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Abstract

Hydrogen diffusion plays a central role in the susceptibility of steels to hydrogen embrittle-
ment, yet reported diffusivity values often exhibit significant variability due to differences
in experimental methodology. Gaseous hydrogen permeation experiments, while more
representative of service conditions, are highly sensitive to surface boundary conditions
and trapping effects, which can bias the diffusivity obtained from analysis. In this work,
a gaseous hydrogen permeation methodology was developed at the High-Performance
Powertrain Materials Laboratory (HPPM) at the University of British Columbia, Okana-
gan. A dedicated gas management system (GMS) was implemented to enable controlled
pressure step transients, allowing partial permeation transients to be collected under
gaseous charging conditions. This approach was applied to commercially pure iron and
API 5L X60 pipeline steel to evaluate diffusion and trapping behaviour across materials
with differing microstructural complexity. The results demonstrate that diffusivity ob-
tained from transients spanning the full charging—discharging range (0-2 MPa) reflects
an effective parameter influenced by reversible hydrogen trapping, whereas transients
measured over incremental pressure steps (1-2 MPa) provide a more consistent estimate of
lattice-controlled diffusion. The application of palladium coatings to the charging surface
was found to promote hydrogen entry, reducing surface impedance effects and further
improving agreement with Fickian diffusion behaviour.

Keywords: hydrogen permeation; gaseous hydrogen; hydrogen embrittlement; pipeline
steel; palladium

1. Introduction

Hydrogen embrittlement (HE) remains a major barrier to the safe and reliable opera-
tion of hydrogen-containing and transporting pipelines [1]. The construction of dedicated
hydrogen pipeline networks presents a significant economic burden, reducing the overall
viability of hydrogen as an energy vector. As a result, the utilization of existing natural gas
pipeline infrastructure for hydrogen transport represents a compelling economic opportu-
nity. However, multiple grades of steel comprise these networks, each exhibiting varying
susceptibility to hydrogen embrittlement [2]. Consequently, it is critical to understand the
material properties governing hydrogen transport and accumulation in steels intended for
gaseous hydrogen service.

A conceptual illustration of the uptake of hydrogen in metals is shown in Figure 1.
This occurs through a sequence of processes including physisorption, chemisorption,
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absorption, desorption and dissolution (steps 1-4). These represent the surface-related
steps of hydrogen uptake into the metal. A core assumption of hydrogen permeation
studies is that these steps are effectively instantaneous upon exposure to hydrogen, and a
constant subsurface hydrogen concentration (Cp) exists immediately below the charging
surface [3].
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Figure 1. Uptake of hydrogen in metals.

Hydrogen embrittlement is strongly influenced by both the concentration and mobility
of hydrogen within the microstructure. For example, Ronevich et al. demonstrated that
banded pearlite in X65 pipeline steel selectively impedes hydrogen mobility depending on
the orientation of flux relative to the banding direction. This resulted in reduced hydrogen-
assisted fatigue crack growth rates for cracks propagating across the banded structure [4].
Similarly, Xu et al. investigated hydrogen embrittlement in X52 pipeline steel using in situ
gaseous slow strain rate testing (SSRT) and found that increasing temperature, thereby
increasing hydrogen diffusivity (D), led to an increase in the hydrogen embrittlement index
(HEI), while subsurface hydrogen concentration (Cp) remained relatively unchanged [4].

In addition to lattice diffusion, hydrogen transport is influenced by interactions with
microstructural features that act as trapping sites. If these locations possess a lower poten-
tial energy state, PE, compared to an interstitial lattice site, they are thermodynamically
favourable (i.e., PEtrap < PEjyterstitiar), and the hydrogen atoms will possess an increased
residence time at the location (Figure 2). Sites such as grain boundaries, cementite interfaces,
and dislocations are generally considered reversible trapping sites at room temperature,
as trapped hydrogen atoms will typically desorb over a finite timescale [2]. In contrast,
features such as microvoids, oxide interfaces, and MnS inclusions may act as irreversible
traps at room temperature, possessing higher binding energies and very long residence
times compared to the experimental timescale.

In some cases, increasing the density of trapping sites may enhance resistance to
hydrogen embrittlement by limiting hydrogen mobility. For example, Song et al. used laser
peening to introduce dislocations in 2205 stainless steel, resulting in increased resistance
to hydrogen embrittlement, attributed to inhibited hydrogen ingress due to enhanced

trapping [5].
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Figure 2. Representative potential energy (PE) of interstitial and trapping sites.

1.1. Hydrogen Permeation Testing

Once absorbed into the bulk of a material, hydrogen transport is governed by diffusion
driven by concentration gradients within the lattice. Diffusivity, D, quantifies the rate at
which hydrogen spreads through the material with respect to the concentration gradient.
Hydrogen permeation experiments are therefore designed to establish conditions under
which mass transport is limited by bulk diffusion, allowing the application of Fick's first
and second laws to describe steady-state and transient hydrogen flux.

The predominant method for quantifying hydrogen diffusion in metals is the
Devanathan—-Stachurski technique [6], with standardized procedures outlined in ASTM
G148 [7]. In this method, a metallic membrane separates two chambers: one for hydrogen
generation (charging) and one for hydrogen detection (oxidation), as illustrated in Figure 3.

Potentiostat

Reference Counter
Electrode Electrode

Charging Cell
(Electrochemical Oxidation Cell
or Gaseous)

Specimen (working electrode)

Figure 3. Schematic of a typical Devanathan-Stachurski apparatus for hydrogen permeation testing.

Hydrogen charging may be achieved through either electrochemical or gaseous means.
In electrochemical charging, a cathodic potential applied to the specimen generates atomic
hydrogen at the surface, which subsequently diffuses through the material. Alternatively,
high-pressure gaseous hydrogen may be used to emulate gaseous service conditions. On
the detection side, an anodic potential is applied to oxidize permeating hydrogen in an
alkaline electrolyte (typically 0.1 M NaOH), producing a measurable current density, i,
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(A/m?), which is directly proportional to the hydrogen flux. Monitoring the evolution of
ip over time enables determination of diffusivity based on Fickian analysis, as discussed
in Section 2.5.

