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The hydrogen uptake in three high-strength carbon steels is studied after exposure to three different
environments: an aqueous solution with CO, bubbling, CO,/H,S bubbling, and cathodic charging without
external gassing. The hydrogen uptake is substantially higher in CO,/H,S environment compared to CO,
environment for all materials. The lamellar cementite morphology absorbs higher hydrogen than the material
with spheroidite microstructure with similar carbon content. The corrosion layer formed on the steels in CO,
environment strongly affects the hydrogen effusion and the thermal desorption spectroscopy spectrum in all

materials, while the corrosion layer formed in CO,/H,S environment does not show this effect.

1. Introduction

Flexible pipes are key components in offshore oil and gas fields.
Their role is to transport the hydrocarbons, fluids, and gas between the
production facilities and the subsea installations. They are composed of
several metallic and polymeric layers and their structure is illustrated in
other studies [1,2]. Carbon steels have a strong position in flexible pipe
production due to their excellent mechanical properties, availability,
and cost [3]. The carbon steels that are used in flexible pipes are
subjected to tension and compression and are prone to failure [2].
Therefore, the potential hydrogen embrittlement of flexible pipe carbon
steels is a key factor that should be considered in material selection.

A very corrosive environment can develop in the annulus space
of a flexible pipe due to the entry of chemical species like CO, and
H,S along with water into the annulus. CO, can generate carbonic
acid in the brine and accelerate the corrosion process [4,5]. Previous
studies showed that steels are susceptible to environmentally assisted
cracking due to the presence of CO, in a saline environment [6-8]. The
detrimental effect of CO, is less critical than in the H,S environment
for the same material. H,S prevents the hydrogen recombination and
increases the hydrogen uptake in steels [9]. Furthermore, hydrogen
sulfide in an aqueous environment takes part in auto-catalytic cathodic
reaction and produce more H,,, on the surface of the steel [10]. The
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presence of H,S along with CO, cause different failures like sulfide
stress corrosion cracking, hydrogen induced cracking, and hydrogen
embrittlement [11-14].

Both CO, and H,S generate hydrogen protons (H') in an aqueous
environment. The generated proton can corrode the surface of the steel
and can also react with the electrons and produce atomic hydrogen.
This atomic hydrogen permeates into the steel and can either fill the
trapping sites in the material, linked to microstructural heterogeneities,
or diffuse via the lattice sites [15]. These hydrogen traps are the
microstructural sites with higher hydrogen affinity than the interstitial
lattice sites, such as dislocations, voids, vacancies, grain boundaries,
phase boundaries, carbides, and some intermetallic particles [16,17].
Therefore, besides the effect of the environment on the hydrogen
uptake capacity, the microstructure of carbon steel also plays a crucial
role. In a corrosive environment, not only the rate of cathodic reactions
controlling the amount of hydrogen produced on the surface but also
where the cathodic reaction happens on the surface of the steel is a
relevant parameter [18].

In a ferrite/pearlite microstructure, the cementite (Fe;C)/ferrite
interfaces act as a trap for hydrogen [19-21]. The Fe;C phase can also
function as a cathodic site which accelerates the anodic dissolution pro-
cess of the ferrite phase in a corrosive environment [22,23]. The Fe;C
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phase remains on the metal surface after the selective dissolution of
ferrite [6]. In CO, environment, if the concentration of Fe?" and CO%f
ions is sufficient, the iron carbonate (FeCO;) can precipitate in between
the remaining Fe;C particles or layers and decrease the corrosion rate,
slowing down the diffusion of ions to and from the steel surface and
retard the hydrogen uptake [6,24]. Since the remaining Fe;C functions
as a mechanical anchor for the corrosion products like FeCO; to adhere
to the steel surface and make a protective covering on the surface, the
morphology and distribution of Fe;C are of high importance [25].
Indeed the morphology, distribution, and fraction of Fe;C have an
important effect on hydrogen uptake whether Fe;C is considered as
a microstructural feature or a constitute of the corrosion layer. Crolet
et al. [26] discussed that a lamellar remaining Fe;C phase may induce
internal acidification in the corrosion layer and inhibit the formation
of FeCO; and as a result prevent the formation of a protective layer. In
other studies, it has been discussed that the interlamellar spacing in a
lamellar pearlite microstructure and the size of the Fe;C particles affect
the hydrogen embrittlement [27-29]. Bott et al. [30] investigated the
effect of Fe;C morphology and distribution on the hydrogen permeation
parameters of a low-carbon steel. Their results verified that the changes
in the Fe;C morphology considerably affect the apparent diffusivity,
solubility, and permeability of hydrogen. Ramunni et al. [31] showed
similar results as Bott et al. They discussed that the fine Fe;C increases
solubility and decreases hydrogen diffusivity in their studied carbon
steel, while the lamellar morphology of Fe;C enhances the hydrogen
diffusion coefficient and reduces the hydrogen solubility.

In the H,S environment, sulfides are the main corrosion product
that is formed on the steel surface. Sulfides can act as cathodic site and
increase the hydrogen uptake [32]. It is also probable to decrease the
hydrogen concentration on the steel surface and retard the hydrogen
permeation to the steel. Wallaert et al. [33] discussed that the FeS layer
forms and grows by ionic conduction of S>~ and HS™ which causes
the release of a lot of hydrogen outside the FeS layer. The released
hydrogen will be lost in the environment and therefore decrease the
hydrogen permeation to the steel. Folena et al. [34] showed in their
study that dependent on the H,S concentration and test conditions,
different FeS morphologies with different characteristics can form on
the steel that has different effects on hydrogen permeation. Mackinaw-
ite and pyrrhotite present a weak blocking effect in their study. They
discussed that the low concentrations of H,S result in the precipitation
of an inefficient and non-compact FeS film which does not have a
diminishing effect on the hydrogen uptake.

