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Herein, hydrogen uptake and diffusivity in X65 pipeline steel were investigated using the permeation technique
under different hydrogen charging conditions. Hydrogen charging was performed using hydrogen gas at different
pressures, and electrochemical charging was performed at different cathodic current densities. The results
revealed that both the sub-surface hydrogen concentration in lattice and reversible trap sites and the effective
hydrogen diffusivity were dependent on the charging conditions. Moreover, the relationship between equivalent

hydrogen fugacity and overpotential was determined.

1. Introduction

The world is going through a transition from using fossil fuels to-
wards using more renewable energy sources, aiming to reduce the
emission of greenhouse gases. Hydrogen, as a clean energy carrier, is
regarded as a key building block in realising a climate-neutral and zero-
pollution economy [1]. For long-distance transportation of hydrogen
gas, pipelines are an economically favoured choice [2,3]. A reassign-
ment of the existing infrastructure of steel pipelines utilised for trans-
portation of natural gas, to transport hydrogen gas, could reduce
hydrogen delivery costs by 60% [4] and ease the realisation of a
hydrogen economy.

However, thorough material investigations are required for safe
transportation of hydrogen gas via steel pipelines. Atomic hydrogen can
absorb and diffuse into steel and potentially degrade its mechanical
properties; this phenomenon is referred to as hydrogen embrittlement
(HE) [5-8]. Although, tensile and fatigue investigations in gaseous
hydrogen environment have shown a decrease in ductility and increased
fatigue crack growth rate [6,9-16], the majority of hydrogen-related
studies have been performed using electrochemical charging. One
reason for this is that gaseous hydrogen charging facilities are limited
and mandate strict safety protocols [17]. To compare investigations of
HE susceptibility utilising electrochemical and gaseous charging, the
charging methods should produce a comparable hydrogen concentra-
tion, as the concentration of hydrogen in steel can affect the degree of
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HE [6,12,18]. Therefore, the establishment of a relationship between the
severity of hydrogen gas charging and electrochemical charging is
critical.

It has been proposed that two charging conditions are equivalent if
they produce the same activity of hydrogen in a steel [19]. Fugacity can
be regarded as the activity of a real gas; hence, the hydrogen fugacity,
fu,, relates to the ease of hydrogen uptake at the surface of a specific
metal [19-21]. Studies correlating electrochemical charging and
hydrogen gas charging have determined the equivalent hydrogen
fugacity, fy! , during electrochemical charging. ff;! is typically expressed
as a function of the overpotential, n. The hydrogen permeation tech-
nique [18,19] and thermal desorption spectroscopy (TDS) [21-23] are
the two methods employed to determine fil. In a permeation cell,
hydrogen enters the sample membrane on one side (charging side),
diffuses through the sample membrane, and is oxidized on the exit side
(detection side) [24]. The oxidation current density or permeation
current density, i, is a measure of the hydrogen flux passing through the
sample. Fick’s laws of diffusion can be used to determine the hydrogen
uptake and diffusivity. Permeation tests have been used to determine f.
by comparing the permeability coefficient obtained with gas charging
with that obtained using electrochemical charging [25], or to determine
fi, as a function of 1) using electrochemical permeation in combination
with thermodynamic calculations [18,19]. TDS allows the determina-
tion of the hydrogen uptake and diffusivity by measuring the amount of
desorbed hydrogen gas from a precharged sample [26,27]. The
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relationship between fii] and 1 is determined using TDS by comparing
the hydrogen concentration in gas-charged and electrochemically
charged samples [21-23].

However, several experimental difficulties must be overcome during
charging to determine the correct value of fii!. One such challenge is to
maintain stable surface conditions during charging, which is an essential
requirement for determining the uptake and diffusivity through the
permeation technique. During electrochemical charging presence and
modifications of an oxide layer, formation of corrosion products or
excessive evolution of hydrogen bubbles can affect i, [28-30]. More-
over, it has been reported that severe hydrogen charging can induce
damage, such as blisters and cracks [30-33]. In gas-phase charging, a Pd
coating may be necessary to achieve equilibrium on the charging side
because air-formed oxides impede hydrogen entry [25,27,34]. The
sub-surface lattice hydrogen concentration, Cy, has been regarded as a
direct reflection of the severity of the charging condition and suggested
to be an appropriate measure for comparing the uptake from different
hydrogen sources [7]. However, trapping sites, which are microstruc-
tural features wherein hydrogen may reside, affect the uptake and
diffusivity of hydrogen [35] rendering it difficult to determine Cq [36].
At such trap sites, the activation energy of a hydrogen atom jumping to a
neighbouring lattice site is greater than that between regular lattice
sites, thus causing a reduction in the diffusivity. The term “reversible
trap” typically refers to trap sites wherein hydrogen has a short resi-
dence time at the temperature of interest corresponding to a low
de-trapping activation energy, whereas the term “irreversible trap” re-
fers to trap sites where the probability of releasing trapped hydrogen is
negligible under the same conditions [37]. When reversible trapping
affects the transport of hydrogen in steels, the diffusion coefficient
determined from permeation tests is an effective value, denoted as Deg,
and the sub-surface concentration includes hydrogen in lattice and
reversible trap sites, denoted as Cor [36]. However, if the fraction of
occupied traps changes to an extent such that the permeation transient
does not follow Fick’s 2nd law, Degs has no theoretical basis [36,38,39].
In this case, D¢ can vary by one order of magnitude depending on the
severity of charging conditions, and Cop is typically overestimated [35,
40]. The change in trap occupancy can be minimized by performing
successive transients with a partial increase or decrease in the charging
current [41-43]. Previous reports have stated that during partial
permeation transients, surface and trapping effects can be eliminated to
an extent such that the lattice diffusion coefficient, D;, can be deter-
mined [41,44].

