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Abstract: Sustainable storage and transport of hydrogen are challenges in the transition
to renewable energy sources. Hydrogen embrittlement (HE), caused by atomic hydrogen
absorption and diffusion into steel, influences the mechanical properties of steel pipelines
and reservoirs. This work focuses on the hydrogen diffusion on X60 pipeline steel using
electrochemical measurements and X-ray photoelectron spectroscopy (XPS). The hydrogen
permeation tests (HPT) were performed to estimate the effective hydrogen diffusion co-
efficient Deff and the subsurface hydrogen concentration C0 in cleaned and mechanically
polished X60 steel. XPS analysis confirmed the presence of a 6 nm thick film of Fe (II) oxide,
Fe (III) oxide, and Fe (III) oxyhydroxide. Mechanical polishing improved oxide layer uni-
formity, ensuring reproducible electrochemical behavior. The effective hydrogen diffusion
coefficient Deff was determined for X60 steel using tlag and tb methods. It was found in
the range from 2.0 (0.4) 10−10 m2/s to 2.9 (0.5) 10−10 m2/s. The subsurface hydrogen
concentration, C0, was found to be 0.7 (0.1) ppm for X60 steel. The hydrogen diffusion in
X60 steel depends on its bulk properties; it is unaffected by surface preparation methods,
and it is confirmed to be lower than in high-carbon and other high-strength steels.

Keywords: XPS; electrochemical hydrogen permeation test (HPT); hydrogen embrittlement
(HE); X60 steel; iron speciation; thin film thickness

1. Introduction
One of the main problems of sustainable energy production is the discrepancy between

electricity production and electricity consumption [1]. Typical examples are the high
production of electricity by solar cells in the summer and the demand for electricity in
the winter. Therefore, solutions are needed to store renewable energy from summer to
winter. As electrical energy cannot be stored in sufficiently high quantities in batteries,
other seasonal energy storage solutions have to be found. One frequently used way to store
electrical energy is electrolysis, which produces “green hydrogen” (hydrogen produced
by sustainable energy sources) from cheap or even excess solar power in the summer and
uses it to generate electricity in the winter. Efforts are underway to address the challenges
associated with the efficient storage and transport of hydrogen; the traditional way to
store hydrogen both in liquid form at cryogenic temperatures and as pressurized hydrogen
gas in tanks is expensive and not very efficient. Different ways of storage are proposed
in the literature; researchers propose a chemical storage way, relying on the steam-iron
process [1]; an alternative to seasonal energy storage is “power to aluminum” [2]. Excess
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electrical current is used to reduce aluminum hydroxide to elemental aluminum; during
the reverse process, Al is oxidized to aluminum oxide or hydroxide, and hydrogen gas and
heat are released.

For hydrogen transport over longer distances, steel pipelines are the favored choice
due to their lower cost, high efficiency, and safety [3,4]. However, atomic hydrogen
can absorb and diffuse into steel and potentially degrade its mechanical properties; this
phenomenon is known as hydrogen embrittlement (HE) [5,6]. A laboratory study showed
that hydrogen accelerated the fatigue of API X60 pipeline steel and its welds; it was found
that hydrogen accelerated the crack growth phase in API X60 steel by a factor of 8 [7],
which might seriously reduce the time of operation of the pipelines. The stress corrosion
cracking (SCC) susceptibility of X60 steel was studied with slow strain rate tests in a
solution simulating groundwater; it was found that the failure process was controlled
by hydrogen embrittlement and anodic dissolution [8]. When repurposing existing gas
pipelines for blended hydrogen or pure hydrogen transport, the hydrogen embrittlement
sensitivity of the steels used has to be evaluated. Hydrogen embrittlement of X60 steel
became more severe in 100% pure hydrogen, and the formation of secondary cracks was
observed [9]. Hydrogen induced cracking susceptibility of X60 steel was studied, and the
tensile test results showed that the ductility dropped by 83% in the hydrogen-charging
environment [10].

Hydrogen embrittlement affects the performance of the steel pipelines, resulting in
material degradation that leads to hydrogen leakage, which can cause combustion and
possible explosion due to the wide range of flammability of hydrogen [11,12]. In addition,
HE impacts the reliability and safety of metal structures in several other industries, such
as aerospace, automotive, and construction [13], with possibly catastrophic consequences,
especially in energy facilities such as power plants and nuclear plants [14].

For this reason, further investigations on materials are required for safely transporting
hydrogen gas via steel pipelines. Key factors influencing HE are the diffusion behavior of
absorbed atomic hydrogen within the material and its impact on the cohesive forces within
the steel’s crystal lattice [5]. The HE mechanism is mainly determined by the interaction
between the absorbed hydrogen and the traps, such as grain boundaries, dislocations, and
vacancies [6].