Extensive studies have been performed to understand how hydrogen
uptake is influenced by the microstructure and the microstructural de-
fects’ interaction with hydrogen. However, limited research has studied
the influence of cementite morphologies and distribution on hydrogen
uptake capacity. The role of the corrosion layers formed on the steels
in the presence of the oil and gas industry chemical species like CO,
and H,S, on the hydrogen permeation characteristics were investigated
before [6,35-38]. However, for the first time, the effect of the corro-
sion layers on hydrogen effusion and thermal desorption spectroscopy
(TDS) is studied and discussed in this paper.

In the present work, three carbon steels with different microstruc-
tures, containing 0.62%, 0.65%, and 0.83% carbon (which are used as
tensile armor wires in flexible pipes) are exposed to modified artificial
seawater with CO, and CO,/H,S gas purging at open circuit. The
same materials were also charged cathodically in a brine solution
without external gassing. Employing TDS, the hydrogen uptake in these
steels under the exposure to the three above-mentioned environments
(CO, environment, CO,/H,S environment and cathodic charging con-
dition) are studied. The effect of exposure medium, microstructures,
and corrosion layers on the hydrogen desorption and 7T DS spectrum
are discussed.
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2. Experimental
2.1. Materials and sample preparations

Three carbon steels, containing 0.62, 0.65, and 0.83 wt% carbon,
with different microstructures, were investigated in the current study.
The studied materials’ chemical compositions and mechanical prop-
erties [18,39] are listed in Table 1. The materials were received as
drawn curved wires with a thickness of 3 mm and a width of 9 to
12 mm. Rectangular specimens, with a length of 12 mm and with the
same width and thickness as the wires, were cut from the received
wires. Three sets of specimens were prepared. For preparing the first
set for corrosion tests, all surfaces were ground with 320 grit SiC
paper. The second set with the same dimensions was prepared for
cathodic charging. They were ground up to 2000 grit SiC papers.
The samples of the third set were ground up to 4000 grit SiC papers
and mechanically polished with 3 pm and 1 pm diamond suspensions
for microstructural analysis in a Scanning Electron Microscope (SEM).
After the grinding and polishing steps, all samples were cleaned in
acetone and isopropanol in an ultrasound bath and dried.

2.2. Corrosion tests and hydrogen uptake

The corrosion experiments were conducted in a setup comprising
two parts: the test cell, where the test specimens were immersed in the
test electrolyte, and the refill cell, which contained the fresh electrolyte
required to replenish the electrolyte in the test cell to ensure a low
concentration of dissolved corrosion products like Fe?". A schematic of
the corrosion test setup is shown in Fig. 1. Modified ASTM D1141-90
[40] seawater (without calcium chloride to avoid the formation of non-
protective calcium carbonate (CaCO;) [41]), was used as the corrosion
test electrolyte. Its chemical composition is presented in Table 2. The
electrolyte in both the test cell and refill cell purged with the requisite
gas mixture persistently. The setup temperature was kept at 25 °C using
a water bath. A gas dosing system based on Bronkhorst mass flow
controllers was operated to mix the needed gas composition (N,, CO,,
H,S) and purge the test cell and the refill cell.

The electrolyte was circulated between the test cell and refill cell
using a peristaltic pump equipped with T'ygon and PV C tubes. The flow
rates were controlled by the tubing diameter and the rotation speed of
the pump. To avoid oxygen contamination, the pump was placed in a
chamber purged with N,. When the peristaltic pump was on, the flow
of liquid into the test cell was continuous and had a maximum rate of 4
ml/min (using a 1.143 mm tubing diameter). The backward flow had
a maximum rate of 18 ml/min (using a 3.175 mm tubing diameter)
and was self-regulated by draw-off to eliminate the risk of overflowing
the test cell. The backward flow was directed to a waste container.
The pH value was continuously recorded. The pH increased slightly
(between 5.77 and 6.08) during both the CO, and CO,/H,S exposure
experiments. The test cell electrolyte was sampled frequently during
exposure to analyze its Fe?' ion concentration. The Fe2' ions were con-
verted to a colored Fe complex, which was photometrically quantified.
The electrolyte was continuously replaced by fresh electrolyte (with
no dissolved corrosion products) at a flow rate of ca. 0.8-1.6 1/day to
ensure a low concentration of Fe?" (less than 80 ppm in the test cell).

Two sets of corrosion experiments were performed by purging 0.2
bar CO, in set number one and 0.2 bar CO,, 1 mbar H,S in the other
set with a flow rate of 200 ml/min. In the second test set, since the
precipitation of FeS kept the concentration of the dissolved Fe?" ions
low, no electrolyte replacement was needed. The duration of both sets
of tests was 504 h (21 days). After the corrosion test, the specimens
were immediately immersed in liquid nitrogen to prevent the hydrogen
egress from the specimens, and also to start the 7DS test with a
specimen with low temperature to minimize the hydrogen loss before
the test onset.
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Fig. 1. Schematic of the corrosion test setup used for the CO, exposure. The test cell is replenished by fresh artificial seawater in CO, environment experiment, while in CO,/H,S
environment experiment the precipitation of FeS kept the concentration of the dissolved Fe? ions low and therefore the test cell is not replenished by fresh artificial seawater.

