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Hydrogen, as an energy carrier, is expected to play a significant role in future mobility. The objective of this
study was to investigate the hydrogen uptake of the Ni-based superalloy VDM® Alloy 780 through electro-
chemical charging, using high-energy synchrotron X-ray diffraction (HEXRD). It is shown that the incorporation
of hydrogen at interstitial positions in the crystal lattice leads to a slight increase in the lattice parameters
compared to hydrogen-free analogs. In-situ HEXRD measurements showed a convergence of the lattice param-
eters at elevated temperatures, indicating the reversibility of hydrogenation through diffusion and subsequent
effusion of hydrogen. Hot gas extraction (HGE) measurements were conducted to quantify hydrogen and com-
plement the diffraction data, showing that prolonged electrochemical charging leads to increased hydrogen
content. Hydrogen quantification at different temperatures confirmed increasing diffusion with temperature, i.e.
higher measured hydrogen values at elevated temperatures. Additionally, tensile tests were conducted to eval-
uate the influence of hydrogen on the alloy during deformation. Fractographic analysis via SEM showed that, for
the hydrogen-treated specimen, cleavage fracture occurred in the vicinity of the surface, whereas the reference

sample displayed typical ductile fracture patterns over the entire fracture surface.

1. Introduction

To move away from the dependency on fossil fuels and achieve
carbon neutrality, hydrogen has been singled out as a key technology.
Hydrogen-based energy infrastructure may help in evolving our energy
systems by providing an unlimited reservoir and enabling emission-free
combustion to reduce CO2 pollution. Hydrogen can serve as an energy
carrier or as a feedstock. Furthermore, hydrogen can be used to store
seasonal fluctuating amounts of renewable electricity. The use of
hydrogen as a fuel in jet engines or gas turbines is, however, an ambi-
tious goal. One particular problem could be the failure of components
due to hydrogen embrittlement (HE), which has been observed in
various industrial systems, including high-pressure hydrogen storage
tanks or pipelines. This could occur in aircraft components as well,
which are made of high-strength nickel-based superalloys or stainless
steel [1-3]. HE of alloys and its underlying mechanisms remains a major
challenge for material science and will become even more important
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with the surging use of hydrogen as an energy carrier. Materials sub-
jected to high tensile loads under the influence of hydrogen can change
their deformation characteristics, i.e. a transition from ductile to brittle
with a decreased elongation at fracture [4,5]. Many hypotheses con-
cerning the cause of HE were addressed in the past. Yet, a conclusive,
encompassing explanation is still lacking. The two most prominent
mechanisms explaining hydrogen embrittlement are: a) Hydrogen
Induced Decohesion (HEDE) where absorbed hydrogen atoms lower the
cohesive strength by dilatation of the atomic lattice leading to reduced
material ductility and increased susceptibility to cracking [6-8]. b)
Hydrogen Enhanced Localized Plasticity (HELP) is another mechanism,
wherein hydrogen atoms promote localized plastic deformation, causing
strain concentration and crack initiation, ultimately compromising the
material’s mechanical properties and fracture toughness [9,10].

One of the main reasons for the unclear and often contradictory
description of HE is the difficulty of directly detecting and analysing the
light chemical element hydrogen in materials. Hydrogen is basically
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invisible to X-rays due to its low electron density and accordingly its low
scattering power. Therefore, a large number of analytical methods are
inapplicable. Additionally, only small amounts of hydrogen are intro-
duced into alloys, i.e. 0-100 wt. ppm, impeding its detection possibil-
ities even further. In summary, localization and quantification of
hydrogen introduced into the material is in general a challenging task.
Prompt Gamma Activation Analysis (PGAA) offers a non-destructive
technique for the quantification of hydrogen [11], however, the high
Co amount in the VDM® Alloy 780, which is investigated in this study,
impedes its application as the hydrogen and Co spectral lines are over-
lapping. As an alternative, the hydrogen content can be quantified via
thermal methods, whereby the hydrogen is extracted from a sample with
the aid of heat. The effusing hydrogen is then detected. For instance,
Thermal Desorption Spectroscopy (TDS) is a technique where a spec-
imen is heated under ultra-high vacuum conditions and the released
hydrogen is ionized and detected by a mass spectrometer [12]. A benefit
of this technique is the possibility of correlating the effusion tempera-
tures of the hydrogen to specific positions in the microstructure [13].
Another thermal technique is Hot Gas Extraction (HGE) which is based
on a thermal conductivity change of a carrier gas by the release of
molecular hydrogen by heating or melting the sample [14]. A major
drawback of such thermal methods is the inevitable destruction or
modification of the samples by the heat treatment and that solely
effusing hydrogen is measured, i.e. molecular hydrogen is measured
outside the material.

