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Hydrogen diffusional parameters in metallic alloys were evaluated for API 5L-grade X65 steel by introducing a
simplified approach using a single-compartment electrochemical cell. The experimental hydrogen flow from
electrochemically pre-charged specimens is interpolated through a numerical approach, with a simulated target
curve derived for a specific geometry. The diffusion coefficient and concentration of diffusible hydrogen were
estimated after hydrogen charging in alkaline solutions at different levels of cathodic polarisation. The results
show constant and reproducible values of diffusivity despite the level of polarisation, and the concentration of
diffusible hydrogen increases with cathodic overpotential, depending on the composition of the solution.

1. Introduction

Currently, several approaches are considered through extensive
experimental research to evaluate the hydrogen compatibility pure and
in mixing with other gases [1,2] and hydrogen embrittlement suscep-
tibility [3,4] of metal alloys. Hydrogen-induced brittle fracture is asso-
ciated with diffusible hydrogen, as described in several studies [5-9] if
associated in slow strain and plastic deformation [10-15]. There are
various approaches to investigating the diffusion coefficient and
hydrogen uptake, such as thermal desorption spectroscopy [16-18],
melt extraction, vacuum extraction [19], silver micro-printing [20],
tritium autoradiography, gas chromatography [21] and electrochem-
istry impedance spectroscopy [22]. An important strategy to evaluate
the hydrogen uptake and diffusion coefficient is using electrochemical
methods based on a Devanathan-Stachurski permeation cell [23,24].
These methods use an electrochemical double compartment with a thin
plate between the two semi-cells. One side is used to charge the sample
through cathodic polarisation, while the other side is anodically polar-
ised, thus maintaining the hydrogen concentration on a surface that is
equal to zero. Therefore, diffusible hydrogen flux passes from one side to
another. It is possible to estimate the diffusion coefficient following
different approaches, such as based on the elapsed time (t;g), the
breakthrough time or the slope method [25].

A new simplified approach to estimate the solubility and diffusion
coefficient using a single-compartment cell has been introduced [26].
This methodology involves a two-step procedure, with an initial phase of
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electrochemistry charging to saturate the metallic sample through
cathodic polarisation at potentials below the equilibrium potential for
hydrogen evolution, followed by a subsequent phase of discharging
under anodic polarisation at potentials above the equilibrium potential.
The time evolution of the anodic current during the discharging phase is
affected by the flux of diffusible hydrogen egressing from the sample.
The latter depends on the initial concentration of diffusible hydrogen in
the material (e.g. the diffusible hydrogen uptake) by the diffusion co-
efficient and the elapsed time between the end of the charging step and
the start of discharging. An approach to estimate the diffusion coeffi-
cient and hydrogen concentration with this methodology measuring the
current transient by anodic/cathodic pulse polarisation applied, it is
deriving the parameters via analytical solution [27,28]. Usually, it needs
to impose one-dimensional flow experimental conditions, because all
analyses and models, even complex ones that consider e.g. trapping
effect, involve well-defined and oriented one-dimensional flows.

This study examined a three-dimensional flux of hydrogen to esti-
mate of diffusible hydrogen content and diffusion coefficient in an API
5L-grade X65 pipeline steel. These parameters were evaluated using a
single-compartment electrochemical cell on steel specimens pre-charged
in different alkaline solutions and cathodic polarisations to obtain
different levels of hydrogen saturation. The diffusion coefficient and
diffusible hydrogen concentration in the metal were obtained by fitting
the experimental discharging current density through a normalised
desorption curve derived for the specific geometry of the specimens
using a three-dimensional FEM model (Finite Element Method).
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2. Experimental
2.1. Materials and solutions

The test was performed on cylindrical specimens of high-strength
low-alloy (HSLA) API 5L-grade X65 steel, with a diameter of 13 mm
and a height of 45 mm, obtained from a 14 mm thick hot-rolled,
longitudinally welded pipe for gas and oil transport, with a ferri-
tic—pearlitic banded microstructure. The chemical composition of steel
is reported in Table 1. On top of the cylinder, an M3 thread was used to
fix the specimen to the sample holder, which consisted of a threaded rod.
Only a couple of threads were used to change the initial geometry as
little as possible. For all analyses, all samples were processed with pa-
pers up to 1200 grit and degreased with acetone.