While gaseous hydrogen charging may be a more representative approximation of
service conditions, it introduces additional experimental challenges compared to electro-
chemical methods, including safety considerations associated with handling high-pressure
flammable gas. Despite these challenges, gaseous charging has been increasingly adopted to
better replicate hydrogen uptake in pure hydrogen or hydrogen blended applications [4,8,9].
A further limitation of gaseous permeation methods is the difficulty in implementing con-
trolled charging transients. Electrochemical systems allow precise control of hydrogen
generation via applied potential, enabling automated step changes in variable charging
intensity which are useful for isolating lattice diffusivity and trapping behaviour [10,11].

Importantly, it has been shown that the method of hydrogen delivery can significantly
influence the diffusivity measured in permeation experiments, even at equivalent overall
hydrogen flux. This is illustrated in Figure 4, which highlights the differences in effective
diffusivity measured using electrochemical and gaseous charging methods, as reported by
Koren et al. in a comparative study on X65 pipeline steel [12]. Figure 4 demonstrates that
for a single material, a wide range of diffusivity values may be obtained depending on the
calculation method: whether diffusivity is determined from the lag time (1) (time to 63%
of steady-state; D) or from the initial breakthrough detection of hydrogen (D), as
well as the charging method and intensity.
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Figure 4. Variance in effective diffusivity of X65 pipeline steel obtained with electrochemical and
gaseous hydrogen [12].

More broadly, reported diffusivity values in the literature exhibit significant variability,
often spanning orders of magnitude, even for nominally similar materials [4,8,9,13-18].
This variability arises not only from differences in hydrogen charging methods but also
from variations in data analysis approaches and material characteristics. In non-ideal mate-
rials, deviations from Fickian behaviour, arising from trapping or non-uniform boundary
conditions, can result in multiple “effective diffusivities” being extracted from the same
permeation transient, depending on the analysis method employed. This will be discussed
further in Section 2.5 of this manuscript.

Additionally, variations in a materials microstructure and chemical composition will
contribute to the observed spread in reported diffusivity values. Steels produced to the
same API specification may exhibit significant differences in microstructure due to pro-
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cessing variations between manufacturers, leading to different hydrogen diffusion or
embrittlement behaviour [19]. As a result, comparative studies of hydrogen diffusion
and embrittlement susceptibility benefit from testing multiple materials within a sin-
gle experimental framework, thereby minimizing variability introduced by differences
in methodology.

1.2. Applications of Palladium Coatings

On the detection surface, gaseous permeation experiments may be challenged by low
signal magnitude. Electrochemical charging can typically produce permeation current
densities on the order of pA/cm? to mA/cm? [2,20-22], whereas gaseous charging at room
temperature yields significantly lower values (0.01-1 pA/ cmz) [4,9,23]. At these levels,
measurement noise becomes more significant. A source of this noise is the oxidative current
arising from passivation of the surface, such as the formation of Fe(OH),. This current,
commonly referred to as “background oxidation current”, decays according to a power
law upon the onset of anodic polarization. ASTM G148 recommends waiting until the
magnitude of background current is less than 0.1 uA /cm? before introducing hydrogen
into the experiment to allow permeation current to dominate the response.

Palladium coatings on the detection surface have been shown to reduce both the
magnitude and stabilization time of the background oxidation current, while nickel coatings
are commonly employed as a lower-cost alternative [3,10]. Both nickel and palladium also
catalyze hydrogen oxidation at the detection surface, enabling complete detection at lower
overpotentials, with palladium exhibiting greater catalytic effectiveness [24]. Furthermore,
passive films inhibit hydrogen transport and oxidation. As a result, hydrogen detection
at bare surfaces may be limited by surface reaction kinetics, violating the assumed “sink”
condition (Cy, = 0) used in Fickian analysis.

On the charging surface, palladium coatings may be utilized for their strong affinity
for hydrogen, promoting rapid uptake and increasing subsurface hydrogen concentration.
However, the influence on measured diffusivity and hydrogen flux is not consistent across
charging conditions. For example, Zakroczymski reported that palladium applied to the
entry surface reduced both the effective diffusivity (D) and subsurface concentration (Co)
in electrochemically charged Armco iron membranes [25]. In contrast, gaseous charging
studies have demonstrated the opposite trend. Notably, Kumnick and Johnson observed
that palladium coatings on the charging surface of zone-refined iron effectively eliminate
surface impedance, an effect known to be significant at room temperature, thereby en-
hancing hydrogen transport across the membrane [26]. This distinction has important
implications for permeation analysis. Measurements on uncoated surfaces may yield ap-
parent diffusivities that are influenced by surface impedance, whereas palladium-coated
surfaces are more likely to yield values representative of diffusion-controlled transport.

1.3. Aims and Objectives

The objective of this work is to develop and iterate on a hydrogen permeation method-
ology for characterizing diffusion behaviour under gaseous hydrogen charging conditions.
A key feature of the approach is a gas management system capable of applying controlled
pressure steps, enabling the collection of transient responses under non-zero baseline pres-
sure. This allows reversible trapping sites to remain occupied, such that the measured
response is dominated by lattice diffusion rather than trapping-influenced behaviour. The
methodology is demonstrated using commercially pure iron and API 5L X60 pipeline
steel to assess robustness across materials of differing microstructural complexity. In addi-
tion, the influence of charging surface boundary conditions is examined through the use
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of palladium coatings, providing insight into the role of surface impedance in biassing
permeation-derived transport parameters.

2. Materials and Methods
2.1. Materials

The primary material tested was a commercially pure iron rod with a 25 mm diameter.
Chemical composition was quantified using a Bruker Q4 TASMAN inductively coupled
plasma (ICP) optical emission spectrometer (Billerica, MA, USA). Carbon content was
below detection limits (<0.0025 wt.%), while elevated aluminum and manganese were
detected (0.28 wt.% Al, 0.13 wt.% Mn), and balance iron (99.42 wt.%). This material
provides a baseline case with high hydrogen diffusivity and low trapping compared to
other materials.

For microstructural characterization, a specimen was polished with 1 pm alumina and
etched for 5 s in a 5% nital solution. Optical microscopy was performed using a Zeiss Axio
Observer optical microscope (Carl Zeiss AG, Jena, Germany). This revealed a completely
ferritic microstructure with average grain size of 85 um (ASTM E112-12 [27]), shown below
in Figure 5.

1000, @

Figure 5. Optical micrograph of commercially pure iron.