Techniques for investigating hydrogen diffusion in steel are essential. The electro-
chemical permeation test is performed using a Devanathan–Stachurski cell [15], which is a
powerful electrochemical technique that provides information not only on the diffusion
coefficient but also on the trapping of hydrogen in steel [16]. It consists of two electrochemi-
cal cells, the hydrogen production and the detection cells, separated by the sample clamped
in between (working electrode: WE). In this study, an analytical approach based on in-situ
techniques, such as the hydrogen permeation test (HPT), and surface analytical ex-situ
techniques, X-ray photoelectron spectroscopy (XPS), was used on cleaned and mechanically
polished X60 steels to clarify whether different surface treatments influence the hydrogen
permeation results. HPT was also utilized to determine the effective diffusion coefficient
and the subsurface concentration of hydrogen in steel. This work aims to develop an ana-
lytical method and investigate the hydrogen permeation in X60 pipeline steel to estimate
the effective diffusion coefficient and the hydrogen subsurface concentration. The results
of this work are the basis for future studies on X60 steel with hydrogen permeation barrier
(HPB) coatings.
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2. Materials and Methods
2.1. Materials

The steel studied in this work is API 5L X60QS steel. API 5L is the standard specifica-
tion of the American Petroleum Institute for seamless and welded pipelines. The pipelines
are made of carbon steel pipes used for oil and natural gas transportation. The abbreviation
“X60” defines the minimum yield strength (60′000 psi or 415 MPa). This (high) strength
is achieved through the addition of alloying elements such as manganese, silicon, and
chromium. The steels “X65”, “X70”, and “X80” have a higher yield strength. Q refers to
the production process, such as R: as rolled, N: normalized, Q: quenched and tempered,
M: thermomechanical rolled, whereas S refers to the sour service use. The X60 steel sam-
ples were cut from a section of an as-produced carbon steel API 5L X60QS seamless pipe.
According to API specifications [17], the chemical composition of an API 5L X60Q steel is
reported in Annex H, paragraph H.4.1, table H1, page 126.

The diameter and thickness of the disk samples were 50 mm and 2 mm, respectively.
The bulk composition of the X60 steel sample determined by portable X-ray fluorescence
spectroscopy is provided in Table 1. P and S are below the limits of detection (LoD) of
the pXRF. The instrument used was the hand-held SPECTRO xSORT (Spectro Analytical
Instruments GmbH, Kleve, Germany); the analysis conditions were suggested by the
supplier for the method named “precious metals” [18].

Table 1. Bulk composition (mean values, wt.%) of X60 steel determined by portable X-ray fluorescence
spectroscopy. Standard deviations are in parentheses. P and S are below the limits of detection (LoD)
of the p-XRF.

Fe Mn Cr Mo Ni Cu S P

Wt.% 98.2
(0.1)

1.20
(0.04)

0.20
(0.02)

0.10
(0.01)

0.10
(0.01)

0.10
(0.01) <LoD <LoD

It is noteworthy that all elements were found to be below the maximum concentration
specified for an API 5L steel. The concentration of C could not be revealed by X-ray
fluorescence spectroscopy.

The metallographic examinations of the cross-section of X60QS steel (etched with
2% Nital solution for 5 s) revealed an irregular grain size and shape with globular car-
bides along the grain boundaries, thus confirming a bainite/martensite microstructure as
expected on a quenched and tempered product (Figure S1).

2.2. Sample Preparation

After cutting, the “as received” X60 steel was covered with an oil/grease film. Two
different procedures were adopted for the surface preparation on both sides of the X60
steel disks:

• Procedure 1: Five solvent cleaning.

The as-received samples were covered with grease from the cutting process. They
were cleaned in an ultrasonic bath at 40 ◦C using five solvents for 5 min each: butan-2-
one (purity > 99.5% (CAS Nr. 78-93-3) purchased from Chem-lab, Zedelgem, Belgium),
acetone ≥ 95.5% (CAS Nr. 67-64-1), ethanol absolute ≥ 99.8% (CAS Nr. 64-17-5, purchased
from Honeywell, Offenbach, Germany), petroleum ether (CAS Nr. 650-001-01, purchased
from Carlo Erba Reagents S.r.l, Cornaredo, (MI) Italy), and double distilled water (specific
conductivity equal to 1.5 (0.1) µS/cm). Organic solvents were used to reduce the carbon
signal, C1s, present on the sample surface. A polar solvent, double-distilled water, was
used to remove the deposits of inorganic salts (e.g., Ca2+, Zn2+). The XP-spectra was
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obtained after washing the sample with each solvent to monitor the removal of the or-
ganic compounds. This protocol was established in this work to achieve reproducible
electrochemical measurements.

