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The diffusion and trapping of H in overaged commercial 7xxx series alloys of the second and third generation is
first studied using an enhanced electrochemical permeation method involving sputter etching of the native oxide
and hydrogen charging by alkaline corrosion at the open circuit potential. Proof of concept is provided
demonstrating remarkable experimental reproducibility and addressing common experimental errors, such as
native oxide films, localized corrosion and buildup of corrosion products. A commercial second and third gen-

eration 7xxx series alloy exhibit effective H diffusion coefficients of 1.6 + 0.7 x 107!° cm?/s and
3.7 + 0.3 x 10719 em?/s, respectively. The different H diffusivities were explained by extensive H trapping in
coarse intermetallic Al;CupFe and S-phase particles, alongside potential trapping at the interface of quench-
induced grain-boundary precipitates with lower Zn content.

1. Introduction

With an ever-growing demand for lightweight solutions, increased
sustainability, and green hydrogen technologies in the mobility sector,
Al alloys face an increased requirement for mechanical strength, fracture
toughness and corrosion resistance, as well as increased exposure to
hydrogen in service [1-5]. Even though these alloys are tried and trusted
for decades in many applications from automotive [6,7] to aviation [2,
8] and space [9,10], the interactions of hydrogen with the metallic
material are still an active field of research. Because of its volatile nature
and its low atomic number, measuring hydrogen is a challenging task for
most analytical methods typically used in materials science. However,
numerous research papers on this topic are published every year because
of the recent development of more sophisticated analytic [11-14] and
computational approaches [15-18]. Besides a more novel interest in the
suitability of Al alloys for long-term usage in hydrogen storage facilities
[19,201, a lot of research in the past focused on the understanding of
stress corrosion cracking (SCC) or hydrogen environmentally assisted
cracking (HEAC) of 7xxx series alloys frequently used in aerospace ap-
plications [21-25]. Crack formation and propagation in these alloys was
often found to be governed by hydrogen embrittlement [22,23,25,26].

Despite experimental evidence for hydrogen embrittlement, however,
the exact mechanisms of hydrogen absorption and transport during
cracking are typically not tangible. In addition, hydrogen diffusivity
data reported in the literature does not allow for reliable conclusions
with hydrogen diffusion coefficients covering a range of over 17 orders
of magnitude, even for pure Al [27,28].

Characterization of hydrogen diffusion and trapping in metallic
materials is often performed by thermal desorption [29-32] or hydrogen
permeation experiments in a gaseous [33,34] or electrochemical envi-
ronment [35-37]. In the latter case, a Devanathan-Stachurski cell setup
is typically used [35]. In this setup, a thin membrane of the sample
material is clamped between two cells, where one side is exposed to a
hydrogen charging environment, typically cathodic polarization, and
the other side is anodically polarized to oxidize and quantify hydrogen
using the oxidation current. From the time lag between the start of
hydrogen charging and the detection of a steady state on the exit side,
information about the diffusion and trapping of H in the membrane can
be deduced [35]. Electrochemical hydrogen permeation experiments
have already been used for a wide range of metallic materials, such as
Fe-based materials [38,39], Al [40-42], Ni [43] and Fe-Al intermetallics
[44]. The standard ASTM G148, dedicated to this method, considers it
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applicable “in principle to all metals and alloys, which have a high
solubility for hydrogen, and for which the hydrogen permeation is
measurable” [45]. While this statement is vague and ambiguous in the
case of Al with its poor H solubility [28], several researchers succeeded
to measure hydrogen permeation using this method. Danielson sum-
marized some past attempts on electrochemical permeation of Al alloys
in 2002 [46] and identified some common problems: The reproduc-
ibility of hydrogen permeation data for Al is often poor and the ubiq-
uitous oxide film on Al acts as a strong diffusion barrier [47,48]. Thus,
Braun et al. used ion sputtering to remove the oxide film and then
captured the fresh surface under a Pd film [49,50]. Even though the
exact procedure was not described and the effect of the ion etching was
not demonstrated, the authors claimed a higher reliability of their
diffusion data. Another factor exacerbating the reliability of permeation
data is the strong dependence on microstructural trap sites, i.e. crystal
defects like vacancies and dislocations, grain boundaries, interfaces and
constituent phases that can bind hydrogen to various extents [29,30].
Depending on the binding energy for hydrogen, the different micro-
structural features are considered reversible or irreversible trap sites
[36]. If the material is first charged with hydrogen, the apparent or
effective hydrogen diffusion coefficient (Dyyeff) is measured. Dy efr de-
scribes the hydrogen mobility affected by reversible and irreversible
trap sites in the material. For most technical applications involving SCC
or HEAC, where the material fails well before global H saturation of the
material is achieved, this scenario applies. Thermomechanical process-
ing and tempering of precipitation hardened Al alloys can have a strong
effect on the type and density of microstructural trap sites, and therefore
also on the measured Dy efr [51,52]. Thus, it is not possible to compare
hydrogen permeation data in the literature without detailed knowledge
of the processing history and the resulting microstructure. A modified
method for hydrogen permeation measurements on Al alloys was first
described by Hebert et al. [53] and further developed by Scully et al.
[54,55], where the cathodic hydrogen charging is replaced by free
corrosion at the open circuit potential in an alkaline environment and
anodic oxidation of hydrogen is replaced by monitoring of the
open-circuit potential transients of a thin Pd coating. This approach
immediately mitigated the error induced by the oxide film on the
charging side, and simultaneously allowed for very sensitive detection of
H using the strong effect of Pd/ Pd hydride conversion on its electro-
chemical potential [56,57]. Implementing a cleaning procedure for
reproducible Pd surfaces [58] and sample thickness variation [54,55] to
verify bulk diffusion control according to Fick’s laws enhanced the
reliability of the permeation data. This method was successfully applied
to pure Al and 5xxx series alloys [54,55]. The effect of the native oxide
under the Pd coating however, was not addressed in these works.