Two alkaline test solutions were considered: a 26.5 g/1 of Na;CO3 +
42 g/1 of NaHCOj3 carbonate-bicarbonate solution of pH 10, previously
adopted to simulate soil water in studies on stress corrosion cracking
[29], and a 0.1 M sodium hydroxide solution.

2.2. Experimental Lay-out

The electrochemical single-compartment cell is shown in Fig. 1. The
sample was positioned at the centre of the cell to ensure uniform current
distribution from the counter-electrode. It was connected to the working
electrode via a threaded rod, which was insulated by a glass tube. An
activated titanium mesh basket was used as the counter-electrode. The
potential was measured using a saturated calomel electrode (SCE)
reference electrode with a lugging probe. The cell was filled with the test
solution, which was maintained at a constant room temperature of
approximately 23 + 0.1 °C using a thermostatic bath. Prior to the
experiment, the solutions were deaerated for 12 h through nitrogen
bubbling and maintained during the entire testing time.

2.3. Experimental procedure

The experimental procedure was conducted in different phases.
Initially, after sample assembly and nitrogen flushing, the test cell was
filled with the deaerated solution. The specimens were then polarised at
+0.306 V versus SCE to obtain the passivation curve. The passivation
potential was assumed to be equal to that recommended by the
ISO17081 standard for the detection side of the Devanathan-Stachurski
cell operating in the 0.1 M sodium hydroxide solution expressed versus
SCE. This potential was also applied to the tests conducted in the car-
bonate-bicarbonate solution at pH 10. As confirmed by the potentio-
dynamic test in Fig. 2, this value was within the passivity range of steel
for this environment.

Hydrogen charging was conducted through potentiostatic cathodic
polarisation in the range of —1 to —1.8 V versus SCE for 15 h, which was
sufficient time for the specimens to achieve a homogeneous hydrogen
concentration at a typical value of diffusivity reported for low-carbon
steel [30,31]. During this step, part of the hydrogen produced on the
surface was absorbed into the steel. At the end of the charging phase,
polarisation was immediately inverted to apply the anodic polarisation
again at +0.306 V versus SCE for 15 h to measure the discharging cur-
rent curve. The discharging anodic current represents the passivity
current enhanced by the current due to the oxidation of hydrogen
egressing from the metal. To estimate the net current due to hydrogen
oxidation, the experimental value of the discharging current was dep-
urated by subtracting the passivation current curve measured during the
early phase. The integration of the net hydrogen current over the testing
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Fig. 1. Scheme of the electrochemical charging/discharging cell with a single
compartment.
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Fig. 2. Forward and reverse potentiodynamic polarisation curve in a deaerated
solution of carbonate-bicarbonates (pH 10). This test was executed at room
temperature with a scan rate of 10 mV/min from —0.2 to +500 mv vs. OCP.

time allows for the estimation of the charge Qpqg;(t) due to the oxidation
of diffusible hydrogen mass egress from the sample. Finally, the mass of
hydrogen outgoing (Mpqgj(t)) from the sample can be derived using
Faraday’s law.

The residual mass of hydrogen that remains in the sample My (t) is
given by the following relation:

Myeo(£) = Moy — Migagi (1) @D

where M,, is the steady-state value of the outgoing mass discharge of

Table 1

Composition of material HSLA X65 grade.
Elem. C Mn Si P S Nb Mo \% Cu Ni Cr Ceq
[%WT] 0.09 1.64 0.24 0.003 0.002 0.049 0.002 <0.0000 0.011 0.017 0.031 0.366
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hydrogen. The average concentration of residual diffusible hydrogen
that remains in the sample C.(t) at time t can then be evaluated by
dividing the residual mass of hydrogen by the sample mass (Msgmpic), as
shown in (2.2)

