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A B S T R A C T

For more than 150 years, it has been considered proven that hydrogen generally degrades the mechanical
performance of metals. Nevertheless, there is no consensus on the exact mechanisms, how hydrogen affects
plastic deformation. The strain rate sensitivity of a material results from a thermally activated contribution
to the rate-determining deformation process, e.g. to dislocation slip or dislocation grain boundary interaction.
In this study, the extent to which hydrogen affects thermally activated dislocation motion and hence the
strain rate sensitivity was investigated. For this purpose, specimens were cathodically charged in situ, and
subjected to nanoindentation. In addition, macro-tensile tests with strain rate jumps were performed varying
the temperature into the cryogenic range, to inhibit effusion, but also to test the effect of hydrogen on the
activation parameters of deformation. Hydrogen was shown to increase the strain rate sensitivity of f.c.c.
nickel, whereas it is not affected for a structural steel with a b.c.c. lattice. The activation volume for plastic
deformation in a direct comparison between nanocrystalline and coarse-grained f.c.c. nickel and the b.c.c.
structural steel shows, that the rate-determining deformation mechanism appears to change for f.c.c. but not
for the b.c.c. material.
1. Introduction

When W. H. Johnson found in 1875 that steel lost both ductility and
strength after exposure to hydrogen [1], this phenomenon quickly be-
came known as Hydrogen Embrittlement (HE). Although Johnson already
knew that effusion annealing removes hydrogen from the material,
the history of damage caused by hydrogen is long. Approaches to ex-
plaining this degradation of material performance are either more phe-
nomenological, as in the case of Hydrogen-induced Cracking (HIC) [2–4]
or mechanistic as i. a. in the case of Hydrogen-enhanced Decohesion
(HEDE) [5,6], Hydrogen-enhanced Localized Plasticity (HELP) [7] or the
defactant theory by R. Kirchheim [8–10]. However, experimental re-
sults range from a softening [11–14] to hardening [15] of the material,
in particular the latter by a Cottrell-like hydrogen atmosphere around
dislocations [16,17], depending on the temperature [18] and the hydro-
gen concentration [19,20]. In addition to the degradation of ductility
and strength, hydrogen can also lead to an increase in the mechanical
performance in some materials under certain conditions [21–23].

How hydrogen actually affects the material behavior depends,
among other things, on the material itself and its deformation mech-
anisms (crystal structure such as b.c.c. or f.c.c., with their specifics
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for dislocation mobility and the grain size), on the hydrogen charging
method, i.e. on the hydrogen content and its distribution (‘‘high-
fugacity’’ (electro-)chemical or ‘‘low-fugacity’’ charging from the gas
phase [24]), on the loading rate (e.g. the necessity for slow strain
rate testing) [25] and on the loading case (e.g. homogeneous tensile
testing or crack growth). This interplay is complex and, even after
150 years, is only just beginning to be understood. That hydrogen has
an effect on the strain rate sensitivity of a metal is made clear not
only by the well-known fact that the test speed in slow strain rate
testing significantly affects the test results [26,27], but among others
also by the fact that hydrogen interacts with those material defects that
determine the plasticity of materials. For example, hydrogen attaches
to the dislocation core [28] and can relax it or to the stress field of
dislocations, where hydrogen significantly influences their interaction
with grain boundaries [16,29].

Hydrogen also modifies dislocation nucleation and motion. Par-
ticularly in f.c.c. metals, a more planar, localized slip is observed
by slip traces on the surface of the specimen [23,30,31]. Even if
the underlying reasons are still under discussion, it can be assumed
vailable online 8 July 2024
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that hydrogen significantly affects the interaction of dislocations with
barriers and forest dislocations [16]. In b.c.c. systems, the mobility of
screw dislocation segments is the rate-limiting process during plastic
deformation [32]. The competing hydrogen effects of softening by
lowering the kink nucleation enthalpy [33] and hardening by pinning
the kink migration depend on temperature, stress level, other impurities
(such as C in steel compared to pure iron) and the strain rate [18].
In kink migration, hydrogen has been shown to manipulate both, the
secondary Peierls potential as well as the primary one for kink nucle-
ation. Thermal activation is required to overcome the secondary Peierls
potential in the presence of hydrogen [18–20]. In contrast to f.c.c. and
the hydrogen-free state in the b.c.c. system, kink migration becomes
the rate-determining step. Thus, a strain rate sensitivity depending on
the hydrogen concentration evolves [20]. To date, these findings have
largely been based on atomistic simulations. Wang et al. [34] showed
in relaxation experiments in pure iron and iron alloys containing 8 and
7.71 wt% Cr that the activation volume 𝑉 ∗ tends to decrease and thus
he strain rate sensitivity 𝑚 tends to increase with a higher hydrogen
oncentration, i.e. the thermal activation increases by hydrogen. In
ure iron, after a steep decrease when H is added, 𝑉 ∗ remains at a
lateau of 170 𝑏3 for charging currents between 5 and 35 mA/cm2,
hich means up to 20 appm hydrogen concentration. In the iron alloys