Table 1
Chemical composition and the mechanical properties of the studied materials [18].
Material (wt%) C Al Si P Mo A% Cr Mn Ni Cu Hardness (HV,,) YS (MPa) UTS (MPa)
CS62 0.62 0.26 0.40 0.23 0.46 0.70 0.61 1.36 0.89 0.75 386 + 8 1100 1300
CS65 0.65 0.30 0.24 0.20 0.35 0.51 0.51 0.96 0.60 0.75 384 + 6 1250 1400
CS83 0.83 0.19 0.35 0.30 0.35 0.54 0.55 1.07 0.69 0.59 453 + 16 1400 1600
Table 2 trapping at microstructural constituents. The activation energy for H
Chemical composition of the corrosion test electrolyte [40]. desorption is calculated using the simplified form of the Kissinger
CGompound NaCl  MgCl, Na,50, Kdl NaHCO;, H,BO; Srcl, equation [43], which is proposed by Lee et al. [44]:
Content (g/1) 24.53 5.2 4.09 0.695 0.201 0.027 0.025

2.3. Cathodic charging of hydrogen

An electrochemical charging using a 3.5% NaCl solution was used
to introduce hydrogen in the materials at a constant potential of —1.4 V
vs. Ag/AgCl reference electrode. 1 g/L thiourea was added to the solu-
tion as a poison to increase the efficiency of hydrogen absorption [42].
Materials were charged for the duration of their saturation limit based
on their permeation diffusivity data [18]. In this regard, C§62, CS65,
and C583 were charged for 24, 192, and 168 h, respectively. To assure
that they were fully saturated, another set of samples was charged
for longer times than their calculated time for saturation limits. Hot
extraction tests confirmed that all materials were fully saturated when
they were charged for the duration of their saturation limit based
on their permeation diffusivity data and no more hydrogen uptake is
observed when they are charged longer. Besides, the charging condition
was designed in a way to prevent any internal damage or blistering in
the materials. After charging, samples were immediately immersed in
liquid nitrogen.

This cathodic charging is done as a reference condition where no
corrosion products are formed on the sample. This allows the reliable
evaluation of the desorption activation energies linked to hydrogen

d(ln %

=-— @
(=) R

max

where ¢ is the heating rate (K min™!), T}, (K) is the peak temperature,
E, (0 K™! mol™") is the hydrogen detrapping activation energy at T,
and R (J K~! mol™!) is the universal gas constant.

2.4. Thermal desorption spectroscopy (TDS)

The T DS analysis was applied to measure the hydrogen concentra-
tion and analyze the hydrogen trapping in the charged samples men-
tioned in Sections 2.2 and 2.3 using the G4 — Phoenix analyzer. TD.S
analysis is based on the fundamental fact that hydrogen diffuses out
from different microstructural features upon heating. Indeed, hydrogen
desorbs at different temperatures from each microstructural feature
depending on the corresponding binding energy [45]. The detected
hydrogen concentration was quantified using the mass spectroscopy
(M S) technique with a detection limit of 0.05 ppm(wt).

The hydrogen-charged samples, after corrosion testing (cf. Sec-
tion 2.2) and after cathodic charging (cf. Section 2.3), were taken from
the liquid nitrogen and washed in distilled water and acetone and dried
fast (in less than one minute) before they were put into the quartz fur-
nace. The hydrogen concentration was first measured by hot extraction
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CS62

Fig. 2. SEM micrographs of the studied materials. The right column shows the higher
magnification images of the materials’ microstructure. The magnification of the SEM
images in each column is the same for all materials.

method where the sample was inserted into the furnace which was pre-
heated to 650 °C, an isothermal treatment to determine the hydrogen
uptake level. In addition, the hydrogen trapping activation energies
were analyzed (Eq. (1)) by heating the sample to 650 °C gradually,
using three different heating rates, i.e., 0.2, 0.3, and 0.5 K/s. Three
samples of each material and each environmental condition were tested
by both hot extraction and 7T'DS to ensure the reproducibility of the
experiments.

3. Results
3.1. Microstructure characterization

The SEM results are presented in Fig. 2. The ferrite, cementite,
and pearlite phase fractions for all materials, determined from the
S EM micrographs analysis with ImageJ [46], are provided in Table 3.
CS62 has a spheroidite microstructure with small grains of ferrite. The
cementite morphology in CS62 is spherical or broken lamellae in a
ferrite matrix. The cementite particles are located inside the ferrite
grains (matrix cementite) and in the grain boundaries (GB cementite)
as shown in Fig. 2 (CS62). CS65 shows a pearlite microstructure
with thick lamellae of cementite in a ferrite matrix (Fig. 2 (CS65)). It
should be noted that the ferrite grain size in C.S65 is bigger and more
connected in comparison with C.§62. A predominantly lamellar pearlite
microstructure with a lower fraction of ferrite in comparison with the
other materials constitutes the microstructure of C.S83.

3.2. Hot extraction

The hot extraction tests were done at 650 °C to determine total
H uptake, including reversible, irreversible, and trapped H for CS62,
CS65, and C.S83 under the three exposure conditions. The results
presented in Fig. 3 show that the hydrogen content in the samples
which were cathodically charged to saturation for all materials is higher
compared to the ones charged in CO, and CO,/H,S environments.
The hydrogen contents in samples exposed to CO,/H,S environment
remarkably increased in comparison with the samples charged in CO,
environment. CS62 with a spheroidite microstructure shows a sig-
nificantly lower amount of hydrogen uptake in all environments in
comparison with C.S65 and C.S83 with ferrite/pearlite microstructure,
while the carbon content in CS62 is quite close to CS65.
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Fig. 3. Hydrogen content obtained by hot extraction at 650 °C for samples exposed
to CO, and CO,/H,S environments for 21 days at room temperature and also after
electrochemical charging to saturation. The columns show the mean value of three tests
and the bars represent the standard deviation of the mean value. (The hot extraction
tests which were done on two C.S83 samples exposed to CO,/H,S environment were
failed due to some technical errors of the machine. Therefore the data shown in this
graph for material C.S83 is not an average value).

Table 3
Microstructures phase fraction and interlamellar spacing.