Mies(t)

Cres(t) =—222.10°

(2.2)
Msample

[ppm]

3. Theory and calculation: FEM simulation

To simulate electrochemical discharge correctly, it was necessary to
model the actual geometry of the specimen used during experimental
tests in similar discharging conditions. Thus, tri-dimensional diffusion of
hydrogen from the sample during electrochemical discharge was simu-
lated through the FEM model using COMSOL Multiphysics in cylindrical
coordinates. The specific cylinder geometry of the sample adopted in
this work was considered. The diffusion process in the metal is described
by Fick’s second law (3.1), where C and t are the hydrogen concentra-
tion and time, respectively.

e

— —DV?*C=0
a PV

C; = constant (3.1)

D = constant

C; = 0 onsurfaces] B.C

The model includes the initial conditions (I.C.) of homogeneous
hydrogen concentration C; and constant diffusion coefficient D. During
discharging, the boundary condition (B.C.) on the metal-solution sur-
face imposes the concentration C; to be equal to zero. This condition
describes the behaviour of anodic polarisation imposed during electro-
chemical discharging on the specimen. In fact, during discharge the
atomic hydrogen in the lattice that spread up to the surface it is
immediately sequestered on the surface. This due to the hydrogen atoms
can react with further discharging H' ions producing hydrogen mole-
cules and leave the surface for alkaline environment [32]; therefore it is
possible to consider the superficial hydrogen concentration equal to
zero. The simulations conducted varying diffusion coefficients D be-
tween 1.107'2 and 1-10-°™ and initial concentrations C;, between 0.3
and 10 ppm. The flux of hydrogen leaving all sample surfaces is then
obtained using Fick’s first law (3.2), given the concentration gradient
normal to the external sample surface.

. -D-VC

¢egress = (3.2)

The mole of egress hydrogen (n;,,(t)) was obtained through the
integration of the flux over time. Thus, to obtain the average residual
concentration (C;,) that remains in the sample at a certain time,
considering an initial concentration C; at the end of charging, the
following evaluation is necessary:

0

Ch=)

t=0

n:gress(t = OO) B n:gress (t) |:m01:| (33)

Volume m
4. Results and discussion

4.1. Elaboration of FEM simulations

Fig. 3 shows the distribution of the hydrogen concentration inside
the cylinder sample, modelled at 1~10*12‘“T2 diffusivity, 2 29! initial ho-
mogenous concentration with superficial concentration equal to 0 ppm
as B.C, after 3-10° s. To discretise the geometry, it was used the axial
symmetric property of the problem thus it was built a grid mesh only on
a single rectangular section with side coinciding with the axis of the
cylinder. The mesh is automatically built via the “quadrilateral mesh
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Fig. 3. Simulation result of a cylinder with diameter of 13 mm and a height of
45 mm (the geometry is exactly the experimental ones) of the hydrogen egress
toD = l~10*12m?2 eCy =0.347 ',':[—%l The colour map represents the distribution of
the hydrogen concentration in ”,;‘l—‘;l after 12440 s. It was used 1647 quadrilateral
elements. The grade of freedom is 2009, which is used as an integration step
equal to 60,000 s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

generator” that create not strictly only quadratic elements, but in places
of the geometry where it judges it as necessary, it could be also create
triangular elements. In this case, the plane of studied was composed by
1647 quads. The simulation solves the 2009 grades of freedom, with an
integration step equal to 60,000 s. It should be noted that the flux comes
from all surfaces.

Fig. 4 shows the average concentration of residual hydrogen that
remains in the sample (C;,) that can diffuse during the discharging
period estimated via simulations. At the end of all simulations, the flux
tended close to zero. Thus, it can be assumed that there is no residual
diffusible hydrogen in the metal. Nevertheless, changing the initial
concentration of the simulations implies the modification of the initial
point of the residual concentration curve, but constant diffusivity gua-
rantees that all branches begin to come closer to zero at the same time.
Varying the diffusion coefficient at a constant initial concentration in-
volves large variations of egressing time to achieve a low residual con-
centration at the end of the simulation. Increasing the diffusion
coefficient means having a faster hydrogen outflow and vice versa.