The aim of this study was to correlate hydrogen gas charging and
electrochemical charging for a X65 pipeline steel. The hydrogen uptake
and diffusivity were evaluated via the permeation technique by
employing both hydrogen gas charging and electrochemical charging.
The dependency of Defr on the charging conditions was investigated. Cor
was then employed to determine a relationship between f! and 7.

2. Experimental
2.1. Material and sample preparation

The material used in this study was API 5L X65 steel from a hot-
rolled and arc-welded vintage pipeline. The wall thickness was
26 mm. Its chemical composition is listed in Table 1. The samples were
machined from a position close to the inner side of the pipe wall along

Table 1

Chemical composition of X65 pipeline steel.
Element C Si Mn P S Cu Cr
wit% 0.1 < 0.6 <1.6 < 0.025 < 0.015 <0.25 < 0.25
Element Ni Mo v Nb Ti N
wt% < 0.25 < 0.05 <0.1 < 0.05 < 0.02 < 0.01

Corrosion Science 215 (2023) 111025

the longitudinal direction. The samples used for the electrochemical
permeation tests were disks with diameters of 30 mm and thicknesses of
1.9 mm, whereas the samples used for the gas permeation tests were
50 mm wide, 150 mm long, and 1.9 mm thick plates. Both sides of the
disks and plates were ground using SiC grinding papers to a final grade
of #P1000. The detection side of both types of samples were electro-
plated with Pd to ensure complete oxidation of hydrogen, as hydrogen
oxidation is known to occur more easily on a Pd surface [45]. In addi-
tion, the plates used for gas permeation were electroplated with Pd on
the charging side to overcome the surface impedance which can be
caused by an oxide layer [25,27,34]. The electroplating procedure fol-
lowed the method described by Husby et al. [46] based on the work of
Bruzzoni et al. [47,48] and Castano Rivera et al. [11]. After electro-
plating, the samples were placed in a furnace at 120 °C for 16 h to
remove the hydrogen introduced during the plating process.

2.2. Gas permeation

A high-pressure Hy gas permeation apparatus was employed for the
tests, certified for pressures of up to 100 bar. The apparatus is illustrated
in Fig. 1. Ha gas of a 6.0 quality, with a purity of 99.9999%, was injected
into the cell on the charging side from 50 L-gas bottles until a pre-
determined pressure was achieved. Three gas pressures, py,, were
employed for testing:10, 50, and 100 bar. The valves were then closed,
and the charging of the samples commenced. The exposed surface area
of the sample in each chamber was 16 cm?. The cell corresponding to the
exit side consisted of 0.1 M NaOH (pH = 12.6) with continuous N3 gas
purge. A Pt foil was used as the counter electrode. The exit surface of the
Pd coated steel, was polarised at + 360 mV vs. Ag/AgCl in saturated KCl
(4315 mV vs. saturated calomel electrode (SCE)) while measuring i,. All
tests were performed using succeeding transients. Three charging/dis-
charging cycles were performed at each gas pressure. Discharging was
performed by evacuating the gas on the entry side. All gas permeation
tests were performed at 21 + 1 °C.

2.3. Electrochemical permeation

An illustration of the cell used for electrochemical permeation tests is
presented in Fig. 2. The sample was mounted into the sample holder and
held between the two chambers in the permeation cell using gaskets and
clamps. The exposed surface area of the sample in each chamber was
3.7 ecm?. The detection chamber (oxidation side) was filled with a 0.1 M
NaOH electrolyte (pH = 12.6) and purged with Ny gas. An Hg/Hg»SO4
electrode in saturated K;SO4 was used as the reference electrode, and a
Pt foil was used as the counter electrode. A potential of — 80 mV vs. Hg/
Hg2S04 (4318 mV vs. SCE) was applied. While i, was stabilising, the
charging chamber was constantly purged with N5 gas to avoid oxidation.
When i, attained a stable value below 0.1 pA cm ™2, the Ny, gas supply to
the charging chamber was cut off, and a solution of 3.5 wt% NaCl (pH =
6.6) was introduced into the charging chamber. In the charging cham-
ber, an Ag/AgCl electrode in saturated KCl was used as the reference
electrode, and a Pt foil was used as the counter electrode. Different
cathodic charging current densities, i, were applied: — 1, — 15 and
— 50 mA cm 2. When ip reached a steady state, denoted as ig", the test
was terminated, and the permeation cell was dismantled. In contrast to
the gas permeation test, the sample was removed from the sample holder
and kept in a desiccator overnight to allow hydrogen degassing. The
charging side was further ground using a #P1000 grinding paper to
remove any corrosion products within 1 h before initiation of the next
transient. The change in the sample thickness was negligible. Three
transients were performed for each charging condition. All electro-
chemical permeation tests were performed at 21 + 1 °C.