Material Ferrite% Cementite% Pearlite% Interlamellar spacing (nm)
CS62 91 9 81 -

CS65 90 10 85 242 + 64

CS83 88 12 98 117 + 30

3.3. Thermal desorption spectroscopy

3.3.1. CO, and CO,/H,S environment

Fig. 4 presents the T DS curves for C.§62, C.S65 and C.S83 obtained
at a heating rate of 0.5 K/s after exposure to the CO, and CO,/H,S
environments for 21 days. The curves were fitted and deconvoluted into
Gaussian curves with three, five, and four peaks for C.562, C.S65, and
C.S83, respectively, in both environments. The shape of the T DS spec-
trum for each material differs significantly in these two environments.
In addition, the highest temperature where H is detectable by T DS
is higher for the materials corroded in CO, environment compared to
CO,/H,S. The hydrogen uptake in C:S62 in CO, environment is remark-
ably lower than the other materials and is very close to the detection
limit of the G4— Phoenix analyzer. Therefore the resultant curve is noisy
and the shoulders in the curve are not necessarily representative of a
peak. Due to this obscurity, the curve is not deconvoluted.

3.3.2. Cathodic charging

To investigate the role of corrosion layers formed during the expo-
sure to CO, and CO,/H,S environments on the hydrogen desorption,
the studied materials were cathodically charged with H in a 3.5%
NaCl solution containing 1 g/L thiourea for 7' D.S measurement. During
electrochemical charging, no corrosion product formed on the surface
of the materials, and the effect of the corrosion layers on H effusion
was eliminated. As mentioned before, according to calculations, the
saturation level was reached after 24, 192, and 168 h for C.562, C.S65,
and CS83, respectively [18]. The results of the TD.S measurements
obtained at a heating rate of 0.5 K/s are presented in Fig. 5.

It should be noted that H mobility within the body-centered cubic
(BCC) materials is high [47-49]. The diffusion barrier between the
tetrahedral sites in a BCC iron is 0.1 eV [48]. This fact implies that H
starts to effuse from the samples immediately after the sample is taken
out from the charging cell and before the start of the H measurement
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Fig. 5. TDS spectra obtained at a heating rate of 0.5 k/s for the studied materials charged cathodically with H till saturation. The deconvoluted curves are associated with the

H desorption from particular microstructural features.

[50]. Pinson et al. [51] presented a numerical extrapolation towards
cryogenic temperatures to compensate for the amount of H which is
lost before the start of the T'D.S measurement. The T D.S spectra shown
in Fig. 5 are extrapolated towards cryogenic temperatures based on the
method presented in [51]. A difference between the initial parts of the
T DS spectrum is obvious when comparing the curves in Figs. 4 and 5.
The initial sharp increase in the H effusion which is visible in the TDS
spectrum in Fig. 4, has been replaced by a gradual increase in Fig. 5
using the numerical extrapolation towards cryogenic temperatures.
Therefore, the H effusion starts from the negative temperatures in the
T DS spectra in Fig. 5. This numerical extrapolation facilitates the TD.S
spectrum deconvolution. This allows a reliable determination of the
desorption activation energies related to hydrogen trapping at specific
microstructural features. Therefore, the cathodically charged samples,
as a reference, are used for this purpose.

Fig. 5 illustrates that the T DS spectrum of CS62 is fitted with four
peaks while it is fitted with three peaks under CO,/H,S environment
(Fig. 4). The other two materials’ T D.S spectrum were deconvoluted
to the same number of peaks as in CO, and CO,/H,S environments.
The H desorption continues at higher temperatures for C.§62 and CS65
which are charged cathodically in comparison with the same materials
exposed to CO,/H,S environment (cf. Figs. 4 and 5). However, H des-
orption in C.S83 shows the same ending temperature (around 550 °C)
in both the CO,/H,S environment and under cathodic charging.

3.4. Peak analysis

The percentage of the total H content related to each deconvoluted
peak is shown in Tables 4, 5 and 6 for CO, environment, CO,/H,S
environment and the cathodic charging condition where possible, re-
spectively. The activation energy of each peak was only calculated
for the materials which were charged cathodically (Table 6). In CO,
and CO,/H,S environments, the corrosion layer formed on the sample
surface can affect both the absorption and desorption of hydrogen.
Therefore, to calculate the trap energies of microstructural features, the
cathodically charged samples were used.

4. Discussion
4.1. Effect of charging conditions on hydrogen uptake

The studied materials were submitted to three different charging
conditions, 0.2 bar CO, environment, 0.2 bar CO,/1 mbar H,S envi-
ronment, and cathodic charging using 1 g/L thiourea in a 3.5% NaCl
solution. To investigate the hydrogen uptake in a CO, environment, one
should consider that CO, has a significant contribution to the corrosion
of carbon steel and corrosion plays an important role in the hydrogen
generation and absorption. The higher cathodic currents in the presence
of CO, in aqueous solutions due to the H,CO; buffering effect [52]
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Table 4
The data obtained from the peak analysis of TDS results of the samples exposed to the CO, environment.
Peak CS62 CS65 CS83
T,ex CC) H fraction (%) Tee CC) H fraction (%) Tex CC) H fraction (%)
1st peak - - 89 +6 7 93 +7 8.4
2nd peak - - 250 + 3 26.1 184 + 6 8.2
3rd peak - - 386 + 10 42.4 303 + 6 23.2
4th peak - - 471 + 6 22.5 409 + 7 60.2
5th peak - 584 + 9 2 - -
Table 5
The data obtained from the peak analysis of TDS results of the samples exposed to the CO,/H,S environment.
Peak CS562 CS65 CS83
T)ax CC) H fraction (%) Tyax CC) H fraction (%) T,ax CC) H fraction (%)
1st peak 100 + 2 25.3 110 + 9 17 131 £ 5 18
2nd peak 176 £ 5 42.5 183 + 9 44.8 224 + 5 48
3rd peak 244 + 4 32.2 296 + 6 13.9 303 + 6 15
4th peak - - 387 + 12 10.3 403 + 9 19
5th peak - - 462 + 11 14 - -
Table 6
The data obtained from the peak analysis of TDS results of the samples charged under the cathodic charging condition.
Peak CS62 CS65 CS83
Tpax H fraction Activation energy Tax H fraction Activation energy Tpax H fraction Activation energy
0 (%) (kJ/mol) Q) (%) (kJ/mol) (9] (%) (kJ/mol)
1st peak 80 +9 12 15.2 141 + 10 21.4 14.3 154 + 17 27.2 18.6
2nd peak 164 + 7 48 15 228 + 10 34.6 17.1 227 + 5 28.6 37.8
3rd peak 251 + 7 33 26.4 314 + 11 16.6 19.9 313 £ 17 25 35
4th peak 349 + 7 7 63.8 423 + 8 18.1 35.3 415 + 12 19.2 64
5th peak - - - 514 + 9 9.3 69.3 - - -

