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Abstract: Hydrogen embrittlement (HE) poses the risk of premature failure for many metals, espe-
cially high-strength steels. Due to the utilization of hydrogen as an environmentally friendly energy
source, efforts are made to improve the resistance to HE at elevated pressures and temperatures. In
addition, applications in hydrogen environments might require specific material properties in terms
of thermal and electrical conductivity, magnetic properties as well as corrosion resistance. In the
present study, three high-strength Cu-base alloys (Alloy 25, PerforMet® and ToughMet® 3) as well as
austenitic stainless AISI 321, Ni-base alloy IN 625 and ferritic steel 1.4511 are charged in pressurized
hydrogen and subsequently tested by means of Slow Strain Rate Testing (SSRT). The results show
that high-strength Cu-base alloys exhibit a great resistance to HE and could prove to be suitable
for materials for a variety of hydrogen applications with rough conditions such as high pressure,
elevated temperature and corrosive environments.

Keywords: hydrogen embrittlement; high-strength Cu-base alloys; pressure hydrogen charging; slow
strain rate test; Thermal Desorption Mass Spectrometry

1. Introduction

Hydrogen as an eco-friendly energy source is considered a cornerstone for meeting the
climate targets stated within the “Paris Agreement” by reducing carbon dioxide emissions
when used as a substitute for fossil fuels [1–5]. However, large-scale hydrogen technologies
are still in the development phase since several different challenges must be addressed,
such as the production and generation of sufficient amounts of pure hydrogen, hydrogen
storage and transportation as well as the actual combustion processes. From a materials
point of view, hydrogen poses the risk of “hydrogen embrittlement” (HE) for metals,
i.e., the material’s loss of ductility when put under (elastic) stress [6–9]. This could lead
to premature failure of metallic components, which not only bears the risk of machine
downtimes but also of endangering human life, since hydrogen technologies often require
high pressures.

The umbrella term HE covers a multitude of different failure mechanisms [10,11] which
are best categorized by the respective sources of hydrogen ingress. Thus, Internal Hydrogen
Embrittlement (IHE) refers to failures caused by hydrogen from manufacturing processes
such as casting (pores and “fish eyes”), welding or heat treatment [8,9,12]. Damage might
emerge during manufacturing or as delayed fracture when a hydrogen-containing compo-
nent is put under operating stresses. Hydrogen Environmental Embrittlement (HEE) is the
most common form of HE [8,9,13–15]. Hydrogen is either generated due to contact with
aqueous solutions as a product of corrosion processes (cathodic stress corrosion cracking)
or by a gaseous atmosphere such as pressurized hydrogen. The latter is the main source of
ingress when hydrogen is used as an energy source.
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Hydrogen uptake into metals by pressurized hydrogen involves several steps, which
are affected by various parameters such as the surface condition of the metal and in
particular the composition of the gaseous atmosphere [16,17]. The first step in this process
is called physical adsorption, where hydrogen molecules (H2) are bonded to the metal
surface via van der Waals forces. Afterward, the hydrogen molecules are chemically
bonded via stronger covalent bonds. The most crucial step of hydrogen uptake from
gaseous atmospheres is the dissociation of H2

− molecules into two hydrogen atoms since
only atomic hydrogen can be absorbed into solid metals. For this to happen, an external
energy of 436.22 kJ/mol H2 [18] is required. In technical applications, this means that a
significant hydrogen uptake is only possible if the material surface is metallically blank and
if the gaseous atmosphere does not contain inhibiting agents such as O2, CO or SO2 [19,20].
On the other hand, species such as CO2 and especially H2S act as promoting agents which
significantly increase the hydrogen uptake [19,21]. Only after dissociation, hydrogen atoms
will enter the metal lattice (absorption). Once absorbed, hydrogen may either diffuse
via interstitial lattice sites (“diffusive hydrogen”) or become trapped at different lattice
defects such as grain boundaries, non-metallic inclusions/foreign phases and dislocations.
Therefore, the total amount of hydrogen Htot within metals equals the sum of diffusive
hydrogen Hdiff and trapped hydrogen Ttrap:

Htot = Hdiff + Ttrap

HE is generally caused by diffusive hydrogen [3,6–9,11,22]. By providing external
activation energy in the form of elevated temperature or mechanic stresses, trapped hydro-
gen may become diffusive and therefore contribute to HE [9,23–26]. The required energy
is dependent on the specific trapping site and ranges from around 15 kJ per mol H (e.g.,
dislocation cores) up to around 100 kJ per mol H (e.g., interfaces of TiC), allowing for the
classification of different trapping sites [27–30].

The process of HE is explained via two main mechanisms referred to as Hydrogen-Enhanced
Decohesion/HEDE and Hydrogen-Enhanced Localized Plasticity/HELP [3,7,22,31–35]. Within
the literature, there are additional theories of HE [36–38] which are heavily debated [39]
and probably not sufficient to solely explain all hydrogen-related effects in metals. It is
most likely that HE is attributed to an interplay of different damaging mechanisms, such as
HEDE and HELP [9,36,40].