In addition, partial permeation transients were performed to reduce
trapping and potential surface effects that are known to impede
hydrogen uptake [41]. First, a complete build-up permeation transient
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Fig. 1. Schematic of the high pressure H, gas permeation cell. WE — working electrode, CE — counter electrode, RE — reference electrode, PS — pressure sensor.
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Fig. 2. Schematic of the electrochemical permeation cell. WE — working elec-
trode, CE - counter electrode, RE — reference electrode.

was performed by applying an i. of — 1 mA cm™2 for 12 h, to produce a
stable surface condition. i. was then increased in steps of 1 mA ¢cm™2 in
the cathodic direction until i, reached — 7 mA cm ™2, while ip was
continuously measured on the detection side. A good fit between i, and
Fick’s 2nd law was observed at — 7 mA cm™2. After stabilisation was
achieved, i, was decreased in steps of 1 mA cm 2 in the anodic direction
until i, reached —1 mA cm ™2

2.4. Analysis

From the permeation transients, Deg can be calculated using the
breakthrough time method and time lag method, as presented in Egs. (1)
and (2), respectively [24,36,38,49]. L denotes the thickness of the
sample. The breakthrough time, ty, represents the intercept between the
extrapolation of the linear portion of the build-up of i, and the baseline
of ip. A difference in t, between the first and subsequent transients in-
dicates irreversible trapping [37]. Irreversible traps are not emptied
between successive permeation transients; hence, they slow down the
hydrogen transport during the first transient but do not affect the sub-
sequent transients. The time lag, ti,g, represents the time required to
attain 63% of i;°.

LZ

Des(t,) = 19.81, 1)
LZ

Dcli (t]ag) 6t1 (2)
ag

The diffusion coefficient of hydrogen, D, from partial permeation
tests was estimated by fitting the experimental results to an analytical
solution of Fick’s 2nd law. The build-up of i, can be fit to Eq. (3), and the
decay of ij, can be fitted to Eq. (4) [41]. t denotes the time after changing
i., and ig denotes the initial value of the permeation current density
when i is changed.

i —if o 2n+ 1) 12
b
i — 90 ( 3
P P n=0
zp - AU & (2n +1)°L?
=1- exp| ——="— 4
0—i VDt ; p( 4Dt @

Cor is proportional to iy’ and can be calculated using Eq. (5). F de-
notes the Faraday constant (96485 A s mol’l) [36].

oo ®)
R FDy
3. Results

3.1. Microstructure

Fig. 3(a) and (b) presents the scanning electron microscopy (SEM)
micrographs of the studied steel. The microstructure primarily consists
of polygonal ferrite, together with pearlite. The plate-like microstruc-
ture with a banded appearance indicates that some bainite is also pre-
sent. The average grain size is 3.7 um.

3.2. Hydrogen diffusivity

3.2.1. Gas permeation

Three consecutive permeation transients performed at 100 bar of Hy
gas pressures are presented in Fig. 4(a). A significant difference in t,
between the first and subsequent transients can be observed, indicating
that irreversible traps affect the first transient [37]. As the investigation
of irreversible traps is not within the scope of this study, the results
obtained from the first transient will not be reported herein. The second
and third permeation transients obtained at different py, are presented
in Fig. 4(b). Transient 2 and 3 concur well at all py,. An increase in py,
caused an increase in i;°and a reduction in t,.

The normalised hydrogen flux, as a function of the normalised time
for gas permeation transients, is presented in Fig. 5, along with the
predictions of Fick’s 2nd law calculated using the hydrogen diffusion
coefficient in well-annealed bcc iron, 7.27 x 107° em? s! [50]. The
normalised gas permeation transients are shifted to the right and are
steeper than that predicted by Fick’s 2nd law. A normalised permeation
transient that is steeper than that predicted by Fick’s 2nd law indicates a
significant change in trap occupancy, which affects the transport of
hydrogen [36,38,39]. Thus, the determinations of Deg(t,) and Degf(tiag)
using Egs. (1) and (2) have no theoretical basis.

The average values for Deg calculated by the t, and tj,; methods from
transients 2 and 3 are presented in Table 2. Degfincreases with increasing
Du,- Degr(ty) ranges from 2.21 x 10~ 7 em? s~ ! at 10 bar to 3.23 x 1077
em? s! at 100 bar, while Def(t1ag) ranges from 4.45 x 10~ 7 em?s!at
10 bar to 7.53 x 10~/ c¢cm? s~! at 100 bar. Defrltiag) is 1.9 — 2.3 times
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Fig. 3. SEM micrographs at (a) 5,000X and (b) 10,000X magnifications revealing the microstructure of the studied steel, which consisted of ferrite, pearlite,

and bainite.
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Fig. 4. (a) Three transients performed at 100 bar of hydrogen pressure. (b) Transient 2 and 3 at 10, 50, and 100 bar of hydrogen pressure. T2 — transient 2, T3 —
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Fig. 5. Normalised gas permeation transients and prediction of Fick’s 2nd law
for lattice diffusion in bcc iron.