Small dark features were observed throughout the ferritic matrix. Scanning electron
microscopy was performed using a Tescan Mira 3 XMU (Brno, Czech Republic). Based
on their morphology in optical microscopy and scanning electron microscopy (Figure 6),
these features are interpreted as non-metallic inclusions, likely introduced during material
processing or casting. The relatively high aluminum content of the material suggests that
alumina-based inclusions may be present. However, compositional confirmation through
EDS was not performed.

The secondary material tested was a section of API 5L X60 pipeline steel which was
provided by FortisBC (Surrey, BC, Canada). This material was not used in service. Outer
diameter measured 762 mm with a wall thickness of 19.1 mm. The chemical composition
was measured using spark OES, with results shown in Table 1.

Optical microscopy revealed a ferritic-bainitic composition with an average grain size
of 3.5 um (Figure 7).
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SEM MAG: 1.00 kx Det: SE 50 ym SEM MAG: 5.00 kx Det: SE 10 ym
WD: 15.00 mm Date(m/dly): 06/30/26 UBCO FILTER WD: 15.00 mm Date(m/dly): 06/30/26 UBCO FILTER

Figure 6. Scanning electron micrographs of commercially pure iron. (a) 1000 x magnification showing
pitting among ferrite grains. (b) 5000x magnification of an inclusion.

Table 1. Chemical composition of X60 pipeline steel (wt.%).

Element

Si P S Ni Cr Cu \'% Fe

Wt.% 0.062

0.193 0.006 0.002 0.012 0.002 0.019 0.008 Bal.

Figure 7. Optical micrograph of API 5L X60 material tested [28].

Three iron specimens of varying thicknesses were used to assess the thickness de-
pendence and internal consistency of the developed method under comparatively rapid
permeation conditions. In contrast, a single X60 pipeline steel specimen was included as a
representative engineering material case study rather than as a thickness series investiga-
tion, because its slower permeation kinetics required substantially longer testing durations
for each specimen.

Circular samples with a 25 mm diameter and various thicknesses were extracted from
the base materials. Pure iron samples were cut perpendicular to the longitudinal axis of
the rod via wire EDM. X60 samples were cut such that the diffusion path was along the
radial axis, also via wire EDM. After machining, all samples were progressively ground
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with SiC pads of 240, 400, 600, and 750 grit (ANSI), followed by a diamond grinding disc
of P1500, and a final polishing with 1 pm alumina to a mirror-like finish. After grinding
and polishing, the iron specimens measured 1.86, 1.33, and 0.85 mm thick, while the X60]
specimen was 1.15 mm.

All specimens were electroplated with palladium using a commercially available
solution (0.8% palladium ethylenediamine sulfate). Prior to plating, specimens were rinsed
thoroughly in 0.1 M NaOH, distilled water, and pickled for 30 s in 1 M HCI. The above
steps were performed to increase adhesion to the steel substrate, thus improving corrosion
resistance and reduced chance of blistering, which may skew permeation results [29]. The
specimens were plated in a well-stirred solution held at 50 °C for a duration of 5 min and a
current density of 10 mA /cm?. Scanning electron microscopy (SEM) was used to capture
cross-sectional images of the coating and identify the deposited thickness on each specimen.
Figure 8 depicts an image captured of the palladium coating on the 1.86 mm iron specimen.
The thickness of the palladium coating was measured in 6 locations per specimen for a total
of 24 points. The thickness of the palladium across all specimens was 1.1 um =+ 0.3 um.

SEM HV: 15.0 kV BI: 15.00 MIRA3 TESCAN
SEM MAG: 5.00 kx Det: SE
WD: 15.00 mm Date(m/d/y): 06/30/26 UBCO FiLTER

Figure 8. Cross-sectional SEM image depicting the thickness of electroplated palladium on the
1.86 mm iron specimen.

Each specimen was tested once with this palladium coating intact on both the charging
and detection surfaces. These specimens are designated “DC” for double-coated. Then, the
charging surface was re-ground to 600 grit as per the recommended surface finish in ASTM
G148, and the test was repeated. Specimens with a re-ground (P600) charging surface are
designated “SC” for single-coated. Palladium was present on the detection surface in all
tests, as it has been shown to enhance repeatability of experiments and reduce background
noise [10,24,30].

For gaseous charging conditions, mechanically polished and ground charging surfaces
have been reported to produce similar permeation responses [31]. Under electrochemical
charging, the results across literature are mixed. Peral et al. found that P600 and P2500
finishes gave comparable results, while a coarser P120 finish inhibited uptake and reduced
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apparent diffusivity [32]. Other electrochemical charging studies have reported stronger,
but conflicting, surface finish effects, with roughened surfaces increasing uptake in some
cases [33] and polished surfaces increasing uptake in others [34]. These results indicate that
surface finish effects are not universal and likely depend on factors such as the charging
method and material.

2.2. Setup Development: Revision 1

A 3-electrode electrochemical cell, originally used for corrosion studies, was adapted
for gaseous hydrogen permeation testing. A charging chamber was fabricated from AISI
316 stainless steel to ensure resistance to hydrogen-assisted degradation. This was sealed
against the sample with a Viton O-ring. The sample and chamber were held in place by a 6
mm aluminum backplate with clamping force applied via threaded rods. The area of the
sample exposed to pressurized gas was 2.3 cm?, and the area exposed to electrolyte was
0.44 cm?. The detection side area was intentionally smaller than the charging side area to
minimize edge effects and flux error arising from lateral diffusion, following the geometric
analysis of Hutchings, Ferriss, and Turnbull [35]. This setup revision used a portable
pressure vessel that was pre-charged with hydrogen (Grade 5 UHP, 99.999% purity) at a
separate on-site facility and then transported to the electrochemical workstation. Prior to
hydrogen charging, the system was evacuated and purged with nitrogen (Grade 5 UHP,
99.999% purity). A cross-sectional render of the first revision hydrogen permeation setup is
shown below in Figure 9a, and a photo in Figure 9b.