The occurrence of HE is strongly dependent on the crystallographic structure and
microstructure of the metal, its ultimate tensile strength, grain size, phase and precipitate
distribution as well as external factors such as hydrogen content and applied stresses.
BCC metals, e.g., high-strength steels, are considered susceptible to HE when exceeding
an ultimate tensile strength of 800 MPa [41,42]. This is explained by very fast hydrogen
diffusion velocities within BCC steels between 1.0 × 10−7 for ferritic microstructures [43]
and 2.0 × 10−9 cm2/s for martensitic microstructures [44,45] as well as low hydrogen
solubility. High-strength steels endure higher (elastic) operating stresses, which act as
driving forces for hydrogen diffusion [3]. Therefore, hydrogen predominantly diffuses into
locally strained lattice areas such as crack tips, radii, thread bases, etc. This yields a local
increase in diffusive hydrogen concentrations which may ultimately exceed a material-
dependent critical threshold value and therefore induce HE. This mechanism is referred to
as the “Gorsky effect” [46,47].

On the other hand, FCC metals, such as stable austenitic stainless steels, generally
exhibit a rather low susceptibility to HE. This is attributed to very low hydrogen diffusion
coefficients of around 1.0 × 10−12 cm2/s [48] as well as their hydrogen solubility being
around 100 times higher compared with BCC metals [49]. In addition, FCC metals cannot
fracture due to cleavage (i.e., HEDE mechanism) since slipping planes are always activated
prior to cleavage planes. Therefore, only effects attributed to HELP may occur, resulting in
decreased values for elongations at fracture and reduction in area when FCC metals are
mechanically tested under static or quasi-static strain rates. These effects must be evaluated
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separately since most technical applications superimpose stresses well below the material’s
yield strength, which usually remains unaffected by hydrogen in FCC metals.

Several research papers indicate that for austenitic stainless steels, the resistance to
HE increases with the stabilizing of the FCC phase [50–54]. Therefore, both a low Md30
temperature as well as high stacking fault energies above 43 mJ/m2 improve the resistance
to HE since the FCC is stabilized and the formation of deformation twins is postponed.

However, metastable austenitic stainless steels exhibit a certain susceptibility to HE,
predominantly when strain-induced martensite (BCC phase) is formed due to machining,
operation stresses or deep-freezing [55,56]. In terms of high-pressure hydrogen applications,
these materials are not suitable.

Some applications, such as power generation, chemical production, oil refineries or
direct combustion (e.g., fuel cells) require a multitude of different material properties.
Among others, these include high tensile strength, good corrosion resistance, high thermal
and electric conductivities, high resistance to biofouling, non-magnetic properties, low hy-
drogen permeation rates, etc. Taking these requirements into consideration, high-strength
copper alloys may prove as applicable materials. However, little to no data are available
for copper-based alloys, especially high-strength precipitation-hardened alloys, in terms of
their susceptibility to HE.

It is known that oxygen-containing copper may suffer from the so-called “hydrogen
illness” [57,58]. In particular, this failure mechanism occurs when copper is soldered
or welded within hydrogen-containing shielding gas. Due to the elevated temperature,
reaction kinetics are fast and therefore hydrogen from the shielding gas may react with the
copper-oxygen-eutectic (Cu2O) which is mainly located at the grain boundaries, according
to the following equation:

Cu2O + H2 → 2Cu + H2O(g)

The generation of water vapor yields the formation of linear porosity (preferably at
the grain boundaries) within the softened copper, resulting in severe inner defects that may
cause cracking. The mechanism of “hydrogen illness” is completely avoided when Oxygen
Free Copper (OFC) is used. Due to its decreased oxygen content of 10 ppm and below, the
formation of Cu2O is reduced to a minimum and thus the formation of pores is suppressed.

Yamabe et al. investigated a high-strength precipitation-hardened copper-beryllium
alloy with an ultimate tensile strength of around 1400 MPa with respect to its susceptibility
to HE [59]. Both notched and un-notched samples were charged in 115 MPa (1150 bar)
pressurized hydrogen at room temperature with subsequent mechanical testing by means
of Slow Strain Rate Tests (SSRT). The results did not show any effect of hydrogen on the
mechanical properties; therefore, no HE was present. The authors contribute these findings
to the low hydrogen solubility of copper as well as the low hydrogen diffusion coefficient.
They measured a hydrogen solubility of 0.1 mol H2/(m3MPa1/2) and a hydrogen diffusion
coefficient of 1.0 × 10−10 m2/s, both at around 300 ◦C. The results are in good agreement
with several other works performed on varying copper alloys [60–64].

In the present work, different high-strength copper alloys were charged in pressurized
hydrogen at elevated temperatures and subsequently tested by Slow Strain Rate Tests
(SSRT). Hydrogen contents were measured by Thermal Desorption Spectroscopy (TDS) and
fracture surfaces were investigated in a scanning electron microscope (SEM). The results are
compared to hydrogen-free reference samples as well as corrosion-resistant ferritic steels,
austenitic stainless steels and nickel-based alloys.

2. Materials and Methods
2.1. Investigation Materials

In this study, three different high-strength Cu-base alloys were investigated. The
materials were provided by Materion Brush GmbH (Stuttgart, Germany). Care was taken
to ensure that the same semi-finished product (here, the rod material) was used in a similar
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dimensional range. Sample material was taken from serial production, and no additional
process steps or treatments were performed.

Beryllium-containing Alloy 25 (material A, UNS standard C17200) is a solution-
annealed and age-hardened high-strength alloy, surpassing any other commercial Cu
alloy in terms of ultimate tensile strength. Age hardening is realized by the precipitation
of γ-phase and finely dispersed CuBe2. Due to the material’s exceptional resistance to
stress relaxation at elevated temperatures and its high fatigue strength, it is often used for
springs in elevated temperature applications. Other applications include bushings, sub-sea
components or tooling inserts.

