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SPECIFIC CORROSION BEHAVIOUR OF 316L STAINLESS STEEL
IN MINERAL WATER
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The comparative assessment of sensitivity to cimmosf the pipe and its welds of 316L
stainless steel in the mineral water is made uditfarent electrochemical conditions. The
study shows that this steel demonstrates unuseer@hemical behaviour and the typical
passive region on the anodic polarisation curveractically absent. Thus, the steel is
electrochemically active in the given environmératt {provokes its sensitivity to corrosion. It
has been found that the preliminary exposure ofsiecimens to demineralized water
saturated with oxygen leads to the appearanceegbdksive region (plateau) on the anodic
polarization curve of steel in mineral water. Thegh of this plateau increases significantly
with increasing exposure time and also with addiicapplying of the anodic polarization
current. The similar trends are observed also lier welded joints of 316L steel. The
preliminary treatments of the internal pipelineface before use are proposed and discussed.
Keywords:. stainless steel, pipeline, mineral water, corrosion current, passivity, oxygen
concentration.

It is well-known that the 316L stainless steel hasgh resistance to corrosion in
the liquid aggressive environments of different position that defines its applicabi-
lity in many fields, such as oil/gas productionustty, chemical industry, mechanical
engineering, medicine, agriculture sector [1-5], et

However, there are some exceptional cases whesestbel demonstrates non-
standard behaviour, in particular, under its intBoa with mineral waters. The corro-
sion activity of mineral waters arises due to ttepiecific physical properties and che-
mical composition as well, because their transgiortaand distribution from different
natural sources can sometimes cause the unexpawateering problems related with
the reliability of pipelines under operation [6-9].

The presented study considers the situation wéhptpeline for supplying the mi-
neral water to the swimming pools and it can sev@ sample of the above-mentioned
problem. This pipeline of a length more than 10 &rihe 316L stainless steel is de-
signed, which is very useable and verified for spgtposes. However, after one year of
operation, the given pipeline system has demoaesti@tsignificant sensitivity to general
corrosion and especially to intensive localisedasion at the welded joints (Fig. 1). The
number of such damages has increased in time angtdblem of further exploitation of
this equipment arises due to the potential po#tgiloil cracks development [10].

With the aim to clarify this situation the propossddy deals with the compara-
tive assessment of the sensitivity to corrosiontha pipe and its welds the 316L
stainless steel in the mineral water, which is nfadealifferent electrochemical condi-
tions. Here some possible solutions for preventiregcorrosion damaging of pipelines
for mineral water transportation and improving ttreliability in-service are proposed
and discussed too.
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Fig. 1. Corroded elements of a pipeline for tramsgmn of mineral water:
a — general corrosion of the external surfdre;localised corrosion at the welded joint.

Experimental procedure. The pipes and welds of the 316L austenitic stafle
steel were the object of study. The chemical coitiposof the steel is given in
Table 1. The specimens were cut from the in-sepijpes used approximately for 3 years
(Fig. 2). Before testing the specimens were potishad degreased.

The electrochemical tests were conducted in theerainvater (see Table 2) and
in the demineralized water at ambient temperature.

D=210 mm

4

=2mm
Fig. 2. A pipe with a weldd) and scheme of specimens cutting { — cutting of specimeng,— weld.

Table 1. Chemical compositions of the welded 316L stainless steel (wt.%)

c | mMn| si| c| N[ M| s | P| cul col Fe
Base metal

0.019] 093] 055 174 112 21 <0.0p3 00290 o028 64.18al.
Weld

0.027] 10| 046 174 108 22 0004 0035 031 d.1Bal.

Oxygen
or
Nitrogen

|
Potentiostat

Fig. 3. A schematic view of the electrochemical ¢&lll — specimen (working electrode);
2 — corrosion cell3 — auxiliary (counter) electrodé;— reference calomel electrode;
5 — salt bridge and: general view of the testing equipment).
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The electrochemical studies were realized with dpplication of the standard
three-electrode electrochemical cell (Fig. 3) wiitd use of the potentiostat VMP [11].

The potentiodynamic polarization curves for the I3%6eel (base metal) and its
welds (weld metal) were obtained within the randepotential from —500 mV to
+2000 mV. Here the potential scan rate wakit = 50 mViS ™ for all conducted tests.

The oxygen concentratid@o, in the environment was controlled and the assigned

value of this parameter was achieved by bubbliegstiiution by oxygen or nitrogen.

