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SUSCEPTIBILITY TO ABSORPTION OF ATOMIC HYDROGEN
IN API 5L X60 STEELSWITH UNCONVENTIONAL HEAT TREATMENT
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Electrochemical behavior of APl 5L X60 steel wasilgred in the as-received state and
after non-conventional quenching (heated at 1G50r 30 min and quenched in water) by
potentiodynamic polarization and electrochemicgléatance spectroscopy in the standard
NS4 solution. Samples were potentiostatically hgdrated for different time in the NS4
solution and the concentration of sub-surface dlezbhydrogen was evaluated by electro-
chemical oxidation. The heat treated samples abdddss subsurface hydrogen compared
with the base metal due to the presence of moersible traps in the bainite and acicular
ferrite phases. The kinetics of the hydrogen foromatvas monitored by recording the
current which is directly related with the surfad®@nges that occur in the samples tested.
The standard deviation of the current in the hestéd steel samples showed the lower
values compared to the base metal, which indicdifésrences in the catalytic activity
between the two metallurgical conditions.

Keywords: atomic hydrogen, heat treatment, standard $8Mition, resistant to corro-
sion.

Corrosion degradation of metallic structures anthponents affects the infra-
structure of all countries: in the environmentsgiag from deserts to swamps. Corro-
sion occurs in different environments and its medm depends on several factors
[1]. One of the methods that minimize the electesunltal corrosion degradation of
carbon steel structures is the cathodic protectimmlkaline and neutral environments
the cathodic protection of steel structures gemsratomic hydrogen by the reduction
of water molecules. Carbon steels and other matalsusceptible to hydrogen damage
due to the absorption and diffusion of hydrogemtigh the metal microstructure. The
main effects associated with the presence of hydrag metals is the modification of
mechanical properties and in some cases, the cgacth and propagation [2, 3].

The whole picture of the interaction processes higtdrogen can be described
considering three stages: the entry of hydrogem filee surrounding environment into
the metal, the transport (diffusion) of hydrogeside the metal and the trapping of
hydrogen at structural defects and/or formatiohyafrides phases [4].

Hydrogen permeation experiments allow calculathng diffusion coefficient that
is important for analyzing the effect of hydrogermietals. This methodology uses two
electrochemical cells with the two faces of the sasample, one for the hydrogen
absorption and the other for the electrochemicartyen oxidation. This technique
involves the use of very thin samples because th& rmpurpose is to determine
the diffusion coefficient of hydrogen in a specifiteel. Nowadays few investigations
on the effect of hydrogen under real service comlthave been carried out, normally
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the permeation tests are carried out at high cudensities which do not repre-sent the
service conditions to which carbon steel structaressubjected. The effect of cathodic
polarization on the hydrogen generation and perioeain X-65 pipeline steel samples
exposed to neutral pH NS4 soil simulating solutisrassessed. It is found that the
hydrogen content is less sensitive to the cathpdiential at short charging times,
while at longer charging times the hydrogen contenthe steel increases almost
linearly with the applied potential [5].

The method of electrochemical oxidation is usedlétermine the total amount
of hydrogen absorbed by pipeline steels under daththarging, (hydrogenation) [6].
In this methodology the samples previously subjedte hydrogenation for defined
periods of time are anodically polarized in an kfleasolution (0.2 M NaOH), which
induces the oxidation of the hydrogen absorbechbysample. This method for deter-
mining the concentration of the sub-surface-absbty&lrogen has been used success-
fully by other research groups [7, 8].

The high-strength low-alloy steels present a modesbsion resistance and opti-
mal mechanical properties due to their chemical pmsition and the thermomecha-
nical manufacturing process. Showing the importasfdessil fuels in energy genera-
tion it is necessary to extend the useful life tele pipelines and structures. Cathodic
protection is the most used method for corrosiaigution of steel pipelines. Unfortu-
nately, during application of cathodic protectidre tatomic hydrogen is generated as
a part of the protection process, either by reduatif H ions in acidic media or by re-
duction of water in oxygen-free basic and neutgalemus electrolytes [9].

