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Abstract

Handling hydrogen-rich atmospheres requires materials that do not deteriorate in the
presence of hydrogen and that ensure safe operation. Often high strength metallic ma-
terials, however, may show catastrophic mechanical failure in the presence of hydrogen.
This phenomenon, called hydrogen embrittlement, can be very dangerous, as these fail-
ures occur in a time-delayed and sudden manner. Two commercially available materials,
AMPCOLOY® 83, a copper beryllium alloy, and AMPCO® 18, an aluminum bronze, have
been investigated to clarify their susceptibility to hydrogen embrittlement. Hydrogen per-
meation measurements were performed to assess diffusivity in the materials, and hydrogen
content was analyzed by thermal desorption analysis (TDA) after electrochemical charging.
Mechanical properties in hydrogen-affected state were assessed by slow strain rate tensile
tests (SSRT), with in situ electrochemical charging and post-test fractographic inspection of
the fracture surfaces. While the aluminum bronze showed no noticeable hydrogen-related
deterioration, copper beryllium alloy experienced some embrittlement, however, having
a low fracture strain even in the uncharged state.

Keywords: copper alloys; hydrogen embrittlement; diffusion coefficient; SSRT; TDA

1. Introduction
Hydrogen has been used in the past mainly in the chemical, petrochemical and

aerospace industries [1,2]. A long history of knowledge and experience handling hydrogen
and describing its interaction with materials can be found in the literature, e.g., [3,4]. Based
on environmental constraints and the request to reduce non-renewable energy sources,
hydrogen has become an attractive alternative to substitute current non-renewable energy
supplies [5–7].

Hydrogen has been recognized as a temporary energy storage or energy carrier, either
as liquid or gas [8], and as a compound for chemical reactions, e.g., in the production
of ammonia or methanol or in direct combustion processes, such as the propulsion of
rockets. The use of hydrogen has been governed for decades by elaborated industry safety
standards based on experience and unforeseen accidents, e.g., [9]. One class of materials
that is notoriously prone to hydrogen embrittlement is high-strength steels with a yield
strength above 350 MPa and an ultimate strength above 700 MPa. On the other hand, not
many metal alloys offer that level of strength. Copper alloys can achieve a similar range of
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strength, and an initial study [10] suggested their strong potential for relevant applications
such as hydrogen production via electrolysis, storage in underground cavities or tanks, and
use in fuel cells to power vehicles, which are now gaining interest [11–13]. The existing
standards may need to be adjusted to maintain a high level of safety. Risk analysis and
rules are thus currently under preparation [14,15].

Materials that have been safely used in the past, e.g., in natural gas environments, may
now require additional precautions to avoid catastrophic failures when used in hydrogen
environments. Research programs are ongoing in Germany and Europe (e.g., German
flagship projects TransHyDE, H2Giga, EU projects HyLINE or HYDAM) to investigate the
susceptibility of materials towards hydrogen embrittlement for many applications. It is
essential to understand that material modifications or processing steps may change the
susceptibility to hydrogen embrittlement. It is therefore crucial to assess the final product’s
susceptibility. In principle, tests for embrittlement can be conducted in liquid hydrogen
(below −253 ◦C at atmospheric pressure), in gaseous hydrogen, or in hydrogen produced
in an electrochemical environment (usually aqueous, acidic or basic). Each physical state
may impose different modes of interaction on the materials. The focus of this work is on
aqueous electrochemical hydrogen charging. Various mechanisms have been proposed for
hydrogen entering a metallic material from an aqueous environment and are reasonably
understood and accepted [16–19].

Hydrogen embrittlement, a serious material failure mechanism, is regarded as a “low”
temperature phenomenon, which occurs at temperatures below ~200 ◦C [20,21]. At higher
temperatures, other hydrogen-related failures may prevail, e.g., hydrogen attack, internal
formation/evolution of methane or de-carburization of carbon-containing materials, i.e.,
steels [22]. These failure modes are not within the scope of this publication. Since many new
applications operate in the temperature range where embrittlement occurs (e.g., at room
temperature), questions about how to assess potential material embrittlement become im-
portant. Several standards have been stipulated to test for hydrogen embrittlement [23–27],
most notably ISO 7539-7:2005 and ASTM G129-00. In principle, tests can be conducted with
pre-charged or in situ-charged samples from either gaseous or electrolytic environments
at various temperatures and pressures. Based on the large number of standards, the test
conditions should reflect each final application as closely as possible, especially with respect
to pressure and temperature.