Table 2
Parameters determined by the gas permeation test. The values represent average
values obtained from transients 2 and 3.

pu, [bar] Deit (&) [em® 571 Defr (tiag) [em?s7']
10 2.21 x 1077 + 0.01 4.25 x 1077 + 0.01
50 2.47 x 1077 + 0.01 5.66 x 1077 + 0.01
100 3.23 x 1077 + 0.03 7.53 x 1077 4+ 0.03

higher than Dege(t,) for all py,, thus confirming the inference made from
the normalised transients, that the effective diffusivity changes during
permeation transients [35,36,38,39].

3.2.2. Electrochemical permeation

The three electrochemical permeation transients obtained at
— 15 mA cm ™2 are presented in Fig. 6(a). As was observed with gas
charging, t, of the first transient was higher than that of the subsequent
transients, indicating irreversible trapping. Fig. 6(b) presents the second
and third transients obtained at different levels of i. t, decreases and i’
increases with increasing i.. Deviation between transients 2 and 3 at
—1mA cm~2 and — 50 mA cm ™2 can be observed, which indicate that
the surface conditions during electrochemical charging are not as stable
as those during hydrogen gas charging.

The normalised hydrogen flux, as a function of the normalised time
for electrochemical permeation transients, is presented in Fig. 7,
including the prediction of Fick’s 2nd law, which was calculated using
the lattice diffusivity of bcc iron. The trends are similar to those
observed during gas charging. The normalised permeation transients are
shifted toward the right and are steeper than that predicted by Fick’s
2nd law.

The average values for Deg determined by the t;, and tj,g methods for
different i. are provided in Table 3. Def increases with an increase in i..
Defe(ty) ranges from 1.95 x 1077 t0 3.61 x 10”7 cm? s~ !, while Def(tiag)
ranges from 5.24 x 107 em?s 1 t06.73 x 1077 em?s~ L. Deft(tiag) is 1.8
— 2.7 times higher than Deg(tp) for all i.

3.2.3. Partial permeation transients

As the values of Degr presented above appear to be significantly
affected by reversible trapping, Do was determined via electrochemical
partial permeation transients. The normalised partial permeation tran-
sient build-up and decay between i, values of — 6 mA cm 2 and
— 7mA cm 2 are presented in Fig. 8(a) and (b), respectively. The best
fits of the analytical solutions to Fick’s 2nd law (Egs. (3) and (4)) are
included. MATLAB was used for the fitting. A good fit indicates that, in
contrast to the complete permeation transient, the hydrogen diffusivity
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Fig. 6. (a) Three transients performed at a charging current density of — 15 mA cm~2 charging current density during the electrochemical permeation test. (b)
Transients 2 and 3 performed at — 1, — 15 and — 50 mA cm 2. T2 - transient 2, T3 — transient 3.
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Table 3
Average values for Deg, as determined by the electrochemical permeation test.

i [mA em™] Dege (t) [em® s7'] Degr (t1ag) [em® s7']

-1 1.95 x 1077 4+ 0.08 5.24 x 1077 +0.23
-15 2.22 x 1077 £ 0.01 5.43 x 1077 £ 0.01
-50 3.61 x 1077 + 0.45 6.73 x 1077 + 0.09
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between the aforementioned two charging conditions can be repre-
sented by Fick’s 2nd law [41,43]. The best fit of D¢ to the build-up
curve is 1.68 x 10°® ecm? s1, while the best fit to the decay curve is
1.55 x 107%cm?s ™. An average value of 1.6 x 10~% cm? s~ is denoted

as Deg(PT).

3.3. Hydrogen uptake

3.3.1. Uptake from gas permeation

Cor values at different py, obtained from different calculation
methods are presented in Table 4. These values depend on the calcula-
tion method. Dess changes during complete permeation transients;
hence, the Cor(t,) and Cor(tiag) values appear different. The Cor(ty)
values are 1.9 — 2.3 times higher than the Cor(tiag) values for all
Pu, During stepwise charging, the partial transients could be fitted to
Fick’s 2nd law. Thus, it can be argued that the value of Cog calculated
from Eq. (5) using i’ from the complete permeation transient and
De(PT) represents the best measure of Cog and is denoted as Cor(PT). At
Pu, of 10, 50, and 100 bar, Cor(PT) was 0.047, 0.082 and 0.137 wppm,

Table 4
Cor determined by different methods from gas permeation. The values represent
average values of transients 2 and 3.

pu, [bar]l  fu, [bar]  Cor (t,) [wppm]  Cor (tiag) [wppm]  Cor (PT) [wppm]
10 10.1 0.341 +0.011 0.183 + 0.001 0.047 + 0.002
50 51.6 0.529 + 0.002 0.231 + 0.001 0.082 + 0.000
100 106.7 0.681 + 0.011 0.295 + 0.001 0.137 + 0.002
(), :
—agp—Fick's
— —Fit
0.8 —8—PT
s 0.6
e
=
0.4
0.2 1
0.0 T y y
102 107! 10° 10! 10?
D tL?

