure.
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Figure 7. The corroded area of heat affected zone of sample no. 2. SEM-figure.

According to the EDS-analysis the corroded area was found to contain besides the
main components iron, carbon and oxygen, also nickel, chromium, manganese,
zinc (Zn), titanium (Ti), sulfur (S), chlorine (Cl) as well as sodium, calcium, po-
tassium, silicon and aluminum, Table 2, page 21. Zinc, carbon, part of manganese,

titanium, chlorine indicating the chlorides, sodium, sulfur and potassium originate
fromthe water.

The cross section prepared from the failure area first revealed only a small open-
ing of a pit adjacent to the weld at heat affected zone (Fig. 8). When the grinding
was continued, it could be seen that corrosion had proceeded deeper inside the
pipe, Fig. 9.

1000 pm

Figure 8. A small opening of a pit on the inner surface of the sample no. 2.
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corrosion pit growing along the heat affected zone (fusion line) of a weld of sam-

The microstructure of the pipe sample no 2 was normal austenitic structure. The
chemical composition of pipe material as well as that of the weld metal analyzed
by optical emission spectrometer isin Table 3, page 21. Both pipe material aswell
as weld are according to the requirements for EN 1.4307.

Sample no. 3 had a perforated pit, which could be seen on the outer surface of
sample 3, Fig. 10. The outer surface was other wise clean and only a little brown
deposit was seen under the stereomicroscopic study. On the contrary on the inner
surface of sample 3 there was a lot of reddish brown deposit on and close to area
with perforated pit, Fig. 11 and 12. Also in this sample dark colors (brown and
dark blue) of heat tint were seen.

Figure 10. A perforated pit marked with an circle and an arrow on the outer surface of sam-

pleno 3.
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Figure 11. The inner surface of sample no. 3.

The red brown deposit on the inner surface contained partly also some small me-
tallic particles, which might be originating from the cutting the samples. After
carefully removing some of the deposit, a shiny corroded area was revealed, Fig.
13. The red brown deposit was found to contain besides the main components,
iron and oxygen, also carbon, manganese, sulfur and titanium among others, Ta-
ble 2, page 21. Sulfur and manganese as well as copper was detected on the cor-
roded shiny area. Phosphorus and sulfur were detected in the pit. Manganese and

sulfur were detected also on the non-corroded area of the inner surface of sample
no 3.

Kas
&,

y YT R
3 ) DI g A S

T T e
i 4

Figure 12. An opening of a perforated pit surrounded by corroded shiny area on the inner
surface of sample no. 3.
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Figure 13. A closer 1ook to the corroded area on the heat affected zone of a weld on the inner
surface of sample no. 3.

A cross section was prepared from the area close to the perforation. From this
cross section it could be detected that in this sample the weld had one gas pore,
Fig. 14. A small pit could be seen on the base material (under the hesat tint area)

close to the perforated area, Fig. 15 as well as one on the fusion line (not seen in
this figure).

1000 ym

Figure 14. A pore in the weld of sample no. 3.
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Figure 15. Corrosion on the inner surface of stainless steel pipe sample no. 3.

The metallographic examination did not reveal any abnormalities in the micro-
structure of this sample and the microstructure was considered to be normal aus-
tenitic structure (Fig. 15).

Microbiological results taken from the failure area of sample 3 revealed signs of
bacteria. From this sample bacterial DNA could be isolated and multiplied with
PCR using eu-bacteria primers. PCR products were run through DGGE gel. In
DGGE gel, one clear band and six weaker bends were revealed representing dif-
ferent bacterial species. In DGGE, the bands represent the bacteria which are most
abundant in the sample. However, without sequencing it was not possible to iden-
tify the different species. No SRB could be detected with this method. However,
this does not mean that there could not have been also SRBs present.

Sample no. 4 was clean on the outer surface without any signs of perforation. The
examination of the inner surface, Fig. 16 revealed again very dark heat tint colors
and several small pits on the heat affected zone, Fig. 17 and 18.
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Figure 16. The inner surface of sample no. 4.

Figure 17. Pits (marked with arrows) on the heat affected zone of a weld on the inner surface
of sample 4.

In sample 4 the fusion line of the weld was partly shiny and small pit holes could
be seen on those areas. The weld was uneven and partly incomplete. In Fig. 17 a
ring with remains of corrosion products can be seen, which is a typically seen on
pitting corrosion cases of stainless steels in natural waters. The amount of deposit
was low and probably most of the corrosion products were removed during the
removal and transporting of sample.
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Figure 18. Corrosion pits on the heat affected zone of the weld of sample 4. SEM-figure.