To understand HE, processes at the atomic level arising due to the
incorporation of hydrogen must be investigated. In this case, diffraction
techniques are the method of choice for polycrystalline alloys, as they
allow the identification and quantification of different phases, and
precise determination of lattice parameters. While X-ray and neutron
diffraction are mainly used for structure elucidation, a variety of ma-
terial properties can be investigated based on these analytical methods.
For instance, absorbed hydrogen leads to internal strain, i.e. slight
changes in the interatomic distances that can be detected by diffraction
techniques [15,16]. However, the consideration of lattice parameters as
a result of hydrogen absorption has only been studied sparsely so far. In
this study, we want to highlight the power of using diffraction as a
non-destructive tool for the quantification of hydrogen effects. For this
purpose, a comparatively simple, i.e. completely austenitic system is
investigated, which can be obtained from the Ni-base superalloy VDM®
Alloy 780 by solution annealing and water quenching to first dissolve
and then suppress the precipitation of hardening and high temperature
phases. VDM® Alloy 780 has been developed to enhance mechanical
properties at elevated temperatures, thereby enabling its utilization in
environments with working temperatures of up to 750 °C. In the fully
hardened state, this superalloy exhibits a microstructure composed of an
austenitic matrix (y phase) strengthened by nano-sized intermetallic
precipitates of NizAl (y’-phase) and high-temperature stable phases, i.e.
NigNb-based (8) and NisTi-based () phases [17-20]. The differences in
the chemical composition and the microstructure of the VDM® Alloy
780 to the widely applied Alloy 718 were already discussed, with the
important difference that no y'is formed in VDM® Alloy 780 [20-25].
From tensile tests it is known that y'increases the susceptibility to HE for
Alloy 718, leading to reduced elongation at fracture values [26,27]. One
reason for this is that the coherent phase boundary between y and y'is a
preferred hydrogen adsorption site [28]. Under load, the aforemen-
tioned HEDE, HELP, or a combination of both mechanisms can lead to
premature failure under load [3]. Since precipitation of y’is hindered in
VDM® Alloy 780 which is known to enhance HE, the alloy is a potential
candidate for applications in hydrogen-containing environments. In
addition, the § phase also has an effect on the sensitivity to HE in Alloy
718. The higher the content, the stronger the embrittlement, i.e. the
lower the tensile strength [27,29]. Therefore, it is also noteworthy that
VDM® Alloy 780 has a lower fraction of such high-temperature pre-
cipitate phases compared to Alloy 718 [30].

Most of the existing publications quantify HE in polycrystalline
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superalloys by either pre-charging specimens before tensile testing with
hydrogen or by in-situ charging during tensile deformation [27,29,
31-34]. The elongation at fracture value is used as a measure for HE
with decreasing values indicating brittle fracture due to the loss of
ductility. Additionally, the fracture surfaces can be evaluated after the
experiment. Ni-base superalloys are generally characterized by a ductile
behavior and a fracture surface of primarily micro-void coalescence in
the absence of hydrogen [35,36]. Increasing the amount of hydrogen in
the material leads to a decreasing ductility and a more brittle fracture.
The fracture surface of hydrogen-loaded specimens is characterized by
transgranular cracking and intergranular cracking. This study shows an
alternative approach to understanding the effects of hydrogen absorbed
in alloys. The incorporation of hydrogen at interstitial sites, specifically
octahedral or tetrahedral sites within the fcc lattice, results in an
expansion of the host lattice due to the space required for the absorbed
hydrogen [37]. Synchrotron diffraction is used to test whether the
absorbed hydrogen causes measurable changes in the interatomic dis-
tances. Therefore, the lattice parameters are always measured in relation
to an unloaded reference sample, which is identical except for the added
hydrogen. XRD provides an indirect proof of the presence of hydrogen,
as the only observable consequence of its presence is a change in the
spacing of metal atoms. Comparatively, HGE is performed for the
quantification of hydrogen contents. For this study, only fully solution
annealed VDM® Alloy 780 is used comprising solely the austenitic
y-matrix, to perform the experiments with a comparatively simple model
system.