Experimental procedure. The micro-alloyed API 5L X60 steel samples were
studied in two metallurgical conditions of the basetal in the as-received state:
X60MB steel samples and X60TTnC samples subjeaiesl mon-conventional quen-
ching and heat treatment. The samples 28811 mm) subjected to the non-conven-
tional quenching were heated at 1060for 30 min and quenched in water at room
temperature. After quenching, the samples surfaae mechanically grinded with SiC
abrasive paper of 240; 600 and 1200 grit followgdoblishing with a diamond paste
of 0.5 um up to a mirror finishing. The samples were washéth distilled water,
degreased with acetone and dried with air for tle¢éattographic analysis. To evaluate
the electrochemical behaviour of the API 5L X6Qeia two metallurgical conditions,
samples of 1816x9 mm were prepared with the same procedure asatmples for
metallography except the polishing step, leavingiaking surface area of 1 ém
Potentiodynamic polarization (PP) and electrochahiimmpedance spectroscopy (EIS)
tests were carried out at room temperature witlkelaotrochemical analyser Solartron
model 1280C using a conventional three electrodetreichemical cell with X60MB
and X60TTnC samples as working electrodes, a gatlialomel electrode (SCE) as a
reference electrode and a graphite bar as an ayxiélectrode. The PP tests were
carried out in the deaerated NS4 solution (pH épflying a cathodic overpotential of
300 mV and an anodic overpotential of 600 mV, baththe open circuit potential
(OCP) at a scan rate of 10 mV/min. The chemicalmmsition of the NS4 solution is
shown in Table 1.

Table 1. Chemical composition of the NS4 solution (g/l)

MgSQO, 7H,0 CaC-H,0O KCI NaHCQ
0.131 0.181 0.122 0.483

The standard soil simulating NS4 solution usechi fgresent work, was selected
in order to have comparison parameters becaussdhiion had been widely used in
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studies on hydrogen damage, hydrogen absorptiorstaess corrosion cracking [4, 6,
9-15]. The EIS measurements were performed applgmgAC potential signal of
10 mV at frequencies from 20000 to 0.1 Hz. The ESults were analyzed using an
equivalent electric circuit that gave the besirfigtof thez" vs.Z' and Z| vs. logo data
(Nyquist and Bode diagram), respectively. In thespnt case the impedance results are
presented only for the Nyquist diagram. The elettesnical noise (EN) measurements
were conducted under potentiostatic control (—280ws. OCP) which can give infor-
mation about the formation of atomic hydrogen & samples surface. The EN data
were statistically treated and standard deviatibthe current fluctuations was deter-
mined and analyzed.

The hydrogenation of the samples was conductegplyiag a cathodic polariza-
tion of 200 mV vs. the OCP in the NS4 solution diifferent periods of time in a con-
ventional electrochemical cell similar to the omscribed above. For the electrochemi-
cal hydrogen oxidation the hydrogenated sampleg waljected to anodic polarization
in the 0.2 M NaOH solution. All electrochemical rmaeements were carried out using
a Potentiostat/Galvanostat Solartron model 1285.

The hydrogenation of steel samples involves theigiah reaction of the water
molecules in the neutral pH NS4 solution accordathe following reaction [9—11]:

HoO +6 <> Hags+ OH™. 1)

The Hygsevolved by the reaction of Volmer can form the ecoles of H by the
chemical reaction of Tafel

2Hags > Ha, (2)
or by the electrochemical reaction proposed by bhesky
Hagst H2O +€ > H, + OH, (3)
or the adsorbed hydrogen can be absorbed andtgehesteel:
Hads <> Habs (4)
These reactions take place in the alkaline or akgwlutions in the absence of

oxygen.

The application of the cathodic potential (—200 @€P) simulates the cathodic
protection conditions to which this type of steebubjected. The total amount of hyd-
rogen formed on the metal surface can be calculatedrding to Eqg. (5) [13]:

Texp

QIE-}lV: _[ Icathodic('[)dT under Ecathodic: cons. (5)
0

The behavior of the formation kinetics of atomiaiggen on the surface of the
steel samples indicates the influence of the minnoture and at different electroactive
fastors presents the metal-electrolyte interface.