PerforMet® (material B) is a Beryllium-free solution annealed alloy, aged hardened
by the precipitation of nickel-silicide (Ni2Si). The material exhibits a high thermal conduc-
tivity as well as great wear and corrosion resistance and a decreased tendency of galling.
Applications include valve seats, valve guides, piston rings and plain bearings. It is also
used for fast-cycle injection mold components.

ToughMet® 3 (material C, UNS standard C96970) is a spinodally hardened Cu-Ni-
Sn alloy with strength and hardness equivalent to Alloy 25 but without the addition of
Beryllium. The material exhibits an exceptional tarnish resistance at room temperature and
high corrosion resistance surpassing Alloy 25. It is mainly used for heavily loaded bushings
or bearings commonly found in aircraft, off-road equipment and industrial machinery. It
can also be used in sour oilfield service.

In addition to the aforementioned Cu-base alloys, two Fe-base alloys and one Ni-base
alloy were investigated.

Austenitic stainless steel AISI 321 (material D, 1.4541, X6CrNiTi18-10) exhibits good
corrosion resistance. Due to the addition of Ti and the formation of around 5% of delta-
ferrite within the matrix, the tendency of intergranular corrosion is suppressed so that the
material is classified as weldable.

Ni-base alloy IN 625 (material E, 2.4856, UNS N06625) was investigated in grade 1
condition (soft annealed) with exceptional resistance to a wide range of corrosive environ-
ments combined with an elevated strength level. The latter is derived from the addition of
Nb and Mo and therefore solid solution strengthening. IN 625 is typically used in sea-water
applications, in facilities for processing nuclear waste as well as facilities for producing
highly aggressive acids.

Finally, ferritic steel 1.4511 (material F, X3CrNb17) represents a moderately corrosion-
resistant steel with a BCC lattice. The material is magnetic and weldable (though, grain
growth must be avoided), with additions of Nb improving the resistance to intergranular
corrosion. Applications include solenoid valves, sensors and injection valves.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

The nominal chemical composition of all investigated materials is listed in Table 1.
Light-microscopic micrographs are presented in Figure 1.

Table 1. Nominal chemical composition of all investigated materials. * According data sheets
provided by Materion Brush GmbH. ** According to DIN EN 10088-3 [65]. *** According to VdTÜV
data sheet 499.

ID Material
wt %

Base Be Ni Co Si Cr Sn

A Alloy 25 *
Cu

1.8–2.0 > 0.2

B PerforMet® * 6.5–7.5 1.5–2.0 0.75–1.25

C ToughMet® 3 * 14.5–15.5 7.5–8.5
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Table 1. Cont.

Non-Cu materials

ID. Material
wt %

Base C Si Mn Cr Ni Ti

D AISI 321 ** Fe ≤0.08 ≤1.0 ≤2.0 17.0–19.0 9.0–12.0 5 × C

ID. Material
wt %

Base Cr Fe Mo Nb + Ta Mn Co

E IN 625 *** Ni 21.0–23.0 ≤5.0 8.0–10.0 3.2–4.2 ≤0.50 ≤1.0

ID. Material
wt %

Base C Si Mo Cr Ni Nb

F 1.4511 ** Fe ≤0.03 ≤1.0 ≤1.0 16.0–18.0 - 0.20–0.50
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2.2. Sample Geometry

All samples for mechanical testing and hydrogen analyses were machined according
to Figure 2. Within the gauge length, the surface was precision turned with an average
roughness Ra of 6.3 µm. In comparison to standard DIN 50125:2022-08 [66], the radius
within the transition from the threaded sample head to the gauge length was increased to
prevent hydrogen-induced fractures in this area due to a local stress increase.
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2.3. Hydrogen Charging

Hydrogen charging was carried out in a pressure autoclave with 6.0 high-purity
hydrogen (≥99.9999%). The charging parameters are summarized in Table 2. Charging was
conducted until a homogenous hydrogen distribution was reached within the gauge length
of the tensile test samples. The required minimum charging durations were calculated based
on the respective hydrogen diffusion coefficients of each material, with D = 6 × 10−6 m2/s
for the copper alloys [67], D = 8.9 × 10−7 m2/s for AISI 321 [67,68], D = 4.8 × 10−7 m2/s
for IN 625 [67] and D = 6.40 × 10−9 m2/s for 1.4511 [67].

Table 2. Parameters of pressure hydrogen charging.

No. Material Charging Duration Hydrogen Pressure Temperature

A Alloy 25

21 days 275 bar/27.5 MPa 573 KB PerforMet®

C ToughMet® 3

D AISI 321 28 days 45 bar/4.5 MPa 623 K

E IN 625 14 days 60 bar/6 MPa 673 K

F 1.4511 21 days 275 bar/27.5 MPa 573 K

Between venting of the pressure autoclaves and cooling of the samples, a maximum
period of 20 min elapsed.

After charging, all samples were stored within a liquid nitrogen container to prevent
hydrogen effusion. An exception was made for austenitic stainless steel AISI 321 since the
formation of martensite was expected due to deep freezing. This material was stored in a
freezer at −18 ◦C (255.15 K) for a maximum of 7 days after charging.

2.4. Reference Thermal Exposure Tests

Since hydrogen charging was conducted at elevated temperatures, microstructural
changes in the precipitation-hardened high-strength Cu alloys must be assessed. To account
for the influence of the charging temperature, reference exposure tests were performed
for each Cu alloy. In this step, samples were heated in a furnace to 573 K in an ambient
atmosphere. The temperature was held isothermally for 21 days (equaling the charging du-
ration). Therefore, no hydrogen charging took place. These samples were used as additional
references during SSRT, to assess temperature-related effects on the mechanical properties.