2. Experimental

The starting material with the chemical composition shown in
Table 1 for all the experiments in this study was solution annealed (1 h
@ 1080 °C) and water-quenched VDM® Alloy 780 rod material from the
same batch.

This heat treatment is abbreviated to WBO in the following. All ex-
periments were performed with cylindrical specimens with a diameter of
5 mm to ensure comparability. Electrochemical charging was performed
for 24 h, 48 h, and 72 h with a current density of 40 mA/cm? at room
temperature, controlled with a Gamry Interface 1010™ Galvanostat.
The used electrolyte was a solution of demineralized water with 3 wt%
sodium chloride (NaCl) and 3 g/L ammonium thiocyanate (NH4SCN) as
a recombination inhibitor.

High-energy X-ray diffraction (HEXRD) patterns in Debye-Scherrer
geometry were recorded at the HEMS [39] beamline at PETRA III, DESY
(Hamburg, Germany) using X-rays with a photon energy of 100 keV,
corresponding to a wavelength of 0.124 A. The X-ray beam was set to a
cross-section of 1 mm?. The patterns were recorded on a flat panel de-
tector (XRD1621, Perkin Elmer, Norwalk, CT, USA) with a pixel size of
(200) x (200) pm, a resolution of 2048 x 2048 pixels, and acquisition
times of 2 s. Sample-to-detector distance was set to 1630 mm and
complete Debye-Scherrer rings were recorded. Isotropic scattered
photon data were reduced and integrated using the Fit2D program
package [40]. Crystal structure refinement of X-ray diffraction data for
the exact determination of lattice parameters and microstrains were
conducted by the Rietveld method using the Fullprof program package
[41]. The profile function of the reflections were fitted by the Thompson
Cox Hastings approximations. For the refinement of the HEXRD data,
Caglioti parameters (U, V, W) were determined beforehand by a full
refinement of an externally measured LaBg powder standard sample.
The sample displacement, cell parameters, strain, size, and isotropic

Table 1
Chemical composition of the main alloying elements VDM® Alloy 780 deter-
mined by EDX measurements [38].

Ni Co Cr Fe Mo Nb Al Ti

wt% 45.5 25.5 18 0.6 2.8 5.1 2 0.4
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thermal displacement parameters were refined. Preferred orientation
was fitted by the March-Dollase multi-axial model [42]. The background
was corrected by linear interpolation of background points or the Che-
byshev polynomial function for sequential refinement.

The amount of incorporated hydrogen in the alloys was determined
via hot-gas extraction, using an H-500 Hydrogen Determinator (Eltra
GmbH, Haan, Germany). Therefore, the respective samples were
weighed and placed inside a tube furnace. The horizontally arranged
glass tube is brought to the respective temperature on its side located in
the furnace and when tilted, the sample slides into the measuring zone.
The advantage of this technique is that the sample does not pass through
the temperature ramp of the furnace, and is measured directly at the set
temperature. For the measurements, a cylindrical sample was electro-
chemically loaded and cut into slices for hydrogen determination. The
samples were measured until the hydrogen signal fell below a threshold
value and the area under the signal curve was automatically integrated
and converted into a hydrogen content in wt ppm. For the determination
of the integral hydrogen content, samples were measured at 1000 °C to
ensure a complete degassing of the sample. To determine diffusive
hydrogen, the furnace temperature was set to respective values between
100 °C and 1000 °C. The measuring principle is based on a change in the
thermal conductivity of a carrier gas due to the hydrogen released from
the sample.

Microstructural analysis was performed using Zeiss XB 540 Dual-
beam scanning electron microscopes (SEM). Images of the initial
microstructure were taken in backscatter electron diffraction (BSD)
contrast and for all images, an acceleration voltage of 20 kV was used.

