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The hydrogen uptake of five carbon steel wires exposed to a corrosive CO/HS environment where protective
film formation was not favorable was measured. The hydrogen uptakes decreased with the accumulation of
retained carbide for most of the materials. It is assumed that hydrogen adsorbed on carbides at some distance
from ferrite will not easily diffuse to the steel, hence giving the beneficial effect. This effect was not observed for
the material with the lowest carbon content. Apart from this material, the hydrogen uptake increased with the

carbon content, probably due to hydrogen trapping on ferrite-cementite interfaces.

1. Introduction

Flexible pipes have been used for oil and gas transportation since the
1970's. They consist of several polymeric and metallic layers, such as
carcass, inner liner, pressure armor wires, tensile armor wires and outer
sheath. The annular space where the tensile steel armor wires are
located is normally dry at start up but chemical species like CO5, H,S and
H20 can diffuse from the bore through the polymer layers into the
annulus and create a corrosive environment. If the outer sheath is
damaged, seawater may also enter the annulus. The free volume in the
annulus is low compared to the area of the steel armor wires which gives
rapid accumulation of dissolved corrosion products and a higher pH
level than normally seen for CO4 corrosion of carbon steel pipelines [1].
The liquid in the flexible pipe annulus is expected to become highly
supersaturated with dissolved corrosion products and that will promote
the formation of protective FeCO3 and FeS films under normal opera-
tion. Corrosion rates below 0.01 mm y ! are usually measured under
such conditions [1-3]. However, upset conditions like air or seawater
ingress, continuous high water condensation (backflow from vent tubes)
and partial inhibition can reduce the supersaturation and prevent or
weaken the protective films.

During pure CO; corrosion, the most likely cathodic reactions are [4,
5].
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The H' can be formed by water dissociation, but the rate of hydrogen
evolution is enhanced by the presence of CO, due to the two dissociation
steps of the carbonic acid [6]. When the concentrations of Fe®*' and
COZ ions exceed their solubility limits they can form iron carbonate
films. The dominant anodic reaction is the dissolution of iron in water
and the overall reaction for CO, corrosion in steels is [5,7].

Fe + COZ + HzO—)Hz + FCCO3 (3)

FeCO3 with good adhesion and coverage of the steel surface can
retard the diffusion of species to and from the steel surface [8]. The
adhesion of the FeCOs film is dependent on the presence of iron car-
bides, and the carbide size and distribution become important since the
corrosion products are better adhering to the carbides than to the ferrite
matrix [9].

Small amounts of H,S can also diffuse into the annulus and give a
mixed CO, and HjS corrosion mechanism. The general equation for
precipitation of ferrous sulfide can be written as [7].

Fe’* + H,S—FeS+H, (©)]

The formation of hydrogen gas requires adsorption of H' on the
metal or carbide surface. While adsorbed, H is reduced to elemental H
and may absorb into the metal and cause hydrogen embrittlement (HE).
Hydrogen embrittlement is a failure mechanism that relies on the
presence of elemental hydrogen and mechanical stress in a susceptible
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Fig. 1. SEM images in width-length plane for the materials included in the test program.

microstructure. Several theories have been proposed to explain the
mechanism, including the internal pressure theory [10], hydride for-
mation [11], hydrogen enhanced strain-induced vacancies [12],
hydrogen enhanced localized plasticity [13,14], hydrogen enhanced
decohesion [15] and the defactant theory [16]. The elemental hydrogen
in the steel can exist in lattice and in microstructural sites with a higher
affinity for hydrogen than the lattice. Voids, vacancies, interstitials,
phase boundaries, grain boundaries, dislocations and some intermetallic
particles like TiC and MnS are all microstructural features that can act as
hydrogen traps in steels [17]. The hydrogen uptake in steels at open
circuit potential (OCP) depends on both the steel microstructure, the
environment, and the surface condition. The cathodic corrosion re-
actions and their reaction rates affect the quantity of hydrogen reacting
on the surface, but the presence of hydrogen recombination poisons, for
example the elements S, P and Pb, affect the rate of hydrogen recom-
bination vs. hydrogen absorption [18]. The amount of absorbed
hydrogen is also dependent on where the cathodic reaction is taking

place. Pure CO- corrosion of steels can start with the selective dissolu-
tion of ferrite phase while the FesC structure is retained [19-21]. The
FesC is conductive and is mainly a cathodic site during CO; corrosion,
and as the Fe3C surface area increases, the dissolution of ferrite accel-
erates [19,22]. The retained Fe3C can form a thick porous layer, and if
the pH and the concentration of dissolved iron are sufficiently high, iron
carbonate can precipitate in the FesC layer and significantly reduce the
corrosion rate [19,20]. Silva et al. [21] conducted electrochemical
hydrogen permeation tests on pre-corroded steel samples with FesC or
FeCOs rich layers. The sample with the FeCOj3 layer had twice as much
hydrogen as a reference wet-ground sample without any surface layer,
while the sample with a FesC rich surface layer had five times more
hydrogen than the wet-ground sample. The formation of a retained Fe3C
layer may also lead to an internal acidification in the layer which pre-
vents later formation of FeCO3 in contact with the metal [23]. Plenne-
vaux et al. [24] measured the hydrogen uptake in a sour service pipe
steel exposed to 0.1 mol L™} potassium perchlorate (KClO,) and various
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Table 1