(@

Stainless steel Specimen electrode
Pressure vessel charging chamber connection
(Later replaced with gas
management system)
H, 0.1IM NaOH
gas Solution
/ 7
Ball Retaining Viton Permeation
valve plate O-ring specimen

b
(b) CE (Pt mesh) RE (Hg/HgO)

Figure 9. (a) Section view of the first revision permeation test setup, showing the pressure vessel,
sealing mechanisms, and wetted regions. (b) Photo of the first revision permeation test setup.
Working (WE), reference (RE), and counter (CE) electrodes are indicated.
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2.3. Setup Development: Revision 2

A dedicated gas management system was constructed to enable precision pressure
control during permeation testing. This system enabled the use of incremental pressure
steps (e.g., 1 to 2 MPa), thereby mitigating the effects of trapping on the apparent diffusion
rate (discussed in Section 2.5). A photo of the gas management system is shown in Figure 10,
with vacuum and purging functionality detailed in Figure 10a, and integration of the
benchtop permeation cell in Figure 10b.

Ball
valves

Vacuum
pump

Pressure gauge (b) (Benchtop)

Excess flow limiter H, regulator

) "Check valves

v

N, regulator

Figure 10. Second-revision permeation setup and gas management system (GMS). (a) Vacuum pump
and exhaust located in fume hood. (b) Benchtop integration of the GMS and permeation cell.

The charging chamber retention mechanism was also improved in this revision. As
shown in the cross-sectional view in Figure 11a, the external threaded rods were replaced
with a single M30 external thread machined directly into the charging chamber and the
aluminum retention plate. This change simplified assembly and improved reliability of the
gas sealing. Figure 11b shows the revised retention mechanism, while Figure 11c shows the
fully assembled apparatus. Using the gas management system, transients were collected in
a pressure sequence of 0 MPa, 2 MPa, 1 MPa, 2 MPa, 0 MPa for each experiment.

()

Threaded charging

0.1IM NaOH
Solution

Gas vé
l’ll}lll‘dg[‘l“(‘llt |'

system

Figure 11. (a) Section view of the second-revision permeation test setup, showing the threaded
charging chamber and retention plate. (b) Photo of the charging chamber retention mechanism.
(c) Photo of the second-revision test setup.
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2.4. Detection Cell

The detection cell was filled with 0.1 M NaOH electrolyte, which was exposed to a
0.44 cm? area on the test specimen. The electrolyte was purged with nitrogen gas (99.999%
purity) for 1 h prior to each test to deoxygenate the solution. Afterward, the cell was
sealed with airtight caps, seen in Figure 11c. Electrochemical detection was performed
using a PARSTAT 4000 potentiostat (Princeton Applied Research, Oak Ridge, TN, USA),
which applied a +0.3 V polarization vs. a mercury oxide reference electrode (Hg/HgO,
1 M KOH). This reference electrode was employed for its stability when used in alkaline
environments [36]. Oxidation current was recorded in real time through the accompanying
software (VersaStudio 2.66.2.0).

The applied anodic (oxidative) potential to the working electrode (WE) must be suf-
ficiently high as to completely oxidize hydrogen as it permeates [3,7,37]. ASTM G148
recommends a potential of +0.3 V vs. a saturated calomel electrode (SCE), with the stipu-
lation that the potential must be sufficiently high to ensure that mass transport through
the sample is the rate-limiting step [7]. The value of this potential depends on the sur-
face condition, with palladium shown to lower the required oxidative potential [7,20]. To
determine the appropriate potential, a potentiodynamic sweep at 0.1 mV /s from —0.1 to
+0.7 V (vs. Hg/HgO) was performed. Oxidation current was recorded at a hydrogen gas
pressure of 3 MPa, with an iron specimen coated with palladium on both the charging and
detection surfaces to maximize the hydrogen flux. The results of this test are shown below
in Figure 12.

5000

Dual coated (DC) iron
Thickness: 1.86 mm
Py, =3 MPa

2
)
N
=)
=
S

3000 -

2000+

Current Density (nA/cm

—

S

S

S
1

01 00 01 02 03 04 05 06
Applied Potential vs. Hg/HgO (V)

Figure 12. Oxidation current density vs. applied potential at 3 MPa of hydrogen charging pressure.

Vijayshankar et al. performed a similar test and observed a remarkably flat plateau in
oxidation current from +0.2 V to +0.7 V (vs. Ag/AgCl) on a section of palladium foil [20].
Similar current vs. potential profiles have been observed in nickel plated and bare polished
iron [24,32]. The results of this test show a plateau in current between +0.3 V and +0.5 V
(vs. Hg/HgO), followed by a dramatic increase at higher potentials, indicating oxidation
of the palladium coating. An appropriate polarization was selected at +0.3 V vs. Hg/HgO
because it achieves near-complete hydrogen oxidation at the detection surface according to
the results of this test.
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2.5. Calculation Methods

The constant concentration (CC) solutions to Fick’s second law describe the evolution
of permeation current over time. The equations for a build-up and decay transient are
shown in Equations (1) and (2) respectively. The underlying assumptions are a constant
subsurface concentration (C,— = Cp) at the charging surface, complete hydrogen oxidation
at the detection surface (Cy- = 0), constant diffusivity (D), and that trapping does not occur
in the material. This solution was described in 1966 by Mcbreen, Nanis, and Beck [38].
This solution is typically fitted to experimental data through least squares regression to
determine diffusivity (D)

i—ip 2L & _(n+1)°1?
4Dfitt

ih _ 3 ex
leo — 10 A ”TDfitt n=0

.. 0 2
i _ 2L Zexp<_(2n+l)L2> 2

lp — leo \/@ n=0 4Dirt

where i = measured oxidation current density at time ¢, iy = initial current density,

(1)

i = steady-state current density as t — co, L = specimen thickness, and Dﬁt = fitted
diffusivity. Given that these equations are derived from Fick’s laws, they are often a poor
fit for experimental data, which is influenced by trapping or surface effects [39,40]. Thus,
this method is typically applied to transients which display near-ideal Fickian diffusion
behaviour. For quantifying diffusivity of non-ideal materials, ideally a diffusion-trapping
model such as that proposed by Mcnabb and Foster would be used [41]. However, such an
analysis is not trivial, and the more common approach is to obtain an effective diffusivity
(Defr1) using the lag time method. Given that different materials will possess varying
magnitudes of i, it is convenient to normalize permeation transients to a scale from 0 to 1
according to the following equations:

, i—i _

inorm = —— ?0 (build — up) )

. i — e ,

Inorm = =—— (desorption) (4)
0~ leo

Lag time, t;, is defined as the time when iy, = 0.63 (build-up transient). This is
related to effective diffusivity by Equation (5).