The aim of this work is to study the hydrogen diffusion and trapping
in commercial 7xxx series Al alloys using a reliable practice for elec-
trochemical permeation measurements. By building on the knowledge
from the literature and providing proof of concept for the elimination of
common experimental errors, we present a rigorous and approachable
method for characterizing hydrogen diffusion and trapping in Al alloys.
Together with recent work on lab-cast alloys from Akuata et al. [59], we
present the first successful application of this method for technologically
highly relevant 7xxx series alloys in an overaged temper and demon-
strate the potential synergy of permeation experiments and comple-
mentary analytical and simulation data for enhancing the understanding
the role of hydrogen diffusion during SCC and HEAC.

2. Methodology
2.1. Material and alloy membrane preparation

Two commercial Al-Zn-Mg-Cu alloys in an overaged T7651 condition
were investigated in this study. The chemical compositions are given in

Table 1. The higher Zn alloy A belongs to the “new generation” alloys
with higher Zn/Mg ratio and is prone to HEAC in humid air, while alloy
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Table 1

Chemical composition of investigated alloys.
Composition (wt%) Al Zn Mg Cu Zr Ti Fe Si
Alloy A bal. 7.3 1.5 1.7 0.11 0.02 0.03 0.03
Alloy B bal. 6.2 2.1 2.1 0.11 0.03 0.06 0.03

B is an established alloy with lower Zn content, that is not susceptible to
HEAC in this condition [25]. The material was provided as a thick plate
(140 mm) and samples were taken from the t/4 position within the plate
to avoid effects of segregation in thickness direction (ST) on the
microstructure and the permeation results. 15 x 15 mm samples were
cut in such a way, that the hydrogen diffusion in the permeation
experiment occurred in the ST direction of the plate. This was done to
prevent coarse intermetallic particles, that are elongated in the rolling
direction of the plate (L), from penetrating the full final thickness of the
alloy membrane. Iterative grinding up to 4000 grit under ethanol and
thickness measurements in 5 spots were performed to achieve a uniform
(deviation within a sample <3 um) final thickness of the alloy mem-
branes between 40 and 120 pm. Additionally, some experiments were
performed on commercially pure Al foil (Carl Roth GmbH) with a
thickness of 30 pm.

The thinned membranes and foil samples were then individually
introduced into a vacuum chamber (plgasezlo’7 mbar) for plasma
etching and coating. Plasma etching was performed on one side of the
sample in a 1 Pa Ar atmosphere using a 250 kHz pulsed DC generator at
50 W for 3 min. These parameters were deemed to be sufficient for
removal of the nm thin native oxide layer. For some pure Al foil samples,
this etching step was skipped. Subsequent to plasma etching, the gas
flow was quickly regulated to achieve 0.5 Pa Ar and DC magnetron
sputtering from a Pd target (& = 5 cm) was started to cap the reactive Al
surface under a Pd coating before the oxide film can re-form with O in
the residual gas of the vacuum chamber. This switching process took no
more than 5 s. The Pd deposition was carried out at 50 W for another
3 min. This led to a coating thickness of around 50 nm Pd calibrated by
cross section SEM (see Figure A 1). A schematic of the full preparation
route for the permeation samples is displayed in Fig. 1.

2.2. Interface analysis for Pd coatings

X-ray photoelectron spectroscopy in combination with Ar" ion
sputtering was used to investigate the presence of oxides at the alloy/Pd
interface. Measurements were performed in a Kratos Axis Supra in-
strument using a monochromatic Al Ka X-ray source (hv=1486.6 eV)
and a hemispherical analyzer. The base pressure of the instrument was
10~° mbar. Survey spectra and high-resolution scans were recorded at a
pass energy of 160 eV and 20 eV, respectively. A step size of 0.25 eV was
used for overview survey spectra, while high-resolution spectra were
measured with a step size of 0.1 eV. Iterative ion etching steps using a
kinetic energy of 500 eV for 30 s gradually removed the Pd coating until
the expected Al 2p and Al 2 s signals of the substrate (among other
alloying element peaks) appeared in the spectra. The presence of both of
the substrate signal and a strong Pd signal allowed for the observation of
the buried Al alloy/coating interface in the as deposited state. Kratos’
ESCApe software was used for data evaluation.

2.3. Hydrogen permeation tests

Hydrogen permeation tests were carried out in a commercially
available electrochemical double cell (IPS Elektroniklabor GmbH) using
standard calomel reference electrodes (SCE) in saturated KCl and
counter electrodes made from platinized titanium. A sketch of the
experimental setup is given in Fig. 2. The cells were temperature
controlled to 25°C using a thermostat for all experiments. The mem-
brane was clamped between the cells with the Pd coated side facing the
H detection cell and then connected to two Gamry Interface 1010
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Fig. 1. Preparation routine for the hydrogen permeation samples.
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Fig. 2. Sketch of the electrochemical permeation setup used in this study.