Cementite volume fractions (f) and chemical compositions of the wire materials. Elements that were not detected for a particular material are labeled with N.D.
Material fl-] C [wt%] Si [wt%] S [wt%] P [wt%] Mn [wt%] Ni [wt%] Cr [wt%] Al [wt%]
A 0.077 0.501 0.247 0.002 0.003 0.604 0.001 0.011 0.031
B 0.043 0.282 0.223 0.010 0.006 0.733 0.010 0.003 0.035
c 0.054 0.353 0.194 0.007 0.009 0.678 0.013 0.003 0.042
D 0.127 0.830 0.331 0.005 0.005 0.683 0.005 0.002 0.041
E 0.095 0.618 0.225 0.002 0.007 0.729 0.009 0.032 0.037
Material V [wt%] Pb [wt%] N [wt%] Ti [wt%] Sn [wt%] Cu [wt%] Co [wt%] Mo [wt%] B [wt%]
A 0.036 0.050 0.009 <107 N.D. N.D. N.D. 0.001 <107
B 0.001 0.065 0.020 0.002 N.D. <1074 <1074 0.001 <107
C 0.002 0.065 0.219 0.002 <1073 0.001 N.D. 0.001 <107*
D 0.050 0.065 0.099 0.004 0.001 <107* N.D. 0.002 <1073
E 0.001 0.050 0.014 <107* N.D. N.D. N.D. <1073 <10™*

partial pressures of Ny, CO, and H,S while cathodically polarized. They
found that the hydrogen uptake increased with the HyS pressure and was
higher for H,S in CO; than HyS in Ny, Wallaert et al. [25] measured the
hydrogen content of two steels exposed to NACE test TM0284 solution A
over four weeks by hot extraction. The concentration of diffusible
hydrogen peaked within 5 days of exposure, then decreased to less than
half of the peak value within 20 days. The corrosion currents increased
with time and the decrease in hydrogen concentration was attributed to
the formation of a double layer of FeS corrosion products where $2* and
HS™ were migrating to the steel surface to form the inner layer. Huang
et al. [26] performed electrochemical permeation tests on pre-corroded
steel samples in a solution containing HS. The results showed that
crystalline FeS formed at low pH and low H,S concentrations, while
mackinawite formation was promoted with the increase of HyS con-
centration (from 0.2 to 20 mM) and/or pH (from 3.5 to 5.5). The
blocking effect of the surface film on hydrogen permeation increased
with increasing HaS concentration and reduced pH value. Zhou et al.
[27] conducted several electrochemical hydrogen permeation tests for
an X80 pipeline steel exposed to pure HsS, pure CO2 and several
H,S/CO, partial pressures to study the permeation behavior and effect
of corrosion products on hydrogen permeation. They observed different
hydrogen permeation behaviors and concluded that these were
controlled by the mutual coupling of the hydrogen promoting effect of
H,S and COg, the corrosion products, and the hydrogen evolution during
the corrosion reaction.

This work investigates the hydrogen uptake of carbon steels exposed
under upset conditions not giving the high supersaturation of dissolved
corrosion products required for protective film formation [28,29]. Five
carbon steel tensile armor wires for flexible pipes with different micro-
structures were exposed to modified artificial seawater (ASTM
D1141-90) bubbled with CO2 and HyS at OCP. The experiments were
conducted with an electrochemical permeation cell similar to the design
by Devanathan and Stachurski [30]. The wires were first exposed to
0.2 bar CO; and 1 bar CO,, before H,S was added and the partial pres-
sure of HyS was varied in steps. This gave several hydrogen permeation

Table 2
Mechanical and microstructural properties of the wire materials.

transients that showed how the changes in surface condition affect the
hydrogen uptake. The electrolyte was continuously replaced to maintain
a low concentration of dissolved iron in the electrolyte. The corrosion
products on the sample surface were characterized by scanning electron
microscopy (SEM), x-ray diffraction (XRD) and energy-dispersive spec-
troscopy (EDS), and the samples were stripped to measure the weight of
corrosion products attached to the surfaces. To provide more insight in
the interplay between steel microstructure, hydrogen uptake, corrosion
rates and corrosion products, the results are compared with the
hydrogen uptakes measured during cathodic polarization in previous
work [31]. In [31], the hydrogen uptake of the same wire materials was
investigated with hydrogen introduced by cathodic polarization to
— 12 mA ecm ™2 in deaerated 0.1 M NaOH at 25 °C.

2. Experimental
2.1. Materials

Five different tensile armor wire steels were tested. The wires were
identified by letters A to E. The wire materials were qualified according
to API 17 J Specification for Unbonded Flexible pipe [32], but are
designed for different operating conditions. Not all the wires were
qualified for exposure to HsS (referred as sour service). The wires were
3 mm thick with widths from 9 to 12 mm and were taken from coil.
Fig. 1 shows SEM images of the materials in the width-length plane. The
microstructures of the materials consist of ferrite and pearlite. The
cementite volume fraction, f, was estimated with the lever rule,
assuming all C is located in cementite. The chemical compositions and f
are given in Table 1. A description of the degree of plastic deformation,
grain size, cementite morphologies and mechanical properties are given
in Table 2. The microstructures of the materials are complex, and the
positions of the grain boundaries are not always easy to find. The grain
size is therefore described by the largest well-defined grains observed
rather than the average grain size, and the grains of ferrite and cementite
were evaluated separately. The yield strength (YS), ultimate tensile

Material Extent of plastic deformation

Cementite morphology

A Some deformation.

B Pearlite deformed. Some banding of ferrite.

c Some banding and deformation.