LZ
Defir = oL ®)

Calculation of subsurface hydrogen concentration, C, is achieved through Fick'’s first
law [39]. Assuming a linear internal concentration gradient of hydrogen within the metallic
membrane under steady-state permeation, the apparent subsurface hydrogen concentration
can be calculated as shown in Equation (6)

(i —ig)L
Co= " DF (6)
where F is Faraday’s constant (96,485 C/mol), and D may be either Deﬁr or Dy, the lattice
diffusivity of the material. A. Turnbull in “Gaseous Hydrogen Embrittlement of Materials
in Energy Technologies” [39] provides the interpretation that when using D¢, Cy is rep-
resentative of the sum of lattice-dissolved hydrogen and hydrogen present in reversible
trap sites at the subsurface, with the stipulation that reversible trap site occupancy frac-
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tion is very low. If using D;, Zheng et al. state that Cj represents the concentration of
hydrogen in subsurface lattice sites only [42]. In this work, Cy was calculated using the
experimentally estimated Dy ; therefore, the resulting value is interpreted as an apparent
subsurface lattice concentration and does not explicitly include hydrogen associated with
subsurface trapping.

As demonstrated by Zacrocymski in 2006 [43] and replicated many times in the lit-
erature [10,11,22], reversible hydrogen trapping density may be calculated through the
utilization of transients taken between intermediate charging intensities. These “partial
transients” are performed by introducing charging step changes while maintaining high
baseline hydrogen flux (e.g., a partial build-up transient from 1 to 2 MPa). By ensuring hy-
drogen traps remain saturated, partial transients offer a better estimate of lattice diffusivity,
Dy, rather than an effective diffusivity which is skewed by trapping effects. In contrast,
full desorption transients (e.g., 2 to 0 MPa) reflect both the diffusion of hydrogen out of
a charged material, as well as the hindered release of hydrogen from reversible trap sites
at the given temperature. In Zacrocymski’s method, a synthetic desorption transient is
generated using Equation (2) and the D; value acquired from a partial build-up transient.
The difference in area (A) between the synthetic and real desorption transients is related to
reversible hydrogen trap density according to Equations (7) and (8) [10]

t

fr. .
A= ; (lp,measured - Zp,syrlthetic) dt @)
0

_ 2Ax6.24x10"

N
T L

(8)

where Nr is the number of reversible hydrogen trap sites per cm?

, assuming one hydrogen
atom occupies a trapping site. This method as utilized by the referenced author requires the
utilization of electrochemical charging, as upon desorption, the entry side is immediately
switched to anodic polarization to act as an additional detection cell, ensuring that hydrogen
desorbing from both sides of the membrane is detected. Zakroczymski found that, for
Armco iron, only approximately 12% of total reversibly trapped hydrogen was recovered
in the detection side permeation transient, while the remaining fraction was detected in the
charging side transient. This was attributed to higher residual concentration of hydrogen
near x = 0. Therefore, under gaseous charging where there is no possibility for charging
side detection, trap density estimates based on this method will underestimate the absolute
trapping concentrations and must be used as comparative values.

3. Results and Discussion
3.1. Full Permeation Transients: Iron

Figure 13a shows full build-up permeation transients obtained from a step change of
hydrogen pressure from 0 to 2 MPa for iron specimens of varying thickness, tested with
and without a palladium coating on the charging surface. The first build-up transient was
excluded from analysis due to the presence of irreversible trapping effects, as evidenced by
a deviation from subsequent transient behaviour [43]. Figure 13b shows the full desorption
transients from 2 to 0 MPa obtained from all iron specimens, with early time response
detailed in Figure 13c.

The presence of palladium on the charging surface resulted in a reduction in break-
through time and an increase in steady-state hydrogen flux for all specimen thicknesses.
Fitting of the build-up transients using Equation (3) yielded apparent diffusivities that were
1.7-4.5 times higher for double-coated (DC) specimens than for single-coated (SC) specimens.
The magnitude of this effect was not uniform with respect to thickness. The ratio of fitted
diffusivity between DC and SC specimens was 2.8 for the 1.86 mm specimen, 4.5 for the
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1.33 mm specimen, and 1.7 for the 0.85 mm specimen. The steady-state permeation current
followed a similar trend, with DC/SC current ratios of 1.5, 1.8, and 1.4 for the 1.86, 1.33, and
0.85 mm specimens, respectively. The statistical significance of this trend is uncertain, as
only one full-rise transient was performed for each specimen condition. Therefore, there was
no clear correlation observed between the relative influence of the charging side palladium
coating and specimen thickness. The effect of increasing effective diffusivity was also observed
in full desorption transients (Figure 13b), where DC specimens displayed a faster settling time
to 0 nA/cm? of permeation current i,. The results are summarized in Table 2, including Dg;
from both build-up and desorption transients (Equation (1) and Equation (2) respectively),
D1 (Equation (5)), and the magnitude of steady-state permeation current (ico — i)
1200 __o-o—0—D —— 186 mm (- - -D,)| L@
/7 —— 1.33mm (- = -Dj)
1000 Ve 0.85 mm (- — - D)
—~ 8004 [ /A/,&’—A"AF‘A”_&_&#A_M O Double coated (DC)
‘e / // AN Single coated (SC)
= T [ //
:; \” /'/ = -
a004 | 4 =
‘/ -
200 f,l /“/
| /" -
7
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0.0 0.2
Time (h)
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1000 B I R, 12004~ (©)
H e 10004\
K.E‘ 800 J)’ 8004 ‘\
S 600 _\__\
E} 600 - 4001 = S{-NQQ.—___
= 2004 —
400 - 0 m——
0.0 0.1
200 e
L\L\\\AM M"—-ﬁ—&
e e e e e P e v A
0 T T
0.0 1.5 2.0 2.5
Time (h)
Figure 13. (a) Full build-up permeation transients (0-2 MPa) of dual-coated (DC) and single-coated
(SC) iron specimens of 1.86, 1.33, and 0.85 mm. (b) Full desorption permeation transients (2-0 MPa).
(c) Zoomed view of full desorption permeation transients showing early time response.
Table 2. Results from iron full permeation transients (0-2 MPa).
Build-Up Transient Desorption Transient
: Pd Coatin
Material L (mm) & _ .
ateria Configuration Dyt R2 Defr, 11 teo — 19 Dyit R2
(m?/s) x 10-10 (m?/s) x 10710 (A/em?)  (m?/s) x 1010
1.86 DC 53 0.959 5.5 528 55 0.916
SC 1.9 0.986 2.1 356 0.75 0.573
Iron 133 DC 6.3 0.960 6.7 817 6.3 0.989
SC 1.4 0.973 1.5 443 1.7 0.862
0.85 DC 52 0.978 57 1210 6.3 0.988
SC 3 0.993 3.1 892 3.4 0.963
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The diffusivities obtained from these full transients are not representative of true lattice
diffusivity. The extracted values show poor agreement with literature values for palladium-
coated iron under gaseous charging conditions. For example in a gaseous-charged study,
Bruzzoni et al. reported diffusivities on the order of 1077 m?/s for palladium-coated
iron [44], which is significantly higher than the values obtained in this study. Similarly, early
work in electrochemical charging by Devanathan and Stachurski also reported diffusivity
on the order of 10~? m2/s [37]. These discrepancies indicate that the measured diffusivity
from full transients is influenced by non-ideal effects, including trapping and surface
boundary conditions.