A cross section from the failure area shows an example of a large pit in the heat
affected zone, Fig. 19.

Figure 19. A large pit in the heat affected zone of sample 4.

The corrosion area of sample no. 4 contained high amounts of titanium (Ti), man-
ganese and sulfur besides main components iron, chromium, carbon, oxygen and
smaller amounts of sodium, aluminum, silicon, potassium, calcium and nickel,
Table 2. Titanium was not found from the non-corrosion area and the amounts of
manganese and sulfur were smaller than in the pit area, Table 2, page 21.
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Sample no. 5 containing factory made weld, was taken from the hot rolling mill
fire protection system (FPS). In this sample no corrosion could visually be seen,
Figure 20. No hest tint areas were seen on this sample. No failures have been de-
tected in this fire protection system, although field welds have been made also
with manual metal arc welding, like in the FPS of the cold roll mill.

Figure 20. The inner surface of sample 5 taken from the hot rolling mill FPS

The inner surface with thin brownish deposit was analyzed by EDS. Iron, chro-
mium, carbon and oxygen were the main components. Besides also nickel, man-
ganese, sulfur, phosphorus, aluminum, silicon, zinc and potassium were analyzed
from the inner surface, Table 2, page 21.

A cross section performed from the weld area revealed a normal microstructure of
the pipe material and a good quality weld seam, Figure 21. With a higher magnifi-
cation some starting, negligible corrosion could be seen in the weld on the inner
surface of the pipe, Figure 22.

Chemical composition of sample 5 base material and weld is presented in Table 3,
page 21.
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Figure 21. A cross section of the weld of sample no. 5.

100 pm

Figure 22. A closer ook to the weld area with incipient corrosion.
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Table 2. Semi-quantitative results of the EDS-analyses performed from the inner
surfaces of chosen specimens.

Sample C @) Fe Cr |[Mn |[Ni |P |S Ti Al |Si others
la brown | 309 (303|307 |34 |14 |09 02|03 |- 0.7 | 0.7 | 0.5Ca
undamaged
la pit 259 | 173|381 |116|12 (43 (01|04 |04 |02 |04 |0.1Ca
Mo,Mg
2, unda-| 183 | 240 406 |100|14 |40 |- 0.2 |- 0.3 | 0.6 | 0.4K,
maged 0.1Cl,0.1Mg
2, pit 248 320 | 357 |16 |08 |19 |- 02 (02 |04 |08 |0.5Zn,0.4Na,
0.3Ca,0.1Cl
3, noncor- | 149 | 241 | 426 |102 |14 |34 |- 0.2 |- 0.6 | 1.5 | 0.6K,0.3Na,
roded 0.2Mg
3,brown 117 | 318 {481 |25 |05 |07 |- 03 (04 |04 |12 |1.9Zn,
deposit 0.2Ca,
(corrosion) 0.1K
3, pit (de- | 173 | 399 | 328 |69 |- 06 |01 |07 |- 03 |13 |01K
posit) 0.1 Na
3,pit 168 | - 565 |169|18 |65 |- 04 |- 0.1 | 0.6 | 0.5Cu
(clean)
4, noncor- | 16.0 | 11.3 | 504 |138|15 |56 |- 0.2 |- 04 |04 | 03K
roded
4, pit 215 | 356|152 |64 |34 |06 |- 05 |73 |13 |27 | 35Ca 1.7K,
0.4Na,0.1Mg
5 noncor- | 375 (174 | 311 |77 |19 |28 |01 (02 |- 0.7 {03 |0.1Zn,0.1K
roded
Table 3. Chemical composition (w-%) of studied stainless steelsin Case 1.
sample | C S |Mn |S P Cr | Ni |Mo |Cu |Al V Ti Co
2,base | 0.023| 047 | 1.49|0.001 | 0.027 | 18.1|9.0| 0.13 | 0.17 | 0.011 | 0.05| 0.005 | 0.11
2,weld | 0.026 | 0.39 | 1.45| 0.004 | 0.026 | 18.3 | 9.1 | 0.21 | 0.15 | 0.011 | 0.05 | 0.006 | 0.16
5 base | 0.044 | 040|147 |0.011|0.035|18.1|85|0.10| 0.17 | 0.008 | 0.06 | 0.004 | 0.14
5 weld | 0.048 | 0.43 | 1.50 | 0.015 | 0.039 | 18.0 | 9.0 | 0.10 | 0.18 | 0.008 | 0.06 | 0.005 | 0.17
5.2 Case 2 — Power Plant
The first through wall pits in this fire extinguishing system were observed in type
EN 1.4401 stainless steel pipe with a diameter of 140 mm and the wall thickness
of 3 mm. The leaks situated in the heat affected zone of site weld. Chemical com-
position is shown in Table 4.
Table 4. Chemical composition (w-%) of stainless steel of Case 2.
sample C S Mn | S P Cr Ni Mo |Cu | Al V Ti Co
EN1.4401 | 0.032 | 0.67 | 1.45| 0.007 | 0.034 | 16.89 | 10.70 | 2.47 | 0.21 | 0.005 | 0.08 | 0.017 | 0.23
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Visual ingpection of the pipe sample revealed two perforations on the outer sur-
face of the sample. These perforations situated at the heat affected zone close to
the fusion line of the weld. A plenty of reddish brown deposit was seen on the op-
posite inner side (Fig. 23a). Similar reddish brown deposits and deposit rings
were observed on the inner surfaces of type EN 1.4301 stainless steel removed
from the fire extinguishing system later on (Fig. 23b). Typically the openings of
the pits were very small but having large subsurface cavities (Fig. 24). The chemi-
cal compositions of these type EN 1.4301 stainless steel samples were according
to the specifications in ASTM standards except for some of the samples having
less than 18 % Cr (17 and 17.7 %). The microstructure of both materials was
normal austenitic structure. Pits were typically situated close to or in girth site
welds. There were clear signs of oxidation of heat affected zone (heat tints) but no
other clear signs of welding defects on the failure areas.