D Highly deformed grains.

E Pearlite deformed. Some banding of ferrite.

M Estimated grain size”
Ferrite [um]

aterial
Cementite [pum]

A <14 <36
B <10 <28
[ <20 <14
D <7 <24
E <3 <22

Globular, partly lamellar

Globular

Globular

Lamellar

Globular, partly lamellar
Hardness [HV;] YS [MPa] UTS [MPa] Ep [-]
331+ 14 871 1009 0.115
290 + 10 805 847 0.157
257 + 4 616 744 0.152
453 + 16 1408 1622 0.094
386+8 1097 1260 0.108

# Max grain size.
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strength (UTS) and plastic strain-to-failure (Ep) were measured with
tensile Slow Strain Rate Tests (SSRT) using a strain rate of 107%s1. The
plastic strain-to-failure was determined in agreement with NACE Stan-
dard TM0198-2016 [33]. Hardness was measured in the cross-sections
of the samples with a ZwickRoell ZHV30 Vickers hardness tester using
condition HV10.

2.2. Sample preparation

The wires were coiled, and the most bent wires were straightened
with a roller straightener before cutting. The wires were cut in ~2.8 cm
long pieces, which were ground with SiC paper on both sides until flat,
washed in acetone and sonicated in ethanol. The corners of the wire
pieces were also ground so the wire pieces could fit a mounting cup with
3 cm diameter. The pieces were then embedded in a light-curing resin
(Technovit® LC 2000, mixed with the additive “Inside Cure”) to form a
disc-shaped sample, see Fig. 2. When installed in the permeation cell, the
exposed area is 1.72 cm? for the samples made with the narrowest wire
materials and 2.26 cm? for the samples with the widest wire materials.
Ideally, the permeation test samples should have a circular exposed area
which fulfills minimum 10:1 radius-to-thickness ratio, to guarantee one-
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dimensional diffusion through the thickness [34,35]. However, other
sample configurations are accepted if there are limitations in material
form [34]. After mounting, the two sides were ground with European
grit P1200 SiC paper and the sample heated in a heating cabinet over-
night at 120 °C. Sites with weak adhesion between the steel and polymer
were visible after heating and only the defect-free samples were tested.
To ensure fast oxidation of hydrogen on the detection side of the sample,
this side was coated with Pd. The coating was applied by electrodepo-
sition with the procedure proposed by Bruzzoni [36] and further
developed by Husby et al. [37]. After Pd-coating, the samples were
heated to 120 °C in a heating cabinet for minimum 16 h to remove any
hydrogen absorbed during the Pd-coating process. The sample surface
without Pd-coating was ground with European grit P1000 SiC paper,
rinsed in isopropanol and dried in air stream within an hour before the
start of the electrochemical hydrogen permeation experiments. The final
sample thicknesses ranged from 2.64 to 2.92 mm.

2.3. Chemicals and gases

The permeation cell consists of two compartments: one where the
corrosive environment is created, and one where the hydrogen that
permeates through the sample is detected. The corrosion compartment
was filled with modified ASTM D1141-90 electrolyte. The electrolyte
was prepared with analysis grade salts and distilled water, but without
CaCly, NaF and KBr. The electrolyte in the detection compartment was
0.1 M NaOH which was made with analysis grade NaOH. CO5 and N3 gas
with 99.999% purity were used. The HyS gas was mixed in house from
99.999% purity CO and 99.8% purity H,S and the concentration was
determined by gas chromatography. The gases were mixed to the desired
composition using mass flow controllers. The gas flow into the corrosion
compartment was ca. 600 mL ht

2.4. Procedure

The steel sample was placed in the sample holder and clamped with
gaskets between two glass cells, as shown in Fig. 3. A screw in the sample
holder ensured electrical contact between the sample and the poten-
tiostats used for corrosion measurements and hydrogen detection. The
tests were conducted at ambient pressure and the temperature was kept
at 25°C by circulation of water through the double walls of the
permeation cell. The tests started with stabilization of the detection side
of the sample for ~72 h. The detection compartment contained 0.1 M
NaOH bubbled with Ny and polarized to + 540 mV vs. the normal
hydrogen electrode (NHE). The corrosion chamber was fed with Ny gas

CO, N, CO, 0.7 mbar H,Sin CO,
Flow Peristaltic pump Flow
controller controller
N, in —— A~
,‘ N_/
|
4 ) ( ‘ A l Sample in
= N, out sample holder N,
pH
meter [ D 4
Lll 0.1MNaOHU
Artificial T J &
seawater

4

Permeation cell, clamped in frame

Fig. 3. Schematic of the test setup.
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Table 3
Conditions in the corrosion compartment.
Step 0 1 2 3 4 5 6 7 8
Duration ~ ~ ~ ~ ~ ~ ~ ~ ~
[h] 72 48 48 48 48 72 24° 24 24°
Electrolyte - Yes Yes Yes Yes Yes Yes Yes Yes
pn2 [bar] 1 0.8 - _ _ _ _ _ _
Pcoz [bar] - 02 1 1 1 1 1 1 1
Pua2s - - - 0.1 0.2 0.4 0.7 0.2 0.1
[mbar]

@ For Material D, step 6 was lengthened by a day to compensate for a period of
clogged liquid and gas supply in step 5.
b For Material A, step 8 lasted 2 days due to scheduling issues.