2.5. Hydrogen Analyses

Hydrogen analyses were carried out by means of Thermal Desorption Mass Spectrom-
etry (TDMS) in a Bruker IR 07 equipped with a Quadrupole mass analyzer (Figure 3). Prior
to analysis, the cooled samples were thawed in 99.9% ethanol for 2 min and subsequently
dried. The analyzing temperature of 300 ◦C (573 K) was reached by applying the maximum
heating rate with a subsequent isothermal holding step until all hydrogen was detected.
Temperature measurements were conducted by a thermocouple attached to the samples.
By applying this method, the diffusive hydrogen content within the samples was analyzed.
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Since HE is primarily caused by diffusive hydrogen, trapped hydrogen was not specifically
determined within the scope of this investigation.
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2.6. Mechanical Testing

Mechanical testing was conducted by means of Slow Strain Rate Tests (SSRT) both on
uncharged reference samples and hydrogen-charged samples. Due to the homogeneous hy-
drogen distribution profile within the charged samples, strain rates of 0.075 mm/min were
chosen for all SSRT. The elongation at fracture was measured by a mechanical extensometer
which was kept attached to the samples until fracture.

Since testing was carried out in a natural atmosphere, one broken fragment of each
sample was immediately stored in liquid nitrogen after fracturing to analyze the remaining
hydrogen content. These results were used as proof that no significant amounts of hydro-
gen effused out of the samples during SSRT. The other fragment was fractographically
investigated in the SEM to assess the influence of hydrogen on the fracture mode and the
fracture pattern.

The effect of hydrogen charging on the mechanical properties was quantified by
calculating the hydrogen embrittlement indexes relative reduction in area (RRA) and
relative elongation at fracture (REl), according to the following equations:

RRA =
RAH charged

RAuncharged

REl =
ElH charged

Eluncharged

3. Results
3.1. Hydrogen Analyses

The results of Thermal Desorption Analyses are summarized in Table 3.
For Cu base alloys Alloy 25 and PerforMet®, no significant hydrogen uptake was

found. However, the ToughMet® 3 material exhibited an increased hydrogen content of
around 4.5 ppm.

AISI 321 (27 ppm) and IN 625 (17 ppm) contained significant amounts of hydrogen. In
ferritic steel 1.4511 around 0.9 ppm diffusive hydrogen were present.

During Slow Strain Rate Testing, only negligible hydrogen effusion has occurred,
ensuring that all results can be referenced to the initial hydrogen content after charging.
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Table 3. Results of Thermal Desorption Analyses. * Resolution limit.

No. Material
Initial

Hydrogen
Content in ppm

Hydrogen Content
after Charging in

Mass ppm

Hydrogen Content after
SSRT in Mass ppm

A Alloy 25 <0.001 * 0.02 ± 0.02 0.02 ± 0.02

B PerforMet® <0.001 * 0.07 ± 0.03 0.08 ± 0.04

C ToughMet® 3 <0.001 * 4.50 ± 0.11 4.46 ± 0.09

D AISI 321 0.89 ± 0.1 26.8 ± 0.9 26.2 ± 0.7

E IN 625 0.1 ± 0.05 17.7 ± 0.7 17.1 ± 0.8

F 1.4511 0.02 ± 0.01 0.85 ± 0.08 0.79 ± 0.12

3.2. Mechanical Testing and Fractography

The results of all SSRT alongside with fractographic investigations of each reference
sample and hydrogen-charged sample are shown in Figures 4–9.

For material Alloy 25 (Material A, Figure 4), both the hydrogen-free reference samples
and the thermally exposed samples exhibit the same mechanical properties, meaning that
no significant aging effect has occurred during pressure hydrogen charging. Compared to
the hydrogen-free reference samples, no significant effect on the mechanical properties was
found for the charged samples. The elongation at fracture tends to be slightly decreased
but all samples fractured well within the plastic region of the stress–strain curves, but no
severe effect of HE occurred.

These findings are backed up by the fractographic investigations. The hydrogen-free
reference sample (a–c) exhibits a ductile fracture pattern consisting of both trans- and
intergranular dimples (b). The dimple collars are distinctly extracted underlining the
overall ductile fracture behavior (c). The fracture pattern of the hydrogen-charged samples
(d–f) is nearly identical to the uncharged samples. However, within the intergranular areas,
the dimples’ collars are slightly shallower (f), indicating marginally less plastic deformation
during the SSRT. These findings most likely have contributed to the slight decrease in
elongation at the fracture of the charged samples. Other effects of hydrogen on the fracture
pattern were not found for Alloy 25.

Material B, PerforMet® (Figure 5) was not affected by temperature exposure, either.
The mechanical properties of both the hydrogen-free reference samples and the thermally
exposed samples are identical, meaning that no aging effect has occurred.

However, the effect of hydrogen charging on the mechanical properties appears to be
a bit more pronounced compared with material A, Alloy 25. The average elongation at
fracture is reduced by around 1%.