i
h A £
4 \"rr 100‘mm ;

b)

Figure 23. a) Reddish brown deposit seen on the inner surface of stainless steel type EN
1.4401 pipe section removed from the fire extinguishing system b) deposit rings surrounding
pits on the welded areas of stainless sted type EN 1.4301 pipe samples removed later from
the same fire extinguishing system.

a)

Figure 24. a) An optical micrograph of a through wall, mainly subsurface pitting corrosion in
EN 1.4401 type of stainless stedl after two years service in fire extinguishing water b) Two
small openings of pits revealed on the inner surface of stainless steel EN 1.4301 after corro-
sion products were removed by pickling.

The pits were typically surrounded by dark brown circular deposit ring and the in-
ner surfaces were most of the times covered with thin rather smooth layer of yel-
lowish brown deposit. Sulfur and occasionally also high amounts of manganese as
well as small amounts of phosphate were detected on the deposits in or surround-
ing the pits (Fig. 25). These elements are often found in the cases of MIC.
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Fig. 25. EDS-analysis performed a) and b) from a pitted area on the inner surface of type 304
stainless fire extinguishing pipe, c) from a dark deposit removed from the surface of a weld,
d) from the deposit covering the inner surface containing a transversal weld.

The results of the water analysis from a water sample taken a few months after the
first leaks (water A) isin Table 5. In the same table is the analysis of the water
sample taken from fire extinguishing system two years later simultaneously with

leaking pipes (Water B).

Table 5. The chemical analysis of the water samples taken from the fire extin-
guishing system of power plant. Water C is the analysis of the tap water used as

feed water for the system.
Water | pH Fe Mn Ca Mg cr SO~ |HCO; |NO, | NO;s
mg/I mg/I mg/I mg/I mg/I mg/I mg/I mg/I mg/I
A 6 0.01 04 8.8 4 28 n.a* n.a* n.a* n.a*
B 7.2 0.44 0.53 12 4.4 21 34 20 <001 |1
C 7.8 0.05 0.02 12 4.7 24 27 26 <0.01 |<1
* not analyzed

The tap water (water C, one typical analysis) used as feed water for the fire extin-
guishing system is typical drinking water with conductivity typicaly between 15-
19 mS/m. Normally this kind of water with low chloride content is not considered
harmful to the stainless steel types EN 1.4301 or EN 1.4401.
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The total count of aerobic bacteria in samples taken directly from the surfaces of
opened system was clearly higher (from 1.1 x 10% to 7.3 x 10° cfu/ml) than in the
water sample (32...50 cfu/ml). Low values of anaerobic bacteria were detected
both from the pipe surfaces and from the water. The total count of anaerobic bac-
teria being 0.5...1 cfu/ml in water and 5.5...9.5 cfu/ml in the samples taken from
the surfaces. Also the amounts of sulfate reducing bacteria (SRB) were low, 0.5
cfu/ml in water and 0.2...4.1 cfu/ml in the surface samples. However, the system
had been opened half an hour prior sampling which might have had an influence
to the low amounts of anaerobic bacteria detected.