All the simulated curves can be described according to a unique

curve (dashed line in Fig. 5) by introducing the dimensionless time T
and the dimensionless concentration 6‘*(t) defined as follows:

=7 1)
~* _ Cies (t) — C;:es (t)
U7 i-0" g @

where r is the radius of the cylinder. The unique target curve is the result
of the overlapping of the first branch of all simulated curves truncated at

T = 0.4. Investigating the values of the average residual concentration
under 1/100 of the initial concentration is not significant because the
values are extremely low. Moreover, the first branch of the target curve
has the largest amount of hydrogen flux, accounting for the most sig-
nificant part of interpolating the experimental discharging curves. This
curve is independent of the diffusion coefficient and the initial con-
centration.

4.2. Experimental curves and physically driven optimisation

Fig. 6 shows an example of the experimental curves related to the
carbonate-bicarbonate solution. It compares the passivation curve
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Fig. 4. Simulation curves of the residual average concentration remaining in the sample C;, vs. discharging time. Curves obtained by different initial concentrations

(a) and diffusion coefficients (b).
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Fig. 6. Comparison between the passivation and discharging curves at +0.306
V vs. SCE of the test in carbonate-bicarbonate solution.

obtained in the early phase with the potentiostatic polarisation
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discharging at +0.306 V versus SCE after cathodic charging at different
potentials. It can be noted that the passivation current is low but not
negligible, with respect to the discharge current, even at a high level of
hydrogen charging. Thus, it is necessary to depurge the discharging
current measured by the passivation contribute, subtracting from dis-
charging curves the passivation curve.

Integrating the net discharging current over time obtains the charge
evolution Qpqq; in time. The net charge increases over time due to the
egress of hydrogen, and after 15 h of discharge, it achieves a stationarity
behaviour (Fig. 7). In fact, 90% of the total charge pass in 8 h. Thus, in
the remaining time, the value of the charge pass is very low, and the
variation can be assumed to be stationary. Therefore, after 15 h, it is
possible to consider that the egress of diffusible hydrogen is complete.
The last part of the branch can be assumed to define the stationarity
conditions at an infinite time.

The charge trend calculates the mass of the diffusible hydrogen flow
through the surface using Equation (2.1), assuming that the last point is
stationary. Thus, the curves of the average residual hydrogen concen-
tration Cre; qj(t) can be estimated over time using Equation (2.2).

The normalisation approach can be used to estimate the initial
hydrogen content Cy charged, the diffusion coefficient D and the elapsed
time t between the end of charging and the initial discharging step
through the experimental curves. The experimental data can be nor-
malised in time and concentration using Equations (4.1) and (4.2) by
imposing the adequate Cy, D and ty. In the first attempt, the parameters
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Fig. 7. Charge of the discharging curve at +0.306 V vs. SCE after charging at
different cathodic polarisations in carbonate-bicarbonate.
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should be evaluated using empirical rules. Thus, it is possible to adapt
the normalised experimental data overlapping the unique target curve
by changing the parameters Cy, D and t; of normalisation. Optimisation
minimises the relative error function estimated as the difference be-
tween the two above curves. As previously noted, the calculation of the
error to optimisation is estimated along the target curve up to the nor-
malised time under 0.4.

This procedure was implemented using a Matlab Code and is avail-
able on the data in brief [33] and can be downloaded via Mendelay data
[34]. This iteration procedure exploits the fminsearch function, a
nonlinear programming solver that uses the Nelder—-Mead simplex. Itis a
simplex of n+1 points, which are sorted according to the descending
value of the function. It discards the worst value and replaces it with a
new point according to some criteria.

Fig. 8 illustrates an example of the iteration results for the test in the
carbonate-bicarbonate solution with a charging polarisation of —1.5 V
versus SCE. The results obtained by interpolation represent the best
values of the parameter search Dy, Coop and to, which allows the
matching of the experimental curve with the target curve.