Fractography of the uncharged reference samples revealed a transgranular fracture
pattern with an overall ductile dimple fracture type (a–c). In accordance with the material’s
chemical composition, there are several Ni- and Si-rich precipitations of type Ni2Si (nickel
silicide) present. The fractographic investigation of the charged sample (d–f) did not reveal
hydrogen-induced fracture patterns. The fracture appearance does not differ from the
uncharged sample. Interfaces of Ni2Si precipitates could act as local fracture initiation sites
due to their trapping behavior and the related increased local hydrogen content. However,
none of the Ni2Si precipitates distinctly initiated failure.

Material C, ToughMet® 3 (Figure 6), was affected by temperature exposure. Compared
to the reference samples, the thermally exposed samples suffer from a considerable loss in
elongation at fracture of around 30%. Both the yield strength and ultimate tensile strength
increased by around 50 MPa. The effects are most likely contributed to the solid solution
hardening. Therefore, the mechanical properties of the hydrogen-charged samples are
subsequently compared to the exposed samples.
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Figure 4. Alloy 25: Results of SSRT and fractographic investigations. (Left) (green frames): Un-
charged reference sample 1. (Right) (red frames): Hydrogen-charged sample 2. Green and red ar-
rows: Intergranular fracture. (a) Uncharged sample 1, overview, (b) Magnification of the green 
frame in (a), (c) Magnification of the green frame in (b), (d) Charged sample 2, overview, (e) Mag-
nification of the red frame in (d), (f) Magnification of the red frame in (e). 

Figure 4. Alloy 25: Results of SSRT and fractographic investigations. (Left) (green frames): Uncharged
reference sample 1. (Right) (red frames): Hydrogen-charged sample 2. Green and red arrows:
Intergranular fracture. (a) Uncharged sample 1, overview, (b) Magnification of the green frame in (a),
(c) Magnification of the green frame in (b), (d) Charged sample 2, overview, (e) Magnification of the
red frame in (d), (f) Magnification of the red frame in (e).
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Figure 5. PerforMet®: Results of SSRT and fractographic investigations. (Left) (green frames): Un-
charged reference sample 1. (Right) (red frames): Hydrogen-charged sample 2. Green and red ar-
rows: Ni2Si, nickel silicides. (a) Uncharged sample 1, overview, (b) Magnification of the green frame 
in (a), (c) Magnification of the green frame in (b), (d) Charged sample 2, overview, (e) Magnification 
of the red frame in (d), (f) Magnification of the red frame in (e). 

Figure 5. PerforMet®: Results of SSRT and fractographic investigations. (Left) (green frames):
Uncharged reference sample 1. (Right) (red frames): Hydrogen-charged sample 2. Green and red
arrows: Ni2Si, nickel silicides. (a) Uncharged sample 1, overview, (b) Magnification of the green frame
in (a), (c) Magnification of the green frame in (b), (d) Charged sample 2, overview, (e) Magnification
of the red frame in (d), (f) Magnification of the red frame in (e).



Metals 2024, 14, 588 11 of 22
Metals 2024, 14, x FOR PEER REVIEW 12 of 24 
 

 

 

 
Figure 6. ToughMet® 3: Results of SSRT and fractographic investigations. (Left) (green frames): Un-
charged reference exposure sample 2. (Right) (red frames): Hydrogen-charged sample 2. (a) Un-
charged sample 2, overview, (b) Magnification of the green frame in (a), (c) Magnification of the 
green frame in (b), (d) Charged sample 2, overview, (e) Magnification of the red frame in (d), (f) 
Magnification of the red frame in (e). 

Figure 6. ToughMet® 3: Results of SSRT and fractographic investigations. (Left) (green frames):
Uncharged reference exposure sample 2. (Right) (red frames): Hydrogen-charged sample 2.
(a) Uncharged sample 2, overview, (b) Magnification of the green frame in (a), (c) Magnification
of the green frame in (b), (d) Charged sample 2, overview, (e) Magnification of the red frame in (d),
(f) Magnification of the red frame in (e).
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Figure 7. AISI 321: Results of SSRT and fractographic investigations. (Left) (green frames): Un-
charged reference sample 2. (Right) (red frames): Hydrogen-charged sample 1. (a) Uncharged sam-
ple 2, overview, (b) Magnification of the green frame in (a), (c) Magnification of the green frame in 
(b), (d) Charged sample 2, overview, (e) Magnification of the red frame in (d), (f) Different spot 
within the red frame in (d). 

Figure 7. AISI 321: Results of SSRT and fractographic investigations. (Left) (green frames): Uncharged
reference sample 2. (Right) (red frames): Hydrogen-charged sample 1. (a) Uncharged sample 2,
overview, (b) Magnification of the green frame in (a), (c) Magnification of the green frame in (b),
(d) Charged sample 2, overview, (e) Magnification of the red frame in (d), (f) Different spot within
the red frame in (d).
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Figure 8. IN 625: Results of SSRT and fractographic investigations. (Left) (green frames): Uncharged 
reference sample 1. (Right) (red frames): Hydrogen-charged sample 2. (a) Uncharged sample 1, 
overview, (b) Magnification of the green frame in (a), (c) Different spot within the green frame in 
(b), (d) Charged sample 2, overview, (e) Magnification of the red frame in (d), (f) Different spot 
within the red frame in (e). 

Figure 8. IN 625: Results of SSRT and fractographic investigations. (Left) (green frames): Uncharged
reference sample 1. (Right) (red frames): Hydrogen-charged sample 2. (a) Uncharged sample 1,
overview, (b) Magnification of the green frame in (a), (c) Different spot within the green frame in (b),
(d) Charged sample 2, overview, (e) Magnification of the red frame in (d), (f) Different spot within
the red frame in (e).
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Figure 9. 1.4511: Results of SSRT and fractographic investigations. (Left) (green frames): Uncharged 
reference sample 2. (Right) (red and orange frames): Hydrogen-charged sample 2. (a) Uncharged 
sample 2, overview, (b) Magnification of the green frame in (a), (c) Magnification of the green frame 
in (b), (d) Charged sample 2, overview, (e) Magnification of the red frame in (d), (f) Magnification 
of the orange frame in (d). 