The observed increase in steady-state flux with palladium coating is consistent with
the expected behaviour of a palladium—iron system. The steady-state concentration profile
of hydrogen within a DC and SC specimen is illustrated in Figure 14.

Double-coated (DC) specimen

Single-coated (SC) specimen

Hydrogen concentration

x=0 x=L

Figure 14. Steady-state hydrogen concentration profile for DC and SC specimens.

Palladium coatings applied to the charging surface fundamentally alter the boundary
condition governing hydrogen entry. Palladium readily dissociates molecular hydrogen
and forms a hydride phase (PdHy), enabling rapid equilibration between gaseous hydrogen
and absorbed atomic hydrogen at the surface. Additionally, the presence of palladium
inhibits the growth of oxides on the entry surface which would impede hydrogen entry.

The net effect is an apparent increase in measured diffusivity, reflecting the rapid
establishment of Cy, along with an increase in steady-state flux due to the higher subsur-
face hydrogen concentration sustained at the interface. Under these conditions, hydrogen
transport becomes more limited by bulk diffusion, whereas uncoated surfaces exhibit
surface-limited or mixed-control behaviour. This observation aligns with results of Kum-
nick and Johnson, who demonstrated that palladium coatings under gaseous charging
conditions eliminate surface-controlled transport limitations [26]. Conversely, in electro-
chemical charging conditions, Zakroczymski and Szklarska-Smialowska reported that
palladium coatings reduced apparent diffusivity [25]. The present results support the
interpretation that under gaseous charging conditions, uncoated specimens are subject to
surface impedance effects that suppress apparent diffusivity.
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3.2. Full Permeation Transients: X60
Figure 15 shows full build-up and desorption transients obtained from X60 pipeline
steel specimens (thickness = 1.15 mm). The results are summarized in Table 3. Compared
to iron, X60 exhibits significantly stronger deviation from ideal Fickian behaviour. The
addition of a palladium coating to the charging side (DC specimens) increased the apparent
diffusivity by nearly an order of magnitude for both build-up and decay transients.
Double coated (DC) X60 (= = -Dy,)
800 Single coated (SC) X60 (~ — - D)
L=1.15mm
600 o o
e
2
<
E 400 ~
Y
200
[ et A A ettt e
O T T T T T T
0 2 3 4 5 6 18
Time (h)
Figure 15. Full build-up (0-2 MPa) and full desorption (2-0 MPa) permeation transients of DC and
SC X60 specimens (thickness = 1.15 mm).
Table 3. Results from X60 full permeation transients (0-2 MPa).
Build-Up Transient Desorption Transient
. Pd Coating
Material L (mm) Configuration Dyt R2 Def, 11 fco — g Dyt R2
(m?/s) x 10-10 (m2/s) x 10-10  (A/em?)  (m?%/s) x 1010
DC 1.0 0.949 1.2 838 55 0.916
X60 L15 sC 0.17 0.882 0.17 591 075 0573

The goodness of fit (R?) to Equations (1) and (2) remains poor for both DC and SC
specimens. This behaviour is attributed to reversible trapping, which is expected to be more
pronounced in X60 than in iron due to its more complex microstructure, including smaller
grains, elevated GND density, and the presence of ferrite—pearlite phase boundaries [28].
During build-up transients, delayed breakthrough is observed, consistent with hydrogen
being temporarily immobilized at trapping sites prior to saturation. Similarly, desorption
transients are disproportionately extended due to the gradual release of hydrogen from
these traps. The resulting diffusivity is therefore an apparent transport parameter rather
than an intrinsic material constant, as it depends on microstructure, specimen condition,
and experimental boundary conditions.

The reduction in breakthrough time and increase in steady-state flux seen in DC
specimens suggests that, like seen in iron specimens (3.1), hydrogen entry kinetics at the
charging surface play a significant role in governing the overall permeation response. The
results are consistent with DC specimens exhibiting a transport response that is less surface-
influenced and more diffusion-dominated than that of SC specimens. The diffusivity of
double-coated X60 specimens (1.0-1.2 x 1019 m2/s) is in reasonable agreement with the
literature. Koren et al. reported diffusivities on the order of 1.5 x 1071 m2/s for X65
pipeline steel under similar conditions [11].
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3.3. Partial Permeation Transients: Iron

To isolate lattice diffusion behaviour, partial permeation transients were collected
between 1 and 2 MPa (build-up) and 2 and 1 MPa (desorption). The resulting transients for
iron specimens are shown in Figure 16a (DC specimens) and Figure 16b (SC specimens).
Partial transients are expected to reduce the influence of trapping by maintaining a non-zero
baseline hydrogen concentration, ensuring that reversible trapping sites remain largely
occupied [43].

—— 186 mm ——1.33 mm 0.85 mm
Dy Dy
1.0 @)
0.8
< 0.6 <
g | Double coated (DC) ironl . s
0.4 1
0.2 1
0.0 —VZJ
T T T T — T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 00 02 04 06 08 10 12 14 16
Time (h) Time (h)
Figure 16. Partial build-up (1-2 MPa) and desorption (2-1 MPa) transients) of DC iron specimens
(a) and SC iron specimens (b).