Fig. 8. (a) Normalised build-up partial permeation transients from — 6 mA cm ™2 to — 7 mA cm ™2 with best the fit to Eq. (3). Normalised transients at one hundred
bar, — 50 mA cm 2 and a prediction of Fick’s 2nd law for lattice diffusion in bec iron are included for comparison. (b) Normalised decay permeation transients from

2

— 7 mA cm 2 to — 6 mA cm ™2 with the best fit to Eq. (4). PT - partial transient.
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respectively. Sieverts’ law, Eq. (6), states that the concentration of dis-
solved hydrogen in a metal is proportional to the square root of fy, in a
charging atmosphere [51]. At a steady-state, C is proportional to Cor
[52]; thus, Sieverts’ law is also valid for Cog. The hydrogen fugacity can
be calculated from the hydrogen partial pressure using the Able-Noble
equation of state, Eq. (7), where b denotes a constant (1.584 x107°
m® mol™)), T denotes the temperature in K, and R denotes the gas
constant (8.314 J K~ ! mol ~1) [20]. The linearity between Cogr and f%{/z 2,
observed in Fig. 9, is in agreement with Sieverts’ law. Sieverts’ constant,
S, determined from the linear regression line, has a value of
0.0125 wppm bar /2,

Co =S x \/fu, 6)
b
fi, = Prsexp (” o ) @)

3.3.2. Uptake from electrochemical permeation

Cor values at different i. obtained from different calculation methods
are listed in Table 5. As was observed with gas charging, Cor values
appear to be dependent on the calculation method. Cor(tp) values are 1.9
— 2.7 times higher than Cog(t1ag) values for all i.. Additionally, the Cor(ty)
values are 4.6-8.2 times higher than Cor(PT), and the Cor(t1ag) values are
2.3-3.1 times higher than Cor(PT). At — 1, — 15, and — 50 mA cm ™2,
Cor(PT) is 0.090, 0.129, and 0.189 wppm, respectively. Cor(PT) is

proportional to i'/?

, as presented in Fig. 10.
3.3.3. Equivalent fugacity

fi was determined using the method described by Venezuela et al.
[21,22] and Liu et al. [23]. The values of Cor(PT) determined from
electrochemical charging were inserted into Eq. (6), and the equation
was solved for fy, to determine fi. S determined from gas charging,
0.0125 ppm bar~ /2, was used in the calculations. Fig. 11 presents the
Cor(PT) values determined from electrochemical charging super-
imposed onto the linear regression line corresponding to Sieverts’ law.
The equivalent hydrogen charging pressure, py, was determined by
solving Eq. (7) iteratively using the Newton-Raphson method. The
values of fjl and pjjl are listed in Table 6. i. values of — 1, — 15, and
— 50 mA cm~? correspond to f! values of 49.1, 101.9, and 222.7 bar,

2
respectively.

The value of n is determined using Eq. (8). E. denotes the average
measured potential on the charging side, and E, denotes the equilibrium
potential for a hydrogen evolution reaction in solution under standard
state conditions, as described by Eq. (9) [19,53]. The average measure 1
at —1, — 15 and — 50 mA cm ™2 was — 593 + 3, — 1133 £+ 23, and
— 2023 + 74 mV, respectively.

0.10+

C()R(PT) [wppm]

o
=3
S

0 2 4 6 8 10 12
ijl/Z [barl/l]

Fig. 9. Sub-surface hydrogen concentration Cor(PT) versus the square root of
hydrogen charging fugacity.

Table 5
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Cor values determined by different methods from electrochemical permeation.
The values represent averages values of transients 2 and 3.

i. [mA cm’z]

Cor (tv) [wppm]

Cor (tiag) [Wppm]

Cor (PT) [wppm]

-1 0.740 + 0.016 0.276 + 0.007 0.090 + 0.002
- 15 0.929 + 0.011 0.370 + 0.007 0.129 + 0.001
- 50 0.864 + 0.219 0.450 + 0.065 0.189 + 0.025
0.20
g .
& .
£ 0.15 :
= A
[a %} A
N
% .
5 0.101 .
A
0.05 . . .
0 2 4 6 8

I-CI/Z [barl/Z]

Fig. 10. Sub-surface hydrogen concentration Cor(PT) versus the square root of
charging current density.
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Fig. 11. Sub-surface hydrogen concentration Cor(PT) versus the square root of
the hydrogen fugacity along with values obtained from electrochemical
charging superimposed onto the best linear fit of gaseous charging.

Table 6
Equivalent hydrogen pressure and equivalent hydrogen fugacity.
i [mA cm™] Cor (PT) [wppm] iy, [barl fil [bar]
-1 0.090 =+ 0.002 47.6 49.1
- 15 0.129 + 0.001 95.9 101.9
- 50 0.189 £+ 0.025 196.4 222.7
n=E.—Ey, ®
E% = —0.0591 x pH — 0.0295logf, 9

The mathematical relationship between fi!and n was determined
using the approach described by Atrens et al. [18] and Liu et al. [19].
Thorough analyses of the development of a mathematical expression for
the relationship between filand n during electrochemical permeation
tests can be found elsewhere [18,19,54,55]. In short, the Nernst equa-
tion can be used to relate fi} to 7, as indicated in Eq. (10). A and ¢ denote
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parameters that can be determined experimentally using the relations
provided in Egs. (11) and (12), respectively.