Figure 9. 1.4511: Results of SSRT and fractographic investigations. (Left) (green frames): Uncharged
reference sample 2. (Right) (red and orange frames): Hydrogen-charged sample 2. (a) Uncharged
sample 2, overview, (b) Magnification of the green frame in (a), (c) Magnification of the green frame
in (b), (d) Charged sample 2, overview, (e) Magnification of the red frame in (d), (f) Magnification of
the orange frame in (d).
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After hydrogen charging the elongation at fracture is even more reduced compared to
the hydrogen-free samples. The relative decrease is around 60% resulting in an absolute
value of around 1.5%. Therefore, only small amounts of plastic deformation occur prior to
the fracture of the samples.

The fracture surface of the uncharged samples predominantly exhibits an intergranular
structure with some transgranular patterns (a and b). Several dimples are visible, of which
some are quite shallow while others have distinctly deformed collars (c). Within the inter-
granular areas, there are slip lines visible. The overall fracture appearance of the charged
sample (c and e) is similar to the uncharged samples. However, higher magnifications
reveal that more pronounced localized slipping has occurred in the intergranular areas and
the dimple’s morphology is even shallower (f). Localized slipping is most likely attributed
to the HELP mechanism.

Austenitic stainless steel AISI 321 (Figure 7) suffered from a significant loss of ductility
in the hydrogen-charged condition. The uncharged reference sample exhibits a ductile dim-
ple fracture throughout the whole fracture surface (a–c). Significant necking of the sample
is visible (a). On the other hand, the charged sample’s degree of necking is considerably
reduced (d). The fracture changed to a “feathery” type (e). The effect is predominantly
visible near interfaces between delta-ferrite and the surrounding matrix as well as near
non-metallic inclusions of type TiC. Here, typical forms of “fish eyes” were present in high
quantities (f). “Feathery” fractures are typically found on low- to medium-strength BCC
steels in a hydrogen-charged condition, indicating that AISI 321 may have suffered from a
severe formation of strain-induced martensite during SSRT.

Similar to Alloy 25 and PerforMet®, Ni-base alloy IN 625 (Figure 8) was not severely
affected by hydrogen charging, either. Both the fracture surfaces of hydrogen-free reference
samples (a–c) and the charged samples (d–f) exhibit an overall ductile behavior. The
fracture pattern is dominated by fracture dimples with distinctly extracted collars and
thus high plastic deformation. In the vicinity of non-metallic inclusions of type TiC, more
pronounced localized slipping occurred after hydrogen charging (f). This effect becomes
evident by distinct slip lines and deep collars around TiC. Other than that, changes in
fracture morphology due to hydrogen charging were not found.

Finally, ferritic steel 1.4511 (Figure 9) was also significantly affected by hydrogen,
resulting in a relative loss of elongation at fracture of around 15%.

Fractographic investigations proved an even more severe effect of hydrogen charging.
The hydrogen-free reference samples (a–c) exhibit pronounced necking with a thoroughly
ductile fracture surface consisting of dimples. On the charged samples (d–f) significantly
less necking occurred (e) and wide-spread areas with a “feathery” type fracture, similar
to the aforementioned samples made of AISI 321, were found (e). This fracture mode is
characteristic of hydrogen-induced cracking in low- to medium-strength steels such as
the investigated 1.4511. Only a small final fracture was present. Here, the fracture still
appeared as a ductile dimple fracture (f).

3.3. Hydrogen Embrittlement Indexes

The mechanical properties of all samples are summarized in Table 4. Based on the
reduction in area (Z) and the elongation at fracture (A), the hydrogen embrittlement indexes
RRA and REl were calculated in Table 5 and plotted as a bar diagram in Figure 10.

The highest values for RRA and REl and therefore the best resistance to hydrogen
embrittlement were found for high-strength Cu alloy Alloy 25 (material A). For this alloy,
the calculated value for RRA (theoretically) exceeds 100% which corresponds to no HE
effects whatsoever, but rather represents statistic deviations of the mechanical properties.
The slightly reduced REl is caused by a single outlier sample. These findings are in
accordance with the low hydrogen content within the charged samples (0.02 ppm) and
the fracture surfaces which revealed hardly any difference between the hydrogen-free and
hydrogen-charged samples in terms of fracture morphology.
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Table 4. Results of SSRT on uncharged and hydrogen-charged samples. In brackets: mechanical
properties of reference samples (heat-exposed but not charged). YS: yield strength, UTS: ultimate
tensile strength, Z: reduction in area, A: elongation at fracture.