and the reduction of H,CO; and HCO; close to the surface is vastly
reported in previous studies [53-55]. This results in an increased
H* availability on the carbon steel surface according to the following
reactions [54,56]:

CO, + H,0 =2 H,CO; (2)
H,CO; 2 H* + HCOj ®)]
HCO; =2 H* + CO3~ )

The generated H* ions in the above-mentioned reactions can adsorb
on the metal surface through the Volmer reaction (Eq. (5)) and combine
to form H, molecules through the Tafel chemical reaction (Eq. (6))
[57]:

H* + e 2 Hyy (5)

H g5+ Higasy @ Hy (6)
Or through the electrochemical Heyrovsky reaction [58]:

Hq+H  +e” 2 H, @)

Or they can absorb to the subsurface and then diffuse into the steel
[59]:

(€))

In a CO,/H,S coexisting environment, the corrosion behavior is
more vague and intricate and even a small amount of CO, in an H,S
environment or a small amount of H,S in a CO, environment can
affect the corrosion significantly compared to the pure H,S or CO,
environments, respectively. As it is discussed above, CO, can react
with water and form acid and then decompose and generate a proton
(Egs. (2)-(4)). H,S can also decompose to HS™ and S~ and generate
protons [60,61]:

H 45 2 Hgpys

H,S = H* + HS™ ©

HS™ =2 H + 82~ (10)

In a CO,/H,S mixed environment, the amount of H which is avail-
able on the steel surface is higher compared to pure CO, environment
due to the synergistic effects of CO, and H,S on corrosion and H gen-
eration. The hydrogen uptake in all studied materials shows a higher
value in CO,/H,S environment compared with the results in pure CO,
environment as shown in Fig. 3. The significant difference between the
hydrogen uptake in these two environments can be correlated to the
fact that in CO, environment, the dissociation and H generation process
includes one more step which is related to the dissolution of CO, in
water and forming carbolic acid (Eq. (2)), while the direct dissociation
process of H,S (Eq. (9)) in CO,/H,S environment accelerates the H
generation. Besides, in environments containing sulfur species, the
kinetics of the evolution of gaseous hydrogen or the recombination of
atomic H (Egs. (6) and (7)) is slowed down significantly. Therefore, the
adsorption of atomic H on the material surface increases [62-64].

During cathodic charging, the cathodic reaction rate is increased
and generates more H atoms and at the same time enhances the H
atom recombination rate (Egs. (6) and (7)) [59]. In this study, however,
thiourea is added to the cathodic charging electrolyte to decrease the
H recombination rate and increase the amount of absorbed H into the
material. Therefore as it can be seen in Fig. 3, the H uptake is higher
for all the materials which are cathodically charged in comparison with
the materials corroded in CO, and CO,/H,S environments.

CS65 and CS83 display two distinct peaks before deconvolution in
CO,/H,S environment which are shown by black color in Fig. 4. One
peak at a lower temperature originates from reversible hydrogen and
one at a higher temperature originates from deep-trapped hydrogen.
In cathodic charging, these two peaks are closer to each other in
both materials (Fig. 5). Kirchheim [65] discussed that when these
two peaks are separated sufficiently, the deep trap sites stay filled
during the first peak hydrogen desorption. At higher temperatures,
when the second peak is revealed, the hydrogen from the deep traps
starts to effuse out of the sample. The saturation after cathodic charging
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causes the overlap between the peaks of hydrogen desorption from the
different traps. Indeed after saturation, the diffusible hydrogen traps
like grain boundaries and dislocations are filled with hydrogen and
the hydrogen desorption from these traps continues even at higher
temperatures. Therefore, the hydrogen desorption from the diffusible
traps can overlap with high-temperature peaks.

Although the same trap density is available in each microstruc-
ture, the trap occupancy differs depending on the environment and
equilibrium obtained (depending on the total hydrogen uptake). In
the corrosion exposure testing (CO, and CO,/H,S environments), the
occupancy of the reversible trap sites was lower due to the lower uptake
level, while a higher concentration was obtained for the cathodically
charged exposure. This affects the equilibrium between the lower and
higher trapping sites in the microstructure, which can result in the
observed variations in the overlapping of the different peaks. Never-
theless, since the corrosion layers can also affect desorption, the most
reliable interpretation of trap sites can only be done based on the
cathodically charged samples.