Tensile tests were performed with an electromechanical testing
machine (Instron, Norwood, Massachusetts) and a deformation rate of 1
x 10 s7! until failure of the specimens. The miniaturized round bar
specimens were manufactured by wire erosion with a diameter of
2.5 mm and a measuring length of 12.5 mm. A laser extensometer
(Fiedler Optoelektronik GmbH, Liitzen, Germany) was used to measure
the deformation.

3. Results and discussion

The microstructure of the VDM® Alloy 780 after heat treatment, i.e.
solution annealing at 1080 °C for one hour and then water quenching, is
shown in Fig. 1a). The microstructure comprises y grains ranging from
50 to 200 pm, excluding crystallographic twins, with no observable
texture. No HT phases, which are usually observed at the y grain
boundaries, and no y’ precipitates can be found as shown in the SEM
image with higher magnification (cf. Fig. 1b). The absence of the y’
precipitates in the VDM® Alloy 780 WBO0 condition has already been
proven with atom probe tomography measurements performed by Solis
et al. [43] and XRD measurements [38]. The small white particles
appearing in the microstructure are primary carbides formed during the
solidification process of the alloy [20].

No differences in the SEM images of the hydrogenated vs. the
reference specimen could be observed, therefore only two representative
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microscopy images of hydrogen-loaded specimens are shown. This leads
to the conclusion, that hydrogen loading does not visibly alter the
microstructure of the alloy.

To observe the influence of hydrogen on a finer length scale, high-
energy synchrotron XRD was applied to investigate even marginal
changes in the lattice parameter. Diffraction patterns were acquired
after electrochemically loading specimens for 24, 48, and 72 h and
referenced to a hydrogen-free analog.

In Fig. 2a) the experimental setup for the HEXRD experiments is
shown schematically. The diffraction experiments were performed in
Debye-Scherrer geometry with sample rotation to maximize grain sta-
tistics, i.e. the illuminated sample volume. This is particularly important
because, as shown in Fig. 1, the y grains are comparatively large. Since
the diffraction patterns in Fig. 2b) (small inset) look almost identical,
exclusively the 20 range of the y(311) Bragg reflection is depicted for
improved visualization, showing decreasing 26 values for the hydrogen-
treated specimens. The Rietveld refinement in Fig. 2¢) features the first
five reflections of the austenitic y matrix. No superstructure reflections
originating from ordered y precipitates are found. Very small amounts
(<< 1 vol%) of NbC formed during the solidification process are present
in the alloy. As all four Rietveld refinements are almost identical, only
one exemplary Rietveld plot is shown. All Rietveld refinements can be
found in the SI. In general, the diffraction patterns of the respective
samples exhibit no visible difference. Solely a small shift of the re-
flections to lower 26 angles for the hydrogen-treated specimens can be
observed. Fig. 2d) shows increasing lattice parameters for the hydrogen-
treated specimens. Considering Bragg’s law, (ni = 2dsind) with the
incoming X-ray wavelength (1), a shift to lower scattering angles (260)
corresponds to larger lattice plane spacings (d). This aligns well with the
expected incorporation of hydrogen within interstitial sites of the
austenitic fcc lattice. After approximately 36 h, saturation is observed
without further lattice parameter increase, which could be due to a
hydrogen saturation in the surface region and the low diffusion rate at
room temperature. No further hydrogen uptake may occur with this
charging method and the chosen parameters.

It is known that RT electrochemical charging with hydrogen only
affects the surface region, as shown e.g. by evaluation of fracture sur-
faces [44]. This also applies to our cylindrical samples with a diameter of
5 mm. The diffusion coefficient of hydrogen in solution annealed Alloy
718, which was determined via permeation tests at 50 °C, is in the range
of 5.3-6.8 x 107! em?/s [45]. Using this as an approximation for the
VDM® Alloy 780 and considering the electrochemical charging times,
an average hydrogen diffusion length (L) can be calculated according to
Ficks law, i.e. L = 2v/Dt with the diffusion coefficient (D) and the
charging time (s) [46]. This leads to a calculated average diffusion
length of approximately 250 um for a loading time of 72 h. As the XRD
experiments were conducted in Debye-Scherrer geometry, the obtained
lattice parameter information contains mainly bulk information that is
not affected by hydrogen. As a rough estimation only 2 x 250 pm out of
5000 pm, i.e., 10 %, is the region where hydrogen is expected from the
charging process. The actual value should be even lower, as the diffusion