ID Material

Uncharged Hydrogen-Charged

YS UTS Z A YS UTS Z A

in MPa in MPa in % in % in MPa in MPa in % in %

A Alloy 25
1100 ± 13 1237 ± 10 15 ± 1 9 ± 0.4

977 ± 9 1137 ± 9 17 ± 1 8 ± 1
(991 ± 13) (1158 ± 1) (21 ± 0) (9 ± 0.5)

B PerforMet®
817 ± 3 857 ± 6 25 ± 3 9 ± 0.5

856 ± 11 821 ± 13 23 ± 1 8 ± 1
(840 ± 9) (886 ± 9) (21 ± 0) (9 ± 1)

C ToughMet® 3
1185 ± 8 1218± 10 23 ± 1 8 ± 0,3

1320 ± 11 1330 ± 9 8 ± 1 1 ± 0.6
(1276 ± 3) (1295 ± 4) (16 ± 2) (5 ± 1)

ID Material

Uncharged Hydrogen-Charged

YS UTS Z A YS UTS Z A

in MPa in MPa in % in % in MPa in MPa in % in %

D AISI 321 223 ± 9 647± 23 68 ± 1 66 ± 1 256 ± 3 574 ± 4 19 ± 1 31 ± 1

E IN 625 440 ± 2 925 ± 2 55 ± 1 56 ± 1 453 ± 3 909 ± 11 49 ± 1 52 ± 1

F 1.4511 238 ± 2 399 ± 2 85 ± 1 39 ± 1 234 ± 1 400 ± 7 42 ± 1 20 ± 1

Table 5. Hydrogen embrittlement indexes RRA and REl.

ID Material RRA—Relative Reduction of
Area in %

REl—Relative
Elongation in %

A Alloy 25 113.3 88.9

B PerforMet® 92.0 84.4

C ToughMet® 3 34.8 19.0

D AISI 321 34.5 47.0

E IN 625 89.1 92.9

F 1.4511 49.4 51.3

For the Cu-base alloy PerforMet® (material B), only a minor decrease in the reduction
in the area was found (RRA = 92%). However, a slightly more pronounced effect on the
elongation at fracture was present (REl = 84%). Since the hydrogen contents within these
samples were very low (0.07 ppm) and no significant change in fracture appearance was
found, PerforMet® offers good resistance to HE, as well.

The high-strength alloy ToughMet® 3 (material C) showed a more significant effect of
hydrogen on the mechanical properties. Both RRA (35%) and REl (19%) prove that the ma-
terial only endures small amounts of plastic deformation until hydrogen-induced fractures
occur. However, no failure below the material’s yield strength was found. These findings
correspond with the hydrogen content of 4.5 ppm, which is significantly higher compared
to the previously discussed high-strength Cu-base alloys (materials A and B). Consequen-
tially, the fracture surface of the charged samples revealed less plastic deformation and
pronounced localized slipping which is explained by the HELP mechanism.
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Austenitic stainless steel AISI 321 also exhibits significantly reduced values for RRA
(35%) and REl (47%). Despite the reduced ability to deform plastically, there was also a
noticeable increased yield strength (223 MPa without hydrogen, 256 MPa after hydrogen
charging). Therefore, hydrogen as an interstitial element caused solid solution strength-
ening in this alloy. The results agree with both the hydrogen analyses (22.3 ppm) and the
fractographic investigations. The latter revealed a significant change in fracture mode from
a ductile dimple fracture on the uncharged samples to a “feathery-like” structure on the
charged samples. “Feathery” fractures are a distinguishing feature of hydrogen-induced
cracking, typically present in low- to medium-strength BCC steels [9,42,69]. Therefore, it is
very likely that significant amounts of strain-induced martensite have formed during Slow
Strain Rate Testing.

In addition, several fish eyes were found in the vicinity of non-metallic inclusions
of type TiN. Fish eyes emerge due to the strong trapping effect within the semi-coherent
interface between TiN and the surrounding steel matrix as well as an associated local
increase in hydrogen concentration. The corresponding trapping energies are very high, so
TiN are referred to as deep traps. Several authors published trapping energies of around
60 kJ/mol [70,71] and even up to around 100 kJ/mol [72]. Therefore, activation of the
trapped hydrogen requires either high temperatures or plastic deformation. Since all SSRT
in this research has been conducted at room temperature, only plastic deformation is
relevant. Due to TiN acting as local stress raisers (notch effect), the interfaces to the steel
matrix will tear preliminarily during SSRT. In turn, formerly trapped hydrogen may enter
the matrix and contribute to HE.

To better understand the hydrogen-induced failure mode within austenitic stainless
steel AISI 321 further investigations such as EBSD in the vicinity of the fracture surface
and in particular XRD analyses will be carried out in upcoming work. Therefore, it will be
verified whether strain-induced martensite has formed during the SSRT. Other research
indicates that HE in AISI 321 is caused by the formation of a BCC phase and localized
slipping [73].

The embrittlement indexes of Ni-base alloy IN 625 (material E) were 89% for RRA and
93% for REl, respectively. Both values indicate a good resistance of this alloy to hydrogen
embrittlement, although hydrogen contents of around 15 ppm were present within the
charged samples. Fractographic investigations revealed localized slipping in the vicinity
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of non-metallic inclusions (type TiN). Similar to the existence of fish eyes in the AISI 321
alloy, these findings are explained by the trapping effect of TiN. Once sufficient plastic
deformation during SSRT had been reached, the interfaces between TiN and the matrix
tore, and trapped hydrogen was activated. However, since these effects have only occurred
locally, the overall mechanical behavior of alloy IN 625 was not significantly affected
during SSRT.

Ferritic steel 1.4511 (material F) was significantly affected by hydrogen. Both RRA
(19%) and REl (51%) indicate that the material only exhibits a mediocre resistance to
hydrogen-induced cracking, although no fractures occurred within the elastic region of
the stress–strain curve. The hydrogen content within the charged samples was around 0.8
ppm. Fractographic findings confirm the results of SSRT. Significant portions of the fracture
surface of the charged samples exhibited a “feathery” pattern, similar to the charged
samples of austenitic stainless steel AISI 321. As indicated above, this fracture mode is
a distinguishing feature of hydrogen-induced cracking in low- to medium-strength BCC
steels such as 1.4511.