he activation volume decreases without a plateau with increasing H
ontent. For the maximum charging current tested in this study. We
ave tried to interpret rather than describe the results of Wang et al.
herefore, instead of the charging current, we converted directly to
he hydrogen concentration using their Fig. 2. In some cases, how-
ver, the presentation was not specific enough. We have revised and
harpened the presentation. We thank the reviewer for this feedback.,
he activation volume drops below 50 𝑏3. This was interpreted on
he basis of a competition between the pinning of dislocations by
ydrogen and the increased mobility of hydrogen through the HELP
echanism. Varying the test temperature from room temperature up

o 70 ◦C revealed a reduction of the activation enthalpy 𝛥𝐻∗ of about
0% for pure iron whereas it remained constant for the alloys. They
ttributed this to an solute solution effect of the additional alloying
lements and precipitates in the context of the HELP mechanism. For
oarse grained and pre-charged f.c.c Ni, Sirois et al. [35] also found a
ecrease of 𝑉 ∗ in relaxation tests in the presence of an intermediate
ydrogen concentration and concluded based on a constant flow stress
radient over temperature 𝑑𝜎𝑓

𝑑𝑇 = 𝑐𝑜𝑛𝑠𝑡. that the activation enthalpy is
lowered by a decrease of the activation volume and thus the dislocation
velocity increases due to hydrogen. They interpreted these results in
terms of the HELP mechanism. This reduction in 𝑉 ∗ with increasing
hydrogen concentration was also found by Abraham et al. in SAE 310S
austenitic stainless steel highly saturated with hydrogen by strain rate
jump tensile tests and stress relaxation tests [30].

How hydrogen interacts with the slip mechanisms leaves a finger-
print in the thermal activation parameters, i.e. the strain rate sensitivity
and the activation volume. In principle, both parameters allow to
deduce the deformation processes that take place on the atomic scale.

This study is dedicated to the question of the extent to which an
intermediate hydrogen concentration affects the deformation mech-
anism. The direct comparison of coarse and nanocrystalline nickel
with a grain size below 40 nm from pulsed electro-deposition [36]
is used to investigate how the interaction of grain boundaries and
dislocations changes as a result of hydrogen exposure. At the same time,
the significant differences in the hydrogen effect on the deformation
behavior between a pure f.c.c. material and a technical b.c.c. alloy, a
structural steel, are investigated.

2. Thermodynamical and experimental background

In principle, thermal activation parameters can be obtained from
relaxation, creep and strain rate jump tests. It is essential that the
664

internal microstructure of the material, in particular the dislocation u
density, remains constant when determining the derivatives shown
below. For this reason, tests with varying mircostructure or dislocation
density such as creep tests as well as at different strain rates and their
comparison tend to give deviating results [37,38]. Although the use of
transient methods to determine the activation parameters also causes
changes in the dislocation configuration, which become visible as
transients between the strain rate jumps [39], this technique has proven
itself in practice. The same applies to stress relaxation tests, where the
dislocation density generally decreases during relaxation [40].

The strain rate sensitivity 𝑚 is given by

𝑚 =
𝜕 ln 𝜎f
𝜕 ln �̇�

(1)

as the exponent in the power-law relation between the strain rate �̇� and
the flow stress 𝜎f .

Assuming a fixed Gibbs activation enthalpy 𝛥𝐺∗ for a deformation
process, the strain rate is given by

̇ = �̇�0 ⋅ exp(
−𝛥𝐺∗

𝑘B𝑇
) (2)

with the Boltzmann constant 𝑘B and a pre-exponential factor �̇�0. If an
external shear stress 𝜏 consisting of an athermal and a thermal part
𝜏 = 𝜏ath + 𝜏th is applied, the effective shear stress 𝜏th reduces the
activation enthalpy compared to the activation enthalpy necessary at
zero stress 𝛥𝐺∗

0 .

𝛥𝐺∗ = 𝛥𝐺∗
0 − 𝜏th ⋅ 𝑉

∗ (3)

The activation volume 𝑉 ∗ = 𝑏 ⋅𝐴∗ can be considered as the volume
arising from the Burgers vector 𝑏 and the area 𝐴∗ swept out by a
dislocation segment between a stable equilibrium position in the Peierls
potential to the next one, which means the area around an obstacle
according to the Seeger model [41,42].