during the stabilization of the detection side of the sample. After ~72 h
of stabilization, the electrolyte bubbled with 0.2 bar CO, and 0.8 bar Ny
was added to the corrosion compartment. The solution was continuously
refreshed by pumping electrolyte from a feeding unit and pumping out
used solution to a waste container. The flow rate of electrolyte was
25-35 mL h~!. After ~48 h, the CO5 pressure was increased to 1 bar
CO; and kept for ~48 h before 0.1 mbar HyS was added to the gas
stream. The CO4 pressure during the HyS exposure was 1 bar, and the
H,S partial pressure was first increased stepwise from 0.1 mbar to 0.7
mbar, then decreased to 0.1 mbar. The gas composition in the corrosion
compartment is shown in Table 3. The gas pressures were adjusted
without stopping the flow of gas into the corrosion compartment. The
pH was measured in the electrolyte that was pumped out of the corro-
sion compartment and the waste electrolyte was collected for measuring
the concentration of Fe?" in the solution. A controlled amount of 1 M
HCI (ca. 13% of the expected waste volume) was added to the waste
containers before the waste collection started to prevent oxidation and
precipitation of the dissolved iron. Aliquots of the collected waste were
added to a developer solution and the dissolved iron content was
determined by spectrophotometric analysis. Linear polarization resis-
tance (LPR) was measured to estimate the corrosion rate. In addition,
OCP was measured.

2.5. Electrochemical measurements

The polarization of the detection side of the sample was conducted in
a 3-electrode set-up with the sample as working electrode, a platinum
wire as counter electrode, and a mercury-mercurous electrode (MME),
Hg/HgSO4/SO42' sat. K;SOy, as reference. The MME electrode has a
potential of + 650 mV vs. NHE. Two Interface 1010E potentiostats
(Gamry Instruments®) were used for the experiments: One for polari-
zation of the detection side and one for running linear polarization
resistance (LPR) measurements and electrochemical impedance spec-
troscopy (EIS) on the corrosion side of the sample. The LPR and EIS
measurements were performed in a 3-electrode set-up with the sample
as working electrode, a platinum wire as counter electrode, and Ag/AgCl
(83 M KCl) as reference electrode. The LPR scans were conducted every
30 min at 0.1 mV s, from — 5 to + 5 mV relative to the open circuit
potential (OCP). The corrosion current density was calculated with the
Stern-Geary equation:

= o ®)
where A is the sample area exposed in the corrosion compartment, B is
the Stern-Geary constant which was set to 20 mV (the value was
empirically chosen based on previous experience and tests conducted in
a similar environment), and Rp is the polarization resistance, defined by
the ratio between the variation in potential (E) and current (I):

_AE

By ="a1

©

The polarization measurements were corrected for the solution
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resistance (R;) which was determined by EIS. The frequency range was
0.01-10000 Hz, the AC voltage was 10 mV vs. OCP and 6 points per
decade were recorded.

2.6. Surface analysis / postmortem analysis of samples

After the permeation test, the samples were retrieved from the
permeation cell, cleaned in isopropanol and dried in air stream. The
samples were examined by SEM and the chemical composition of the
corrosion products was determined by EDS and XRD. A carbon tape was
then lightly attached to the surfaces and removed in order to analyze the
corrosion products that remained on the surface. The samples were
weighed after the test, after attachment of carbon tape and after strip-
ping to estimate the weight of corrosion products attached to the sur-
face, i.e. the film weight. The stripping of corrosion products was done
by exposing only the corroded side of the sample to modified Clarke’s
solution for ca. 1 min, then quickly rinsing with distilled water, iso-
propanol and drying in air stream.

2.7. Calculation of hydrogen uptake

During steady-state permeation, it is assumed that the hydrogen
traps are occupied and that the reversibly trapped hydrogen is in equi-
librium with the lattice hydrogen. Cementite is considered to be both an
obstacle for hydrogen diffusion and a contributor to increased hydrogen
uptake by trapping on the ferrite-cementite interfaces [38-40]. The
diffusion of hydrogen inside the cementite phase can therefore be
neglected, which means the diffusion of hydrogen in lattice during
steady state is determined mainly by the theoretical diffusion coefficient
of ferrite, D;. Considering an even amount of hydrogen over the sub-
surface of the hydrogen entry side, the steady-state flux of hydrogen, Jss,
will be

Jss = ()

where L is the length of the diffusion path and Cj’ is the average lattice
hydrogen concentration on the subsurface of the hydrogen entry side. In
the temperature range — 40-80 °C, D, is given by [41].

Dy =723 x 10’8exp< - R—QT) m’s! (8)

where Q = 5.69 kJ mol ! and R is the gas constant 8.314 J K~! mol .
This gives D; = 7.28 x 103 em? s™! at 25 °C. When any obstacles to
hydrogen diffusion have negligible effect on the diffusion path, L is
equal to the sample thickness. In our previous work [31], a tortuosity
factor, T, was estimated for the five materials. This factor was defined as
the true length of the diffusion path divided by the sample thickness, as
suggested by Forot et al. [42]. Since the hydrogen is expected to exist in
traps and ferrite lattice, with a negligible amount of hydrogen inside the
cementite phase, the subsurface hydrogen concentration can be adjusted
to take the fraction of cementite, f, into account [43].

cy
1—f
To calculate the concentration of diffusible hydrogen, i.e. hydrogen

in lattice and reversible sites, Cor, Eq. (7) can be reformulated with the
effective diffusion coefficient of hydrogen, Degs [35].