—yF
fﬁ‘z’ = Aexp (gERLT> (10)
__LF &
&= 2R T 8lniy an
1/2
i = FTDS<Aexp< - ;TFT) ) 12

The constants ¢ and A, as well as Deg(PT) and S determined in this
study, were substituted into Eq. (10). The mathematical relation be-
tween the fi} and ) is described by Eq. (13). It should be emphasized that
galvanostatic charging was used in this study, and n was determined
from the average potential measured during the transients.

nk ) a3)

o= 32.19exp< YT

4. Discussion

The aim of this study was to determine the relationship between
hydrogen gas charging and electrochemical charging. f;! was deter-
mined as a function of  under the assumption that different charging
conditions producing equal concentrations of hydrogen in steel are
equivalent. To compare the severity of electrochemical and gaseous
hydrogen charging conditions based on the hydrogen permeation tech-
nique, it is necessary to have an accurate measure of the sub-surface
hydrogen concentration. Because the calculation of Cogr depends on
Deg, it is important to carefully evaluate Deg. Detailed discussions on
hydrogen diffusion and uptake are presented in the following sections.

4.1. Hydrogen diffusivity

The normalised permeation transients (Figs. 5 and 7) were shifted to
the right and steeper than predicted by Fick’s 2nd law. A normalised
transient that is shifted to the right along the x-axis indicates slower
diffusion than lattice diffusion, while a slope that deviates from Fick’s
2nd law indicates that the diffusion coefficient appears to increase
during the transient due to significant reversible trapping (steeper slope)
or that the surface conditions are unsteady (less steep slope) [36,38,39].
Hence, the observed effects on the normalised transients reveal that a
significant change in reversible trap occupancy affected both the elec-
trochemical and gaseous permeation transients. It was also evident from
the difference between De(t,) and Defi(tiag) that significant trap occu-
pancy caused Deg to change during the permeation transients. For all
tests, the value of Deg(t,) was smaller than Defi(t),g). Hence, the proba-
bility of diffusing hydrogen being trapped is lowest at 5, and the
effective diffusivity appears faster [7]. Because Degr appears to change
during a transient, it does not have a theoretical basis in Fick’s 2nd law
[36,38,39].

Essentially, t, should be independent of the magnitude of the
hydrogen flux through a sample [56]. However, it is evident from Figs. 4
(b) and 6(b) that t;, decreases with increasing py, and i.. A decrease in t,
with an increase in i, has been previously reported [30,49]. The reduced
value of t,, is attributed to a higher flux of hydrogen diffusing through the
material, which causes traps to be occupied at a faster rate. Thus, the
impediment to hydrogen transport caused by traps is more pronounced
when the hydrogen flux is low. It is evident from Tables 2 and 3 that the
Dess values are dependent on the charging conditions. Fig. 12 presents
Deg values as a function of i;". A similar relationship between Cy and Degs
was predicted by Griffiths and Turnbull [35] using theoretical calcula-
tions based on electrochemical permeation results obtained from three
low alloy steels. Co is proportional to i°; thus, it is expected that the
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Fig. 12. Effective diffusion coefficients, Def(t,) and Deg(tiag), as a function of
the steady-state permeation current density, i’.

dependency of Degs on the concentration follows the same trend. Degs
obtained from gaseous charging is slightly larger than those obtained
from electrochemical charging for the same value of i’. A possible
explanation is the smaller radius to thickness ratio (5:1) during elec-
trochemical permeation, compared to that during gaseous permeation
(10:1). A smaller radius to thickness ratio can cause deviation from the
assumption of one-dimensional diffusion due to increasing influence of
lateral diffusion. According to the study by Hutchings et al. [57], a
radius to thickness ratio of 10:1 and 5:1 can cause a deviation of less
than 5% and about 10%, respectively, when one-dimensional diffusion
is assumed. Owing to the concentration dependency of D¢, the effective
diffusivity should not be treated as an intrinsic material property unless
the trap occupancy is very low [7]. The concentration dependence of the
effective diffusivity underlines the importance of performing tests in
charging conditions comparable to the operating conditions.

Because Def(tp) and Defr(tiag) were significantly affected by the
change in trap occupancy, partial permeation transients were per-
formed. This approach caused a smaller disturbance to the equilibrium
between the lattice and trapped hydrogen, that is, the change in the trap
occupancy was small [41]. This method could, as reported in the liter-
ature, be used to determine Dj, of hydrogen in bcc iron [41]. Partial
permeation transients have also been applied to X65 low alloy steels,
where the reported value of Dy, is in the order of 1-3 x 10™® cm? s7!
[44]. The diffusion coefficient determined by the partial transient in this
study was approximately 1.6 x 107 ecm? s™!, with the same order of
magnitude as that reported for X65 low alloy steel. However, even with
a minimal change in trap occupancy, the effect of reversible traps was
not completely eliminated in this study. Thus, the diffusion coefficient
obtained from the partial transients was regarded as an effective value.
However, Deg(PT) is in this case regarded as the best measure of
hydrogen diffusivity in steady-state conditions.

4.2. Hydrogen uptake

Two charging conditions resulting in the same hydrogen activity
below the steel surface are considered to be equivalent [19]. As
explained above, the complete permeation transients could not be fit to
Fick’s 2nd law; thus, the determination of Cor(t,) and Cor(tiag) does not
have a theoretical basis. In such a case, Cor obtained from the t, and ti5g
methods can be overestimated by a factor of 2.5-5 [40]. As observed in
Fig. 8(a) and (b), the effects produced by changes in trap occupancy are
reduced when performing partial permeation transients to an extent
such that the transients agree well with Fick’s 2nd law. D¢g(PT) obtained
from partial transients and i;° obtained from the complete permeation
transient were used to calculate Cor(PT) using Eq. (5). As Deg(PT) was
considered the best measure of hydrogen diffusivity in a steady-state,
Cor(PT) was used to determine f}f{i It has been argued that Cy is the
best measure of the severity of charging conditions [7]. To determine C,
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it is often considered that the hydrogen flux in a steady-state is equal to
the lattice hydrogen flux and Dy, in bec iron is substituted into Eq. (5). In
this study, reversible trapping was so significant that this assumption
was not made. However, because a single value of D is used to
determine Cor(PT), whether Cy or Cor(PT) forms the basis for compar-
ison does not affect the relationship between fii! and 1.