4.2. Effect of microstructure on hydrogen uptake

When H penetrates a material, it interacts with the microstructural
defects and sometimes it is trapped in a defect to decrease its energy.
The results in Fig. 3 confirm that in CO,/H,S environment and cathodic
H charging condition, the H uptake increases with carbon content and
CS83 exhibits the highest amount of H uptake. There is a significant
difference between H uptake in CS62 and CS65. The carbon content
of these two materials is very close (0.62% and 0.65%). However,
the C.S62 microstructure consists of the spherical or broken lamella
of cementite in a ferrite matrix while C.S65 shows a pearlite/ferrite
microstructure with thick lamellae of cementite in a ferrite matrix
(Fig. 2). The significant difference between the H uptake of these
two materials shows that the microstructure and the morphology and
distribution of the cementite phase play a more important role than
the carbon content in the H uptake capacity in carbon steels. Amemiya
et al. [66] showed in their Electron Backscatter Diffraction (EB.S D)
analysis that the lattice parameters ratios of the cementite lamellae are
completely different from the spheroidized cementite particles which
indicates that a lamellar pearlite microstructure has a certain amount
of internal stress. The internal stress in a lamellar microstructure can
cause a higher H uptake in C.S65 in comparison with C§62. Moreover,
the cementite/ferrite interface area in a lamellar microstructure of
C.S65 is higher than this area in a spheroidite microstructure of C.S62.

The H uptake in CS83 is slightly higher than that in C.S65 in
both CO,/H,S environment and under cathodic charging. The high
amount of cementite/ferrite interfaces in C.S83 leads to a higher H
uptake in comparison with C.S65. Furthermore, since the grain size
and the pearlite colony size in C.S83 are finer than in CS65 [18],
this material has more area of pearlite/pearlite interfaces in its mi-
crostructure. The high susceptibility of pearlite/pearlite interfaces to H
embrittlement has previously been investigated and published by the
present authors [39]. Therefore C.S83 shows a higher capacity for H
uptake.

According to the deconvoluted peaks in Fig. 5 which are related to
the cathodic charging condition, the first three peaks show very similar
activation energies for all materials, in a range of 15 to 37.8 kJ/mol (Ta-
ble 6). Correlating each peak with the particular microstructural defects
would not be straightforward. However, using the activation energies
found in the literature one can relate these peaks to the microstructural
defects with a reasonable approximation. For instance, the activation
energy for hydrogen desorption in different microstructural defects
based on the literature are as follows: 0-20 kJ/mol for elastic strain
field of dislocations [67], 17-60 kJ/mol for screw dislocation cores and
grain boundaries [68-70], 30-50 kJ/mol for micro-voids, voids and
vacancies [67,71], and 41-59 kJ/mol for cementite vacancies [72].
In a pearlitic microstructure, the hydrogen trapping activation energy
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within the ferrite/cementite interfaces is reported in a wide range
from 10.85 to 66.3 kJ/mol [72-76]. Some studies considered the
ferrite/cementite interface as a reversible trap [77] while others
correspond it to the irreversible hydrogen trapping sites [75,76]. With
a comparison between the activation energies reported in the literature
and the calculated activation energies in Table 6, the first three decon-
voluted peaks in all the materials can be related to grain boundaries,
dislocations, micro-voids, and vacancies.

Based on Table 6 for cathodic charging the diffusible hydrogen
fraction (sum of the first three peaks) in C.S62 is 93% which is higher
than for CS83 (=81%). It should be noted that this comparison is
between the hydrogen fraction relative to the total hydrogen in both
materials and it is obvious from Fig. 5 that the diffusible peaks (1,2 and
3) in C.S83 contain more hydrogen in comparison with the same peaks
in CS62. In CS62, the spherical or broken lamella of cementite particles
is dispersed in the ferrite grains. In C.S83 cementite lamellar morphol-
ogy constitutes the pearlitic microstructure. Therefore, the boundaries
between the prior-austenite grains are the boundaries between two
ferritic grains in C$62, while in C.S83, they are the boundaries between
two pearlite colonies. As discussed before, the pearlite/ferrite and the
pearlite/pearlite boundaries are incoherent and high-energy interfaces
that are susceptible to hydrogen embrittlement. The stress field due
to the volume change during the austenite to pearlite transforma-
tion, exposes a high tension in these interfaces with high dislocation
density [19]. These boundaries are a suitable trap for hydrogen accu-
mulation [39]. The fourth deconvoluted peak in C.S83 is related to the
presence of a large area of pearlite/pearlite interfaces, while in CS62,
there is not any high-temperature peak in CO,/H,S environment. In
this material, only after cathodic charging and saturation, the high-
temperature peak (fourth peak) appears (Fig. 5 and Table 6). In fact,
in CS62 the interfaces between the prior-austenite grains are not of
the same type as in CS83. As mentioned before, these interfaces are
the boundaries between two ferrite grains which are not considered as
irreversible traps as the pearlite/pearlite or pearlite/ferrite interfaces
in CS65 and C.S83. Therefore, the diffusible hydrogen fraction re-
lated to ferrite/cementite interfaces, dislocations, vacancies, and grain
boundaries in CS62 is higher than for the two other materials.

The sum of the H fraction of peaks 1, 2, and 3 is almost the
same in CO,/H,S environment and cathodic charging for C.S65 and
CS83 (H fraction related to peak 1,2 and 3 for CS65 is 75.7% and
72.6% in CO,/H,S environment and cathodic H charging condition,
respectively, while for C.§83 is ~81% in both CO,/H,S environment
and cathodic H charging condition). This means that the reversible
peaks (peaks 1, 2, and 3) are filled with almost the same amount of
H in both charging conditions. The H fugacity is high enough in both
CO,/H,S and cathodic charging conditions to fill the reversible traps.
In CS65, this H fraction is higher in CO,/H,S environment (75.7%) in
comparison with the cathodic charging condition (72.6%) whose reason
is explained in the next paragraph. For C.S62, in CO,/H,S environment,
all three peaks are considered to be related to the reversible H, while
under cathodic charging a small irreversible H peak appears with the
H fraction of 7%.