Hydrogen charging in electrolytic environments with the possible aid of cathodic
polarization and/or recombination poison introduces high amounts of hydrogen atoms to
the surface of the samples [28]. However, this strategy is temperature-limited by the boiling
point of the electrolyte. The resulting hydrogen penetration depth also strongly depends
on the diffusion coefficient and, consequently, on the temperature. At ambient temperature,
the diffusion coefficients for hydrogen in commonly used steels can vary from 10−5 to
10−7 cm2/s for ferritic steels, from 10−12 to 10−15 cm2/s for austenitic steels [10,18,29], and
for pure copper, from 10−8 to 10−10 cm2/s [30]. In contrast to electrochemical charging,
pre-charging in gaseous atmospheres can be achieved over a much broader temperature
and pressure range. Elevated temperatures promote the dissociation of hydrogen molecules
and enhance their diffusivity, resulting in a more homogeneous distribution of hydrogen
within the test samples after shorter exposure times [17]. On the other hand, charging at
elevated temperature often does not reflect the operational conditions, as many applications
operate at or near ambient temperature. In addition, higher temperatures may induce
microstructural changes in the material, potentially influencing its response to hydrogen
interactions. It is therefore essential to match the test conditions to the operating conditions
to achieve the relevant property data. This work focuses on ambient temperatures, as this
reflects the most common scenario in many applications.

https://doi.org/10.3390/hydrogen7030104

https://doi.org/10.3390/hydrogen7030104


Hydrogen 2026, 7, 104 3 of 15

It is worth noting that attempts are undertaken to compare the intensity of hydrogen
charging via gas phase to electrolytic hydrogen charging, e.g., [31,32]. Electrolytic charging
generally leads to higher hydrogen fugacity and increased levels of hydrogen in the material.
Nevertheless, the intensity is strongly dependent on the chosen conditions, i.e., the current
density, overpotential, electrolyte, and surface condition. To the knowledge of the authors,
no such comparison is available for copper-based materials, but it is assumed from the
literature cited above that the chosen electrolytic charging conditions should represent
demanding operating conditions under high pressure of gaseous hydrogen. The novelty of
this work lies in the investigation of industrially produced rods of commercially available
alloys and the assessment of their susceptibility to hydrogen embrittlement.

2. Materials and Methods
The investigations focused on the following two commercially available copper alloys

manufactured by AMPCO METAL S.A., Marly, Switzerland (Table 1).

Table 1. Materials used in this investigation, including product form, condition, and nominal strength,
according to the respective supplier datasheet.

Material Designation Product Form Condition Ultimate Strength

AMPCOLOY® 83 Rod Extruded and precipitation hardened 1250 MPa

AMPCO® 18 Rod Extruded and drawn 708 MPa

The nominal chemical compositions of both alloys in wt.% are shown in Table 2.

Table 2. Nominal composition of materials investigated [33,34].

Alloy Cu Be Al Ni + Co Fe Other

AMPCOLOY® 83 Balance 1.9% - 0.5% - 0.5%

AMPCO® 18 Balance - 10.5% - 3.5% Max. 0.5%

AMPCOLOY® 83 is a copper alloy containing 1.9% beryllium (UNS C17200), here-
after referred to as “copper beryllium”. Among all the available copper alloys, copper
beryllium alloys exhibit the highest ultimate strength and yield strength. The mechanical
properties are derived by thermal treatment, i.e., solution annealing followed by precipi-
tation hardening with or without prior cold deformation [35]. AMPCO® 18 is a versatile
copper–aluminum alloy, hereafter referred to as “aluminum bronze” with a good mixture
of strength, hardness, wear, and fatigue resistance. The rods of both alloys were supplied
by AMPCO METALS® and taken from serial production (AMPCO® 18: ø 28.6 (+/−0.10),
extruded and drawn; AMPCOLOY® 83: ø 31.8 (+/−0.127), extruded).