Table 2. Propertiesand chemical composition of the mineral water

Mineralization Iron <5ug Fel™*
Conductivity at 25C | 2390uSmi* Manganese 5 ug MgL™
pH 7.40 Oligo-elements — Mineral micropollutants
Dry sediment at 18C | 1428ugL™ Aluminium <1lug AL
Dry sediment at 26@ | 1424uglL™ Copper <0.01 Cu mgt}
Fluorides 2.9 mgt* zZinc <0.005 Zn mg’}
Calcium 93 Ca mgl* Oxygen and organic matters
Chlorides 420 Cl mgt* Dissolved oxygen 1.4 mg O™
Magnesium 9.4 Mg mgt: | Oxidable atmospheric KMnO| 1.2 mg QL™
Potassium 22 K mgtt Parameters of nitrates and phosphates
(S"?'gib(')j)s”'cones 12.0 mg SiGL™] Ammonium 0.11 mg NiL™
Sodium 440 Na mgL: Nitrates 1.4 mg N@.™
Sulphates 450 mg SGL™ Nitrites 1.4 mg NGL™
Iron and Manganese Orthophosphates 1.4 mg PO

Results and discussion. The first stages of the study consisted in thduasian
of corrosion activity in the pipeline — mineral watystem performed by the analysis
of the polarization curves for the base and thelwettals in the mineral water and the
demineralized water. The tests were carried othierconditions when the solution was
open to the atmospher€d, = 7.9...8.1 ppm). The most general observation nbthi
from this study is as follows. The 316L steel arsdweld are electrochemically active
in the given environments because the typical pasetgion (plateau) on anodic
polarization curves are practically absent (Fig. ®#e mineral water demonstrates a
significantly higher corrosive aggressiveness tmgare with the demineralized water
and the sensitivity to corrosion can be expected foonsidered pipeline.

@

/

llllllllllllllllll

-7 I
-0.4  -0.2 0 02 04 E\V -04 0.2 0 02 04 EV

Fig. 4. Potentiodynamic polarization curves fordbawetal & and weld metalk)
in the mineral waterl) and the demineralized waté)(
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In this case, it is very important to evaluate tbke of oxygen in the corrosion
process for the given material-environment sysifith this aim, the potentiodynamic
polarization curves for the base and weld metatieudifferent oxygen concentration in
the mineral water were received. Based on these tet corresponding values of
corrosion potentiaE,; and corrosion current,, were determined as a function of
oxygen concentratioBo, in the environment (Fig. 5).
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Fig. 5. Dependences of corrosion poterifig), (@) and corrosion currer,,, (b)
for the base metal) and the weld metaP} on oxygen concentratiadl, in the mineral water.

These results demonstrate the significant oxygéectebn the basic corrosion
parameter&..r andlcor IN general, the values of corrosion poterfiigl, increase mo-
notonically (become more positive) for both theebaad weld metals with increasing
oxygen concentratiol€o, (Fig. 5). However, some plateau (stabilisation) of these
values can be observed within the range 8 gpa, < 18 ppm. In general, the shift of
the corrosion potential vallg,, to positive values is equal to more than 100 m\érvh
the oxygen concentration in solution increases ftdbppm to 24.5 ppm.

For the values of corrosion currégy, this trend is different for the base metal and the
weld metal (Fig. b). For the base metal within the range 1.5 gp@d, < 24.5 ppm of the
oxygen concentration increase the values of camosirrent .., increase monotonically
from 5 to 8uA. This increase can be considered as not veryfisamt. For the weld metal,
the oxygen effect on the corrosion current vallgsis significantly higher. Besides,
dependencé.o = f(Co,) is non-monotonic and achieves the maximur@gtll 10 ppm.
Here the corrosion current vallig, is in 6 times higher than &, = 1.5 ppm (Fig. b,
curve 2). It should be noted that this critical poi@s, [J 10 ppm is very close to the
conditions when the solution is open to the atmespiCo, = 7.9...8.1 ppm), i.e. to the
real operation conditions of the given pipelineisTact explains the existence of numerous
corrosion damages at the pipeline welded joints g D).

As a summary of this stage, it can be concludedtiiegpipeline—mineral water sys-
tem is a corrosive active system and the oxygenergration in the environment plays a
very important though controversial role. The secstage of the study is devoted to the
research of some possible ways to reduce the pépetirrosive activity. In this case, we
can not affect the mineral water composition begdtus the product for the end user.