To analyze the irreversible peaks, it should first be noted that as
shown in Figs. 4 and 5, the T D.S spectrum of CS65 deconvoluted to 5
peaks, i.e that this material exhibits two irreversible peaks while C.S83
shows one irreversible peak. These two materials exhibit a lamellar
cementite morphology. The fourth peak in the TD.S spectrum of CS65
with the maximum temperature of 423 + 8 °C (Table 6) can be cor-
related to the release of H from the previous reversible trap with the
maximum temperature of 314 + 11 °C. The activation energy of the
fourth peak of C.S65 is 35.3 kJ/mol which is similar to the activation en-
ergy of peak 3 in C.§83 that has almost the same maximum temperature
of the third peak in CS65 as is shown in Table 6 (314 +11 °C and 313 +
17 °C, respectively). Therefore, the fourth peak in C.S65 can be a part
of the third peak in this material whose H desorbs with a delay. Based
on electrochemical permeation tests done by Skilbred et al. [18] on the



S. Karimi et al.

same materials as this study, C.565 showed the highest time lag and the
lowest diffusion coefficient. Furthermore, C.§65 has the highest amount
of tortuosity [18]. All of the above-mentioned parameters delay the H
desorption from the traps. This can explain the higher temperature in
which the H desorption stops in CS65 compared to the other materials
as well (Fig. 5). As a result, it seems reasonable to verify the idea that
the fourth peak is a part of the third peak which desorbs with a delay.
This observation is in agreement with Takai et al. [75] who showed
that the high-temperature peak in the TD.S spectrum consists of non-
diffusible hydrogen and a part of diffusible hydrogen in high-strength
steel. The fifth peak in CS65 can correspond to the fourth peak of C 562
and CS83 whose activation energies are close to each other (69.3, 63.8
and 64 kJ/mol, respectively (Table 6)). The H fraction related to each
trap in Table 6 shows that the fourth peak in C.S83 contains 219.2% of
the total H, while the H fraction in the corresponding peaks in C.S62
and CS65 are 7% (fourth peak) and 9.3% (fifth peak), respectively.
These irreversible peaks are related to the pearlite/pearlite and/or
pearlite/ferrite interfaces which are strong traps for H. As discussed
previously, C.S83 has the highest amount of pearlite/pearlite interfaces,
therefore this interface-related peak contains the highest amount of H
fraction in this material compared to the other materials.

With a comparison between Fig. 4 (CO,/H,S environment) and
Fig. 5, the temperatures at which the H desorption stops are higher
in values in cathodic charging conditions for CS62 and CS65. After
cathodic charging, more irreversible trap sites are filled by H and cause
the H to effuse out at a higher temperature as it can be seen in the
TDS spectrum of CS62 and CS65 compared to the same materials
in CO,/H,S environment. The H desorption from the deeper traps
(peaks 3 and 4 in CS62 and peaks 4 and 5 in C.S65) retards to higher
temperatures after cathodic charging (Figs. 4 and 5, Tables 5 and 6).
Since the grain size or the pearlite colony size is smaller in C.S83 and
therefore more pearlite/pearlite or pearlite/ferrite interfaces exist in
its microstructure, it was expected that the same trend is observed for
CS83. Moreover, the activation energies of the peaks are almost the
same in all materials. However, in C.S83 the H desorption stops at
the same temperature in both CO,/H,S environment and in cathodic
H charging condition (Fig. 4 (CO,/H,S environment) and Fig. 5). As
it is shown in Tables 5 and 6, for C.S83 the H fraction related to the
reversible peaks (Peaks 1, 2 and 3) is 281% and the H fraction related
to the irreversible peak is 219.2% in both CO,/H,S environment and
cathodic H charging condition. Therefore it can be inferred that due
to the higher fugacity with cathodic charging, deep traps in C.S62 and
CS65 can be more activated while in CS83 a higher fugacity is not
required to activate deep trap more efficiently.

4.3. Effect of corrosion layer on hydrogen desorption

In Fig. 4, the TDS spectra of all studied materials charged in
CO, environment, displays that the diffusible or reversible H desorbs
gradually leading to a peak related to the irreversible H desorption
appearing. Since the H uptake for C.S62 in CO, environment is close
to the detection limit of the G4 — Phoenix, its T DS spectrum is too
noisy. Therefore, the TD.S spectrum for CS62 in CO, environment
is not deconvoluted. For C.S65 and C.S83, the deconvolution is done
similarly as for the other conditions. C.S65 and C.S83 are deconvoluted
to five and four peaks, respectively. However, based on Tables 4, 5
and 6, the reversible and irreversible H fraction is quite different than
the same peaks from the same material in the CO,/H,S environment
or cathodic H charging condition. If the first three peaks in CS65
and CS83 are considered as the reversible peaks which are related
to the traps like ferrite/cementite interfaces, dislocations, micro-voids,
and grain boundaries [68], the sum of the H fractions related to the
first three peaks in CS83 is ~81% and the H fraction related to the
fourth peak which is the irreversible peak is ~19.2% for both CO,/H,S
environment and in cathodic H charging condition. For C.S83, in CO,
environment the reversible and irreversible H fractions are 39.8% and
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60.2%, respectively which is quite different than the corresponding H
fractions in CO,/H,S environment or cathodic H charging condition.
A similar trend can be seen in C.S65 as well. However, it should be
noted that as discussed in the previous section, the fourth peak in this
material has a complexity and it can be related to the H desorption
from a reversible trap which appears with a delay. To investigate the
difference between the T D.S spectrum of the studied materials in CO,
environment and CO,/H,S environment, the corrosion layer formed on
the surfaces of the materials during the charging process should be
studied.