Permeation discs were cut from each rod to a thickness of ~500 µm using EDM and
afterwards ground to P1000, aiming at an average sample thickness of ~100 µm (Table 3).
By removing about 200 µm of material from both sides of the discs, it was assured that the
surface affected by the EDM was sufficiently removed. The thickness of each sample was
measured in five positions, and the average value was used to evaluate the permeation
measurements. Before the permeation experiment, both sides of each disc were cleaned in
acetone and ethanol to remove surface contaminants and sputter-coated with 20 nm of Pd
(Leica EM ACE600, Nussloch, Germany, Pd target: Robeko, Germany, 99.95%) to prevent
uncontrolled surface reactions (e.g., corrosion) and to enhance the rate of oxidation on the
oxidation side during the permeation test.
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Table 3. Average thickness of permeation samples in µm.

Alloy Average Thickness (µm)

AMPCOLOY® 83 147

AMPCO® 18 112

The permeation tests were performed in electrolytic double cells after Devanathan and
Stachurski [36,37] and according to DIN EN ISO 17081 [38]. The samples were electrochem-
ically charged with hydrogen in 0.1 mol/L NaOH (VWR, Darmstadt, Germany, analytical
grade) with 0.25 g/L As2O3 (ThermoScientific, Darmstadt, Germany, 99.99%, metals basis)
as recombination poison and a 5 mA/cm2 cathodic charging current density. The tempera-
ture was controlled at 25 ◦C. The sample absorbs atomic hydrogen generated on the sample
surface in the charging cell. This hydrogen diffuses through the sample thickness to the
oxidizing cell, where it is oxidized. The oxidation signal intensity is a direct measure of the
amount of hydrogen transmitted. In principle, the hydrogen diffusion coefficient can be
determined from these measurements (after DIN EN ISO 17081 [38]). However, due to the
low hydrogen diffusivity in fcc copper-based materials and experimental constraints, the
tests had to be stopped after 235 h of charging, even if no hydrogen signal was observed on
the oxidation side. An upper limit of the diffusion coefficient could therefore be determined
from the conducted experiments, instead of deriving an exact value from a breakthrough
time. Three tests were performed on each material.

The mechanical properties of the materials were investigated via slow strain rate
tensile tests (SSRT) at a strain rate of 1 × 10−6 s−1. A 50 kN universal testing machine
(Inspekt Table 50, Hegewald & Peschke, Nossen, Germany) and a custom-built electrolytic
cell (IPS Elektroniklabor GmbH & Co. KG, Münster, Germany) were employed for the
tests. The cylindrical SSRT-samples were fabricated first by EDM cutting of cylindrical
rods ø 11.0 mm × 200 mm along the extrusion direction and machining to the final sample
geometry using conventional CNC machining. The samples had a diameter of 4 mm in the
central region and 20 mm parallel length, in accordance with DIN EN ISO 6892-1 [39], but
adapted with respect to the overall length to comply with the boundary conditions of the
electrochemical cell. A technical drawing of the SSRT sample is available in the Supplemen-
tary Material of this article. The tests were performed on samples in the as-received state, as
a reference without hydrogen charging in comparison to in situ electrochemical hydrogen
charging in 0.1 mol/L NaOH with 0.25 g/L As2O3 as recombination poison. This resembles
a relatively strong hydrogen charging condition in a basic electrolyte that does not cause
significant corrosion of the copper-based materials. The electrolyte was deaerated with
argon to ensure oxygen-free conditions. The advantage of in situ electrochemical charging
is that a constant supply of hydrogen is maintained throughout the entire experiment. This
contrasts with testing pre-charged samples (either gas phase H-charging or electrochemical
H-charging), where effusive losses occur during the handling and set-up of the tensile test,
and special care must be taken to minimize them. Furthermore, the applied load during the
tensile test will enhance the hydrogen mobility in the material due to the widened lattice.
To ensure the precise charging of the tensile specimen, only the central region of the tensile
specimen (parallel testing length and radius region) was exposed to the electrolyte, while
a protective paint covered the remaining parts. Just prior to placing the SSRT sample in
the electrolytic cell, the surface of this central region was activated by manual grinding
with P1000 SiC paper (Struers, Willich, Germany) and cleaning with ethanol. The size of
the unprotected area was used to define the current setting during galvanostatic charging
to ensure cathodic charging with 5 mA/cm2. After fracture, the specimens were removed
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from the cell, cleaned with deionized water and ethanol, and stored in liquid nitrogen
within 10 min.