• Procedure 2: Five solvents cleaning and mechanical polishing

The samples were cleaned with five solvents as described above and mechanically
polished using 4000-mesh SiC paper (Struers, Ballerup (DK)) and ethanol as lubricant for
three minutes and thirty seconds. After mechanical polishing, the samples were immersed
in an ultrasonic bath at 40 ◦C in ethanol for five minutes and in double-distilled water for
ten minutes.

Following the cleaning and/or the mechanical polishing, the disks were heated at
80 ◦C for 15 h to remove any hydrogen that might be trapped in the steel following
the manufacturing.

2.3. XPS Analysis

The surface composition of cleaned and mechanically polished X60 steel was investi-
gated by XPS using a Theta Probe spectrometer (Thermo Fisher Scientific, East Grinsted
(UK)). Survey and high-resolution spectra were acquired with a monochromatic Al Kα

source (1486.6 eV) and a nominal spot size of 400 µm. The pass energy was set at 200 eV
for the survey and 100 eV for the high-resolution spectra, respectively. The spectrometer
was calibrated according to ISO 15472:2010 [19]. Data were processed using the CasaXPS
software (V.2.3.25PR1.0) [20]. The energy resolution with a pass energy of 100 eV was
determined using the Ag 3d5/2 signal, which has a full width at half-maximum (FWHM)
of the peak height equal to 0.96 (0.05) eV. The angle between the source and the axis of the
lens is 67.38◦, and the angle between the axis of the source and the normal to the surface of
the sample is 53◦. More information is provided by Hannachi et al. [21]. The three-layer
model [22] was applied to determine the thickness of the contamination layer, lc, and the
thickness of the oxide layer, t, which were simultaneously calculated by solving a system
of nonlinear equations using a Newton–Raphson method [23]. The composition of the
oxide film is given as an atomic percentage of the different oxidized iron species based
on the integrated peak areas following the background subtraction according to iterative
Shirley [20] and the curve fitting using Gaussian/Lorentzian product functions, as reported
below in the results sections.

2.4. Electrochemical Permeation Test

The electrochemical permeation test is used to investigate the hydrogen diffusion in
steel, and it was conducted using a hydrogen permeation cell (Devanathan and Stachurski
cell) [15] consisting of two compartments (Figure 1a): the charging (or cathodic) cell where
hydrogen is produced and the detection (or anodic) cell where hydrogen is detected. The
surface of the sample exposed to the anodic and cathodic cell is 6.95 cm2 (diameter 3 cm).
Both cells are equipped with three electrodes: Ag/AgCl (KCl sat) as reference electrode (RE),
platinum as counter electrode (CE), and the sample under analysis as working electrode
(WE). The three electrodes in the anodic and cathodic cell were connected to a potentiostat,
respectively, which was operated in floating mode (Figure 1a).

The charging cell was filled with 0.1 M HCl (CAS Nr. 7647-01-0 Honeywell, Offenbach,
Germany) containing 0.2 g/L As2O3 (CAS Nr. 033-002-00-5, Carlo Erba Reagents S.r.l,
Cornaredo, (MI), Italy). The detection cell was filled with 0.1 M NaOH (CAS Nr. 1310-73-2
Chem-lab, Zedelgem, Belgium). The measurements were conducted with the solutions
open to the air.
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Figure 1. (a) Scheme of the electrochemical hydrogen permeation test set-up; (b) example of hydrogen
permeation curve and timing.

The hydrogen permeation experiments followed precise timing (Figure 1b). First, the
H-detection cell was filled with 0.1 M NaOH solution, and the open circuit potential (OCP)
of the sample was recorded for 3600 s. Then, an anodic potential of +0.3 V vs. OCP was
applied in the detection cell. The passivation current decreased with time, reaching values
lower than 0.1 µA/cm2. Then, the charging cell was filled with 0.1 M HCl and 0.2 g/L
As2O3 solution, and the OCP of the steel was measured for 300 s; this was followed by a
galvanostatic cathodic polarization applying a current equal to −6 mA. The area of the
sample exposed to the solutions is 6.95 cm2. After 3600 s at the OCP, a potential of +0.3 V
vs. OCP was applied; a sudden increase in the current was recorded, and it was necessary
to wait until 6000 s to reach a stable and low current value (about 1 µA) at the detection
side before applying the H production current.