potentiostats. The H detection cell was then filled with a naturally
aerated 0.1 M NaH-PO4/Na-HPO4 phosphate buffer solution (PBS) with
pH=7 and an electrochemical cleaning procedure involving cyclic
voltammetry and applying anodic and cathodic potentials to the Pd
coating was carried out to ensure a clean Pd surface and reproducible
OCP values. The parameters of this procedure were adapted from the
literature [53,58]. Once the Pd potential stabilized at around 0.28 Vgcg,
which is close to the Nernst potential of the Pd/PdO transition [60], the
H charging cell was filled with naturally aerated 0.01 M NaOH solution
(pH~12). This marked the starting point of the permeation experiment
and free corrosion at the entry side of the alloy membrane was initiated.
The corrosive attack both dissolved the native oxide, that was still pre-
sent on this side, and also generated high fugacity atomic hydrogen to
absorb into and permeate through the alloy membrane. The OCP of both
the charging and detection side was monitored until a rapid transient in
the Pd potential to a plateau around —600 to —800 mV is observed,
indicating the formation of PdHy caused by the permeation of H atoms.
According to the time lag approach from the literature, t( g3, the time at
which 63 % of the transient have passed, was considered for the
calculation of the effective hydrogen diffusion coefficient Dy e [35].
The corrosion rate on the H charging side of alloy membranes was
determined by immersing samples of 15x15x2 mm in the 0.01 M NaOH
charging solution and determining the mass loss at several time steps
(6 h, 24 h, 48 h, 96 h and 168 h), corresponding to the experiment times
in the hydrogen permeation test. To accurately determine the mass loss,
the corroded samples were etched in conc. HNO3 for 1 min to remove
corrosion products from the surface and subsequently cleaned with
distilled water and ethanol and then dried [61]. By converting the mass
loss to thickness reduction, this procedure allowed for the determination
of the time-dependent corrosion rate of the permeation foils in the
experiment. Eq. 1 was used for the calculation of the corrosion rate:

CR = Am/pAt, 1)
where CR, Am, p, A and t are the corrosion rate, mass loss, density,
corroded area and time, respectively. Knowledge of the time dependent
corrosion rate is needed to determine Dy ¢ With a moving corrosion
front. The thickness reduction at any given time could be calculated by

integration of the corrosion rate from t = 0 to the time of interest. The
corrected membrane thickness Lo, for the permeation experiment was
then determined by taking the average of the initial membrane thickness
and the thickness at which tg ¢3 is reached. Determination of Dy cff was
subsequently carried out with Eq. (2) according to Fick’s laws of diffu-
sion [35,36]

Diyeit = Ly /6t0.63, @

Where multiple experiments on the same material could be considered
by plotting Lforr/6 versus the permeation times. An average Dy s can
then be determined from the slope of a linear regression line through
origin.

2.4. Microstructural characterization

Microstructural analysis of the commercial alloy material was car-
ried out by both SEM and TEM to elucidate the potential role of
microstructural features on the H diffusion and trapping behavior. EDX
spectra and backscatter electron images were recorded using a Zeiss
Supra 55 VP, equipped with an Oxford Instruments EDX and EBSD de-
tector to characterize and quantify the area fraction of coarse interme-
tallic particles. Quantification of the area fraction of bright Cu
containing particles (Al,CuyFe, Al,CuMg) was carried out in ImageJ
using 1,000x magnification and a minimum of 10 BSE images per alloy.

For the characterization of grain boundary precipitates TEM lamellae
were prepared from polished samples, where a region of interest was
marked and mapped using EBSD to identify high angle grain boundaries.
The lift-out was then performed in a Thermo Scientific Helios 5 Hydra
UX DualBeam PFIB-SEM Xe™ plasma focused ion beam (PFIB). After the
lift out, the lamellae were attached to a Mo grid, thinned and transferred
to a JEOL JEM-F200 STEM with a GATAN OneView high-resolution
camera and an Oxford instruments EDX detector. The grain boundary
n-Mg(Zn,Cu,Al), precipitates and their chemical composition were then
characterized by STEM imaging and EDX analysis at 200 kV.

3. Results
3.1. Interface analysis of the Pd coated samples

XPS analysis of the Al alloy/Pd interface was used to verify the
effectiveness of the sputter etching step for the oxide layer removal. The
results of the interfacial analysis are displayed in Fig. 3. The survey scans
in Fig. 3a) show clear signals from the Pd 3d, 3p, and 3 s orbitals of the
Pd coating. In the as deposited state, a C1s peak can be observed, that is a
result of adventitious carbon from the atmosphere. In the etched state,
this C signal disappears and the Pd signal becomes slightly stronger,
enhancing smaller peaks of the Pd 4 s and 4p orbitals. Approaching the
Al alloy/Pd interface, those features become intertwined with the
photoelectron peaks from the Al-Zn-Mg-Cu alloy substrate, namely Al 2p
and 2s, Cu 2p and Zn 2p at higher binding energies. Some Ar' ion
implantation is also evident from the arising Ar 2p peak. The high-
resolution spectra of the Al 2p region at this interface and a reference
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Fig. 3. XPS analysis of the interface of a sputter etched and coated Al alloy/Pd membrane for permeation tests a) survey spectra obtained for different steps during
Ar™ sputter depth profiling b) high resolution spectra of the Al 2p region obtained on a reference native oxide sample and a sputter etched and Pd coated sample of

the same material.

sample of the same alloy with a native oxide layer formed after polishing
is compared in Fig. 3b). Peak components of the metallic Al° spin-orbit
and oxidized AI*" are obvious at 72.5 eV and ~ 75.1 eV, respectively. In
addition, a small Cu 3p signal can be seen for the native oxide sample.
The AI3*/AI° peak area ratios are ~ 1.8 for the native oxide case, while
for the buried interface of the etched specimen it is significantly
decreased to ~ 0.4.

3.2. Hydrogen permeation tests

For a further proof of concept of the effect of sputter etching during
preparation, hydrogen permeation experiments on commercially pure
Al foil with 30 ym thickness were performed on both sputter etched
samples and samples that were directly Pd coated without removing the
native oxide layer. The Pd side potential transients from hydrogen
permeation tests on these samples are shown in Fig. 4. For both sample
populations the Pd side OCP starts at a reproducible positive potential
plateau close to the Nernst potential of the Pd/PdO transition [60],
while it is slightly higher for the oxide interface samples (~290 mVgcg)
compared to the plasma etched samples (~260 mVscg). A rapid transi-
tion from this initial potential to a stable plateau is observed with both
sample groups. Again, the final potential of the oxide interface samples
(~-750 mVscg) is slightly higher and scatters more compared to the
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O 041
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Fig. 4. Pd potential transients from hydrogen permeation tests on commer-
cially pure Al foil samples (30 um) with native oxide and sputter etched in-
terfaces under the Pd coating.

plasma etched samples (~-820 mVgcg). The transition also occurs after a
shorter time of 11.6 + 0.1 h for the plasma etched samples compared to
the oxide interface samples with 14 + 1 h. It can be noted that the
scatter between experiments is drastically reduced using sputter etched
samples.