Different cathodic polarisations have been studied, as shown in
Fig. 9, for the carbonate-bicarbonate solution. The average residual
hydrogen content decreases over time due to sample emptying, and the
curves start from an increasingly high concentration with increase the
cathodic potential applied. The first experimental value of concentration
does not correspond with the true total initial concentration C, charged.
Part of the hydrogen is lost during polarisation reversal due to the inertia
of the electrochemical system and the changing of the pH diffusion layer
surrounding the sample. Thus, it is not known when the first atom of
hydrogen egresses from the sample, and there is an uncertainty in the
initial values of the current (elapsed time ty). Moreover, it is impossible
to estimate the concentration of hydrogen spread into the sample Cy
through the charging curve. This represents the total circulating current
during cathodic charge, but it is impossible to quantify the share of the
current responsible for the hydrogen chemisorption process. Thus, even
if the elapsed time between the end of charging and the start to
discharge is close to zero, consistent with the experimental execution,
the initial concentration through the physically driven optimisation and
the first value of the experimental curve do not coincide perfectly.
Nevertheless, if the elapsed time between charge and discharge is
negligible, the initial diffusible concentration corresponds approxi-
mately to the area under the discharging curve. Thus, it is possible to
compare the results obtained through physically driven optimisation
(Coopt) by integrating the residual hydrogen concentration curves
(Cintegrat), s shown in Table 2. The differences are extremely small at
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------ Normalise Model
« Optimized interpolation normalized| |
-+ stopped to calculate error

e
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Fig. 9. Residual hydrogen concentration during the discharging step after
cathodic charging and hydrogen uptake through physically driven optimisation.

Table 2
Comparison of hydrogen uptake obtained using different methods.
Test Solutions Charging Cintegral Co.opt
Polarisation
[ppm] [ppm]
Sodium hydroxide 0.1 M -1.2 0.11 0.08
-1.5 0.26 0.24
-1.8 0.25 0.22
Carbonate-bicarbonates 26.5 g/l of Na,CO3  —1 0.08 0.05
+ 42 g/1 of NaHCO3 -1.2 0.14 0.10
-1.5 0.31 0.28
-1.3 0.11 0.09
-1.5 0.19 0.14
-2 0.30 0.21
—-1.2 0.06 0.05
-1.5 0.14 0.11
-1.8 0.22 0.18

about hundredths of ppm.

Figs. 10 and 11 show the diffusion coefficients and concentrations
estimated by optimisation versus overpotential. This represents the
available energy for hydrogen evolution reactions [35]. Overpotential is
estimated according to the definition of Equation (4.3), where E is the

0.3’ T T T T T
x *  Experimental Data
——Fitting interpolant curve
+ stopped to calculate error
0.25 * CO estimated
----lost in waiting time
g 0.2 Results of Fitting |
[= =
T lom-5677 s
3 - g 2
% 0.15} Dopl 4.4201e-10 m%/s |
B CODP|=0.29 ppm
(53
=
3
O 01f
0.05f
0
0 6
Time [s] <10%

Fig. 8. Estimation of the diffusion coefficient and hydrogen uptake due to the interpolation of the experimental results with the target curve. This test was conducted
in the carbonate-bicarbonate solution, with a charging cathodic polarisation of —1.5 V vs. SCE.
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Fig. 10. Optimised diffusion coefficient estimated using the interpolant
method for different cathodic overpotentials and several pH values.
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Fig. 11. Initial hydrogen concentration estimated using the interpolant method
for different cathodic charging polarisation and several pH values.

potential applied during charging polarisation, and E,q is the equilib-
rium potential defined by the Nernst equation and is the function of E,
(standard electrode potential of hydrogen) and pH value of the solution.

= |E—Eq|=|E — (Eo — 0.059-pH)| (4.3)

As shown Fig. 10, the diffusion coefficient estimated is completely
independent of the overpotential (thus polarisation is applied) and en-
vironments investigated. The mean value of this material is close to 4.12-
10*10’"72, consistent with literature on similar steels [36] and similar
environmental conditions [37].