The hydrogen permeation curve consists of three phases [16]: build-up, in which
hydrogen entry and diffusion occur with an associated increase in current (i) until reach-
ing a plateau, called steady state (iss). A decay is then observed, in which hydrogen
de-trapping occurs.

From the permeation curve, the diffusion coefficient (Deff (m2/s)) can be calculated
using two methods, the time lag method (Equation (1)) and the breakthrough time method
(Equation (2)) [24]:

tlag method:

Deff =
L2

6tlag
, (1)

Breakthrough method:

Deff =
L2

15.3tb
, (2)

where L is the thickness in meters of the sample, tlag is the time (s) required to achieve 63% of
steady state current density (iss), and tb is the breakthrough time (s) that corresponds to the
intersection of the tangent line at the inflection point and the x-axis in the permeation curve.

The subsurface concentration of diffusible hydrogen, C0, can be determined by
Equation (3) [25]:

C0 =
issL

FDeff

MH

ρFe
106, (3)

where iss is the steady state permeation current density (A/m2), L is the thickness of the
sample (m), Deff is the effective diffusion coefficient (m2/s), F is the Faraday constant
(96,485 C/mol), MH is the molar mass of hydrogen (1 g/mol), and ρFe is the iron density
(7.87 × 106 g/m3).
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The data reported in this work are the mean values over at least three independent
measurements. The standard deviations are given in parentheses in agreement with the
guidelines published in [26].

3. Results
3.1. Conditioning of the Sample Surface Exposed to the Detection Side

The detection cell is filled with 0.1 M NaOH. The samples were conditioned by
first exposing them to the NaOH solution and measuring for one hour the open circuit
potential (OCP). The OCP versus exposure time curves for heated cleaned (H C X60) and
mechanically polished (H MP X60) steel are shown in Figure 2. The open circuit potential
increases asymptotically over time.
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The potential immediately after immersion is at about −270 mV Ag/AgCl and reaches
about −220 mV Ag/AgCl after one hour. The samples H MP X 60 steel are very reproducible
(Figure 2b), and the H cleaned steel C X60 shows one outliner (Figure 2a).

Following the OCP measurement, the steels are passivated anodically at a potential
+0.3 V vs. OCP. This procedure shall minimize the variation in surface conditions of the steel,
prevent specimen oxidation, and increase the efficiency of the hydrogen atom oxidation
reaction for more repeatable data [27]. The passivation current decreased following a power
law and reached values below 0.5 µA, thus lower than 0.1 µA/cm2 (Table 2).

Table 2. Open circuit potential (mV vs. Ag/AgCl) measured after 1 h of exposure to the solution and
current after 1 h of passivation; standard deviations calculated over three independent measurements
are in parentheses.

OCP (1 h, 0.1 M NaOH)
(mV vs. Ag/AgCl)

Passivation Current (After 1 h)
(µA)

H C X60 steel −226 (42) 0.4 (0.3)
H MP X60 steel −224 (3) 0.5 (0.2)

3.2. Conditioning of the Sample Surface Exposed to the Production Side

The production cell was filled with 0.1 M HCl solution containing 0.2 g/L As2O3;
arsenic oxide inhibits the recombination reaction of hydrogen and promotes the formation
of hydrogen atoms. The samples were exposed for 5 min to this solution, and also, in this
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case, the OCP was measured. Afterward, the cathodic hydrogen production with a current
of −6 mA was started. The value measured on H C X60 steel in 0.1 M HCl (−435 (5) mV vs.
Ag/AgCl) is slightly lower than the OCP value recorded on H MP X60 steel (−415 (10) mV
vs. Ag/AgCl). The potential during cathodic polarization with a current of −6 mA was
found at −996 (4) mV vs. Ag/AgCl for H C X60 steel and at −1067 (83) mV vs. Ag/AgCl
for H MP X60 steel.

3.3. Hydrogen Permeation Results

The anodic current at the detection cell was recorded continuously (Figure 3). Af-
ter the start of hydrogen production, the current first remained very low, being almost
0 µA; afterward, it rapidly increased during the build-up phase and reached a nearly
steady-state value.
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After switching off the hydrogen production current, the anodic current in the detec-
tion cell decreased (decay phase).

The hydrogen permeation curves obtained on the cleaned H C X60 steel samples
(Figure 3a) showed good reproducibility; the current due to hydrogen oxidation starts to
increase, and the values of the steady state current, iss, are found to be 29.4 µA, 35.7 µA,
and 41.8 µA for three repeated measurements. The hydrogen permeation curves of three
mechanically polished MP X60 steel samples (Figure 3b) showed a similar behavior of the
build-up and decay phases. The current due to hydrogen oxidation starts to increase; the
iss values are found to be 29.0 µA, 57.9 µA, and 35.0 µA for the three samples.