The determination of fii! as a function of ) by hydrogen permeation
requires the following conditions to be satisfied: (i) Sieverts’ law must
apply to both gas charging and electrochemical charging, (ii) equilib-
rium conditions must exist on the charging side, and (iii) the permeation
transients must be described by Fick’s 2nd law [19]. The linearity of Cor

with both pll_[/2 2 and i!/? indicates that Sieverts’ law applies to both

electrochemical and gas charging. The linear dependence between Cor
and it/?, as presented in Fig. 10, is attributed to the balance between
charging and chemical recombination [52]. Equilibrium conditions on
the charging side were obtained by eliminating surface effects that
impeded hydrogen uptake. During gas charging, a Pd coating was
applied to the charging side, as air-formed surface oxides can cause
surface impedance to hydrogen uptake from hydrogen gas [27,34]. Pd
coatings have been reported to eliminate the impeding effect of surface
oxides and ensure equilibrium between the gas and metal phases, ac-
cording to Sieverts’ law [11,25,27,34]. However, a few studies on
hydrogen gas permeation have not mentioned the use of Pd coatings on
the charging side [9,10,58]. The linear dependence between Cor(PT)
and p}{/z 2 with an intercept close to the origin indicates that the Pd
coating ensure equilibrium conditions on the charging side and that the
Pd coated surface represents the hydrogen uptake of a bare steel surface
(for instance in a growing crack tip).

During electrochemical hydrogen permeation, the second and third
permeation transients were less coincident (Fig. 6(b)) than those of gas
charging (Fig. 4(b)), especially when charging at — 50 mA cm 2. This
indicated that the surface conditions were less stable during electro-
chemical charging. One possible explanation for this is that the surface
conditions were slightly different between the transients, as the sample
was removed from the cell and ground, which was not the case for gas
charging. The largest deviation between transients 2 and 3 was observed
during charging at — 50 mA cm~2. Corrosion has been reported to take
place under high cathodic current densities, possibly due to extensive
evolution of hydrogen bubbles disturbing local electrochemical condi-
tions [29,30]. Air-formed oxides could impede hydrogen uptake also
during electrochemical charging; however, it has been reported that the
oxides can be reduced during the early stage of hydrogen permeation on
the order of minutes to one hour in NaOH solution [28,29]. If this were
the case here, the air-formed oxide would be reduced faster than t, such
that the removal of surface oxides could affect the shape of the transient
without affecting i7’. If the shape of the electrochemical transient was
affected by an air-formed oxide, it can be an additional explanation to
why Deg is slightly smaller for electrochemical permeation than for gas
permeation at equal iy’, as observed in Fig. 12. In addition, blisters and
surface cracks can be formed under severe charging conditions but are
more likely to form in acidic solutions with added hydrogen recombi-
nation poisons [31,32]. The linear dependence of Cor(PT) on ig/ 2 indi-
cated equilibrium conditions on the charging side. Combined with the
partial transients following Fick’s 2nd law, conditions (i), (ii), and (iii)
were considered as satisfied.

An advantage of determining f;;! using both gas charging and elec-
trochemical permeation is that through gas charging, one can determine
S for the specific material investigated. S is necessary to determine fijl as
a function of n using Eq. (10), and a difference in S can significantly
affect the relationship between fii! and n determined by electrochemical
hydrogen permeation. § of pure bec iron is approximately 5.3 x 10~*
wppm bar 172 [19,50], which is approximately two orders of magnitude
lower than the value obtained in this study. For a 3.5NiCrMoV steel
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specimen, S was reported to be 0.0272 wppm bar /2 [22], which is
approximately twice the value determined in this study. In materials
with low solubility and high diffusivity, such as low carbon steels, it can
be challenging to conduct accurate measurements with TDS. A sub-
stantial amount of hydrogen can egress between hydrogen charging and
analysis, and it may be necessary to estimate the amount of effused
hydrogen during this dwell time [22,59]. Using the permeation tech-
nique, small fluxes of hydrogen can be detected simultaneously with
hydrogen exposure on the charging side, rendering this an advantageous
method for samples with low solubility and high diffusivity.