The hydrogen content of the SSRT specimens was subsequently analyzed by thermal
desorption analysis (TDA) using a Galileo G8 system with an infrared furnace IR07 (Bruker,
Karlsruhe, Germany). Immediately before the analysis, the samples were removed from
the liquid nitrogen, thawed in ethanol for 10 min, dried, and transferred to the measure-
ment system. A quasi-isothermal setup at 400 ◦C (i.e., heating to 400 ◦C with maximum
power, maintaining 400 ◦C until measurement is completed) was used to measure the
tensile specimens. One sample of each material in the as-received state was also analyzed
for comparison. Fracture surfaces of the as-received and H-charged material after the
SSRT test were examined after the hydrogen analysis by SEM (Hitachi Flex SEM 1000 II,
Tokyo, Japan), and the reduction of area was evaluated using a profile projector (Werth,
Gießen, Germany).

3. Results and Discussion
The result of a permeation test on copper beryllium is shown in Figure 1. The current

signal of the oxidation side is shown as a black line. The red line is the temperature
during the test, and the vertical blue line indicates the start of the hydrogen charging. The
current density shows a steep drop immediately at the start of the test, then gradually
slows and usually reaches an almost constant value. This pre-conditioning phase of the
test is related to initial surface reactions (oxidation) and also includes noise signals at very
low and very high current densities. On the investigated materials, the current density
continuously decreased to values below 1 µA/cm2; however, our setup did not reach
values below 0.1 µA/cm2 as recommended by the standard DIN EN ISO 17081:2014-10 [38]
within a reasonable time. It was decided to start the hydrogen charging (blue vertical
line) after 96 h of pre-conditioning, where values below 400 nA/cm2 were observed. The
oxidation signal continued to decrease after charging was started. Only small fluctuations
(for example the slightly stationary trend at 150 h and 225 h in Figure 1) in the current
density were observed; however, these were not congruent over the three samples tested of
each material. It is therefore believed that such fluctuations were not related to hydrogen
flux at the oxidation side. A significant increase observed on all three samples of a material
would indicate hydrogen atoms having diffused through the permeation sample; however,
this was not observed on all three investigated samples of each material. Figure 2 likewise
shows the results of a permeation test on aluminum bronze, where also no hydrogen was
detected on the oxidation side of the cell after 235 h of electrolytic hydrogen charging.

The absence of a permeation signal indicates that hydrogen did not fully permeate
the samples under the given conditions within the duration of hydrogen charging of
235 h. The methods described in DIN EN ISO 17081 [38] for the evaluation of the effective
diffusion coefficient can thus not be used to calculate the diffusion coefficient of the material.
However, the breakthrough-time method, Equation (1) [40], can be used to derive the upper
limit of the effective diffusion coefficient, i.e., diffusion in the investigated material must
have been slower than the calculated value.

De f f =
L2

15.3 tb
(1)

with Deff as the effective diffusion coefficient, L as the sample thickness and tb as the
breakthrough time (time from start of charging until oxidation signal rises).

Based on the results, the derived upper limits of the diffusion coefficients for alu-
minum bronze and copper beryllium are Deff ≤ 9.5 × 10−16 m2/s (9.5 × 10−12 cm2/s) and
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Deff ≤ 1.4 × 10−15 m2/s (1.4 × 10−11 cm2/s), respectively. These values are in agreement
with the literature data for pure copper [41,42].