Cy = ©)

Cor = 10)

During corrosion, the boundary conditions on the hydrogen entry
side are changing over time, making the estimation of D¢ challenging.
The hydrogen uptakes are therefore estimated using the effective
diffusion coefficients determined in previous work [31] from the decay
transients measured after 72h of galvanostatic charging to
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Table 4
Effective diffusion coefficients and tortuosity factors determined in previous
work [31]. The tortuosity factors are given with their standard deviations.

Material Degr [em?s71] T [-]

A 1.19 x 107 1.122 + 0.036
B 7.55 x 1077 1.055 + 0.010
C 1.81 x 10°° 1.056 + 0.022
D 6.62 x 107 1.669 + 0.266
E 9.73 x 1077 1.158 + 0.015

— 12 mA cm™2 in 0.1 M NaOH. The effective diffusion coefficients and
the tortuosity factors are given in Table 4. The estimated tortuosity
factors were taken into account when calculating the effective diffusion
coefficients and the difference between D¢ and D should therefore only
reflect the reduction of diffusivity due to trapping of hydrogen.

The changing boundary conditions can also prevent a steady state to
be reached during the tests. The equations for calculation of hydrogen
uptake, (7), (9) and (10) are valid at steady state, but sometimes the
permeation flux is increasing or decreasing with time instead of staying
steady. In these cases, the steady state permeation flux may be replaced
with a peak permeation flux [44] or the permeation flux after a certain
exposure period [37].

3. Results
3.1. Corrosion parameters measured on the hydrogen entry side

3.1.1. Analysis of corroded surfaces

The XRD analyses showed peaks for FesC for all materials, but iron
carbonate and sulfides were not detected, see Fig. 4. Retained carbides
were not easily identified in the first examination of the corroded sur-
faces in SEM, but after removal of the loose corrosion products by
attaching and removing a carbon tape, it was evident that retained
carbides were present on all the surfaces, see Fig. 5. Fe, C and O were the
main elements detected by EDS in the corrosion products. Table 5 shows
the film weight and the EDS analyses on the corroded surfaces after the
loose corrosion products were removed with a carbon tape. The S con-
tent in the corrosion products was lowest for materials A and C, 0.4 at%.
The highest S content was found for material D, 1.0 at%. The materials’
rank of film weight from lowest to highest follows the rank in carbon
content, B < C < A < E < D. Material B was tested twice, and the two
tests are denoted B1 and B2. B1 was conducted with a sample that had
been previously used in a permeation experiment whereas B2 was
conducted with a fresh sample like in the other tests. For Material B,
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Fig. 5 shows the sample from test B2, but the sample from test B1 dis-
played the same characteristics.

3.2. pH and content of dissolved iron

The dissolved iron content in the collected waste and the pH
measured continuously in the electrolyte pumped out of the corrosion
compartment are shown in Table 6. The iron content was highest during
step 2, where the sample was exposed to 1 bar CO,. This coincides with
the time of highest corrosion rate, see Fig. 6. The pH was highest during
exposure to 0.2 bar COy and was relatively stable during the steps with
1 bar CO; and varying partial pressure of HyS.

3.2.1. Corrosion rates and OCP

The corrosion rates measured by LPR during step 1-8 of the
permeation tests are given in Fig. 6. A clogging incident of the tubes
supplying both liquid and gas to the corrosion compartment occurred
during the test for Material D about 200 h after the electrolyte was
added to in the corrosion compartment (step 5). The bubbling in the
compartment stopped completely and this resulted in increased corro-
sion rate and decreased hydrogen permeation flux, probably due to a
reducing concentration of HS in the cell with time. This issue was fixed
around 250 h of exposure and the pH reached a similar level as before
the incident. Step 6 (see Table 3) was extended by ~24 h in this test to
allow a steady-state permeation flux to be reached.

In step 1, the 0.2 bar CO5 exposure period, the corrosion rates were
about 0.7 mm y~! or lower, and relatively stable. The difference in
corrosion rate during this step was sometimes larger for the two samples
of Material B than it was for two samples of different materials. The same
holds for the OCP measurements during this step, see Fig. 7. During the
1 bar CO; exposure, the corrosion rates increased to over 1 mm y_1
during all the tests except B2. For materials A, C, D and E, the corrosion
rates increased with time during this step of the permeation test, but for
Material B the corrosion rate was relatively stable or slightly decreasing.
The corrosion rates of the lamellar material, D, increased more rapidly
than the corrosion rates of materials A, C and E. The OCP level was also
increasing for all the materials during the 1 bar CO; step of the
permeation test.

HsS exposure started ~96 h after the electrolyte was added in the
corrosion compartment, and the corrosion rates decreased immediately.
The increased corrosion rate for Material D during the 0.4 mbar H,S step
of the test was related to the clogging of the tubes for supplying gas and
electrolyte directly into the corrosion compartment.
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Fig. 4. Relative intensity of XRD signals from the corroded surfaces of the tested samples.
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e) ateril E

Fig. 5. Surface exposed after removal of corrosion products with carbon tape.