In preparation of the hydrogen permeation tests on the commercial
7xxx alloys, the corrosion reaction on the H charging side was charac-
terized for both alloys by immersion tests and cross section analysis of
the corrosion front. The results of both analyses are shown in Fig. 5. The
BSE images of the corroded samples in Fig. 5a) reveal a nearly uniform
corrosion front for both materials after up to 1 week of immersion over
wide areas of the sample surface. While the intermetallic particles in
both alloys can interfere with the corrosion front (e.g. center of alloy B
cross section) the deviations from this uniformity are relatively small
due to the parallel orientation of the corroding surface and the rolling
direction of the plate. Some corrosion product was observed above the
corrosion front with drying cracks and clear detachment from the bulk
material. Determination of the mass loss for varying immersion times
further enabled the calculation of the time dependent corrosion rate of
the alloys, as depicted in Fig. 5b). The corrosion reaction starts at very
high rates for both alloys but quickly decays due to the buildup of
corrosion products on the surface. A similar power-law like decay was
observed in both cases, going from 0.7 to 1.0 um/h after 6 h immersion
towards a steady state of ~0.1 pm/h for longer immersion times > 90 h.
Slightly higher corrosion rates are consistently observed for alloy A
alongside a slightly higher R? value in the mathematical power-law
function fit of the data.

Beside ex-situ immersion tests, the corrosion reaction in the
hydrogen permeation tests was also monitored in-situ by measuring the
OCP of the charging side of the membrane in the 0.01 M NaOH charging
solution. In Fig. 6 three representative OCP curves for both alloys are
displayed for comparison. A general trend of an initial sudden increase
of the OCP followed by a slowed down drift of the potential towards
more positive values is observed for both alloys. While the initial phase
of rapid corrosion exhibits a similar potential rise, the two alloys’ OCP
values quickly diverge with the high Zn and low Cu alloy A showing
potentials that are roughly 60-100 mV lower than that of the lower Zn
and higher Cu containing alloy B. This potential difference lasted for the
whole duration of the experiments. The stabilized potentials for longer
running experiments did not exceed —1.36 Vscg and —1.30 Vgcg for
alloy A and B, respectively. Although minor deviations between exper-
iments occurred for both alloys, the overall stabilization and drift
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Fig. 5. Immersion tests for the characterization of the corrosion reaction for H charging. a) representative cross-section BSE images of samples left in 0.01 M NaOH
solution for 1 week and b) time dependence of corrosion rates calculated from mass loss measurements with power-law function fit.
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Fig. 6. Open circuit potential of the H charging side (Al alloy exposed to
0.01 M NaOH solution) during hydrogen permeation test.

behavior of the OCP was very similar and reproducible. Some experi-
ments showed a minor periodic oscillation pattern of the OCP that was
correlated to the formation and release of Hy bubbles on the corroding
surface. However, these oscillations did not affect the observations
stated above.

The Pd side OCP transients obtained for the permeation experiments

a)
0.3 alloy A —45um
’ —50um
—58um
'—“d 0.1 —63um
2 —93um
=
= 0.1 —97um
O 03 —100pm
o ~—105um
o —106pm
ke
‘% 0.5 —115um
g
-0.7
-0.9

0 10 20 30 40 50 60 70 80
Time [h]

using both commercial alloys are displayed in Fig. 7. Numerous tran-
sients with varying membrane thicknesses were obtained for alloy A in
Fig. 7a). The overall transient shapes are very comparable to those ob-
tained on commercially pure Al foil in Fig. 4. However, some curves
show more irregular fluctuations of the Pd potential, especially before
the major H induced transition to —0.7 to —0.8 Vgcg. The delay at which
the Pd OCP transient appears generally correlates well with the initial
foil thickness. However, some samples break out of this ordering (e.g.
45 um vs. 50 pm). Although very similar, the slopes of the transients are
not perfectly identical, as obvious for the samples with 105 and 106 pm
initial thickness. This example also demonstrates good reproducibility of
the data with almost identical permeation times for similar initial foil
thickness. While for alloy A, a lot of “successful” permeation transients
were obtained, the distribution of permeation results for alloy B in
Fig. 7b) is far less populated despite a similar number of tests performed
on both materials. Experiments without transient did not show obvious
H induced changes in the Pd layer OCP for experiment times of up to one
week. Two representative curves with no transient (65 um and 103 um)
are illustrated for comparison and marked with an “x” in the end.
Despite the lack of a rapid H induced transient, these curves still exhibit
a continuous OCP decrease of up to 250 mV over the course of 80 h.
“Successful” experiments seem to occur preferentially for smaller foil
thickness (< 70 um). However, the experiments with the major OCP
transients exhibit similar features as alloy A: Some irregular fluctuations
in the initial time of H charging followed by a steep potential drop.
Again, the times of the permeation transient increase for increasing

b) |
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Fig. 7. OCP transients of the Pd coated H detection side in 0.1 M PBS, affected by the start of H generation during free corrosion on the charging side at t = 0, using

various membrane thicknesses for a) alloy A and b) alloy B.
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initial membrane thickness, which is consistent with the observation for
alloy A. A comparison of membranes with a similar thickness in both
alloys (e.g. “alloy A 63 um” versus “alloy B 62 um”) revealed a much
longer time lag before permeation in alloy B relative to alloy A. In
addition, the plateau after the transient for alloy B at about —650 mV
seems to be slightly higher in potential compared to alloy A.