Fig. 1. a) Overview SEM image and b) close-up image of VDM® Alloy 780 in the solutionized and quenched WBO condition.
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Fig. 2. a) Scheme of the diffraction setup at the P07 beamline. b) y(311) Bragg reflection to visualize the 20 shift due to hydrogen charging of VDM® Alloy 780 for
different durations. The inset shows the whole diffraction pattern with the dashed line highlighting the y(311) reflection c) Rietveld refinement of the VDM® Alloy
780 reference specimen. The observed data are shown by red circles, the calculated data by a black line, and the Bragg reflections by the green vertical bars. d) Cell
parameters for different hydrogen charging times at RT are shown by the black rectangles and the dotted gray line is a fit of the lattice parameter evolution.

coefficients were determined at 50 °C and the electrochemical loading in
this study was carried out at RT. The synchrotron measurements provide
an averaged lattice parameter over the illuminated volume. It can
therefore be assumed that the lattice parameter in the surface areas is
significantly larger than the averaged values from the refinement, but
the major bulk part exhibits the reference lattice parameters. In Table 2
the average lattice parameters, the average lattice parameter difference,
and the average lattice strain obtained from the Rietveld refinements are
given. Additionally, hydrogen is quantified by HGE measurements at
1000 °C and given in wt. and at. ppm, the latter for better comparison of
the ratio of metal to hydrogen atoms. The hydrogen concentrations in-
crease with the cathodic charging time. However, a low hydrogen
concentration of 0.4 wt. ppm was also found in the reference sample,
which is attributed to the manufacturing process of the material, i.e.
environmental hydrogen (Table 2).

Table 2

Average RT lattice parameters with different electrochemical charging dura-
tions, obtained by individual Rietveld refinements. The lattice constant differ-
ence delta as well as the corresponding lattice strain to the hydrogen-free
reference are also listed. Hydrogen concentrations obtained by HGE measure-
ments are also given.

Loading time [h] Ref/0 24 48 72

Lattice constant [A] 3.59117(4) 3.59154(4) 3.59161(3) 3.59159(5)
Delta [A] 0.00037 0.00044 0.00042
Lattice strain [%] 0.010 0.012 0.012

H [wt. ppm] 0.4 1.8 2.0 2.9
Delta [wt. ppm] 1.4 1.6 2.5

H [at. ppm] 23.1 103.9 115.4 167.3

It is known that the absorption of hydrogen is a reversible process.
However, it was found experimentally that the hydrogen concentration
for Alloy 718 alloys is stable at RT for two months [47] respectively one
year [48]. To study the effusion of hydrogen in reasonable timespans
controlled heating of the samples to 500 °C was performed.

Fig. 3a) shows the development of the cell parameters of hydrogen-
loaded VDM® Alloy 780 specimens in comparison to an untreated
specimen at varying temperatures. The heating rate was set to 2 °C/min
leading to approximately 4 h for each measurement. The lattice pa-
rameters were determined via sequential Rietveld refinements of
approximately 800 diffraction patterns in total. To prove the validity of
the sequential refinements, five refinements (at 100 °C, 200 °C, 300 °C,
400 °C and 500 °C) were performed individually and yielded the same
lattice parameters as those obtained through the sequential approach.
Again, the determined differences in the cell parameters are small,
having a difference of only 4 x 10~ A at room temperature, matching
the previously determined ex-situ values (cf. Fig. 2d). During heating
both samples display an expansion of the cell parameter which coincides
with the thermal expansion due to the increased thermal vibration of the
atoms. However, while heating the samples, a gradual approach of the
curves, i.e. an equalization of the lattice parameters is observed. In
Fig. 3b) the mean difference in the lattice parameter is shown for better
visualization. The curve shows decreasing values with increasing tem-
peratures, i.e. equalizing lattice parameters and a slight kink at
approximately 300 °C, from which the mean difference drops slightly
faster. This could be explained by increased diffusion rates of hydrogen
at higher temperatures. Both samples reach the same lattice parameters
at approx. 500 °C. This indicates the release of interstitial hydrogen and
both samples reach the same, hydrogen-free state with equal lattice
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Fig. 3. a) Evolution of the y phase lattice parameter with temperature for the VDM® Alloy 780 WBO specimen loaded for 72 h (black) compared to the reference
sample (red) and b) the evolution of the mean difference (blue) in lattice constant. The grey dashed line at zero delta is meant to guide the eye.