The oxidation of Hyswas carried out in 0.2 molar NaOH solution by tbaction
H* — H' + €, under constant anodic polarization (170 mV vsEB®@ith this proce-
dure it is ensured that most of thg,Hhat reaches the surface passes to solution in the
form of H' ion, being able to measure the process with thecisted current density
[13-15]. The total amount of J5k absorbed by the metal can be determined by means
of the equation:

Tdes

ngsz f [|H(T)—Iref(T)]dT under E,noqgic = CONS, (6)
0

wherely(t) is the anodic polarization current for the hydmgharged test piecks(t)
is the anodic polarization current for the hydro@iee specimen.
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The concentration of hydrogen was determined bydh&wing equation:

_ Qabs
==t (7
zFv
where z is the number of electrons participating in thact®n; F is the Faraday’'s
constant and is the effective volume of the sample.
Results and discussion. The microstructure of the steel without heat trestim
contains polygonal and quasi-polygonal ferrite vifth islands the pearlite in a way of
bands as shown in FigalThe average grain size of the base metalis6
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Fig. 1. Microstructure of API 5L X60 steel:— as-received statb;— heat treated.

The bainite and acicular ferrite are observed énhbat treated specimens (Fig).1
The acicular ferrite is defined as a highly sulrdtired, non-equiaxed phase that is
formed during continuous cooling by a mixed difarsiand shear mode of transforma-
tion, beginning at a temperature slightly higharttihe upper bainite transformation
range [16]. The microstructure formed during thatheeatment gives the better me-
chanical properties than the initial microstructdwe to mainly bainite phase.

Fig. 2 presents the PP curves of the X60MB and X8I steels. The corrosion
potentials of these steels are —820 and —770 m\S@E), respectively. A slight change
to the more positive values in thg,, of the heat treated samples, compared with the
base metal X60MB, is noticed. The X60MB samplesedeetrochemically more active
in the NS4 solution and present higher corrosiograigation than the samples of the
X60TTnC steel. The PP behavior of the X60MB and KBGC steels in the standard
NS4 solution shows a kinetics, controlled by thargke transfer which indicates that
the steel is susceptible to uniform corrosion dtigh rate. The X60TTnC samples
present a lower corrosion rate than the base reataples — 0.514 and 0.552 mm/year,
respectively. This behavior may be attributed toearrangement of grains with a
change in the texture during phase transformatiothé steel due to the non-conven-
tional guenching which reduces the charge trarksfigtics [12].

Fig. 3 shows the Nyquist diagram for the EIS resuwf the X60MB and
X60TTnC samples in NS4, respectively. This techeigliows associating different
elements of an equivalent electric circuit to pbgshemical processes that occur in the
metal-electrolyte interface and identify its electiemical behavior. Thg" vs.Z' plot
shows a minimal larger charge transfer resistaRgg ¢f the X60TTnC sample with
respect to the base metal, which corroboratesdhefirial effect of the heat treatment.

The EIS values of the elements associated withetiigvalent electric circuit
listed in Table 2 were simulated using the modifie@hdles circuit model with the
following parametersis is the solution resistanc€-Y; is the constant phase element;
Q-n is an exponent; is the charge transfer resistance. The constaagephlement
(CPE) is mathematically written as:

Zcpe= [QGw)n] — 1. (8)
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Fig. 2. Fig. 3.
Fig. 2. Potentiodynamic polarization curves of X6OMB (curvel)
and X60TTnC (curv@) steels in the NS4 solution.
Fig. 3. Electrochemical impedance spectroscoph@i{60MB (curvel)
and X60TTnC (curv@) steels in the NS4 solution.
Table 2. The equivalent electric circuit elements of the EI Sresults
for the X60M B and X60T TnC steelsin the NS4 solution
R, Q-Yo, Ret,
Steel kQlc 10 Qn kQ/cn?
X60MB 21.08 0.000082013 0.76 21748
X60TTnC 20.61 0.000087701 0.77 22019

The mathematical fitting of the parameters shovet the heat treated samples
tend to be less susceptible to corrosion (bigBg))( compared to the base metal. It has
been reported th&-—n is a combination of properties related to theaefand electro-
active phenomena [17]. In the present case theaserin the charge transfer resistance
observed for the heat treated samples can bew#dlio the microstructure modifica-
tion due to the presence of the bainite and acdid¢atate phases [18].

The EN are fluctuations of potential or currenpitgally of low-equency (< 10 Hz)
and low-amplitude, taking place in the metal—eldgte (electrified interphase), which
can be measured under conditions of open circténpial or under potentiostatic or gal-
vanostatic control [17]. The EN under potentiostatid galvanostatic control has been
used to interpret the kinetics of corrosive proesss a lange variety of the metal—elect-
rolyte systems including the processes associatbdwdrogen evolution [17, 19, 20].