Table 5
EDS analyses on the corroded surfaces after removal of loose corrosion products with carbon tape and film weight measured by stripping the samples.
Material C [at%] O [at%] S [at%] Fe [at%] Other [at%] Film weight [mg cm 2]
A 35.0 £9.2 9.6 +1.7 0.4+0.1 52.2 +£10.7 2.8 2.65
B (test B2) 27.6 £5.1 249 +7.2 0.8+0.1 429 +7.7 3.7 0.84
C 35.3+11.1 7.6 £3.3 0.4+0.1 54.0 £ 14.2 2.7 2.27
D 33.7+£36 19.5+2.5 1.0+0.1 44.5 £ 5.0 1.3 4.18
E 32.5+3.6 153+1.7 0.7+0.1 49.9 £+ 4.0 1.6 2.74
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Table 6

Dissolved iron content and pH measured in the electrolyte disposed from the corrosion compartment.
Step 1 2 3 4 5 6 7 8
pH [-] 5.6-5.9 4.9-5.2 4.9-5.2 4.9-5.2 4.9-5.2" 4.9-5.2 4.9-5.2 4.9-5.2
Fe2* [ppm] 1.1-2.4 2.7-9.5 1.8-8.9 1.4-3.4 1.5-3.6 1.5-3.8 1.5-3.1 1.3-3.3

@ Material D had a period of clogged liquid and gas supply in step 5 which interfered with the pH measurements during this step. The pH measurements of Material D

during step 5 are therefore not included.
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Fig. 6. LPR corrosion rates vs. time after the electrolyte was added in the corrosion compartment. The dashed lines mark the steps with different pcoo and ppas, as

described in Table 3.

3.3. Hydrogen permeation and uptake

The permeation current measured on the detection side of the sample
while the corrosion side was exposed to the test solution is given for each
material in Fig. 8. Materials A, C, D and E had a lower permeation
current the second time the HyS pressure was set to 0.1 mbar and 0.2
mbar, compared to the first time. In contrast, both tests for Material B
had a higher hydrogen uptake the second time the corrosion compart-
ment was supplied with 0.1 mbar and 0.2 mbar H,S. When the hydrogen
permeation flux increased in response to a change in CO or HjS pres-
sure, the current increased until it reached a plateau or a peak. The time

until a peak or plateau is reached depends on the real diffusion length,
which is longer for materials with a high tortuosity factor. Material D has
lamellar carbides and a high tortuosity factor and did not reach a plateau
or peak for all the steps in the test. The plateaus and peaks were typically
reached towards the end of the steps for this material if a plateau or peak
was reached at all. For steps 1-6, the hydrogen uptakes were estimated
for each step where a plateau or peak permeation current was reached in
the test, using the permeation flux measured in the last hour of the step.
For steps 7 and 8, the hydrogen uptakes were estimated from the plateau
currents for the tests where a plateau was observed for these steps.
The hydrogen uptakes of the materials are shown in Figs. 9 and 10.
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Fig. 7. OCP on the corrosion side of the sample vs. time after the electrolyte was added in the corrosion compartment.

An extra test for Material E, denoted E2, is included in the evaluation of
hydrogen uptake during pure CO; corrosion. This test followed steps 0, 1
and 2 of the test program in Table 3, but an error occurred in the HoS
part, and those results are therefore not included. The deviation of
hydrogen uptake for the two tests of Material B was 18% and 19% for the
pure CO; steps and below 4% for the steps in H,S environment.

During pure COy corrosion, the hydrogen uptake could not be
measured for the lamellar material, D. The high tortuosity of lamellar
materials leads to both a lower permeation current, and a longer time-
lag between a change in subsurface hydrogen concentration and corre-
sponding change in permeation current on the hydrogen detection side.
This explains the absence of a clear increase in permeation current
during the CO, exposure for Material D. Material B had the highest Cor
measured during pure CO; corrosion (step 1 and 2 in Table 3), more than
twice as high as the hydrogen uptakes of materials A, C and E. The
hydrogen concentration in ferrite lattice was also higher for Material B
than the other materials with globular FesC. The repetition of hydrogen
permeation tests for materials B and E show that the method was not
accurate enough to measure the difference in hydrogen uptakes for
materials A, C and E during pure CO3 corrosion with confidence.

The hydrogen uptake in reversible traps during the H,S exposure was
highest for Material D and lowest for Material C, see Fig. 10. Materials A,
E and B had the second, third and fourth lowest Cog respectively. For the
two last steps of the HyS exposure, the materials had the same rank in
Cof® and Cgg, but the hydrogen uptake was only measured for the ma-
terials with globular FesC in these steps since a plateau current was not
reached for the lamellar material, D.

The hydrogen uptakes measured for the same materials under
exposure to 0.1 M NaOH and cathodic polarization to — 12 mA cm ™2 at
25 °Cin previous work [31] are shown in Table 7. The hydrogen uptakes
in Table 7 were estimated with the diffusion coefficients and tortuosity
factors in Table 4. All the materials had lower hydrogen uptakes when
exposed to modified artificial seawater with CO, and HyS than during
cathodic polarization in 0.1 M NaOH, but the difference is more sig-
nificant for some materials than others.

4. Discussion
4.1. Corrosion products
The XRD results and images of the corroded surfaces in Fig. 5 show

that all the surfaces have retained carbides which are exposed when iron
is preferentially dissolved from the ferrite phase. FeCO3 was not

detected by the XRD, and the oxygen detected by EDS is therefore ex-
pected to originate mainly from oxides present on the surface before the
electrolyte was added or oxygen that has reacted with the surface after
the test. The selective dissolution of ferrite phase during pure CO;
corrosion of steels is associated with an increase in corrosion rate and
OCP with time due to the increasing surface area of retained FesC [20,
21]. This was seen for all the materials at 1 bar CO, exposure (step 2),
except for Material B which had a relatively stable or declining corrosion
rate. The surface of Material B may therefore have entered a more stable
condition than the other materials at this stage. The carbides in Material
B have a fine distribution and the carbide fraction is smaller than the
carbide fraction of the other materials. Possibly, the amount of retained
FesC on the surface of Material B reached an equilibrium where the
outer parts of the FesC network were losing their electrical contact to the
steel at the same rate as new Fe3C was being exposed on the surface. The
most rapidly increasing corrosion rates were found for the lamellar
Material D, which has better foundation for increasing the Fe3C surface
area due to the continuous nature of the lamellar phase.