As it is known from literature [12] the formatiofi the passive protective layer on
the internal surfaces of the pipeline is a simple affective way to improve the corro-
sion resistance. As a first attempt, we used tkeisn surface treatment with the 20%
aqueous solution of the nitric acid (HR)QGas it was made in paper [13]. The result of
this trial was negative because the specimen sudéier such treatment became more
corrosive active (see Fig. 6). In addition, thatywaobably was not acceptable because
of the possible effect on a human body, becausgitten pipeline network was used
for supplying the mineral water to the swimming Isoo
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Fig. 6. Potentiodynamic polarization curves of blase metals) and the weld metabj
in the mineral water after exposure of the specingemigg timet to 20% HNQ aqueous
solution:1—-1=0;2—-1=0.67 h.

Taking into account this circumstance we triedind the “safe” solution that was
based on the use of the demineralized water fopalssive films formed on the internal
surfaces of the pipeline.

To prove this suggestion the testing of the spatdweith preliminary treatments
(see Table 3) were carried out and the potentiadimpolarization curves for the base
and the weld metals at different oxygen conceminain the mineral water were
obtained. These data served as a basis for detegtime dependencés,; = fi(Co,))

andlcor = fi(Co,) for three states of the specimen surfaces acwpiii Table 3. The

received results showed the visible effect of traiminary treatment of specimens on
the corrosion behaviour of the base (Fig.Hj and the weld (Fig.d d) metals.

Table 3. Preliminary treatments of the specimens befor e electrochemical tests
of the base and the weld metals of the 316L steel in mineral water

No State of specimens surface

1 As-received (without any preliminary treatment)

2 Preliminary exposure to the demineralized watetifoet = 40 h Co, 09 ppm)

After preliminary exposure of the specimens todamineralized water saturated

3 with oxygen for timer = 90 h Co, 28 ppm)

Preliminary exposure of specimens to the demirrdlivater gives some positive
effect on the corrosion potentil,, for the base metal (Figa/curve2) and the weld
metal (Fig. €, curve?2) in comparison with the non-treated specimens. él@n the
strongest effect can be observed for the specimgnjscted to preliminary exposure to
the demineralized water saturated with oxygen (Figsc, curves3). In this case, the
shift of the corrosion potential valukg,, to positive ones is equal to more than 400 mV
when the oxygen concentration in solution incre&ses 1.5 ppm to 24.5 ppm.

The similar fact can be observed for the valueghef corrosion currenk.y,
(Figs. b, c). The preliminary exposure of the specimens todbmineralized water
saturated with oxygen leads to a significant desgreat the corrosion current for the
base metal as well as for the weld metal. Espgdihib effect is clearly seen for the
weld metal where the maximum on the dependenge= f(Co,) disappears (Fig.c7

curve3d) in comparison with the non-treated specimens. (Rigcurvel). It should also
be marked that for this case the change of theesaly, is quite small with increasing
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oxygen concentration in the mineral water withia tange 1.5 ppra Co, < 24.5 ppm.
This result is very important because it confirims fact of the existence of the passive
protective film on the specimen surface, which isated during the preliminary
treatment of specimens with the oxygen-saturatedriealized water.
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Fig. 7. Dependences of corrosion poterifig); (a, ¢) and corrosion currem,,, (b, d)
for the base metaa(b) and for the weld metat(d) on oxygen concentratia®,
in the mineral water for the different stats of Hpecimens surfacé:— as-received;

2 — after preliminary exposure to the demineralizeder ¢ = 40 h);3 — after preliminary
exposure to the demineralized water saturated wiylyerx ¢ = 90 h).

Therefore, it can be concluded that for the givesecthe demineralized water
saturated with oxygen can serve as an effectivénprary tool for improving the
corrosion resistance of the internal surface of3h6L steel pipeline for the mineral
water transportation.

The final stage of this study shows the transfoionadf the polarization curves of
the base and the weld metals in the mineral waterr@sult of preliminary exposure of
specimens for time to demineralized water saturated with oxygen. Thignportant
for development of the practical recommendationgthten optimal time of the preli-
minary treatment of the considered pipeline intesngface.

In general, any preliminary exposure of the specsri® the demineralized water
saturated with oxygen leads to the appearanceeopdssive region (plateau) on the
anodic polarization curves of the base (Fi. &hd weld (Fig. B) metals in the mineral
water. It can be seen clearly when comparing cutvgsvith curvel in Fig. 8.

This trend can be analyzed using two parametersglya length of the plateau
(AEpaea) and current at the platedyea). The last parameter was determined as the ano-
dic current aE = 0 because poirf = 0 was always located on the plateau for all ieons
dered cases. The numerical values of paranBigg..,andlpaeasare given in Table 4.