A summary of previous studies including the current study, which
determined H‘i as a function of n, is presented in Fig. 13 [19,21,23,54,
60]. The plot illustrates different charging methods that can represent
equal hydrogen activities. However, the relationship between f;! and
is, to a large extent, specific to the electrolyte and the investigated alloy
owing to the variation in the microstructure and surface conditions that
affect hydrogen evolution [21]. This is further demonstrated by
comparing the results of this study with the values obtained by
Venezuela et al. [21] for a martensitic advanced high-strength steel,
which was also charged in a 3.5 wt% NaCl solution and obtained a
similar magnitude of f;i! but at a lower 1. The results obtained Liu et al.
[23] for a dual phase steel in 3 wt% NaCl are comparable to that ob-
tained by Venezuela et al. [21], both studies using a TDS based
approach. Crolet and Maisonneuve [60] obtained a lower f3!, when
charging a low carbon steel walled hollow sensor in a 5 wt% NaCl so-
lution, compared to the other studies that performed charging in NaCl
solutions. A change in the slope was observed in results of certain studies
presented in Fig. 13, which was attributed to a change in the hydrogen
evolution reaction mechanism [19,54]. This change in the slope was not
observed in this study; however, it may occur outside the tested range of
1. A change in the slope at lower 1 could bring the fij! closer to the value
obtained by Crolet and Maisonneuve. As a change in the slope may occur
outside the tested range of n, the relationship between f! and n may not
be valid outside the investigated range.

The determined relationship between f3! and n for the investigated
steel specimen (Egs. (6) and (13)) is related to the hydrogen uptake of
bare metal surface, as the influence of an oxide layer is eliminated by
using a Pd-coated surface during gas charging. The nature of failure can
make it difficult to make direct comparisons between investigations of
HE susceptibility performed with different charging methods [6]; thus,

-
¥
<« 4
“v
10004 <.
v
£l ' '
e
= 1004 / *® _
= / W Our data, Fig. 11
o Our data, Eq. (13)
R’E --- LISO.lM]\iaJSO,pH=Z
— —LIS0.1 MNaOH
104 Armco iron 0.1 M NaOH
® MS1500 3.5 wt.% NaCl
2 W MS1500 0.1 M NaOH
4 LCS.5 wt.% NaCl
@ 980DP 3 wt.% NaCl
P <« 980DP 0.1 M NaOH
1+ T T T T
0.0 -0.5 -1.0 -1.5 -2.0 -2.5

Fig. 13. Equivalent fugacity, fii!, versus overpotential, n. Included data: Study
conducted by Liu et al. [19] on low interstitial steel (LIS) charged in both 0.1 M
NaOH and acidified 0.1 M Na;SO4 (pH = 2) in permeation tests; Study con-
ducted by Venezuela et al. [21] on MS1500 martensitic advanced high-strength
steels charged in 0.1 M NaOH and 3.5 wt% NaCl; Study conducted by Liu et al.
[23] on 98DP dual phase steels charged in 0.1 M NaOH and 3 wt% NaCl;Study
conducted by Crolet and Maisonneuve [60] on low carbon steel (LCS) in 5 wt%
NaCl; Data collected by Bockris et al. [54] on Armco iron in 0.1 M NaOH with
the relationship deduced by Liu et al. [19].
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the determined equivalency between charging methods and hydrogen
uptake may not translate to mechanical testing. Validation of equiva-
lence between charging methods and hydrogen uptake using mechanical
testing requires thorough design. For instance, during HE investigation
by mechanical testing, hydrogen uptake between gaseous and electro-
chemical charging at equivalent fugacity may differ initially due to the
surface impedance of the oxide layer. However, strain will cause
breakage of the oxide film [6], which will expose the bare steel surface
to the hydrogen gas and uptake will proceed according to Sieverts’ law.
Surface oxides prepared on a steel surface can inhibit hydrogen uptake,
however, the efficiency is dependent on the nature of the oxide film as
hydrogen uptake take place through pores and cracks [10]. Similarly,
naturally formed oxide layers present during in-service conditions may
act as a barrier to hydrogen uptake. Thus, further work is necessary to
investigate the equivalency between investigations of HE susceptibility
using different charging methods, and hydrogen uptake under in-service
conditions.

5. Conclusion

In this study, the hydrogen permeation technique was used to
investigate the hydrogen uptake and diffusivity under different charging
conditions. Electrochemical and gaseous hydrogen charging were con-
ducted. The sub-surface hydrogen concentration in lattice and reversible
trap sites were used to compare the severity of the charging conditions,
and to determine the relationship between the equivalent hydrogen
fugacity and overpotential. Additionally, the dependence of the effective
diffusivity of hydrogen on the charging conditions was investigated.
Partial permeation transients were performed to reduce the effect of
trapping on permeation transients. The primary findings are summar-
ised as follows:

e The sub-surface hydrogen concentration in lattice and reversible trap
sites, Cor, increased linearly with the square root of both the
hydrogen gas charging fugacity and charging current density.

The effective diffusion coefficient, Desr, determined via the break-
through time method and the time lag method was dependent on the
charging conditions owing to significant reversible trapping. Its
values were found to lie in the range of 2-8 x 1077 cm? s~ at room
temperature. Performing partial permeation transients reduced the
effects produced by changes in trap occupancy to the extent that the
permeation transients followed Fick’s 2nd law. The value of Deg
determined by partial permeation transients was in the order of
1.6 x 107% ecm? s~ ! at room temperature.

A relationship between the equivalent hydrogen fugacity and over-
potential was deduced. During gaseous hydrogen charging, a Pd
coating was utilised to overcome the surface impedance which can
be caused by an oxide layer. Further work is necessary to investigate
the equivalence of charging methods during mechanical testing, and
hydrogen uptake from hydrogen gas where naturally formed surface
oxides are present.
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