Sulfate reducing bacteria could be detected from the pipe sample delivered to the
laboratory with a moist deposit still on the surface. Also the amount of aerobic
bacteria in this moist pipe sample were rather high, 4.3 x 10° cfu/cm® which was
clearly higher than in the pipe sample with dried deposit, 20 cfu/cm?. Both these
samples contained through wall pits.

The presence of iron bacteria (bacteria growing on ferrous sulfide medium) was
verified from the sample delivered to the laboratory under the water taken simul-
taneously from the fire extinguishing system under consideration. The amount of
heterotrophic aerobic bacteria both in this sample as well as in the water taken si-
multaneously from the system was rather high (4.3 x 10° and 2.4 x 10° cfu/ml re-
spectively). A plenty of individual rod-shaped bacteria as well as cell aggregates
and starting biofilm formation on the stainless steel coupons incubated 6 d in iron
bacteria culture medium could be seen under the epifluorescence microscopy,
Fig.26.

Figure 26. A plenty of bacterial cells and starting biofilm formation in the deposit analyzed
fromthe failure area on the inner surface of fire extinguishing pipe [22].

The influence of iron-rich deposit and the chloramine treatment on the pitting cor-
rosion initiation of EN 1.4301 type of stainless steel can be seen in Table 6 where
the results of measured anodic polarization curves are gathered. The values for
first three tests are mean values of two separate measurements. Chloramine is
considered as an oxidizing biocide. However, the concentration in treated water is
quite low and no oxidizing influence on the open circuit potential (Eop) could be
seen (Table 6). The open circuit potential was measured after 10 min of immer-
sion.
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Table 6. The pitting initiation potential (Epn) and the potential for repassivation
(Epp) determined for stainless steel samples (EN 1.4301) in water containing
chloramine (water D) and in water without chloramine treatment (water E).

Woater/Test Epn (mVSCE) Epp (mVSCE) Eoc (mVSCE)
D+200 Cl 680* 185* -o*
E+200 Cl 548* 213* 63*

D+200 Cl+deposit 540* 100* -17*

D+ 200Cl 316 50 54
+weld+deposit

E+ 200 CI 343 -22 54
+weld+deposit

* Average of two measurements, without star: only one measurement

From the Ep, valuesit can be seen that iron-rich deposit on the surface of the sam-
ple lowered clearly the pitting initiation potential in chloramine containing water
(540 mV versus 680 mV). The same effect could be seen on Ep, values, with iron
deposit the Ey, was lower than without the deposit (100 mV versus 185 mV). In
the presence of iron rich deposit the pitting initiates at lower potential and also
continues to alower potential than without deposit. Instead, no accelerating influ-
ence on chloramine treatment on the pitting initiation was observed. With welded
specimens both Ep, and Ep values were digtinctly lowest in the presence of iron
deposit in both waters. After the tests pits were detected in all of the polarized
samples.

Discussion

Both failure cases occurred after a short time of usage in water with low chloride
content. Under normal conditions, these types of water are not regarded as corro-
sive to the stainless steel types EN 1.4301 or EN 1.4401. However in these cases,
the water was stagnant most of the time and only occasionally used. In stagnant
waters with the possibility for deposit formation, the corrosion resistance of
stainless steels is clearly diminished. During long stagnant periods, the stainless
steel surface is not cleaned and bacterial activity may increase. The presence of
bacteria was verified for Case 2 and indications of bacteria growth were found
also in Case 1. It is generally accepted that the noble shift of the open circuit po-
tential of stainless steels detected all over the world in natural waters is caused by
microbial colonization. This ennoblement can exceed the pit initiation potential
even in low chloride waters. Usually the pit initiation potential on the weld and on
the heat-affected zone is lower than on the base metal. Therefore, pitting corrosion
starts often in these areas. Heat tint layers are also rich in iron and manganese ox-
ides, which might explain why harmful bacteria tend to attach to these areas as
well.