The effective hydrogen diffusion coefficient was calculated for each permeation test us-
ing the time lag (tlag) and the breakthrough (tb) methods according to Equations (1) and (2);
the results are reported in Table 3. The values of the effective diffusion coefficient Deff

are found to be about 2 × 10−10 m2/s. No significant differences have been observed in
the diffusion coefficient values for the cleaned and mechanically polished samples and
between the two methods.

The subsurface concentration of hydrogen calculated using Equation (3) is shown in
Table 3; the subsurface hydrogen concentration is slightly higher in the H MP X60 steel
(0.8 (0.1) ppm) than in H C X60 steel (0.66 (0.02) ppm).
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Table 3. Effective diffusion coefficients (Deff) and subsurface concentration C0 values for H C X60
and H MP X60 steels. The results are reported as mean values over three independent measurements,
and the standard deviations are given in parentheses.

Deff-tlag Method
(10−10 m2/s)

Deff-tb Method
(10−10 m2/s) C0 (ppm a)

H C X60 steel 2.4 (0.4) 2.8 (0.2) 0.66 (0.02)
H MP X60 steel 2.0 (0.4) 2.9 (0.5) 0.8 (0.1)

a ppm: parts per million represent the mass fraction of hydrogen in iron, measured as milligrams of hydrogen per
kilogram of iron.

3.4. XPS Results

The surface of X60 steel samples was analyzed by XPS. This technique provides
information on the composition of the surface, the chemical state of iron, the thickness of
the oxide layer, and the hydrocarbon contamination layer following the different steps of
the sample preparation, such as cleaning, mechanical polishing, and heat treatment for
15 h at 80 ◦C.

The survey spectra provide an initial overview (Figure 4). Fe signals are detected at
the surface of cleaned and mechanically polished X60 samples both before and after heating
at 80 ◦C for 15 h. In addition, C and O signals are observed. Their presence can be ascribed
to surface contamination and oxidation of the outer layer of the steel due to the exposure of
the samples’ surface to the ambient following the cleaning, heating procedures, and the
sample transfer to the spectrometer.
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Detailed information was obtained from the curve fitting of the high-resolution spectra
(Figure 5). The curve fitting parameters of O 1s and Fe 2p signals are listed in Table S1
(Supporting Information). The Fe 2p3/2 peak of the H C X60 steel and H MP X60 steel
(Figure 5a,c) were curve-fitted according to the literature [28] and showed four components.
The peak energy of metallic iron (Fe (0)) was found to be 706.8 (0.1) eV for both cleaned
and MP X60 steel and 707.0 (0.1) eV for heated cleaned and heated MP X60 steel; Fe (II)
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oxide (FeO) was found at an energy value of 709.4 (0.1) eV with its satellite at 714.9 (0.1) eV;
the peak energy of Fe (III) oxide (Fe2O3) was 710.6 (0.1) eV and for Fe (III) oxy-hydroxides
(FeOOH) it was found to be 712.5 (0.1) eV [28].
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The peak energies of each component are reported in Table 4 as mean values over
three independent samples and analyzed in three areas each. The standard deviation in the
text and in the table are given in parenthesis, as stated in the reference [26].

Table 4. Peak energy values (eV) of O 1s, Fe 2p3/2 XP-signals of X60 steel reported as mean values
over three independent measurements. The standard deviations are given in parentheses.

Elements C X60 Steel
Peak Energy (eV)

Heated C X60 Steel
Peak Energy (eV)

MP X60 Steel
Peak Energy (eV)

Heated C X60 Steel
Peak Energy (eV)

O 1s–Oxide 530.1 (0.1) 530.2 (0.1) 530.1 (0.1) 530.2 (0.1)
O 1s–Hydroxide 531.4 (0.1) 531.4 (0.1) 531.4 (0.1) 531.5 (0.1)
O 1s–Water 532.2 (0.2) 532.2 (0.1) 532.2 (0.1) 532.3 (0.1)
O 1s–Organic 533.5(0.1) 533.4 (0.1) 533.5 (0.1) 533.5 (0.1)
contamination
Fe 2p3/2–Fe (0) 706.8 (0.1) 707.0 (0.1) 706.8 (0.1) 707.0 (0.1)
Fe 2p3/2–FeO 709.4 (0.1) 709.4 (0.2) 709.3 (0.1) 709.4 (0.1)
Fe 2p3/2–FeO sat 714.9 (0.1) 714.9 (0.2) 714.8 (0.1) 714.9 (0.1)
Fe 2p3/2–Fe2O3 710.6 (0.1) 710.7 (0.1) 710.6 (0.1) 710.6 (0.1)
Fe 2p3/2–Fe
(III)-OOH 712.5 (0.1) 712.6 (0.1) 712.5 (0.1) 712.4 (0.1)