The obtained results show (Table 4) that the lengthlateauAE,eas inCreases
with increasing time of exposure and this parameder achieve the value of 310 mV
after exposure time = 21.25 h for the base metal and the value of0Cafter expo-
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sure timet = 23.5 h for the weld metal. At the same time pai@r|paea decreases
significantly with increasing time of exposure ahis tendency reflects the growth of the
corrosion resistance of the specimen surface. Basdtle obtained data it can be con-
cluded that optimal time of the welded pipe prefiany treatment is equal to about 24 h.

lg/ [mA]
lgl [mA]

A“(—':plateau EAE]JIateau

04 02 0 02 04 E.V 04 02 0 02 04 E.V

Fig. 8. Polarization curves of the 316L stainldasgls@) and weld ) metals in the mineral
water after exposure for tinteof the specimens to demineralized water saturatddaxygen:
al-1=02-1t=0.25h3-1=05h4-1=21.25h5-1=66.25h;
b:1-1=0;2-1t=05h3-1=1h;4-1=3h;5-1=23.5h.

Table 4. Basic parametersfor evaluation of the electr ochemical behaviour
of thewelded 316L stainless steel in the mineral water

. Length of passive plateay Current at plateau
Time of exposure, h AE yatens MV |piateas MV
Base metal
Preliminary exposure of the specimens to the demlized water saturated with oxygen

0 0 0.0590

0.25 140 0.0300

0.50 200 0.0250

21.25 310 0.0120

66.25 310 0.0120

Preliminary exposure of the specimens to the demalized water saturated with oxygen
under anodic polarization gt= +0.020 mA

0 0 0.0590
0.50 400 0.0310
1.25 440 0.0190
18.6 460 0.0100

Weld metal
Preliminary exposure of the specimens to the demalized water saturated with oxygen

0 0 0.0268
0.5 200 0.0125

1 200 0.0122

3 307 0.0124
23.5 400 0.0067

Preliminary exposure of the specimens to the demaliized water saturated with oxygen
under anodic polarization gt= +0.020 mA

0 0 0.0268
0.5 395 0.0073
1 390 0.0101

3 380 0.0082
233.75 500 0.0065

114



For strengthening of the positive effect of thecapens preliminary exposure to
the demineralized water saturated with oxygensthall anodic current can be applied
simultaneously. This leads to the acceleratiorhefgrocess of the passive film forma-
tion on the surface. The results, which are giveRig. 9, can serve as some confirma-
tion of this statement. Here the additional appitcaof the anodic polarization current
o = +0.020 mA increases the length of the plateatowpvalue of 460 mV for the base
metal. The similar trends are observed also forwkdled joints of the 316L steel
where the length of the plateau can reach a vdl6e@®mMV (see Table 4).
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Fig. 9. Polarization curves of the 316L stainldeelsg) and weld I§) metals in the mineral water
after exposure for timeof the specimens at anodic polarization curtgnt+0.020 mA
to the demineralized water saturated with oxyget:—1=0;2—-1t=0.5h;3-1=1.25h;
4-1=186hb:1-1=0;2-1=05h3-1=1.0h4-1=3.0h5—-1 =233.75h.

It should be noted that sometimes is not possibliattoduce the anodic current
into the pipeline system because of its differeattire: technical, economical, medical,
ecological, etc. Therefore, the application of thisthod needs further justification
depending on the actual situation.

CONCLUSIONS

The comparative assessment of the sensitivity toosimn of the 316L stainless
steel welded pipe in the mineral water was madewudiferent electrochemical condi-
tions. For a considered case this steel demonstrate unusual electrochemical
behaviour and the typical passive region on thalinaolarization curve is practically
absent. Therefore the steel is electrochemicaltiveén the given environment that
causes its sensitivity to corrosion. It should degointed out that the value of oxygen
concentration in mineral water plays a very impatrteole in providing the passive
(non-corrosive) state of the pipeline system dudpgration.