Small amounts of S (0.4-1.0 at%) were detected on all the corroded
surfaces by EDS, but crystalline species containing S were not detected
by XRD. In aqueous solutions containing H,S, mackinawite is the major
constituent of precipitated FeS. Mackinawite can precipitate as nano-
sized platelets which are difficult to detect with classical XRD, since
this technique relies on many repetitions of a periodic lattice. This has
led to wrongful characterization of mackinawite as amorphous FeS [45].
The S detected on the corroded surfaces is therefore expected to be in the
form of mackinawite, despite the lack of mackinawite XRD signal. For
low Hj,S concentrations (< 340 ppm) in aqueous CO; environment,
mackinawite has been observed to reduce the corrosion rate [46], and
this was also observed in our experiments. The reduced corrosion rates
in [46] were attributed to mackinawite acting as a charge-transfer
barrier rather than a mass-transfer barrier.

4.2. Hydrogen uptake during pure CO_ corrosion

During pure CO5 corrosion, the Cor of Material B was more than
twice as high as the Cor of Material A, C and E, and the Cofe was also
significantly higher for Material B. The hydrogen uptake in Material D
during pure CO3 corrosion could not be determined and is therefore not
discussed. When cathodically polarized in 0.1 M NaOH, the hydrogen
uptake for materials B and E were twice as high as the hydrogen uptakes
of materials A and C. The difference in hydrogen uptake under cathodic
polarization and in CO3 environment indicates that the hydrogen uptake
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Fig. 8. Permeation current from the electrochemical hydrogen permeation tests. The dashed lines mark the steps with different pcoz and ppzs, as described in
Table 3. The H,S partial pressure was kept at 0.7 mbar H,S about one day longer for Material D since the clogging of the gas supply to the corrosion compartment

decreased the permeation current.

during CO; corrosion is strongly influenced by the corrosion mecha-
nism. The corrosion rates and measured hydrogen uptakes increased
when the CO; partial pressure was increased from 0.2 to 1 bar, but the
permeation flux decreased after reaching a peak for all the transients
observed in CO, environment, except the 1 bar CO, transient for Ma-
terial B test 2 which reached a plateau. This indicates that the corroded
surfaces created a barrier for hydrogen permeation under these condi-
tions. The main change on the surfaces during CO2 corrosion was the
accumulation of retained carbides, which happened to a greater extent
for the materials with low hydrogen uptakes, A, C and E, than for the
material with the highest hydrogen uptake, Material B. Materials B and
C have the lowest carbon contents, 0.28 and 0.35 wt% respectively, but
very different hydrogen uptakes. There is a substantial difference in film
weight between these materials, which cannot be explained by the dif-
ference in corrosion rate and carbon content but may be related to the
carbide distribution in the metal. Material C has a microstructure with
thin carbides on many of the ferrite grain boundaries, which may give a
stronger adhesion between the corrosion products and steel, and thus
more retained carbides and higher film weight. Overall, it appears that
the presence of retained carbides reduced the hydrogen uptakes of the

10

wire materials. The retained carbide is conductive and can therefore not
limit the hydrogen uptake as a charge-transfer barrier, but possibly as a
mass-transfer barrier. The increased corrosion rate of ferritic-pearlitic
steels during selective dissolution of ferrite is explained by a larger
active cathodic area, which means that the average distance between
cathodic reaction sites and ferrite increases as well. Since cementite is
considered an obstacle to hydrogen diffusion [39,40,47], the hydrogen
that is adsorbed on cementite far from ferrite will have less opportunities
for absorption and diffusion into the uncorroded steel compared to
hydrogen adsorbed close to the ferrite. Possibly, it is only hydrogen that
is reduced on ferrite or on carbides near ferrite that has a chance of being
absorbed in the steel. If the retained carbide area is increasing faster
than the corrosion rate, the cathodic current density will decrease, and
less hydrogen will be reduced near ferrite. This is a possible mechanism
for the presence of a peak hydrogen permeation flux during pure CO;
corrosion. The proposed mechanism relies on a lower concentration of
adsorbed hydrogen on and near the ferrite. The retained carbides are
increasing the corrosion rate and hence the total amount of hydrogen
reacting on the surface. If this effect dominates, the hydrogen uptake
will increase with the amount of retained carbides rather than decrease,
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Table 7

Reversible hydrogen uptakes measured for uncorroded samples under cathodic
polarization in previous work [31] and during step 6 of the permeation test (0.7
mbar H,S).

Material ~ Cgg under cathodic polarization” [wt Cor during step 6° [wt
ppm] ppml]

A 0.69 0.64

B 1.59 1.27

C 0.73 0.35

D 1.54 1.37

E 1.74 0.76

2 0.1 M NaOH, — 12 mA cm 2, 25 °C.
b 0.7 mbar H,S and 1 bar CO,, 25 °C.

as observed by da Silva et al. [21].