The O 1s signals showed four components; the peak energies of the components are at
530.1 (0.1) eV, 531.4 (0.1) eV, 532.2 (0.1) eV, and 533.5 (0.1) eV, and they are assigned to oxides,
hydroxides, adsorbed water, and organic contamination, respectively [21] (Figure 5b,d and
Table 4). Figure S2 (Supplementary Materials) shows the Fe 2p3/2 and O 1s spectra after
curve-fitting obtained on the solvent cleaned X60 steel and on the X60 after mechanical
polishing but before heating.
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The composition of the surface layer was calculated by taking into account the oxidized
iron species, and the results are shown in Table 5. The three layers model allows calculating
the thickness of the contamination layer (lc) and of the oxide layer (t). The composition of
the iron oxy-hydroxide film is similar in both samples.

Table 5. Thickness of the contamination layer lc and the oxide layer t calculated applying the three-
layer model for Cleaned, MP steel, and H C X60 and H MP X60 steels. Results are reported as mean
values over three independent measurements, and the standard deviations are given in parentheses.

C X60 Steel Heated C X60 Steel MP X60 Steel Heated MP X60 Steel

lc (nm) 3.5 (0.8) 2.7 (0.3) 2.9 (0.5) 3.3 (0.2)
t (nm) 4.1 (0.5) 6.8 (0.9) 5.5 (0.7) 7.7 (0.5)
Atom % FeO 5 (2) 0.5 (0.7) 4 (3) 0.9 (0.9)
Atom % Fe2O3 60 (2) 64 (3) 62 (2) 64 (2)
Atom % FeOOH 35 (3) 36 (3) 34 (3) 35 (2)

4. Discussion
4.1. Surface Composition and Homogeneity

The peak energy values of Fe (II) oxide, Fe (III) oxide, and Fe (III)-OOH are in agree-
ment with the literature [21,28,29], and they remained unchanged within the experimental
uncertainty (0.1 eV) for all the samples regardless of the treatment (C X60, H C X60, MP X60
and H MP X60). The results of the peak binding energy values of nine analyzed areas on
three independent samples are presented in Figure 6a. The component ascribed to metallic
iron was found to be 0.2 eV higher after heating than before heating.
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The thickness of the hydrocarbon contamination layer showed a small variation for
the heated C X60 and for the heated MP X60 steels (Table 5) in comparison with the same
samples before heating. The thickness of the oxide layers of the series of heated samples
following both the cleaning with organic solvents and the mechanical polishing was higher
than that of the same samples before heating. This suggests that the surface layer grows
upon heating as expected. The standard deviation higher for the thickness values of the
cleaned samples after heating might be interpreted as an indication of the growth of a non-
homogeneous surface film. A more detailed analysis with a dot plot (Figure 6b) revealed
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that there are “outliers” that can be traced back to two points analyzed on two (of three)
different samples. This indicates that the procedure of mechanical polishing leads to more
reproducible surfaces, as indicated by the reproducibility of the open circuit potential
versus time curves (Figure 2) for the mechanically polished surfaces (Figure 2b). Studies
have shown that mechanically polished steel exhibits a better reproducibility of passive
film after immersion in aggressive solutions [30].

Based on the peak energies of both iron and oxygen signals, we can state that the
surface film is made of iron oxyhydroxides. The iron is mainly present as Fe (III) (Table 5).
After heating, the atomic percentage of FeO strongly decreases; the Fe (II) component
in the fitted Fe 2p3/2 spectrum almost disappears, and this can explain the high relative
uncertainty, which characterizes this contribution to the signal after heating (Table 5;
from 5 (2) % to about 0.5 (0.7) % for C X60 steel and from 4 (3) % to about 0.8 (0.9) % in the
case of the MP X60 steel). This decrease might be due to the fact that heating promotes
oxidation into more stable oxides, such as Fe2O3. This might be substantiated by the
trend that indicates an increase in the atomic percentage of Fe2O3. This observation is in
agreement with the findings that heating can alter oxidation states and reduce reactive
species on the surface [31].