Figure 1. Signal response for electrochemically charged copper beryllium in 0.1 mol/L NaOH with
0.25 g/L As2O3 as recombination poison and 5 mA/cm2 cathodic charging current density at room
temperature with 20 nm Pd coating on both sides.

Figure 2. Signal response for electrochemically charged aluminum bronze in 0.1 mol/L NaOH with
0.25 g/L As2O3 as recombination poison, 5 mA/cm2 cathodic charging current density at room
temperature, and with 20 nm Pd coating on both sides.

Using the following Equation (2) [43], one can estimate the mean square displacement
of diffusing species under optimum conditions, i.e., samples are perfectly homogeneous
without inclusions and grain boundaries (which is unrealistic) and have no surface cracks
or other irregularities that could promote hydrogen uptake:

x =
√

a · Dt (2)

with x being the penetration depth, D the diffusion coefficient, t the diffusion time, and a
as constant parametric value between 2 and 20. Table 4 shows the calculated penetration
depth for two arbitrarily chosen diffusion coefficients for three different times to illustrate
the ingress of hydrogen over time.
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Table 4. Estimated penetration depth in µm after 30 days, 1 and 10 years of charging time using
2 different diffusion coefficients (Factor a = 2).

D (cm2/sec)
Penetration Depth [µm] After

30 Days 1 Year 10 Years

1 × 10−11 72 251 794

1 × 10−13 7.2 25.1 79.4

Even after 10 years of exposure, the expected penetration of hydrogen for both hypo-
thetical diffusion coefficients is less than 1 mm. Based on these calculations, the affected
area of tubes with a wall thickness of, e.g., 5 mm is relatively small, and most of the cross
section remains unaffected. The limited embrittlement depth in a material can even be
observed from the fracture surface analysis of tensile samples with different hydrogen
charging states [44].

Slow strain rate tensile tests and the subsequent analysis of the fractured sample
surfaces in combination with hydrogen analysis were performed to provide more details of
the material response towards hydrogen exposure. The experimental setup for performing
an SSRT with in situ electrochemical hydrogen charging is shown in Figure 3. The cylin-
drical sample geometry used for the tests is in accordance with DIN EN ISO 6892-1 [39];
however, due to the dimensions of the electrolyte cell, there is an increased total length (see
Supplementary Material Figure S1 for details). Only the region with a reduced diameter
is exposed to the electrolyte, while the remainder of the sample is coated with protective
paint (see zoomed inset in Figure 3).

Figure 3. Test setup for the slow strain rate test. The sample is encapsulated by a container holding
the electrolyte during testing (strain rate: 1 × 10−6 s−1, test at ambient temperature). The zoomed
image shows the test length of the sample exposed to the electrolyte, while the remainder of the
sample is coated with protective paint.

The stress–strain curves from the copper beryllium tests are shown in Figure 4. The
initially slow increase in stress is an artefact of the electric insulation between the specimens
and the sample grip of the universal test machine, which was achieved with PTFE tape. At
the beginning of the test, the PTFE tape is compacted, leading to a seemingly lower stiffness
of the load train. The stress–strain curves were consequently corrected for this artefact by
taking the maximum slope as the system stiffness and linearly extrapolating to the intercept
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with the x-axis to define the zero-strain point. The curves indicate a noticeable decrease
in fracture strain for the H-charged samples. However, copper beryllium has a very low
strain to failure even in the uncharged state, and the absolute decline is only about 1.3%.
This is usually accounted for in the design of such brittle materials. The A5 values derived
from the curves are given in Table 5, together with the yield strength Rp0.2 and the ultimate
tensile strength Rm. No significant deterioration in yield strength or tensile strength is
observed for the H-charged samples.

Figure 4. Stress–strain curves of the slow strain rate tensile tests on copper beryllium.

Table 5. Measured mechanical properties from SSRT-tests for copper beryllium in the as-received and
H-charged condition. The properties according to the material certificate were Rm = 1268 MPa and
A5 = 5%.