parameters. To study the temperature-dependent release of hydrogen
HGE measurements were performed. Therefore, identical specimens
electrochemically loaded for 72 h were used and compared to untreated
analogs. The sample preparation for the experiment was carried out with
the same charging parameters as the HGE measurements in Table 1.
The reference specimens showed hydrogen values of 0.0 wt. ppm up
to the tested temperatures of 400 °C. This shows that temperatures up to
400 °C do not provide enough energy for the effusion of the hydrogen.
From 500 °C to 900 °C the measured hydrogen increases to 2.5 wt. ppm.
At 1000 °C the value is significantly reduced to 1.9 wt. ppm which is
surprising at first glance. The reference measurement at 1000 °C from
Table 1 showed only 0.4 wt. ppm, which is significantly lower than the
1.9 wt. ppm of Table 3. This means that the hydrogen uptake, which
probably originates from manufacturing or heat treatment processes
may vary but is still at a very low level. However, further investigations
are required to identify the origin of hydrogen in as-received samples. It
therefore makes more sense to compare the delta value here, as it de-
scribes the additional hydrogen introduced. At 1000 °C the delta value
of the HGE measurements is slightly higher as displayed in Table 3. One
possible reason for this is the longer storage time after loading of the
diffraction sample. Part of the hydrogen can diffuse out during this
period. This highlights how important the reference measurements are
for determining the hydrogen content introduced by the loading. For
ease of reading, the values from Fig. 4 are shown in the following table.
At 100 °C no hydrogen could be detected for the loaded specimens
while with increasing temperatures in steps of 100 °C a linear increase in
the hydrogen concentration up to 300 °C was detected. At higher tem-
peratures, the released hydrogen concentrations increase faster. The
kink above 300 °C corresponds very well with the diffraction data where
the delta value drops faster at temperatures above 300 °C (cf. Fig. 3). In
the temperature range between 300 °C and 900 °C, hydrogen concen-
trations increase almost linearly with a maximum concentration of
5.5 wt. ppm. Interestingly the concentration at 1000 °C is almost 0.5 wt.
ppm lower compared to the value at 900 °C, similarly observed in the
reference measurement. An explanation for this could be that at 1000 °C
changes in the microstructure, like recrystallization, recovery, grain
growth, or the dissolution/precipitation of phases occur that hinder the
diffusion of hydrogen out of the sample. The alteration observed be-
tween 900 °C and 1000 °C corresponds to the y’ solvus temperature
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Fig. 4. HGE measurements of VDM® Alloy 780 specimens for the quantifica-
tion of hydrogen at different temperatures. The black rectangles represent the
specimens loaded with hydrogen, the red dots are the reference specimens, and
the dashed line is the delta.

being around 990 °C [20,49], which may induce hydrogen diffusion. At
1000 °C recrystallization and recovery may occur, both reducing the
dislocation density within the alloy [50]. Since dislocations serve as
diffusion paths for hydrogen [51,52], the amount of hydrogen effusing
from the specimens might be lowered. Additionally, slight coarsening of
the y matrix grains may occur, leading to larger y grains and thereby
reducing the overall grain boundary surface area. Grain boundaries are
also known as diffusion paths for hydrogen [53], which may also explain
the lower hydrogen concentrations observed at 1000 °C. Grain growth,
recrystallization, recovery or precipitation may also occur at tempera-
tures below 900 °C, however, no alteration in the hydrogen diffusion has
been observed. However, further tests need to be carried out to inves-
tigate and explain this peculiarity in more detail. Increasing hydrogen
values with temperature are due to faster diffusion of hydrogen at
elevated temperatures or strongly bound hydrogen that requires high
temperatures to overcome its binding energy. Defects or grain bound-
aries in particular are known to be strong trapping sites [54]. These