Fig. 6 shows the cross sections of the corrosion layers formed on
all materials in both CO, and CO,/H,S environment. Under cathodic
H charging, no corrosion layer is formed. First of all the SEM images
show a significant difference in the thickness of the corrosion layers
formed on the materials in CO, and CO,/H,S environment. The corro-
sion layer thickness range is 17-25 pm for CO, environment while it
is less than 1 um for CO,/H,S environment. From the thickness obser-
vation, it can be deduced that H has to go through a longer route to
effuse out from the materials exposed to CO, environment. In addition
to the thickness, the morphology of the corrosion layer can have a
determinant role in H desorption. In a ferritic-pearlitic microstructure,
a micro-galvanic cell forms between the ferrite and cementite lamellae
which act as the anode and cathode, respectively [78,79]. Therefore,
the ferrite lamellae or grains dissolve while the cementite lamellae
which are the cathodic components remain in the corrosion layer [80].
The remaining cementite layers in galvanic corrosion cause the corro-
sion layer to adopt almost the same morphology as the microstructure
of the material as can be seen in Fig. 6 for C.565 and C.S83. Therefore,
H passes a tortuous path to effuse out of the materials exposed to
CO, environment. Skilbred et al. [18] used the same materials as in
this study in an electrochemical hydrogen permeation cell to measure
the hydrogen permeation flux through the steels. Their results showed
that the hydrogen uptakes reduced in the steels with the accumulation
of remaining Fe;C, despite increasing corrosion rates over time. They
explained that in both pure CO, corrosion and in the presence of a small
amount of H,S (less than 1 mbar) hydrogen adsorbed on remaining Fe;C
which is located far from the ferrite phase on the surface of the material
and therefore has a small chance for absorption into the steel since the
hydrogen diffusivity and solubility in Fe;C phase is low. In the present
study during the 7DS measurement both the hydrogen absorbed and
uptaken by the material and the hydrogen trapped in the remaining
Fe;C in the corrosion layer is measured.

It can be inferred that in materials exposed to the CO, environment,
H desorbs with a delay due to the fact that H passes through a tortuous
corrosion layer containing remaining Fe;C that is partially filled with
corrosion products and can trap the hydrogen and release it with a
delay and as a result the shape of the TD.S spectrum is different in
this condition (Fig. 4). H desorbs gradually at first due to the slow
movement of H through the tortuous corrosion layer. Then a peak
appears in higher temperatures which is related to the H desorption
delay. In CO,/H,S environment, the fast formation of iron sulfide
layer in the first stages of corrosion [81] decreases the corrosion
rate significantly and therefore a thinner corrosion layer forms under
this environmental condition. With a comparison between the T DS
spectrum for materials after exposure to CO,/H,S environment (Fig. 4)
and after cathodic charging (Fig. 5), it can be concluded that the thin
corrosion layer formed in CO,/H,S environment layer does not change
the H desorption rate. These results are in agreement with the study
performed by Silva et al. [82]. They evaluated the susceptibility of
API 5L X65 steel to hydrogen uptake and hydrogen embrittlement
in CO, environment containing a low concentration of H,S, at OCP.
Their results displayed that FeS film formed on the steel surface has
no effect on hydrogen uptake, but reduced the corrosion rate. Huang
et al. [36] showed in their experiments that the iron sulfide film blocks
the hydrogen permeation through the steel. However, their results dis-
played that the iron sulfide film which is formed in low concentration
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Fig. 6. Cross-section morphologies of the corrosion layers of the studied materials exposed to 0.2 bar CO, (left column) and 0.2 bar CO,/1 mbar H,S (right column) environments
for 21 days. The surface of the samples, exposed to 0.2 bar CO,/1 mbar H,S environment, were covered with platinum before milling to protect the nano-scale corrosion layers.
The numbers written in each image are the average thickness of the corrosion layers of two samples for each material and environment.

of H,S has a small effect on hydrogen uptake. Another investigation by
Kappes et al. [83] presented that the amount of H,S is a crucial factor
in the formation of the iron sulfide layer and its ability on reducing the
hydrogen uptake. In this study, the H,S concentration is 1 mbar which
is considered low. Therefore, the corrosion layer that formed on the
material, which is supposed to be a combination of Fe;C, FeCO; and
FeS, does not make a barrier to retard hydrogen uptake and hydrogen
effusion.

5. Conclusions

Hydrogen thermal desorption and hot extraction analysis were per-
formed on three high-strength carbon steels with different cementite
morphology and microstructure. These materials were exposed to mod-
ified artificial seawater bubbled with CO, and H,S at open circuit
potential. The same materials were also charged cathodically in a 3.5%
NaCl solution containing 1 g/L thiourea. T D.S and hot extraction were
performed on the materials after testing to evaluate the role of different
environments and charging conditions, cementite morphology, and the
corrosion layer on hydrogen uptake and hydrogen desorption. All tests
were done at room temperature. The following conclusions can be
drawn from the present study:

» The hydrogen uptake in all studied materials shows a higher value
in the CO,/H,S environment compared with the results in the
pure CO, environment. The H uptake is higher for all materials
which are charged cathodically to their saturation in comparison
with the materials exposed to CO, and CO,/H,S environments.
In CO,/H,S environment and cathodic H charging condition, the
H uptake increases with carbon content.

The hydrogen uptake in the material with the lamellar cemen-
tite morphology is significantly higher than the material with
the spherical cementite morphology with almost similar carbon
content, in CO,/H,S environment, and cathodic H charging con-
dition.

In CO, environment, the H uptake and the hydrogen desorption
are affected by the corrosion layer formed on the steel. In this
condition, H desorbs with a delay because H passes through a
tortuous corrosion layer containing remaining Fe;C partially filled
with corrosion products that can trap H and release it with a
delay.

The pearlite/ferrite and pearlite/pearlite interfaces act as strong
irreversible traps in pearlitic microstructures.

In CO,/H,S environment and cathodic H charging condition, the
tortuosity in the lamellar pearlitic microstructures delays the H
desorption from the traps. This leads to H desorption continuing
at higher temperatures. The high-temperature peak in the TDS
spectrum of the lamellar pearlitic microstructures can consist of
non-diffusible hydrogen and a part of diffusible hydrogen.

The thin corrosion layer forms in CO,/H,S environment does not
affect the H desorption rate while based on our previous study it
retards the corrosion rate.
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