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The electrochemical corrosion behaviour of the éarbon steel of the long-term operated
gas pipeline elbow with extensive hydrogen-induckdamination was investigated in
0.3% (wt.) NaCl and 8.55 mM NaHG@queous solutions. The degradation of the comosio
resistance of the pipe elbow steel in both invaest) corrosive environments was revealed.
The pipe elbow steel (both the compressed ancetistoned sections) was characterized by
lower corrosion resistance than the metal of thegstt pipe section. It was shown that the
corrosion resistance degradation of the pipe elkteel correlated with the degradation of its
mechanical properties. It was established thattnesion resistance characteristics of the
degraded material (corrosion current density ardrization resistance) could be informa-
tive of its state changes caused by long-term ¢@iperand could be used for diagnostics of
mechanical properties degradation of the hydrodiectad steels.

Keywords: pipeline steel, pipe elbow, degradation, macrodefelectrochemical charac-
teristics.

Today delaminations in pipeline steels, being cddseboth manufacturing pro-
cess and operational factors, are a well knownlpnobThey are formed by relatively
weaker texture planes which are aligned parall¢h¢orolling direction. Their forma-
tion is influenced by the presence of carbide amtlisions particles, seams, inclusion
alignment in the rolling plane, intergranular fuar, texture, banding, segregation
bands, and anisotropic plastic deformation [1,I2]0oil and gas pipelines absorbed
hydrogen, being generated by internal or exteroabsion, can penetrate into the steel
[3, 4]. Accumulation of hydrogen at imperfectionije to recombination of atomic
hydrogen to the molecular state, generates tremsngi@ssure and leads to macrode-
fect formation, e.g. delamination, hydrogen craakblisters [5, 6]. Such macrodefects
can eventually cause the pipeline failures [7].

There is a wide range of available sources of hyeindn both manufacturing and
service environments. The specific long-term serdtoil and gas pipelines promotes
the pipeline steel hydrogenation as a result ofrdgeh evolution on metal surface
under corrosion processes in the external andfernal environmental conditions [4,
8, 9]. So, the risk of hydrogen-caused macrodelatitin in corrosive environments
with high hydrogenating ability, especially in tppeesence of hydrogen sulphide, is
very high. It should also be noted that no extestiss is usually required to induce
this damage. Such macrodefects in oil and gasipgsehre often revealed as a pipe
wall thinning by using ultrasonic testing [10].

Recently an extensive delamination in the pipevelbody revealed in the long-term
operated lateral pipeline of the gas transmisgipelines system was investigated, and
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degradation of the metal close to the macrodefestmevealed [11]. A strong decrease
in plasticity of the pipe elbow steel was observEbe electrochemical approach to
diagnostics of mechanical properties degradatiostafctural materials by non-des-

tructive methods has been recently proposed [12-hb4Fd on the correlation between
electrochemical and mechanical properties chanfjgseanaterial due to its long-term

service. Thus, the focus of this study is to inigede electrochemical corrosion

behaviour of steel of the long-term operated gaslisie elbow with a macrodefect to

obtain information on its state changes.

Objects, materials and methods. The object of the present study was a pipe
elbow made of low carbon 0.20 C pipeline steel. Pipe elbow, being a part of
above-ground lateral pipeline of the gas transmisgipelines system and located
behind the compressor station, was operated foyed®s. It was removed from the
lateral pipeline after non-destructive testing fiyasound thickness meter revealing a
macrodefect in the pipe body [11]. The dimensiohshe pipe elbow were the fol-
lowing: outer diameteD = 219 mm and wall thickness= 18 mm. The 90elbow was
made by cold bending without any further heat tneait. The maximum working pressure
was 5.5 MPa and the working temperature of the giipew steel was up to 80.

The specimens (working electrodes) of three diffesections of the pipe elbow
were studied, including tensioned and compressetioss of the pipe elbow and a
straight pipe section. The working electrodes weagle in the form of bars 1.5x1 cm
and a length of 2.5 cm, with all surfaces polishRdfore testing all surfaces of the
working electrodes were coated by a special watefpdielectric isolation, except of
the small are@D.35 cni for electrochemical studies. The electrochemiedlaviour of
the specimens was analysed on the basis of th&agkemical tests performed by
potentiodynamic method using potentiostat IPC-Ryotrolled with a computer. The
electrolytes were 0.3% (wt.) NaCl and 8.55 mM NaHCfueous solutions used
without any pre-treatment. All electrochemical $esfere carried out using a standard
temperature-controlled electrochemical cell withtypical three-electrode system
consisting of the working electrode, Ag/AgCI (satied KCI) reference electrode and
Pt auxiliary electrode. Tests were conducted atréemperature. Potentiodynamic po-
larization curves were performed by sweeping therial at a sweep rate of 1.0 V.
The basic electrochemical characteristics of st@mlgrosion potentiak.,, corrosion
current density.., Tafel constants of anodic and cathode reactipns.) were deter-
mined by the graph-analytic method. PolarizaticsistanceR, was calculated using
the Stern—Geary equation:

AE K b, (h,

— = RIO =—— where the constarif = .
AI ICOI’I’ 23[r0a + bc)
The characteristics of the tensioned and compressetibns of the pipe elbow
were compared between themselves and with propertithe straight pipe material.