By calculating the corrected foil thickness and determining the ty g3
value for each transient, the effective hydrogen diffusion coefficient can
be obtained following the time lag approach [35]. The resulting plot of
the quadratic corrected thickness vs. the permeation time is given in
Fig. 8. Linear fits are included for both alloys alongside the respective
linear equations and coefficients of determination [R?). R? for alloy A
(0.94) is significantly higher compared to alloy B (0.82) with its limited
experimental data, resulting in a larger uncertainty for the calculated
diffusion coefficient. The effective hydrogen diffusion coefficients of
alloy A and B can be determined as Dy efr (A) = 3.7 £ 0.3 X 10719 cm?/s
and Dy eff (B) = 1.6 £ 0.7 x 10710 cm?/s, respectively.

3.3. Microstructural characterization of grain boundaries

The microstructure of the investigated alloys was characterized at
the micro- and sub-micrometer scale to enhance the understanding of
the observed H diffusion and trapping behavior in the hydrogen
permeation tests. Representative backscatter electron images of the
microstructure are provided in Fig. 9. The sample orientation was cho-
sen to represent cross-sections of permeation membrane samples, where
H diffusion would take place in ST direction from left to right. Alloy A in
Fig. 9a) exhibits a very “clean” microstructure with grains slightly
elongated in the L direction. Only a small number of polygonal Al;CusFe
particle clusters were observed, that are oriented along the rolling di-
rection of the plate. The overall area fraction of these particle clusters
amounts 0.17 + 0.06 %. Alloy B, however, exhibits a much higher
particle density of both polygonal Al;CuyFe particles and also round S
phase (Al,CuMg) particles, that sometimes nucleate on the former.
Although not visible in the picture, round Mg,Si particles were also
occasionally observed in this alloy. The overall area fraction of Cu
containing intermetallic particles in this alloy was 0.40 & 0.11 %, which
is roughly twice as high compared to alloy A.

High-angle grain boundaries (HA-GBs) as primary diffusion path-
ways for hydrogen were investigated by STEM and EDX. Fig. 10 shows
representative micrographs of the HA-GBs in alloy A (a) and B (b) with
corresponding EDX maps. In both cases the grain boundary region is
covered by 1-Mg(Zn,Cu,Al)s precipitates, which is backed up by the
presence of Zn, Mg and Cu in the EDX maps. However, the precipitate
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0.07 I malloy B R
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= E y = 0.000368x i
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Fig. 8. Summary of diffusion data from hydrogen permeation experiments with
corrosion corrected foil thicknesses. Linear fits were included to determine the
effective H diffusion coefficients from the slope based on Fick’s laws
of diffusion.
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morphology is quite different: Several continuously distributed pre-
cipitates in the range of ~20-200 nm cover the grain boundary in alloy
A. These precipitates are elongated along the GB plane. In alloy B, the
homogeneous coverage is frequently interrupted by larger quench-
induced precipitates > 400 nm [62] of the same type, as seen in
Fig. 10 b). These larger precipitates were observed to vary significantly
in size with some ranging over 1000 nm e.g. on triple points. EDX point
spectra of some grain boundary precipitates were also recorded on both
alloys. No statistically significant variation of the chemistry of the small
continuously distributed precipitates was observed. However, the large
grain boundary precipitates in alloy B exhibited a lower Zn and higher
Cu content than the smaller particles. A Cliff-Lorimer extrapolation plot
[63] to distinguish the Al in the phase and the matrix background is
given in Figure A 2 in the appendix, despite the low number of pre-
cipitates probed.

4. Discussion
4.1. Advancements in sample preparation and methodology

The measurement of hydrogen diffusivity by permeation experi-
ments for technical Al alloys come with a variety of additional chal-
lenges compared to e.g. steels, where this method is most commonly
applied. The three main issues identified from the literature are:

1. The fcc structure and low H lattice solubility of solid Al leads to slow
absorption and diffusion of H compared to bcc structured Fe.

2. The ubiquitous oxide layer can act as an additional diffusion barrier
for H.

3. The complex microstructure of precipitation hardened Al alloys
contains several constituent particles depending on the composition
and processing, with each exhibiting a different potency for H
trapping.

Within this study, these issues were systematically tackled by
adapting and modifying a recently developed open circuit corrosion
approach for Al alloys from the literature [53-55] and applying it to
thick plate material of the microstructurally more complex Al-Zn-Mg-Cu
alloy group.

To enable electrochemical H permeation tests on Al base materials,
the driving force for H charging on the entrance side must be sufficiently
high, while also ensuring a well-defined surface state without additional
diffusion barriers, such as oxide layers. By choosing a corrosion envi-
ronment at the open circuit potential for H charging from Hebert and
Scully [53-55,64], we ensured a continuous source of absorbed
hydrogen from an active corrosion front directly at the material surface.
Given the violent nature of the corrosion reaction between Al and NaOH,
it can be assumed that sufficient H fugacity is produced to establish a
steady state diffusion profile through the alloy membranes [53,64]. This
is also demonstrated by the successful transients obtained in the
permeation experiments. However, this assumption comes with a time
limitation that is obvious from the immersion tests in the charging so-
lution in Fig. 5. While the uniform corrosion front is essential for the
reliable determination of the membrane thickness at any time, the decay
of the corrosion rate due corrosion product formation on the surface
leads to a time limitation of these experiments up to approximately 80 h
in this study. Moving beyond this point will lead to a drastic decrease of
the H fugacity on the entry side that will in turn no longer be sufficient to
establish a steady-state diffusion profile. Despite the assumption of a
constant corrosion rate in the literature [54,55], we could not observe
any transients past the 80 h mark and instead the Pd potential stabilized
or even slightly recovered around 5-7 days into the experiment. How-
ever, the alloy composition and the nature and amount of corrosion
product formed on the surface are pivotal for this limitation. Hence, the
time dependence of the corrosion rate should always be re-assessed for
hydrogen permeation tests on other alloy compositions. Even though
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Fig. 9. Representative backscatter electron images of the microstructure of both alloys with different amounts of Cu containing intermetallic particles a) alloy A and

b) alloy B.