A high degree of symmetry was observed between the build-up and desorption
transients of both DC and SC specimens, with near-identical fitted diffusivity and lag time
values. This symmetry indicates that the system response is dominated by lattice diffusion,
with minimal distortion from trapping effects. In trap-influenced transients, delayed
hydrogen release from reversible trap sites would be expected to lengthen the desorption
response and produce a lower apparent diffusivity relative to the corresponding build-up
transient. As such, diffusivity values were averaged between build-up and desorption
transients and are reported as lattice diffusivity, D;, in Table 4. The uncertainty from this
averaging is reported in Table 4.

Table 4. Results from iron partial permeation transients (1-2 MPa).
Material L (eum) Pd Coating Dy (m?/s) x 10-10 Dy
ateria mm . . 2 a
Configuration Build-Up R2 Desorption R2 (m?/s) x 10-10
1.86 DC 7.5 0.998 72 0.997 73 £0.16
SC 2.8 0.971 2.6 0.957 2.7 £0.11
DC 7.7 0.992 7.7 0.997 7.7 £0.02
Iron 1.33
SC 3.6 0.957 3.2 0.998 3.4+020
0.85 DC 7.5 0.998 8.0 0.992 7.8 +£0.26
SC 43 0.958 43 0.974 43 +£0.01

3.4. Partial Permeation Transients: X60

Partial permeation transients for X60 are shown in Figure 17, with results summarized
in Table 5. As observed for the iron specimens, the DC X60 specimen exhibited higher
fitted diffusivity than the corresponding SC specimen. The partial build-up and desorption
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transients were obtained from pressure steps between 1 and 2 MPa and used to estimate Dj..
The DC specimen showed strong agreement between build-up and desorption, indicating
a primarily diffusion-dominated response under these conditions.

1.0\ - g
N -
\\ o _ - -
0.8 ol
7/
0.6 N
g A Double coated (DC) X60 Single coated (SC) X60
NE ‘\\ - = Dﬁ[ - = Dﬁl
0.4 o
N
0.2 1 TNl
// Exiﬁ'\*hﬁﬁﬁﬁnc
00¢W 4§ ™ "=« - T T T
T I T I I T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Time (h)
Figure 17. Partial build-up (1-2 MPa) and desorption (2-1 MPa) transients of DC and SC X60 specimens.
Table 5. Results from X60 partial permeation transients (0-2 MPa).
Material L (mm) Pd Coating Dj¢ (m?/s) x 10-10 Dy
ateria mm . . ) B
Configuration Build-Up R2 Desorption R2 (m?/s) x 1010
DC 21 0.990 2.1 0.992 2.1+£0.02
X60 1.15
SC 0.50 0.899 0.43 0.838 0.47 £ 0.03

The SC specimen showed greater asymmetry, with fitted diffusivities of 5.0 x 10~ m?/s
for build-up, compared with 4.3 x 107! m?/s for desorption. This suggests that the SC
response may not be fully diffusion-dominated, and that de-trapping effects may contribute to
the lower fitted diffusivity obtained from the desorption transient. This highlights a possible
limitation of using partial permeation transients from 1 to 2 MPa to mitigate trapping effects
in complex, high-trapping materials such as X60 pipeline steel.

3.5. Diffusivity vs. Thickness

Figure 18 summarizes the values of Dy; from all specimens (SC and DC) obtained full
and partial build-up transients.

Across all iron specimens, Pd-coated charging surfaces (DC) produced consistently
higher measured diffusivities than ground steel charging surfaces (SC), indicating that the
Pd layer reduced the kinetic impedance associated with hydrogen uptake and promoted
more diffusion-controlled transport. Partial build-up transients also yielded higher diffusiv-
ity values than the corresponding full build-up transients for both DC and SC conditions,
consistent with the intended effect of maintaining a non-zero hydrogen pressure baseline
to reduce the influence of reversible trap filling during the transient. For the iron speci-
mens, DC partial build-up diffusivities were the highest and showed comparatively little
variation with thickness, clustering near 7.3-7.8 x 10710 m2? /s. In contrast, SC specimens
showed lower diffusivities and a stronger apparent thickness dependence, particularly for
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full build-up transients, suggesting that surface-limited uptake and/or trapping effects
remained more influential without the Pd coated charging surface.

12
" B Double coated (DC)
| | = Single coated (SC)
101 | A Partial build-up transient (1-2 MPa)
9 O Full build-up transient (0-2 MPa)
T‘E 2 A ----- R A
< |
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Es] v
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: he o ! |
31 .. Tteed e
2 B N R
" - - I
1‘ ! F
A .
0.85 mm 1.33 mm 1.86 mm 1.15 mm
Iron X60

Figure 18. Dj; vs. thickness for all specimens. The effect of palladium-coated charging surfaces on
the fitted diffusivity is indicated by vertical dotted lines.

For most conditions, thinner specimens exhibited higher apparent diffusivity. This
thickness dependence may be related to the higher permeation flux achieved in thinner
specimens, consistent with Koren'’s reported positive correlation between i, and D (Figure 4).
Higher current density may promote faster saturation of reversible trapping sites, thereby
reducing trap-related delays during the transient and increasing the fitted apparent diffusivity.

An exception was observed for the DC iron specimens, which showed a marginal
increase in Dy, with increasing specimen thickness. The statistical significance of this
behaviour is unclear and cannot be assigned to a specific mechanism based on the present
data. Therefore, this observation is not used as a basis for further interpretation. The
X60 specimen exhibited substantially lower diffusivity than iron under all comparable
conditions, consistent with a material with lower diffusivity and greater hydrogen trapping.

3.6. Subsurface Concentration

To evaluate the effect of palladium coatings on hydrogen uptake, subsurface concen-
tration (Cp) was calculated according to Equation (6), with the steady-state permeation
current (ic — ip) obtained from a full build-up transient at 300 psi (Table 3). The value
of D used in Equation (6) was Dj, obtained from a partial build-up transient and DC
specimen (Tables 4 and 5). Thus, the value of Cy acquired is an estimate of lattice-dissolved
hydrogen at equilibrium with 300 psi of hydrogen charging pressure [40]. The results are
summarized in Figure 19. Cy was found to be independent of specimen thickness, with
palladium-coated charging surfaces increasing the mean from 913 to 1408 umol/cm? in
iron specimens.
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Figure 19. Subsurface concentration of all specimens at 2 MPa of hydrogen pressure. Horizontal
dashed lines indicate the average Cy obtained across three iron specimens of varying thickness.
3.7. Trapping Quantification

Using the lattice diffusivity obtained from partial transients, synthetic desorption

curves were generated using Equation (2) and compared to experimentally measured full
desorption transients (Figure 20).