Test results and discussion. The polarization curves obtained for the low-carbon
steel of the straight pipe section of the elbowwadl as of its tensioned and com-
pressed sections in 0.3% (wt.) NaCl and 8.55 mM ®@k aqueous solutions are
shown in the Figure. The corrosion potentigl.g) and corrosion current densitif,)
values calculated using the Tafel extrapolationhmétare given in the Table.

There is no passive region observed in the potéyiamic polarization curves
(see the Figure) for any of the investigated mateiin any of the studied media, only
active dissolution is observed. At studied potdsitiaathodic and anodic polarization
curves for the straight pipe metal and the deforsted| of the pipe elbow (of the com-
pressed and tensioned sections) were nearly idéntigth slight increases in current
densities for the deformed steel. Diffusion of dapgeer (oxygen) was a limiting stage
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of the corrosion process, as it was indicated kyrdgion of the diffusion limiting
current on the cathodic polarization curves shawtthé Figure.
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Potentiodynamic polarization curves of the low-carl0.20 C steel of different sections
of the pipe elbow in 0.3% (wt.) NaGi)(and 8.55 mM NaHCg(b) aqueous solutions:
1 — straight pipe sectio,— compresse® — tensioned sections of the pipe elbow, respdygtive

For all studied materials the values of Tafel cansbf anodic reactiorns, were
about 0.046 and 0.057 V in 0.3% (wt.) NaCl and 888 NaHCQ solutions, respec-
tively.

Analysing the results obtained by electrochemiesting of the pipe elbow steel
from different sections (see the Table) it can bensthat the steel of the tensioned
section was characterized by slightly lower cownsiesistance than the steel of the
compressed section. Thus, corrosion current dessiti the materials, obtained from
different sections of the pipe elbow, which weraded in compression or in tension
during long-term service, slightly differed.

Electrochemical characteristics of the low-carbon 0.20 C steel of different sections
of the pipe elbow in different corrosive environments

Section of the pipe elbow Ecom V icom HA/cm? R,, kQ@n?
0.3%(wt.) NaCl solution
Straight -0.658 3.37 4.14
Compressed -0.663 3.81 3.66
Tensioned -0.667 3.96 3.53
8.55 mM NaHCQ solution
Straight —-0.686 2.84 5.56
Compressed -0.690 3.36 4.70
Tensioned —-0.695 3.48 4.54

The lower corrosion resistance of the pipe elbaelstboth the compressed and
the tensioned sections) in comparison with the hradtséhe straight pipe section was
revealed in both investigated corrosive environmemhus, the values of polarization
resistance of the straight pipe steel were the esigh4.14 and 5.56 kénf in
0.3% (wt.) NaCl and 8.55 mM NaHGGolutions, respectively (see the Table). The
steel of the straight pipe was characterized bynttost positive value of corrosion
potentialE., and the pipeline steel of the tensioned sectidhenelbow — by the most
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negative value among the studied steels in comosinvironments. The obtained
results showed the degradation of corrosion resistaf the pipe elbow steel.

Comparison of the results obtained by electrochain@ind mechanical (see [11])
tests of the steel of the three studied sectiorthefpipe elbow (the compressed, the
tensioned and the straight pipe elbow sectionsjvetiogood correlation between its
electrochemical (corrosion current density and jigddion resistance) and mechanical
(reduction in area) properties. Thus, the intensiegradation of the steel of the pipe
elbow with a macrodefect was revealed by mechambésiing [11]. At the same time
the degradation of the pipe elbow steel was highen that of the straight pipe steel
regardless of the tensioned or compressed settmmever, the steel of the tensioned
section of the pipe elbow was characterized byntlest intensive damage. Neverthe-
less, the steel of the tensioned section of the gilbow was characterized by the
lowest plasticity (reduction in arejgrs = 30.Q and the steel of the straight pipe section
— by the highest onepg = 38.7). With reference to the obtained results it waalds
shed that the degradation of the pipe elbow seaeded by its long-term service resul-
ted in the weakening of cohesion of the lengthemed metallic inclusions with the
matrix, being facilitated by the influence of hygem. Moreover, high temperature
(up to 80C) of the steel of the pipe elbow caused by itstiogebehind the compressor
station intensified hydrogen diffusion through #teel and, in turn, contributed to the
degradation of the metal. It can be assumed thaenvice degradation of the pipe
elbow steel is accompanied by intense internal dencaused by mutual action of the
working stress and hydrogen. Therefore, it candreladed that the electrochemical
properties of the pipe elbow steel, such as cavrosurrent density,.r and polariza-
tion resistanc®,, being sensitive to changes in the state of degratkel and correla-
ted with its mechanical properties, could be infatire of changes caused by the long-
term operation.