Overall, the embrittlement index REl (relative elongation at fracture) was more sensi-
tive than RRA (relative reduction in area) for all Cu-base alloys. However, for alloys AISI
321 and 1.4511 as well as for alloy IN 625, RRA was the more sensitive embrittlement index.
These findings should be verified and considered in future work.

4. Discussion and Summary

In the present study, six different metals were investigated with respect to their suscep-
tibility to hydrogen-induced cracking (“hydrogen embrittlement”, HE). The material pool
consisted of three high-strength Cu-base alloys with different strengthening mechanisms:

• Alloy 25;
• PerforMet®;
• ToughMet® 3.

In addition, an austenitic stainless steel, a Ni-base alloy, as well as a ferritic stainless
steel were tested:

• AISI 321;
• IN 625;
• 1.4511.

Tensile test samples of all materials were charged in pressurized hydrogen until a
homogenous hydrogen saturation profile was reached. Subsequently, mechanical tests were
carried out by means of Slow Strain Rate Testing (SSRT). The hydrogen contents within
the charged samples were analyzed by Thermal Desorption Mass Spectrometry. All results
were compared to hydrogen-free reference samples and hydrogen embrittlement indexes
RRA (relative reduction in area) and REl (relative elongation at fracture) were calculated.
The effect of hydrogen charging on the fracture modes was investigated by fractography
within a scanning electron microscope.

The results revealed that high-strength copper Alloy 25 exhibits great resistance to HE.
Little to no effects on the mechanical properties were found after hydrogen charging and
only small amounts of hydrogen entered the material during pressure charging. Basically,
the same holds true for high-strength Cu base alloy PerforMet®. However, the elongation
at fracture was slightly decreased for the hydrogen-charged samples, but no significant
change in fracture morphology was present. The third high-strength Cu alloy, ToughMet® 3,
was significantly more affected by hydrogen charging. In comparison to the other Cu base
alloys, both the hydrogen content within the charged samples was noticeably increased, and
the hydrogen embrittlement indexes were lowered. Fractographic investigations revealed
an overall decreased plastic deformability in the charged condition.

Further effort will be made to understand the results presented for the high-strength
alloy ToughMet® 3 (material C), in particular with respect to the increased hydrogen
solubility within this alloy. At this point, the authors assume that the findings are related
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to the hardening mechanism of spinodal decomposition, which results in high coherency
strains due to uniform and high-number-density dispersions of tin-rich perturbations
within the Cu matrix [74]. It is known that strain fields increase the hydrogen solubility in
metals [75–77]. Since these effects occur to a sub-microscopic extent, spinodally hardened
Cu alloys exhibit a multitude of strain fields which increase the hydrogen’s solubility.

A second possible explanation is found by additional age hardening that might have
taken place during hydrogen charging at 300 ◦C. Since the uncharged but tempered samples
also exhibited altered mechanical properties, temperature-induced microstructural changes
are probable. To assess this assumption, additional investigations with the same scope
are currently in preparation. Compared to the results presented in this paper, hydrogen
charging will be performed at a lower level of 473 K (200 ◦C).

Austenitic stainless steel AISI 321 was severely affected by hydrogen charging. This is
backed up by lowered hydrogen embrittlement indexes as well as distinct fractographic
features of hydrogen-induced cracking such as feather-like fracture patterns and “fish
eyes”. Similar results with respect to the loss of ductility are reported in [78,79]. Walter
et al. confirm that the susceptibility to HE for AISI 321 is comparable to other metastable
(i.e., strain-induced martensite forming) ASS such as AISI 304 [80]. Therefore, AISI 321 only
exhibits a limited resistance to hydrogen-induced damage.

The same holds true for low-strength ferritic stainless steel 1.4511, which also showed
strong indications of hydrogen-induced cracking. In [81], only a few HE effects during
slow strain rate testing are reported for this material. However, the same author finds
a pronounced decrease in fatigue properties after hydrogen charging. San Marchi et al.
report a loss in ductility (elongation at fracture and reduction in area) of around 50% after
hydrogen charging [67]. These findings are in good agreement with the results presented
in this research.

Ni-base alloy IN 625 performed similarly to Alloy 25 and PerforMet® with little to
no hydrogen-induced loss in plastic deformability. However, IN 625 was tested in the
soft-annelaed condition with a yield strength (YS) of 440 MPa and an ultimate tensile
strength (UTS) of around 925 MPa. Both values are significantly lower than those of Alloy
25 (YS: 1100 MPa, UTS: 1240 MPa). The mechanical properties are at the lower end of
the specified range for IN 625. Within the literature, a pronounced susceptibility to HE is
reported for higher strength levels [82,83].

In summary, the results prove that high-strength Cu base materials Alloy 25 and
PerforMet® as well as Ni-base alloy IN 625 are suitable materials for hydrogen applications
within the frame of the tested parameters. In particular, Alloy 25 offers a large field of
applications due to the material’s combination of high-strength mechanical properties, low
hydrogen solubility and great resistance to HE. In combination with Cu-specific properties
such as superior corrosion resistance and (thermal and electric) conductivity, these alloys
provide the opportunity to be used in hydrogen applications.
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