The estimate of diffusion coefficient reflects only the contribution of
diffusible hydrogen at room temperature in these experimental condi-
tions (apparent diffusion coefficient). During the discharging step, only
diffusible hydrogen can diffuse from the sample due to the experimental
conditions used in this study. Anodic polarisation ensures that the sur-
face hydrogen concentration remains zero throughout the discharging
process. Maintaining room temperature during testing allows the
interaction between diffusion and trapping phenomena to be minimised.
The hydrogen that is trapped inside the irreversible traps during the
charging phase is not released during discharge, and therefore does not
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participate in the diffusion process. In general, the trapping and
detrapping activation energies that alter the flow of hydrogen depend in
the first instance on temperature. The energy peaks required to activate
these phenomena and induce observable changes in the flow mecha-
nisms are located at temperatures above room temperature [38,39]. This
considering the same material thus with comparable microstructural
conditions of vacancies, inclusions and interstitial elements that can
altered the trapping phenomena [40-42]. In this way, it is possible to
control diffusion conditions in three-dimensional flux under Fick’s sec-
ond law and to investigate the apparent diffusion coefficients. The latter
must be dependent only on the material and independent of the applied
polarisation and testing environment. Therefore, the initial hydrogen
concentration estimated using this method indicates the solubility of
diffusible hydrogen (hydrogen uptake) in this specific material and in
certain experimental conditions. Specifically, the initial hydrogen con-
centration is strongly dependent on overpotential, and increased
polarisation increases the initial hydrogen concentration in all envi-
ronments tested, as shown in Fig. 11. Changing the pH value changes the
equilibrium potential during charging polarisation, as indicated in
Equation (4.3), even if the actual applied overpotential is altered by the
formation of a local alkalinisation layer at the cathode. This effect is
contrasted with the buffering property of carbonate-bicarbonate solu-
tion. About the sodium hydroxide solution, the high pH value presents
an elevated quantity of OH ™ ions that contrasts the H' formation, while
for the carbonate-bicarbonate solution at pH 10, the buffering capacity
that counteracts the cathode alkalinisation must be considered. In all
cases, the interpretation lines do not pass through zero because of the
persistent mass diffusion layer on the sample surface caused by the
alkalinisation reaction.

Through the optimisation presented in this work, it is possible to
estimate the apparent diffusion and solubility of hydrogen, even in
complex geometries or situations in which it is not feasible to extract a
tiny plate for a traditional permeation test system. There are no con-
straints regarding thickness or shape; the only experimental requirement
is to guarantee the homogeneous electric field distribution surrounding
the sample. It is sufficient to simulate the studied geometry using soft-
ware (current software capabilities can handle this well), build a char-
acteristic model curve, and use the proposed interpolation method.
Moreover, this approach provides possibilities to estimate the diffusion
coefficient and hydrogen uptake, and the elapsed time between the end
of charging and the initial discharging step is not negligible. Thus, in
each case, when it is impossible to make a discharging step immediately
(e.g. after gaseous charging in autoclave or in post-charging tensile
tests), this approach can be used to correctly evaluate the diffusion co-
efficient and hydrogen uptake.

5. Conclusion

e The method described in this study uses an electrochemical mono-
cell, which is an easy experimental setup.

The hydrogen uptake Cy and diffusion coefficient D are evaluated for
pipeline steel API 5L-grade X65 in different alkaline environments
and cathodic charging potentials. In this case, the parameters
describe the global mean value of the diffusion of hydrogen for this
material.

e An optimisation numerical approach is developed to estimate the
hydrogen uptake, diffusion coefficient and elapsed time using
experimental data, with a target curve developed by physical simu-
lation software.

The hydrogen uptake C, is dependent on the cathodic charging po-
tential, while the global diffusion coefficient D is determined solely
by the type of material and is independent of the polarisation
applied.
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