Sample ID Condition Rp0.2 [MPa] Rm [MPa] A5 [%]

001 as-received 1198 1371 3.2

002 as-received 1236 1361 3.4

003 H-charged 1249 1363 1.8

004 H-charged 1241 1362 2.5

005 H-charged 1257 1361 1.8

The stress–strain curves from the tests on the aluminum bronze show fracture strains
above 20% in the slow strain rate tests (Figure 5) and no significant difference between
the as-received and the H-charged state. Two individual measurements in the H-charged
state yielded the highest fracture strains of 26.4% and 28%, indicating that the samples
failed in the plastic deformation regime. These values are therefore beyond the design
limitations of components and well beyond the minimum fracture strain specified in the
material datasheet (A5 = 14%). Table 6 lists the fracture strain values of all tested samples
of aluminum bronze, along with their yield strength Rp0.2 and ultimate tensile strength Rm.
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Figure 5. Stress–strain curves of the slow strain rate tensile tests on the aluminum bronze.

Table 6. Measured mechanical properties from SSRT tests for the aluminum bronze in the as-received
and H-charged condition. The properties according to the material certificate were Rm = 772 MPa
and A5 = 14%.

Sample ID Condition Rp0.2 [MPa] Rm [MPa] A5 [%]

021 as-received 367 715 23.7

022 as-received 376 717 23.6

023 H-charged 381 724 23.4

024 H-charged 353 684 28.0

025 H-charged 348 688 26.4

To visualize and compare the differences between the as-received and H-charged
states, the fracture strain values and the reduction of area for both investigated alloys are
plotted in Figure 6. The reduction of area values mostly resemble the observations made
on the fracture strain. A noticeable decrease in the reduction of area can be seen for copper
beryllium in the H-charged state, which is, however, relatively small when the brittle
behavior of the material in the as-received state and its high strength are considered. The
values for the aluminum bronze lie within the same scatter band for the as-received and the
H-charged state or are even slightly increased (e.g., elongation at break), which strengthens
the material resistance against hydrogen embrittlement. This is in line with the results
from the permeation tests, which suggest negligible hydrogen penetration depth into the
aluminum bronze samples during the SSRT tests over the duration of 24 h. Consequently,
the ductile fracture mode that is seen in the SEM investigation of the fracture surfaces of
the aluminum bronze in Figures 7 and 8 was expected. Ductile dimples are visible in the
outer region of the fracture surface and even more evident in the intermediate radius (half
center region) and in the center of the fracture surface (center region).

The SEM images of the fracture surfaces of copper beryllium (Figures 9 and 10) show
the expected presence of intergranular cracks after the tensile test in both the charged
and as-received states. This copper alloy (UNS C17200) was investigated by several other
authors on different (lower) strength levels [10,45,46]. Their results emphasize that this
alloy does not embrittle in hydrogen atmospheres under static mechanical conditions.
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Figure 6. Elongation at break and reduction of area of both investigated alloys in the as-received and
H-charged state.

Figure 7. Fracture surface of the aluminum bronze in the as-received state.

Figure 8. Fracture surface of the aluminum bronze in the H-charged state.

Figure 9. Fracture surface of copper beryllium in the as-received state.

The results of the hydrogen analysis of the SSRT samples are shown in Figure 11. It
should be noted that the results may be affected by the experimental conditions, because
the thermal desorption technique relates an absolute hydrogen quantity (moles of H2-
gas molecules detected) to the volume of the whole sample. The volume to calculate the
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hydrogen content was limited to the region of the tensile specimen exposed to the electrolyte
and charged with hydrogen. However, the complete specimen, which had to be inserted
into the TDA measurement device to reduce hydrogen effusion prior to the measurement,
comprises a much larger volume, and therefore, contaminations may be introduced from
a larger specimen volume. This may be one reason for the significant scatter in the hydrogen
results for copper beryllium. Furthermore, given the low diffusivity of hydrogen in the
investigated materials, only a shallow near-surface volume was charged with hydrogen
within the limited time of the tensile test. Nevertheless, the hydrogen content measured of
the H-charged samples was clearly increased compared to the as-received samples.

Figure 10. Fracture surface of copper beryllium in the H-charged state.

Figure 11. Hydrogen content of SSRT samples using thermal desorption analysis (TDA).