dynamic conditions may introduce some uncertainty with this kind of
hydrogen charging, it provides uniform and oxide free charging condi-
tions with a high H fugacity at the active corrosion front and allows for
direct comparisons between similar material systems with comparable
corrosion rates. This unique combination of properties is not fulfilled
with standard potentiostatic or galvanostatic charging methods.

Due to the decay of H fugacity at the charging side and the generally
slow diffusion of H in Al base materials, sufficiently thin samples are
paramount to achieve reasonable permeation times. Samples in the
range of 20-120 um were shown to be suitable for this kind of experi-
ment [54,55]. During thinning of the samples great care should be taken
not only because coating and handling these samples can be a delicate
task, but also because this length scale can be relevant for microstruc-
tural features of technical Al alloys. Coarse constituent particles or
particle clusters might occur in the membranes depending on the purity
and processing of these alloys. Even though these particles are typically
not fully avoidable, we present in this work how a careful selection of
the sampling direction might benefit the measurement. By avoiding
elongated particles in the thickness direction of the foil, we minimized
the risk that these particles alter the uniformity of the corrosion front or
even perforate the entirety of the alloy membrane. In addition, the
anisotropy of the grain morphology should be considered for the eval-
uation of potential diffusion pathways in the respective alloy.

The native oxide layer formed on Al and its alloys is long known to be
a very effective diffusion barrier for hydrogen [47,48]. While the oxide
layer on the charging side is dissolved by the corrosive NaOH environ-
ment, the native oxide under the Pd coating on the detection side might
influence the obtained results. Hence, we chose to adapt the sputter
etching approach for native oxide layer removal first mentioned by
Braun et al. [49,50]. We first propose a detailed routine for the sputter
etching and Pd coating procedure in a vacuum chamber, with additional
surface analysis and reproducibility studies to prove its effectiveness.
The XPS depth profiling was performed so that both Pd and the alloy
substrate signal were clearly visible in the spectrum. This ensured that
the measured interface is still buried under Pd and not damaged by the
sputtering process, nor exposed to residual gas in the vacuum chamber
of the instrument. The significant reduction of the A1>*/Al° peak ratio
compared to the native oxide surface is a direct evidence for the effec-
tiveness of the sputter etching treatment. A slight over-estimation of the
oxide signal would actually be expected because of the higher-up posi-
tion of the oxide within the sample. This is backed up by the absence of
the bulk Cu 3p signal in the high-resolution spectrum of the Pd coated
sample vs the native oxide sample (Fig. 3b)), which is likely due to signal
attenuation from the remaining Pd on the surface. Despite the described
tendency for over-estimation of the oxide component at the buried

interface, the residual signal from oxidized Al** is fairly low and likely
coming from oxide islands, that formed when the bare metal surface
reacted with residual O in the vacuum chamber used for coating. This
re-oxidation can only take place in the < 5s time of switching from
sputter etching to Pd coating. We assume O from the residual gas in the
chamber is not sufficient for the formation of a continuous oxide film
within such a short duration, because of the low base pressure in the
vacuum chamber and the continuous Ar flushing during the whole
etching and coating procedure. Additional permeation experiments on
Al foil with a very homogeneous microstructure were performed as a
benchmark to isolate the effect of sputter etching on the actual perme-
ation transients. As demonstrated in Fig. 4, we could not only speed up
the permeation transients and therefore reduce the influence of the
oxide, but also greatly enhance the reproducibility of the permeation
experiments. This observation strengthens the suggested discontinuity
of the residual oxide layer: A continuous residual oxide layer after
etching would expectedly result in faster permeation times but also
replicate the initial scatter to some extent. The complete removal of the
oxide layer, however, would lead to the fastest possible permeation
time, that is purely bulk microstructure controlled. Le., by design, the
scatter should be very small for the homogeneous Al foil samples. We
assume the latter case is observed, since the scatter after sputter etching
is practically eliminated. It is likely, that small residual oxide islands
could be easily bypassed by short-distance H diffusion along the inter-
face and therefor result in a factual elimination of the oxide layer as a
source of error. In addition, the large delays caused by the nm thin oxide
film in Fig. 3 suggest that there might be an enhanced transition of H
from the bulk alloy to the Pd film due to enhanced interfacial bonding
and potential lattice mismatch stresses. Thus, the described practice for
minimizing the native oxide film allowed us to investigate hydrogen
permeation that is purely affected by the bulk material and its micro-
structural features.

The microstructure of the investigated Al alloys is often very complex
depending on the alloy compositions. Constituent phases and their in-
terfaces are known to exhibit varying degrees of H trapping capabilities,
which can lead to a significant delay of the permeation signal [29,30,51,
52,65]. In combination with the generally low H solubility within Al,
this often causes long experiment times and low amounts of detectable H
on the exit side of the membranes. The adapted approach from Hebert
and Scully [53-55] allows for the detection of small amounts of H by
using the unique H sensing capabilities of thin films of Pd. Even small
amounts of H permeation will quickly saturate the film and cause the
formation of PdHy, which will in turn lead to a measurable drop of the
electrochemical potential [53,56]. In combination with the utilization of
thin samples in the < 120 ym range, we were able to detect permeation
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Fig. 10. STEM micrographs of HA-GB covered with precipitates and EDX mapping of Al, Zn, Mg, Cu in a) alloy A and b) alloy B.

transients even for overaged Al-Zn-Mg-Cu alloys that are known to be
full of various H trap sites [51]. Due to the area integral nature of
hydrogen permeation tests, no direct conclusions about the exact path-
ways of H within the material can be made. However, similar materials
(i.e. similar compositions and processing) may be compared to gain
knowledge about the hydrogen mobility and the amounts of irreversible
H traps within the alloy materials, as recently demonstrated by Akuata
et al. [59]. Hence, the presented method is an approachable way to
elucidate the potential role of H mobility in e.g. stress-corrosion
cracking.