It has been shown that the preliminary exposutéetpecimens to the deminera-
lized water saturated with oxygen leads to theipasggion (plateau) appearance on
the anodic polarization curve of steel and its wielthe mineral water. The length of
this plateauAE,.eay inCreases with increasing exposure time and thrarpeter can
reach a value of 310 mV after exposure tine21.25 h for the base metal and a value
of 400 mV after exposure time= 23.5 h for the weld metal. Under these cond#jon
the additional application of the anodic polari@aatcurrent, = +0.020 mA increases
the length of the plateau up to a value of 460 e similar trends are observed also
for the welded joints of 316L ste@hEpaeau= 500 mV). It can be concluded that the
given 316L steel pipeline requires preliminary tneent before using for transportation
of the mineral water and the demineralized watarrated with oxygen and can serve
as an effective preliminary tool for improving therrosion resistance of the internal
surface of the pipeline for the mineral water tpamgation. The optimal time of prelimi-
nary treatment of the welded pipe is equal to aBdut. The proposed study illustrates
the environmental conditions, which simulate thal reperation of the pipeline and
therefore the obtained results may be used asereferdata preventing corrosion da-
maging of the pipeline and improvement of its sarability in such specific conditions.
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PE3IOME. TlopiBHSUIBHO OLIIHEHO YYTJIMBICTH JJO KOpO3ii TpyOu 3 HepkaBkoi cranmi 316L
Ta ii 3BapHUX 3’ €lHaHb Y MiHEpalbHill BOAI 3a PI3HUX EJIEKTPOXIMIUHMX YMOB. Y LHUX YMOBax
CTallb ICMOHCTPY€E HE3BHYHY €JIEKTPOXIMIYHY MOBEAIHKY 1 TUIIOBA MTACUBHA 00JIACTh HA aHOHIN
NOJAPU3ALIHHINA KPUBI IPAKTUYHO BLICYTHS, TOOTO BOHA €IEKTPOXIMIYHO aKTHBHA B JaHOMY Ce-
PeNOBHIL, a OTXKeE, YyTJIMBa JI0 KOpO3ii. BcTaHOBIIEHO, 110 TIONEpeIHS BUTPUMKA 3pa3KiB Yy JAeMi-
HepaJti3oBaHiil BO/i, HACHYEHIN KHCHEM, NMPU3BOAUTH JI0 YTBOPEHHs MAacHBHOI o6iacti (raro)
Ha aHOJHIM MOJSIPU3ALiiHIA KpHUBIH cTali B MiHepalibHiit Boji. JJOBKMHA LILOTO TJIATO 3HAYHO
3pocTae 3i 30UTBIIEHHSIM Yacy €KCIIO3MIT 1 3a JOJaTKOBOTO IPHKIAJAHHS CTPyMY aHOIHOI I10-
nsipu3anii. AHajoriuHi TeHaeHii 3adikcoBaHo 1 JUIs 3BapHUX 3’ €JIHAHB IIi€i cTali. 3anpornoHo-
BAaHO BUJ 0OpPOOKU BHYTPILIHBOI OBEPXHI TPyOOIPOBOAY MEPe HOro BUKOPUCTAHHAM UL TPaHC-
HOPTYBaHHS MiHEpaIbHOI BOJH.

PE3IOME. OcyniecTBleHa CPaBHUTEIbHAsI OLICHKA YYBCTBHTEILHOCTH K KOPPO3HUU TPYOBI
u3 Hepkaserolei cranu 316L u ee CBapHBIX COEAMHEHWH B MHHEPAbHOW BOJC B Pa3IMYHBIX
JNEKTPOXUMHYECKUX YCIOBHUAX. B MaHHBIX yCIOBHSX CTalb AEMOHCTPUPYET HEOOBITHOE HIICKT-
POXMMHYECKOE MOBEJCHUE M TUIMYHAS MaCCHBHAs 00J1aCTh Ha aHOHOM MONSAPU3AIMOHHON KPH-
BOH MPAKTHYECKH OTCYTCTBYET, T.€. OHA SBJIAETCS NEKTPOXUMHUYECKH aKTHBHOM B JaHHOW cpe-
I, a, CIIEIOBAaTEIbHO, YYBCTBUTENbHA K KOPPO3HH. YCTAaHOBICHO, YTO TPEIBAPUTEIbHAS BbI-
JepKKa 00pas3loB B IEMHHEPATH30BaHHON BOJE, HACHIIIEHHOW KHUCIOPOAOM, IPUBOAUT K 00pa-
30BaHHIO MACCHBHOW obnact (IU1aTO) HA aHOIHOW MOJSIPU3ALMOHHON KPHBOM CTAald B MUHE-
panbHOI Boze. [IMHA 3TOrO IJIATO 3HAYMTENBHO BO3PACTAET C YBEIMUCHUEM BPEMEHH DKCIIO3H-
UM U TIPH JIOTIOJTHUTEILHOM MPUIOKESHUH TOKA aHOTHOM MOJISIPH3aliK. AHATIOTHYHBIC TCHICH-
K 3aMKCUPOBAHBI M JUIS CBApPHBIX COCAMHEHHWH 3Toi crtamu. IlpemnoskeH BuUX 00pabOTKH
BHYTPEHHEH MOBEPXHOCTH TPYOOMpPOBOJA Mepel €ro MCIOIb30BAaHUEM JJISI TPAHCIIOPTHPOBKU
MUHEPaJTHHON BOJIBI.
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