Gie T Fig. 4 presents a standard deviation of
1.2:10°6 the current signal obtained from the pro-
1.0-10°61 cess controlled by the charge transfer and
201061 shows an incrgase, as the rate of the corro-
R sion process increases and the corrosion

] becomes more localized [20]. The standard
+0-10 deviation of the current signadif), asso-
2.0110° U " oo clated with the production of atomic hyd-

lgt [h] rogen in the X60TTnC and X60MB steels

samples tends to increase as a function of
Fig. 4. Standard deviation of the current  the hydrogenation time. The monitoring of
associated with the evolution 0ic can give information about the kinetics
of hydrogen in the X60MB (curvé) of evolution that is related to the metallur-
and X60TTnC (curve) steel samples.  gjcal condition of the surface hydrogen.
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During the first 4 h of hydrogenation the behawbthe tested samples is similar
to a small increment of the,, values for the X60TTnC and X60MB samples. A dras-
tic increase obj. is observed after 12 h of hydrogenation on thes lmastal samples,
which indicates a greater catalytic activity on theface. The samples of the heat
treated steel show a minimal increase of the ctustamdard deviation, which is related
to the lower electrochemical activity than the basstal samples. For the hydrogena-
tion periods larger than 12 h the non-conventiananched samples show a more
noticeable increase of., but always lower than that for the base metalpdas

Fig. 5 presents the concentration of hydrogen ®460MB and X60TTnC steels.
The amount of electrical charge associated withstitesurface absorption of atomic

hydrogen Qﬁbs), is the area under curvéA/cn) vs. time (s). The cathodic polariza-
tion (<200 mV vs. OCP), induces hydrogen absorpiiorboth the X60MB and
X60TTnC steels samples, which can promote the sivéarms of hydrogen damage,
although at different levels of aggressiveness.
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Fig. 5. Fig. 6.

Fig. 5. Sub-surface hydrogen concentration in tB@MB (curvel)
and X60TTnC (curve) steel samples.

Fig. 6. Behavior of the permeation coefficienttie iX60MB (curvel)
and X60TTnC (curv®) samples.

In the NS4 solution the X60MB steel shows a higkab-surface hydrogen
absorption compared to the X60TTnC steel durindedsht hydrogenation periods.
The sub-surface hydrogen concentration always temdscrease for longer hydroge-
nation times. The X60TTnC steel samples that ptesdrainite-acicular ferrite micro-
structure absorb less hydrogen compared to theneatitreated steel (Fig. 5, cu®e
and according to the charge associated with abddnpdrogen Q. J.

It was reported that the microstructure comprisiogular ferrite and bainite pro-
vides a high quantity of reversible trapping siesl the hydrogen trapping efficiency
increases according to the transformation sequehdegenerated perlite, bainite and
acicular ferrite, with acicular ferrite being thest efficient [18].

Fig. 6 shows the behavior of the hydrogen permeatioefficient K) of the
X60MB and X60TTnC steels, respectively. With theotlochemical charge associated
with the evolution and absorption of hydrogen, thelrogen permeation efficiency
coefficient in the tested samples is calculated: Qaps/Qeyv. This coefficient presents
the highest value during the first hours of hydrmegen, however, with increasing
hydrogenation timeK decreased. Coefficiemt reflects the dynamics of the electro-
chemical processes at the metal-environment irterféhe decrease of this coefficient
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with time can be explained by hydrogen saturatibrihe metal surface above the
solubility limit [14].

CONCLUSIONS

The API 5L X60 steel in the two metallurgical caimhis studied in this investi-
gation is susceptible to sub-surface absorptiohyaffogen in the NS4 solution. The
samples without heat treatment are more susceptibleydrogen absorption as indi-
cated by the higher sub-surface hydrogen concériravhich tends to increase with
a longer hydrogenation time.

The microstructure has a significant influence lo& susceptibility to sub-surface
absorption of atomic hydrogen, since in the tekitsmm the samples with non-conven-
tional heat treatment tend to absorb the lower arotiatomic hydrogen, bainite and
acicular ferrite, present in the heat treated sampte characterized by the presence of
reversible traps unlike ferrite.