4.2. Hydrogen diffusion and trapping in commercial 7xxx series alloys
This study presents the first set of hydrogen permeation tests

comparing third (A) and second generation (B) 7xxx series Al alloys
using the above-mentioned improved methodology. We report the Dyy eff

for the high Zn, high purity third generation alloy A exceeds Dy ¢ff of the
second generation alloy B by roughly a factor of two. As demonstrated
above, these changes of the observed H diffusivity can be allocated
almost entirely to the microstructure of the membrane samples.

The corrosion reaction on the charging side is only minorly affected
by microstructure and chemistry of the alloys. While the corrosion po-
tential in the 0.01 M NaOH charging solution in Fig. 6 deviate slightly in
accordance with the different alloy chemistry [66], the observed
corrosion rates from the immersion tests (Fig. 5) show very similar
behavior. Especially in the beginning of the immersion experiment, the
corrosion rate, i.e. also the hydrogen fugacity, is very high. Minor dif-
ferences in the enrichment of alloying elements below the native oxide
[67] are assumed to have minimal effect under these conditions. Hence,
we assume similar boundary conditions for H diffusion with both alloys.
Coarse intermetallic particles might have a larger influence on the
corrosion front, as they can both create lateral inhomogeneity and also
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contain larger amounts of alloying elements that will enhance the for-
mation of corrosion products on the surface [68,69]. Hence, the slightly
lower quality fit and the overall slightly lower corrosion rate in alloy B is
likely caused by the higher amount of intermetallic particles in alloy B.
Especially the finely distributed S phase particles cannot be fully avoi-
ded during sampling. Overall however, the corrosion system on the
charging side can be well described with the proposed power-law
approach.

Comparing the benchmark experiments on pure Al with the potential
transients of the alloy material, some differences can be immediately
identified:

1. The initial onset of the Pd potential transient of the Al foil exhibits a
clear kink in the signal compared to a more continuous decay for the
commercial alloys.

2. The large potential drop for the Al foil samples is almost instanta-
neous while the slopes vary significantly for the alloy membranes.

3. The final plateau potential after the PdHy transition scatters much
more for the commercial alloys with slightly higher final potentials
for longer permeation times.

1. and 2. can be explained by the area integral nature of the
permeation experiment. During the onset of the permeation transient we
suggest a spot like permeation along some grain boundaries, which will
result in a mixed potential with some areas of H filled Pd and some Pd at
the initial potential. Surface polarization by hydride islands, lateral
diffusion of H along the Al/Pd interface, and diffusion within the Pd
coating might then cause a continuous decay of the potential and
depending on the number of permeation sites and the H flux, the PdHy
transition might happen at different rates, i.e. slopes of the transient.
Since Al foil typically exhibits a very fine grain structure [70] and almost
no constituent particles, we observe an almost step-like permeation
transient with a mostly homogeneous H diffusion front and many
permeation sites. In the case of the thick plate 7xxx series alloys, the
pancake shaped grains are larger [25] and the grain boundaries are
covered with particles, that can potentially trap and limit the diffusion of
H. Thus, the potential decay can appear in a wide range of shapes and
some noise-like fluctuations of the potential were observed. Finally, 3. is
assumed to be related to the H flux on the exit side of the membrane. If
the transient occurs after short time, there is a higher likelihood for an
abundance of H on the exit side, leading to an even lower PdH, potential
[56,57] compared to longer permeation times with significantly reduced
H fugacity on the entry side of the foil and potentially stronger H
trapping.

The major reason for the observed different permeation results be-
tween the two alloys lies in the different H trapping behavior of the
microstructure. Hence, additional microstructural analysis of both
coarse intermetallic particles and the grain boundary precipitates was
performed to understand this effect on H diffusion. As expected from the
literature, the lower purity alloy B contains a higher density of Cu
containing intermetallic particles like Al;CusFe and S-phase alongside
some Mg,Si, while the higher purity alloy A only exhibits some Al;CuyFe
[25]. Fig. 11 summarizes the literature on DFT calculated H trap en-
ergies of these intermetallic particles with respect to some other com-
mon microstructural features [16,17,65,71]. Al;CugFe has the highest H
trapping energy of all listed features, while S-phase can also trap H about
as well as a (pure Al) grain boundary. Mg>Si however, exhibits no stable
H trap sites. The trapping capabilities of Al;CusFe and S-phase were also
experimentally confirmed with H concentrations in these large phases
ranging up to 10 and 5 at%, respectively [11,31]. Hence, we assume the
higher amount of Cu containing intermetallic particles can likely act as a
H sink in the permeation experiment. The permeation transient will be
delayed until these sinks are saturated with H and the steady-state
diffusion profile can only be established if there is still enough H
fugacity available after that. Considering the size and the high H con-
centrations needed for saturation of these particles, we assume this is the
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Fig. 11. Trapping energies for relevant constituent phases and microstructural
features in the investigated Al-Zn-Mg-Cu alloys calculated by DFT [16,65,71].

main reason for the lower Dy ¢ observed for alloy B.