Ennoblement alone cannot cause pitting corrosion. There has to be also some ani-
ons able to produce strong acid solutions inside the pit. Chlorides are the most
common anions causing pitting corrosion of stainless steels by forming concen-
trated metal chloride solutions inside the pits. In typical pure drinking waters hav-
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ing low chloride concentrations (6...30 mg/l) the pitting potential for stainless
steels at room temperature determined by anodic polarization is very high (>1000
mV sce). This high potential means that no pitting is actually occurring but the in-
crease of current is due to oxygen evolution and possible transpassive dissolution
of stainless steel. The potentials needed for pitting to initiate in these pure waters
are quite high even with higher chloride content. In Case 2 the pitting initiation
potential was determined as 680 mV when 200 mg/| chloride had been added to
the original water. In the same environment the welded specimen (cleaned by
pickling, 2 minin 6.5 % HNOs) covered with iron deposits had a pitting initiation
potential of 320 mV. In our earlier study [10], the effects of heat tints on pitting
corrosion were examined in chloride solutions at room temperature. It was shown
that pits could initiate at substantially lower potentials in heat tint areas than in ar-
eas without heat tints. However, the potentials required for continued growth of
open pits in a dilute (106 mg/l Cl) plain chloride environment were considered
still quite high for serious pitting in seemingly harmless environments to be ex-
plained by the presence of heat tints alone. In the presence of sulfates, the needed
amount of chlorides to initiate corrosion is even higher and is depending on the
molar ratio of chlorides and sulfates.

In many cases where pitting corrosion of stainless steels in fresh waters occurred,
manganese and/or iron oxidizing bacteria (like Leptothrix, Sderocapsa, Gal-
lionella) had been detected. Iron oxidizing bacteria can oxidize ferrous iron to fer-
ric iron, which then reacts with the chloride ions producing ferric chloride [26].
Ferric chloride is extremely aggressive oxidizing agent causing pitting corrosion
on stainless steel. The deposits from the bacteria are rich in ferric chloride and at-
tack aggressively austenitic stainless steels. Manganese oxidizing bacteria oxidize
Mn*" to Mn™, which is a strong oxidizer as well. In the studied cases, indications
of iron oxidizing bacteria were detected from the deposits. The presence of man-
ganese oxidizing bacteria was not tested. Anaerobic SRBs were also found in fail-
ure areas often together with manganese- and iron-oxidizing bacteria, as was
shown also in our Case 2.

Another mechanism of how microbes can affect the initiation of pitting corrosion
of stainless steels is the formation of thiosulfate. This type of pitting does not need
the ennoblement of the steel but can occur at lower potentials than in pure chlo-
ride environments. SRBs consume sulfate by reducing it to sulfide and which in
the presence of air can be oxidized to thiosulfate. During the stagnant periods in
the system, anaerobic bacteria like SRBs produce sulfide. During occasional us-
age of the fire extinguishing system when oxygen or oxygen containing new water
can enter the system, thiosulfate is formed. In simulated paper machine water, it
has been demonstrated that thiosulfate produced by the metabolic activity of
SRBs caused severe pitting corrosion of stainless steel type EN 1.4301[9].

The waters in both cases contained also a high amount of precipitated iron. The
high concentration of iron in the water can offer suitable conditions for iron oxi-
dizing bacteria. Besides iron hydroxides can behave as anion selective membrane
at neutral pH and had been shown [27] playing a certain role for the occurrence of
localized attack of stainless steel.
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7 Conclusions and recommendations

The influence of microbial activity has played a decisive role in these pitting cor-
rosion cases of stainless steel piping in firewater mains. The presence of precipi-
tated iron and remains of oxidized regions (heat tint areas) of welded structures
have accelerated the danger for pitting failures.

The best way to prevent forming of deleterious oxide layers is to remove oxygen
from the piping by shielding gas flushing before welding and using backing gas
during the whole welding and as well as little time after welding. The oxidization
of root can be reduced also by using root paste. This paste reacts with the welding
heat and forms a slag layer on the root side of the weld. However, the results
achieved with root paste are not anywhere near to the results achieved by using
the backing gas. Alternatively the heat tints can be removed by pickling after
welding. However, this is not always possible while considering the welding of

piping.

To avoid this kind of failures one should use water as clean as possible with low
amounts of solids, of chlorides, manganese and iron as well as a low amount of
organic substances and avoid stagnant conditions or very low flow conditions. If
the continuous flow is not possible the water should be changed frequently
enough and the amounts of bacteria should be checked regularly and when neces-
sary to treat the water to minimize the bacterial activity. In Case 1 no failures had
been detected in the system using the same water with regular use (once a week).
In Case 2 the problems have been solved by using very clean water (demineral-
ized water) and circulation. Using demineralized water, however, is very expen-
sive solution. More research is needed to be able to determinate what is frequently
enough (using or changing the water) and is some oxidations allowable or should
all the heat tint areasto be removed.
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