The hydrogen contents determined for the copper-based materials in this work (mean
of 0.38 ppm for copper beryllium, mean of 0.32 ppm for aluminum bronze) are very low.
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However, when stating and comparing the measured hydrogen concentrations in copper-
based materials, it must be considered that the actual volume charged with hydrogen
was considerably lower due to the low hydrogen diffusion coefficient. Hydrogen could
only diffuse to a depth of ~30 µm during the SSRT test duration (~90 h for aluminum
bronze) and was thus not homogeneously distributed throughout the sample volume of
both materials.

Regarding the impact on the mechanical properties, for aluminum bronze, the me-
chanical properties in the H-charged state were almost identical to those in the as-received
state. On the other hand, a decrease in fracture strain and a reduction of area were observed
for copper beryllium after hydrogen charging. Considering the material’s high strength
far above 1000 MPa and overall limited ductility in the as-received state, this reduction
is reasonable, and in general, these are strength parameters, where alloyed heat-treatable
steels also show a high susceptibility even to small amounts of hydrogen such as measured
in this work [22]. A comparison with earlier work on the critical hydrogen content in
other Cu alloys [10] shows that the ductility loss in the highest-strength materials is not
easily transferable to other alloys and depends on the alloy composition, microstructure,
secondary phases, and residual stresses. However, design engineers should be aware that
hydrogen permeation and accumulation in sub-surface areas may initiate cracks in the
strongest Cu alloys.

To summarize, the low diffusion coefficient in Cu alloys is highly beneficial, and the
embrittlement in the very surface near region can be neglected for many applications and
most likely for most Cu alloys with an ultimate strength below 1000 MPa, such as aluminum
bronze. The copper beryllium shows a moderate embrittlement (i.e., lower fracture strain
and reduction of area), although having relatively low ductility even in the uncharged state.
Generally, more data would be helpful, especially at higher charging temperatures under
pressure—when diffusion strongly increases (exponential dependency)—to understand the
behavior of copper alloys with respect to hydrogen embrittlement beyond the conditions
tested in this study.

4. Conclusions
Two commercially available copper alloys (AMPCOLOY® 83 and AMPCO® 18) have

been tested for their susceptibility to hydrogen embrittlement. In permeation tests, samples
were electrochemically charged with hydrogen in 0.1 mol/L NaOH with 0.25 g/L As2O3 as
recombination poison and a 5 mA/cm2 charging current density with 20 nm Pd coating on
both sides for up to 235 h at room temperature, following the guidelines according to DIN
EN ISO 17081 [38]. Only an upper limit of the diffusion coefficients could be determined
from the measurements, since no hydrogen breakthrough was detected. SSRT tests with
in situ H-charging (to avoid possible effusion effects) were conducted to investigate the
loading curve and fracture behavior. The fractured surfaces have been examined by SEM.
The uptake of hydrogen during tests was measured by TDA of the SSRT samples (no Pd
coating applied), and the overall uptake of hydrogen was in the order of 0.5 ppmv (or less).
However, these values are based on a virtual homogeneous distribution of hydrogen in
the material. Given the extremely low diffusion coefficients, the findings indicate shallow
penetration profiles of a few tens of µm even after 200 h of charging, where the local
hydrogen concentration might have been higher. However, the affected depth is estimated
to be less than 300 µm even after 1 year of exposure (charging) time.

The high strength material AMPCOLOY® 83, which already has low ductility in the
as-received condition, indicates a loss of ductility after hydrogen charging. However, this
could be related to the microstructure of the high strength condition investigated here, since
the literature data indicate no effect when the material is tempered to lower strength [36–38].
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In the highest-strength condition, investigated here, fractography revealed intergranular
cracks after tensile testing, even in the as-received state. The alloy AMPCO® 18, on the
other hand, with an ultimate strength around 700 MPa, showed no embrittlement under
the given test conditions and retained its elongation at break and reduction of area.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/hydrogen7030104/s1, Figure S1: Technical drawing of
the tensile sample geometry used in this study, manufactured according to DIN EN ISO 6892-1:2020
but with increased total sample length.
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