Most of the remaining features from Fig. 11 cannot be correlated to
the permeation results, since no major differences are expected with the
same temper and plate thickness of the alloys. The grain boundary
n-phase however, was recently shown to exhibit different morphology
and chemical compositions depending on the alloy composition and the
corresponding quench-sensitivity [62]. In agreement with this study, the
quench-induced grain boundary precipitates in a more quench-sensitive
alloy were shown to be very large (up to 2 um) with an almost
two-dimensional snowflake-like morphology covering the grain
boundaries. Their chemistry also exhibits higher Cu and lower Zn levels
compared to the aging-induced precipitates [62,72]. This distinction
was particularly obvious in alloy B, where similar trends could be
observed despite the lower number of precipitates probed by EDX. While
the interior of these particles does not act as a deep hydrogen trap, their
interfaces can be very effective depending on the termination of the
phase [16]. Even though the interfacial H trap energy of an actual
n-phase, containing Cu and Al, is not known, a potential Mg termination
of these lower Zn precipitates might give rise to a substantial trapping
capability. Thus, we suggest that the large interface area of the
quench-induced n-phase on the grain boundaries additionally hampers
H diffusion in alloy B. A schematic summarizing the proposed diffusion
and trapping mechanisms along the grain boundaries in the investigated
overaged Al-Zn-Mg-Cu alloys is given in Fig. 12. A rigorous quantitative
assessment of the trap sites in these alloys would require precise
knowledge of the initial trap occupancy induced by the material pro-
cessing and sample preparation prior to the experiment. However, the
differences of the initial bulk H content in commercially produced ma-
terial are considered insignificant considering the large amount of
available irreversible trap sites, especially in the Cu containing inter-
metallic particles mentioned above. The long permeation times required
to achieve trap saturation under the high fugacity H charging conditions
suggest no significant trap occupancy prior to the permeation experi-
ment, rendering permeation measurements a robust tool to study the
microstructural influence on H diffusion in commercial Al alloys.

As mentioned above, comparisons between the obtained Dy,¢f values
and literature data cannot easily be made because of the crucial role of
microstructural trap sites and, in this case, the lack of other studies.
However, the presented data can be put into perspective with thermal
desorption data on an overaged 7050 alloy [28], that is close to the
composition of alloy B. The room temperature diffusion coefficient of
3.15 x 107° cm?/s lies within a reasonable order of magnitude
compared to the 1.6 + 0.7 x 107!% em?/s presented in this work,
considering the different methodology and different processing of the
alloys. A much better comparison can be made with the recent results
from Akuata et al. [59] that were obtained using the same method in the
same lab as this study. Despite a significantly higher level of Fe and Si
and primary phase fraction, similar Dy ¢ff values were obtained for a lab
cast 7449 alloy (2.2 x1071% ¢m?/s and alloy A in this work (3.7
4+ 0.3 x1071% cm?/s). This underlines the importance of alloy
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Fig. 12. Schematic depiction of proposed diffusion and trapping mechanisms in the investigated Al-Zn-Mg-Cu alloys leading to different H permeation test results.

processing: Even though much slower diffusion would be expected with
the higher primary phase fraction of the lab cast alloy, the small-scale
processing caused a significantly smaller grain size compared to com-
mercial thick plate material [25]. This larger number of diffusion
pathways in the diffusion direction can justify the observed similar
hydrogen diffusivity. Correlating the obtained hydrogen diffusivities in
the bulk alloys with HEAC susceptibility, it should be noted that the
applied stress in mechanical testing might significantly enhance the
effective hydrogen diffusivity by dislocation transport [73-75]. Hence,
the relatively low Dy ¢ff values do not rule out a H transport control, even
if the crack tip moves longer distances than what could be theoretically
covered by bulk diffusion. Both this study and that of Akuata et al. reveal
a positive correlation between Dy cfr and HEAC susceptibility of some
high Zn 7xxx series alloys [25,59]. This implies H transport is a rate
limiting step for HEAC in these alloys and simultaneously reveals a high
potential for hydrogen permeation testing to characterize and analyze H
induced cracking.

5. Conclusions

In this study we present an improved electrochemical H permeation
testing method for the reliable characterization H diffusion and trapping
in Al and its alloys, involving a best practice routine for sputter etching
and coating of membrane samples in combination with the alkaline
corrosion H charging approach by Hebert et al. [53-55]. The first H
permeation dataset comparing third and second generation 7xxx series
Al alloys was obtained with this method and the following conclusions
were drawn:

e Sputter etching of the native oxide film is an effective measure to
improve the quality of electrochemical hydrogen permeation data.
We demonstrate unprecedented experimental reproducibility on
pure Al samples alongside a detailed guideline for sample
preparation.
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o The effective hydrogen diffusivity of the third-generation alloy A
with higher purity and Zn content was twice as large as for the 2nd-
generation alloy B.

e Coarse intermetallic Al;CuyFe and Al,CuMg (S-phase) particles with
a high trapping energy in alloy B can bind large amounts of H,
effectively delaying hydrogen permeation.

e Quench-induced grain boundary 1-Mg(Zn,Al,Cu), particles with
lower Zn content in alloy B may be able to trap H at their interfaces
much more effectively compared to aging-induced precipitates.
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Appendix

Si wafer

Figure A 1. SEM cross-section of a Pd coated Si wafer dummy. Test coating was performed for 7 min resulting in a coating thickness of around 120 nm. The duration
of the coating was then adjusted to 3 min to achieve approximately 50 nm Pd coating on the alloy samples used in the permeation experiments
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Figure A 2. Cliff Lorimer extrapolation plot for aging-induced grain boundary precipitates (A-GBPs) in alloy B. Quench-induced grain boundary precipitate (Q-GBP)
compositions are given for reference, where Cu is increased and Zn reduced compared to the A-GBPs
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