4.2. Hydrogen Diffusion Coefficient of X60

The effective hydrogen diffusion coefficient Deff values (Table 3) calculated with the
tlag and tb methods are comparable, and no influence of the sample preparation method
can be revealed. This indicates that the hydrogen diffusion coefficient is governed by the
bulk material properties and it seems that it is not affected by nanometer thick surface
layers. These two methods (tlag and tb), used frequently in the literature [32,33], are based
on the assumption that the diffusion of hydrogen in the metal can be described by Fick’s
laws (Equations (4) and (5)) [34] where j is the hydrogen flux, Deff is the effective hydrogen
diffusion coefficient, C the hydrogen concentration, x the distance from the surface, and t
the time.

j(x, t) = −Deff
∂C(x, t)

∂x
, (4)

∂C
∂t

= Deff
∂2C
∂x2 , (5)

The solution of Fick’s laws depends on the boundary conditions and the system geom-
etry. For the Devanathan and Stachurski electrochemical double cell (see experimental), the
conditions are (1) a membrane of finite thickness L; (2) C = C0 at x = 0, meaning a constant
hydrogen concentration C0 at the production side; and (3) C = 0 at x = L, meaning that the
hydrogen concentration at the detection side of the membrane is zero.

The effective diffusion coefficients calculated for the H C X60 steel (2.4 (0.4) 10−10 m2/s)
and for the H MP X60 steel (2.0 (0.4) 10−10 m2/s) are in the same order of magnitude
(Table 3) and in agreement with literature data (Figure 7) [35]. The fact that Deff determined
that the time lag method (63% of steady state current) and the breakthrough method
(about 5% of the steady state current) are nearly identical (see Table 3) indicates that the
experiments reached the steady state (Figure 3). The highest values of Deff are reported
for Armco iron (6.2 × 10−9 m2/s) [36] and pure annealed iron (4 × 10−9 m2/s) [37]. The
comparison of the literature data obtained using different steels (Figure 8) shows that
the hydrogen diffusion coefficient Deff of X60 steel in this work is similar to the one of
X65 steel (2.3 × 10−10 m2/s) [35] and 3.5 × 10−10 m2/s [38]. Previous studies reported
hydrogen diffusion coefficient to be 6.2 × 10−11 m2/s and 5.1 × 10−11 m2/s for different
grade high-strength pipeline steels such as X70 C and X80 C steels, respectively [32]. High
carbon steel exhibited a Deff value equal to 2.2 × 10−11 m2/s) [36].
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The influence of different tempering temperatures on the hydrogen diffusion on low-
alloy high strength steel (LAHSS) [33] showed that the hydrogen diffusion coefficient Deff

increased with tempering temperature (Figure 7) [33].
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4.3. Hydrogen Sub-Surface Concentration (C0) of X60 Steel

The study of hydrogen subsurface concentration in steels is critical for understanding
hydrogen embrittlement. Hydrogen accumulation near the surface can initiate micro-cracks,
which can propagate under mechanical stress, leading to a failure [33].

The sub-surface hydrogen concentration C0 at the production side of the sample was
calculated from the hydrogen permeation curves using Equation (3).

The subsurface hydrogen concentration C0 of heated C X60 and MP X60 steel is given
in Table 6, together with the literature data from other steels of different compositions,
microstructure, and heat treatment. In literature, two different units are used to report
hydrogen concentration: mol H/m3 and ppm (Table 6). The conversion factor is the
iron density of 7.87 g/cm3; for the sake of clarity, this discussion uses only ppm. The
lowest values of C0 are reported for annealed iron (0.022 ppm) [37] and annealed Armco
iron (0.085 ppm) [36]. The hydrogen concentration C0 in low alloyed high-strength steel
(LAHSS) at different tempering temperatures (560 ◦C, 600 ◦C and 640 ◦C) was found to
be 1.52 ± 0.01 ppm, 0.87 ± 0.08 ppm and 0.21 ± 0.01 ppm, respectively [33]. The influence
of welding was tested on X80 steel; the hydrogen concentration C0 for weld, heat affected
zone (HAZ), and base X80 steel were found to be 2.21 ppm, 2.12 ppm, and 1.54 ppm,
respectively [39].

Table 6. Hydrogen subsurface concentrations of different steel present in the literature compared
with those obtained in this work.

* C0 (ppm) * C0 mol H/m3 Ref.