CONCLUSIONS

The results presented here, describing the eldwrical corrosion behaviour of
the low-carbon 0.20 C steel of three different ipast (the compressed, the tensioned
and the straight sections) cut from the pipe ellmdwabove-ground lateral pipeline of
the gas transmission pipelines system tested ¥ Qu&.) NaCl and 8.55 mM NaHCO
aqueous solutions, revealed the degradation obsiom resistance of the pipe elbow
steel:

— the corrosion resistance of the steel of theideesl section was slightly lower
than corrosion resistance of the steel of the cesgad section;

— the corrosion resistance of the pipe elbow dteeth the compressed and the
tensioned sections) was lower than of the stragig section metal.

The degradation of corrosion resistance of the plpew steel correlated with the
degradation of its mechanical properties. Thus,ctireosion resistance characteristics
of the degraded material, such as corrosion cudensity and polarization resistance,
could be informative of its state changes causetth®yong-term operation.

PE3FOME. JlocmipkeHo KOpO3iiHO-eIeKTpOXiMIuHY IOBEMIHKY Y BOogHIX po3unHax 0,3%
NaClra 8,55 M NaHCQ; maioByriiereBoi craii TpUBaio eKCILIyaTOBAHOTrO THHY ra30lpoBo-
Iy 3 OOMMpHMM BOJHEM iHINIFOBaHMM po3ImapyBaHHSIM. BusBIeHO nerpananito Kopo3iftHOT
TPUBKOCTI CTaJNi THHY TpyOH B 000X JOCIIKEHNX KOPO3UBHHX cepenoBuiax. CTans THHY TPY-
6u (K CTHCHYTOI, Tak i PO3TATHYTOI JIISIHOK) XapaKkTepu3yBajach HIKYUM OIIOPOM KOpO3il,
HK MeTaJ IpsiMol AutsHKN TpyOu. [TokaszaHo, mo merpanais KOpo3iifHOi TPUBKOCTI CTali THHY
TpyOU KOpEIIIoe 3 ierpaalieio ii MeXaHI9HUX BIAacTHBOCTel. BeTaHOBIEHO, IO XapaKTepHCTH-
KH KOPO3iHHOI TPHBKOCTI JIerpajoBaHoro Marepiainy (rycTHHa cTpyMy KOpo3ii Ta HOJspU3aLiiii-
HHiT orip) MOXyTh OYTH iH(OPMATHBHUMH apaMeTpaMH 3MiH HOro CTaHy, CIPUYUHEHUX TPHU-
BAJIOIO EKCIUTyaTamilo, i iX MOXKHa BHKOPHCTOBYBATH IS AIarHOCTYBAHHS JeTpajallil MexaHid-
HHX BIIACTHBOCTEH CTasielf, HOMIKOKEHNX BOTHEM.



PE3IOME. VccnenoBaHo KOPPO3UOHHO-3IEKTPOXUMUYECKOE IIOBEJEHUE B BOIHBIX pacT-

Bopax 0,3% NaClu 8,55 nM NaHCGQ; manoyriiepoaucToil CTaiy JIUTENEHO IKCIUTyaTHPYyeMOo-
TO KOJICHA Ta30IpoBOJa ¢ OOIIMPHBIM BOAOPOIOM MHHIMHPOBAHHBIM PACCIOCHHEM. BEIIBIEHO
JIETPaJaii0 KOPPO3HOHHOI CTOMKOCTH CTalH KOJEHa TPYOBI B 00EHMX HCCIETOBAaHHBIX KOPPO-
3MOHHBIX cpenax. Cranp KojieHa TpyObl (Kak CKaToro, Tak M PacTSHYTOrO y4acTKOB) XapakTe-
pm3oBanack Ooyee HU3KIM CONPOTHBICHHEM KOPPO3HH, YeM METAJLT IPSIMOTO yJacTKa TPYOBL.
IMoka3zaHo, 9TO Aerpafamys KOPPO3HOHHOI CTOMKOCTH CTaaH KOJEHA TPYOBI KOPPEIHpYeT ¢
Jerpajanyel ee MEeXaHMYEeCKHX CBOWCTB. YCTaHOBJICHO, YTO XapaKTEPHUCTHUKH KOPPO3MOHHOM
CTOMKOCTH JIerpaJupOBaHHOI0 Matepuaia (IIOTHOCTh TOKa KOPPO3UH U MOJSPH3ALUOHHOE CO-
HPOTHBIICHUE) MOTyT ObITh MH()OPMATHBHBIMH IapaMeTpaMH M3MEHEHHH ero COCTOSHHSI, BbI-
3BaHHBIX JUTUTEIBHOHN HKCIUTyaTallel, 1 MX MOXKHO HCIOJNB30BAaTh JUIS JUATHOCTHKU Jerpaja-
MM MEXaHUIECKHX CBOHUCTB CTaJIEH, MOBPEKIECHHBIX BOJOPOIOM.
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