Table 3

Temperature-dependent hydrogen quantification by HGE measurements of hydrogen treated and reference specimens.
Temperature [°C] 100 200 300 400 500 600 700 800 900 1000
Loaded H [wt. ppm] 0 0.2 0.4 1.3 2.1 3.2 4.0 4.5 5.5 5.0
Ref [wt. ppm] 0 0 0 0 0.1 0.2 0.6 1.2 2.5 1.9
Delta [wt. ppm] 0 0.2 0.4 1.3 2.0 3.0 3.4 3.3 3.0 3.1
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measurements complement the diffraction data and confirm that
hydrogen leaves the alloy thermally induced. At temperatures up to 500
°C, the delta values shown in Fig. 4 align with those of the
hydrogen-loaded specimens, as the reference specimen exhibits negli-
gible hydrogen amounts. From 600 °C to 1000 °C, the delta remains
almost constant, attributed to the increasing hydrogen concentrations
effusing from the reference specimens. An explanation for this could be
that at temperatures of 500 °C or higher, strongly trapped hydrogen
from the manufacturing process is released which is present in the
hydrogen treated and the reference specimen in equal amounts. In the
diffraction measurements, only the weakly bound interstitial hydrogen
dissolved within the fcc lattice is traceable due to its widening of the
interatomic distances. This interstitial hydrogen to a large extent effuses
out of the sample at temperatures of 500 °C explaining the equalized
lattice parameters at 500 °C. It should be noted, however, that the HGE
measurements are not fully comparable with the XRD measurements,
since the XRD measurements were performed at a constant heating rate,
while the HGE measurements were performed at discrete temperatures.
Therefore, the specimen measured via diffraction is exposed to elevated
temperatures for much longer, i.e. there is more time for the diffusion of
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hydrogen from the sample. This kinetic effect may explain why the HGE
measurements show increasing delta values up to 600 °C. Nevertheless,
both measurements support the assumption that interstitially bound
hydrogen leaves the crystal lattice by thermally accelerated diffusion.

Finally, tensile tests at RT were also carried out with an identically
loaded specimen compared to a hydrogen-free reference.

The mechanical behavior of both samples is similar; however, the
flow stress is slightly higher for the reference. Reduced flow stress due to
the presence of hydrogen was also observed by Asadipoor et al. in an
X70 pipeline steel [55]. A possible explanation for the easier plastic
deformation is the decrease in the activation energy for nucleation of
dislocations by hydrogen [56]. In the plastic region, the
hydrogen-treated specimen and the reference specimen show pro-
nounced work hardening due to the formation and interaction of dis-
locations. The ultimate tensile strength is higher for the hydrogen-free
reference, which is also in accordance with the literature where reduced
ultimate tensile strength was observed for steels and Ni-based superal-
loys [55,57,58]. Elongation at fracture values of approximately 50 %
and 44 % of the reference and hydrogen treated, respectively show also
the influence of hydrogen. However, the material still exhibits a very
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Fig. 5. a) True stress-strain response (solid) of VDM® Alloy 780 at RT and work hardening rate (dashed). b) and ¢) SEM images of the fracture surfaces. The purple
arrows show micro dimples, the orange arrows indicate cleavage fracture, and the blue dashed circle approximates the diameter.
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ductile behavior when treated with hydrogen. For age-hardened poly-
crystalline Ni-based superalloys and advanced high-strength steels
incorporated hydrogen typically lead to dramatically reduced elonga-
tion at fracture values [59,60]. As the tested VDM® Alloy 780 specimens
are solution annealed, i.e. without hardening phase precipitates, the
susceptibility to HE is reduced. The work hardening rate is also depicted,
showing a similar evolution, i.e. strong decreasing values at the begin-
ning of plastic deformation followed by slightly increasing values to
approximately 25 % true plastic deformation. The intersection of the
curves where do/de = 6yye known as the Considere criterion indicates
the onset of unstable deformation, commonly referred to as necking
[61]. For the reference specimen, necking initiates at a true plastic strain
of 45 %, whereas for the hydrogen-treated specimen, it begins at 41. The
interval between the onset of necking and fracture was 4.8 and 2.8 for
the reference and hydrogen-treated specimens respectively. This may
explain why the diameter of the fracture surface for the reference sample
is significantly reduced as compared to the hydrogen-loaded specimen,
as can be seen in Fig. 5b) and c).