4.3. Hydrogen uptake during H2S exposure

H,S is a hydrogen recombination poison [34,48,49] which can in-
crease the hydrogen uptake in steels, while precipitation of FeS can both
increase the hydrogen uptake by acting as a cathodic site [50] and
decrease the hydrogen uptake by forming a barrier to hydrogen diffusion
[25,26]. For all the materials, the hydrogen uptake decreased like a
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decay transient when the Hj,S partial pressure was decreased in step 7
(0.2 mbar H,S) and 8 (0.1 mbar H,S), despite relatively stable corrosion
rates, which indicates that the materials were subjected to a HS poison
effect, even after the formation of S-containing corrosion products on
the surfaces. The hydrogen recombination poison effect can also explain
why the hydrogen uptakes increased when HyS was added, despite
decreased corrosion rates. A cathodic site effect may arise from the
formation of mackinawite, which is expected to happen on the steel
surface by reaction with the iron in metallic form [51], hence intro-
ducing new cathodic sites on the ferrite. This can give a shorter average
path for hydrogen from adsorption site to ferrite matrix, compared to the
path from retained carbides to ferrite matrix. However, cathodic re-
actions may still be occurring to a great extent on the retained carbides
even during the H,S exposure steps of the tests, especially if all the
ferrite is covered with a thin FeS layer and the FeS layer has a high
charge-transfer resistance. There are several indications of a barrier ef-
fect in the experiments: 1) Materials A, C and E had decreasing perme-
ation fluxes after reaching a peak permeation flux in some of the HaS
exposure steps, 2) Materials C and E reached their highest hydrogen
permeation flux before exposure to the highest H,S partial pressure, and
3) Materials A, C, D and E had lower hydrogen permeation flux the
second time the surfaces were exposed to 0.2 and 0.1 mbar H,S
compared to the first time, see Fig. 8. For Material A, C, D and E, there is
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a relationship between film weight and Cor during H,S exposure. This
relationship may be linked to the corrosion rate, where both the
corrosion rate and film weight increases with the amount of retained
carbides and the hydrogen uptake increases with the corrosion rate due
to a higher amount of hydrogen being reduced at or near ferrite grains. It
is also linked directly to the cementite, where the film weight increases
with the amount of retained carbides on the surface and the hydrogen
uptakes increase with the ferrite-cementite interfacial area due to
trapping. Material B does however not follow this trend. Material B has
the highest hydrogen uptake among the non-lamellar materials, both
when considering only lattice hydrogen and hydrogen in reversible
traps, despite having the lowest carbon content and film weight. If
cathodic reactions are still occurring on the retained carbides, the same
mechanism as proposed for CO; corrosion in Section 4.2 may be appli-
cable for combined CO, and H,S exposure. The behavior of materials A,
C, D and E is consistent with the observations by Zhou et al. [27]. Under
the condition of 1 MPa pcoz and 0.001-0.1 MPa pyas, they found that
the corrosion rate increased with the decrease of HjS partial pressure
and that the corrosion products changed from initially promoting
hydrogen permeation to hindering the hydrogen permeation as the
corrosion progressed. It is possible that this change from hydrogen
promotion to hindrance would also be seen for Material B if the tests
were conducted for longer times. Material B has a lower carbide fraction
and corrosion rate than the other materials and might therefore need
more time to form a well-covering FeS layer on the ferrite. This effect
may be enhanced by lower adhesion between finely distributed carbides
and steel surface, which keeps the ferrite fraction on the surface high
through-out the CO; corrosion part of the test. Hence, more time may be
needed for Material B to form the same barrier as the other materials,
but this is questionable since the S content measured on the surfaces was
not particularly low for Material B. There appears to be a trade-off be-
tween the positive and negative effects of retained carbides, where
Material C has the best balance. Material B appears to have too little
carbide, or too poorly connected carbide, to receive the beneficial effect
of retained carbides. The materials with higher carbide contents than
Material C also have higher hydrogen uptakes due to hydrogen trapping
on carbide-cementite interfaces, possibly with contribution from higher
corrosion rates.

5. Conclusion

Five steel armor wires were exposed to artificial seawater bubbled
with Ny, CO5 and H,S in an electrochemical hydrogen permeation cell
while the hydrogen permeation flux through the steels was measured.
The electrolyte was continuously replaced to simulate an environment
where protective iron carbonate film formation is not thermodynami-
cally favorable.

e The hydrogen uptakes decreased with the accumulation of retained
carbide for most of the materials, despite increasing corrosion rates.
The carbide is primarily a site for cathodic reactions and the pro-
posed mechanism for the reduced hydrogen uptakes with retained
carbides is that the hydrogen adsorbed on retained carbides located
far from ferrite grains will have limited opportunities for absorption
into the steel since the hydrogen solubility and diffusivity in
cementite is low.
The positive effect of retained carbides was observed during pure
CO;, corrosion and when small amounts of HyS (< 1 mbar H,S) was
introduced to the environment.
The material with the lowest and most stable corrosion rate during
CO;, corrosion was one of the materials with highest hydrogen up-
take. This material has the lowest carbon content and less continuous
carbides than the other materials, and hence less retained carbides.
e Apart from this material, the results indicated higher hydrogen up-
take with higher carbon content, probably due to the trapping of
hydrogen on ferrite-cementite interfaces.

Corrosion Science 199 (2022) 110172

e Despite the reduction of hydrogen uptake with time observed for
most of the materials, the hydrogen uptakes decreased substantially
when the H,S partial pressure was reduced towards the end of the
tests, indicating a strong sensitivity to the HaS poison effect even
after the formation of hydrogen uptake barrier.
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