Heated C X60 steel 0.66 (0.02) 5.2 (1.4) This work
Heated MP X60 steel 0.8 (0.1) 6.3 (0.8) This work

LAHSS steel T640 0.21 1.65 [33]
LAHSS steel T600 0.87 6.85 [33]
LAHSS steel T560 1.52 11.96 [33]
High carbon steel 6.09 47.5 [36]

Weld X80 steel 2.21 17.43 [39]
HAZ X80 steel 2.12 16.71 [39]
Base X80 steel 1.54 12.12 [39]
Annealed iron 0.022 0.17 [37]

Armco Iron 0.085 0.662 [36]
* The values written in italics are converted values.

4.4. Influence of Steel Microstructure and Composition

The steel studied in this work is API 5L X60 steel. API 5L is the standard specification
for pipelines of the American Petroleum Institute. The pipelines are made of carbon steel
pipes used for oil and gas transmission. The abbreviation “X60” defines the minimum yield
strength (60′000 psi or 415 MPa). This (high) strength is achieved through the addition of
alloying elements such as manganese, silicon, and chromium. The steels “X65”, “X70” and
“X80” have a higher yield strength.

It is now interesting to evaluate the effective diffusion coefficient Deff and the sub-
surface hydrogen concentration C0 of the different iron-based materials (Figure 8). At
first glance, a log-log plot of Deff vs. C0 results in an approximately linear relationship,
representing a power law. A high effective diffusion coefficient Deff is related to a very low
hydrogen concentration C0 and vice versa: this appears to be valid for various materials
independently from the method applied for the calculation of Deff and C0. It is noteworthy
that a wide range of materials, from annealed and Armco iron [36,37] over the X60 steels
studied in this work to X80 base material, welded, and heat affected zone (HAZ) [39],
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as well as LAHSS steel, tempered at temperatures between 560 and 640 ◦C [33], are in
agreement with this power law.

5. Conclusions
This investigation provides a detailed evaluation of the surface composition and hy-

drogen permeability of X60 steel in terms of hydrogen diffusion coefficient and subsurface
hydrogen concentration. The comparison with the literature data for various steels is also
discussed. The following conclusions can be drawn

• XPS analysis revealed the presence of a film composed of Fe (II) oxide, Fe (III) oxide,
and Fe (III) oxyhydroxide on the steel substrate on both organic-solvents cleaned and
mechanically polished X60 steel samples. The composition and the film thickness
formed upon heating at 80 ◦C for 15 h at the surface of mechanically polished samples
are more reproducible than in the case of films present on the steels following the clean-
ing procedure with organic solvents. The reproducibility of the sample preparation
ensures the reproducibility of the electrochemical results.

• The effective diffusion coefficients Deff of both H C X60 and H MP X60 steels, calculated
using tlag and tb methods, are in agreement with the literature data. Deff depends on
the bulk properties of the steel; indeed, Deff of X60 steel seems to be unaffected by the
presence of a nanometric thick film constituted of iron oxy-hydroxides. The lower Deff

value of X60 steel compared to pure iron might be explained by the presence of higher
carbon content or other alloying elements changing the microstructure.

• The subsurface hydrogen concentration C0 in X60 steel was found to be equal to
0.66 (0.02) ppm for C X60 steel and to 0.8 (0.1) ppm for MP X60 steel is lower than in
high-carbon steels and other high-strength pipeline steels such as X80. This may be
attributed to its specific microstructure, which includes bainite and possible martensite
with globular carbides.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings15040442/s1: Table S1: Curve fitting parameters used for
O 1s, Fe 2p3/2 signals of X60. Standard deviations calculated over three independent measurements
are in parentheses.; Figure S1: SEM micrograph of X60QS microstructure after etching with 2%
Nital solution for 5 s. The X60QS (quenched- tempered and sour) is a product with an expected
microstructure consisting in bainite and possible martensite. This SEM cross-section image of the
sample reveals an irregular grain size and shape with globular carbides along the grain boundaries,
thus, confirming a bainite/martensite microstructure; Figure S2: Fe 2p3/2 and O 1s peaks recorded
on C X60 steel (a,b) and MP X60 steel (c,d) before heating.
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Abbreviations
The following abbreviations are used in this manuscript:

HE Hydrogen Embrittlement
HPB Hydrogen Permeation Barrier
HPT Hydrogen Permeation Test
tlag Time lag
tb Breakthrough time
Deff Effective hydrogen diffusion coefficient
C0 Subsurface hydrogen concentration
OCP Open Circuit Potential
MP Mechanically Polished
C Cleaned
H MP Heated MP
H C Heated Cleaned
BCC Body-centered cubic
XRD X ray Diffraction
SEM Scanning Electron Microscopy
XPS X ray Photoelectron Spectroscopy
FWHM Full Width at Half-Maximum
BE Binding Energy
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