Acicular ferrite and bainite provides a high quantif reversible trapping sites
and the hydrogen trapping efficiency increases mitg to the transformation
sequence of degenerated perlite, bainite and acitedrite, with acicular ferrite being
the most efficient.

PE3FOME. TIpoaHani3oBaHO eleKTpoxiMiuHy moBeninky crami APl 5L X60y BuxigHomy
ctaHi Ta micist raptyBants (Harpis 7o 1050C ympomosxk 30 MiNi 0XonomKeHHS y BOI) METO-
JIOM TIOTEHLIOJUHAMIUHOI MoIApu3alii i CIeKTPOCKOMNIi elIeKTPOXIMIYHOrO iMIeAaHCy B CTaH-
naptHoMmy po3urHi NS4.3pa3ky HaBOJHIOBAIM 3a JOIMOMOTOK MOTEHIiocTaTta B po3unHi NS4,
KOHLIEHTPALil0 MONIUHYTOrO MiJIOBEPXHEBOI'O BOJHIO OLIHIOBAU, 3aCTOCOBYIOYU E€JIEKTPOXi-
MiYHE OKUCHEHHS. BUsBIIN, 1110 3pa3ku micis TepMidHOi 00poOKH abCcopOYIOTHCS MM BOJHEM
MEHIIe, HIX Yy BUXiTHOMY CTaHi, 1[0 3yMOBJEHO OLIbLIOK KUIBKICTIO PEBEPCUBHMX MACTOK Ha
OeliHiTOBUX Ta auuKyJIsipHUX (eputoBux (azax. KineTuky popmMyBaHHS BOJHIO KOHTPOJIIOBAIIH,
PEECTPYIOUH CTPYM, KU Oe3rocepeIHbO MOB’ 13aHuH 31 3MiHaMu noBepxHi. CTaHJapTHE BiAXU-
JIHHS 3HAUeHHS CTPYMy B FapTOBAHHX 3pa3KaxX BKa3alo Ha HIDKYI HOTO 3HAYEHHS MPOTH BHXiI-
HOT'0 MeTaly, a OTXe, Ha BIIMIHHOCTI KaTaJliTHYHOI aKTUBHOCTI ABOX METalTypriiHUX CTaHiB.

PE3FOME. Tlpoananu3upoBaHo siekTpoxumuueckoe noseaenue cranu APl 5L X60 B uc-
XOHOM COCTOSTHHH | nocie 3akanuBanus (Harpes 10 1050°C B teuenne 30 Minu oxnaxaeHune
B BOJIC) METOAOM IIOTCHIHOJMHAMHYCCKOM MONSPU3ALMN U CIIEKTPOCKOMUH dICKTPOXUMHUYICC-
KOTO MMIefiaHca B cTaHaapTtHoM pactBope NS4. O6pasibl HaBOAOPOKHMBAIU C MOMOLIBIO MO-
TeHmocraTa B pactBope NS4, KOHIICHTpAIMIO TOTJIONIEHHOTO MOIOBEPXHOCTHOTO BOAOPO/a
OLICHUBAIH, IPUMEHSIS ANEKTPOXUMHYIESCKOE OKUCICHHEe. BBISBIIN, 4TO 00pa3ibl MOCIE TePMU-
4ecKoil 00paboTKH abCOPOMPYIOTCS 3THM BOJOPOAOM MEHBINE, YEM B MCXOIHOM COCTOSHHUH,
BCJICICTBUE OOJBIIEr0 KOJMYESCTBA PEBEPCHUBHBIX JIOBYIICK HAa OCHHHTOBHUX W AlUKYJSIPHBIX
¢beppurabix (azax. Kunernky (GopMupoBaHHs BOJOPOAa KOHTPOIMPOBAIH, PETHCTPUPYS TOK,
KOTOprﬁ HCTIOCPCACTBCHHO CBA3aH C U3MCHCHUAMU IOBEPXHOCTH. CTaHﬂapTHOG OTKJIOHCHHUEC
3HAYCHMI TOKa B 3aKaJCHHBIX 00pa3lax CBUACTENBCTBYET O 00Jice HM3KUX 3HAYCHHSAX MO CPaB-
HEHHUIO C UCXOIHBIM METAIOM, a, CJIEJOBATENbHO, O PA3IMYMU KATAJUTHUCCKOW aKTHBHOCTH
JBYX METaJLTyPrUYeCKUX COCTOSIHHA.
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