A
h — — — Synthetic desorption (D;)
| ——— Real desorption (2—0 Mpa)

24 x6.24x10'8

Ny =
L) L

i, (nA/cm?)

Time

Figure 20. Graphical representation of reversible trap site density (N) calculation.

The quantity of reversible trapping sites per unit volume, N1, was calculated according
to Equation (8), with the results for all specimens summarized in Figure 21. DC iron
specimens exhibited relatively consistent Nt across all thicknesses, with a variance of
2.1 x 100 sites/cm® and a maximum-to-minimum difference of 3.1-fold. In contrast, SC
specimens showed a stronger thickness dependence, with a variance of 2.1 x 10! sites/cm?
and a maximum-to-minimum difference of 28.2-fold. Both DC and SC X60 show a higher
trap density than iron. This is to be expected given the smaller grain size and presence
of bainite within the X60, both of which are known to increase trapping relative to pure
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ferrite [2]. The microstructural inclusions identified in Figure 6 are expected to act as
trapping sites within the iron specimens, contributing to the magnitudes presented.

B Double coated (DC)
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O Iron 4.8x10"7
% X60 *
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i'; [ |
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~ [
= 3.1x1016
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1.3x10'¢
] 1.0x10'¢
1016_ 7.8X1015 ]
[}
0.85 mm 1.33 mm 1.86 mm 1.15 mm
Iron X60

Figure 21. Nt vs. thickness for all specimens tested.

SC iron specimens display a strong linear relationship of increasing Nt with respect to
thickness. This trend contrasts with results reported by Latypova et al. [10], who observed
decreasing trap density estimates with increasing thickness in martensitic stainless steel
under electrochemical charging. One possible explanation is the difference in surface
chemistry between the two material systems. Stainless steels form comparatively stable
chromium oxide surface films, which may act as near-surface trapping regions or hydrogen
entry barriers. As specimen thickness decreases, the relative contribution of this surface-
affected region to the overall permeation response becomes more significant, potentially
producing higher apparent Nt values in thinner specimens. This effect is less likely to
dominate in iron, which forms a comparatively less protective oxide layer.

In the present SC iron specimens, the increasing apparent Nt with thickness may
instead reflect the combined effects of lower effective hydrogen flux and increased bulk
trapping capacity in thicker specimens. These factors would suppress the effective diffusiv-
ity obtained from full permeation transients (Figure 19), and thereby increase the calculated
Nr. In contrast, DC iron specimens showed a much weaker dependence of Nt on thickness,
although true thickness independence cannot be confirmed from the present dataset.

A notable limitation of the presented method for trap site density quantification is that
hydrogen egress is captured only at the exit surface of the specimen. In their original study
on the topic, Zakroczymski was able to detect hydrogen egress from the charging surface
in addition to the detection surface due to their use of both electrochemical charging and
detection. They found a bulk of the hydrogen to desorb from the entry surface, which
remains undetected in this method with gaseous charging [43]. Thus, it can be assumed
that the method presented is under-representing the density of reversible trap sites within
the material. Nonetheless, this technique allowed for quantification of the relative trapping
densities of iron and X60 pipeline steel.

3.8. Validation of Fickian Behaviour

To evaluate the consistency of the measured diffusivity with Fick’s laws, lag time (¢;)
was plotted as a function of squared thickness (L?). According to Equation (5), a linear
relationship passing through the origin is expected for diffusion-controlled transport [37].
This relationship is shown in Figure 22, along with R? for each linear fit.
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Figure 22. Lag time vs. squared thickness of iron specimens with and without Pd coated charging
surfaces. A good linear fit indicates agreement with Fick’s laws of diffusion.

Itis shown that DC iron specimens combined with partial transients (1-2 MPa) produce
the strongest linear fit (R? = 1.00). SC specimens combined with full transient analysis show
the weakest linear fit (R = 0.976), further confirming the influence of non-ideal surface
conditions and trapping effects, which cause deviation from ideal behaviour.

4. Conclusions

Collectively, this work demonstrates the feasibility of using gaseous hydrogen per-
meation experiments to quantify hydrogen diffusivity and trapping. More importantly,
the results show that the obtained diffusivity is strongly dependant on the charging side
boundary conditions and pressure transient type (full vs. partial) and therefore cannot be
interpreted as an intrinsic material property unless these effects are carefully controlled.
Neglecting the influence of hydrogen uptake kinetics can lead to artificially suppressed
diffusivity values, inconsistent trapping estimates, and misleading comparisons between
materials. The presented approach provides a foundation for consistent and physically
representative measurement of hydrogen permeation in materials under gaseous, lattice-
diffusion-dominant conditions, and establishes a framework for future studies aimed at
linking diffusion behaviour to hydrogen embrittlement susceptibility.

Key findings are summarized as follows:

e Charging side palladium coating is strongly recommended under gaseous charging

conditions when the objective is to establish lattice-diffusion-dominated mass trans-
port and improve agreement with Fickian diffusion behaviour.
Palladium coatings promote hydrogen entry by accelerating molecular hydrogen dis-
sociation and surface equilibration, thereby reducing non-ideal boundary effects at the
gas metal interface. In iron specimens, palladium-coated charging surfaces increased
the measured diffusivity and improved consistency in diffusivity and trap-site density
calculations across different specimen thicknesses.

e Partial pressure step transients provide an improved basis for estimating lattice-
dominated diffusivity by reducing the influence of reversible trap filling.

Diffusivity values obtained from partial transients were consistently higher and more
self-consistent than those obtained from full-range transients, indicating that main-
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taining a non-zero baseline pressure maintains trap occupancy and reduces trapping-
related suppression of the measured diffusivity.

e  The combined use of palladium-coated charging surfaces and partial pressure step
transients provided the most ideal diffusion-controlled response.
This combined approach produced improved agreement with Fickian behaviour, demon-
strating that both the surface boundary condition and the internal trap state must be
controlled to obtain physically meaningful diffusivity values. While this approach
produced near-ideal behaviour in iron, X60 pipeline steel retained residual non-ideal
behaviour attributed to reversible trapping in its more complex microstructure.
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