Additionally, a post-mortem analysis was conducted. The fracture
surfaces shown in Fig. 5b) and c¢) show micro dimples as the predomi-
nant failure pattern for the hydrogen-treated and reference specimens.
This is as expected for ductile Ni-based alloys after deformation until
failure [35]. For the reference specimen, this fracture mode was
observed over the entire fracture surface including areas close to the
cylinder surface. The hydrogen-treated specimen shows a smoother
cleavage-like fracture in the vicinity of the cylinder surface. This con-
firms the assumption that only the area close to the surface absorbs
hydrogen and thus experiences changes in properties during deforma-
tion. The transition from brittle to ductile behavior, from the rim to the
center of specimens, after electrochemical charging with hydrogen has
also been reported for steels and superalloys in literature [4,62]. The
necking was measured as a further indicator of HE and is given as a
percentage of the initial cross-section. The area of the fracture cross
section was determined using the diameter of the blue dashed line in
Fig. 5b) and ¢). From an initial cross-sectional area of approx. 5 mm?,
the cross-section decreased to approx. 2.99 mm? for the loaded sample
and to approx. 1.96 mm? for the unloaded sample, corresponding to
59.9 % and 39.2 % of the cross-section before deformation, respectively.
This observation is corroborated by the progression of the true
stress-strain curves and the evolution of work hardening. Necking is an
indicator of the plasticity of a material; with increasing ductility,
necking becomes pronounced. Reduced necking due to the presence of
hydrogen was also observed for high-strength steel X80 [63,64].
Post-mortem fractography characterization has confirmed that only the
area near the surface is visibly influenced by hydrogen and that quan-
tification of necking is a suitable means of measuring the influence of
hydrogen, especially in alloys with high elongation at fracture values.

4. Conclusions

Herein we have presented the influence of hydrogen on the Ni-base
superalloy VDM® Alloy 780 in the solution annealed, single-phase fcc
state at the atomic level. X-ray diffraction revealed an expansion of the
lattice parameter due to the absorption of hydrogen. The observed lat-
tice expansion upon electrochemical hydrogen loading coincides well
with the presence of hydrogen occupying interstitial crystallographic
sites. Saturation of the lattice parameters was found to be reached after
approximately 36 h of electrochemical charging for this specific exper-
iment and specimen geometry. In-situ heating experiments demonstrate
the reversibility of the hydrogen uptake, discernible by the equalizing
lattice parameter upon effusion of hydrogen at elevated temperatures.
Complementary hydrogen quantification via HGE measurements in-
dicates that hydrogen concentrations increase with prolonged charging
time. The HGE measurements at different temperatures between 100 °C
and 1000 °C underpin that the diffusion of hydrogen strongly depends
on the applied temperature and hydrogen allocated at high energy
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trapping sites requires temperatures of 600 °C or more to overcome the
binding energies. The HGE measurements validate the reversibility of
hydrogen uptake for weakly bound hydrogen. The tensile tests show
only a small influence of hydrogen on the mechanical properties, with a
slightly reduced ductility. Fractographic analysis showed that both the
hydrogen-treated and the reference specimen, feature micro dimples;
however, the hydrogen-loaded specimen shows a cleavage fracture at
the rim and reduced necking, i.e., a larger cross-section of the fracture
surface. In conclusion, this study has revealed highly interesting results
on the role of hydrogen in an austenitic y phase of a Ni-base superalloy.
One of the most important findings is that interstitially dissolved
hydrogen completely effuses from the y phase at 500 °C. At temperatures
above 500 °C, further hydrogen effuses but originates from trapping
sites with higher binding energies, where it does not affect the lattice
parameters of the y phase. However, future research is necessary to
study the impact of hydrogen on a fully age-hardened state of the VDM®
Alloy 780 that consists of the more complex y/y’ microstructure used in
high-temperature applications.
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