In order to derive the activation volume experimentally the follow-
ing conversions starting from

𝑉 ∗ = − 𝜕𝛥𝐺∗

𝜕𝜏th
(4)

with Eq. (2) following

𝑉 ∗ = 𝑘B𝑇 (
𝜕ln �̇�
𝜕𝜏th

−
𝜕ln �̇�0
𝜕𝜏th

) (5)

with

𝜕
ln �̇�0
𝜕𝜏th

= 0 (6)

following

𝑉 ∗ = 𝑘B𝑇
𝜕ln �̇�
𝜕𝜏𝑡ℎ

(7)

⇒ 𝑉 ∗ = 𝑘B𝑇
𝜕ln �̇�
𝜕𝜎f

⋅
𝜕𝜎f
𝜕𝜏th

(8)

leading to with the Taylor factor 𝑀

𝑉 ∗ = 𝑘B𝑇𝑀
𝜕ln �̇�
𝜕𝜎f

(9)

With the relation shown in Eq. (10), the connection between acti-
vation volume 𝑉 ∗ and strain rate sensitivity 𝑚 can be derived, which
is shown in Eq. (11).

1
𝑚

= 𝜕ln �̇�
𝜕 ln 𝜎f

= 𝜕ln �̇�
𝜕𝜎f

⋅
(

𝜕ln 𝜎f
𝜕𝜎f

)−1
= 𝜕ln �̇�

𝜕𝜎f
⋅ 𝜎f (10)

𝑉 ∗ = 𝑀
𝑘B𝑇
𝑚 ⋅ 𝜎f

(11)

If the von Mises yield criterion is used in the case of nanoindentation
instead of the Taylor relation for uniaxial test, 𝑀 is set to

√

3. For
anoindentation the flow stress 𝜎f is replaced by the hardness 𝐻𝑁𝐼
sing the Tabor relation 𝐻 = 3𝜎 [38]. The activation enthalpy can
𝑁𝐼 f
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be determined assuming that 𝜕ln 𝜀0
𝑇 = 0 by measuring the strain rate

sensitivity from strain rate jump tests at different temperatures by

𝛥𝐻∗ = −𝑘B𝑇 2 ⋅
𝜕ln �̇�
𝜕𝜎f

⋅
𝜕𝜎f
𝜕𝑇

=
𝑘B
𝑚

⋅
𝜕ln 𝜎f
𝜕𝑇 −1

(12)

Strain rate jump tests (SRJTs) are very well established in nanoin-
dentation [43–45], especially for the investigation of nanocrystalline
materials [38,46], and has already been used to investigate the
hydrogen-induced increase in strain rate sensitivity and the correspond-
ing decrease of the activation volume of a nickel-based superalloy [31].
The stiffness of the system is measured continuously during inden-
tation using the so-called ‘‘continuous stiffness method’’ (CSM) and
the hardness and the indentation modulus are determined from the
indentation depth ℎ and from the contact stiffness. A constant strain
rate could be achieved by controlling the loading rate as shown in
Eq. (13) [43,46,47]. It is assumed that a self-similar indenter leads
to a radius of the deformation field e.g. the plastic zone underneath
the indenter tip that scales with the radius of the contact area 𝐴𝐶 and
thus the indentation depth ℎ respectively. Hence, the strain rate �̇� is
proportional to the evolution of the contact area ̇𝐴𝐶 and the indentation
depth ℎ̇ [43]. As the hardness 𝐻 is derived from 𝑃

𝐴𝐶
with 𝐴𝑐 ∝ ℎ2,

ifferentiation leads to

�̇� = ℎ̇
ℎ

= 1
2

(

�̇�
𝑃

− �̇�
𝐻

)

≈ �̇�
𝑃

(13)

SRJTs in nanoindentation have the advantage that 𝑚 is probed at
ne indentation without changing the position on the specimen and
ump testing provides a constant microstructure as already discussed
bove. This eliminates the artifacts associated with constant strain rate
CSR) testing and comparing results from different indentations at dif-
erent strain rates. In addition, the ability to compare a large number of
easurements from a small amount of material makes nanoindentation

ery efficient.
Strain rate jump testing during a tensile test has obviously the gen-

ral advantage that the strain rate sensitivity is obtained as a function of
he strain at which the strain rate jumps occur [42]. In nanoindentation,
he average indentation strain is constant for a specific pyramidal
ndenter, for example ≈8% for a Berkovich indenter [48]. Using a
pherical indenter to vary the indentation strain during indentation is
omplex in combination with strain rate jump testing [49] and tends
o suffer from artifacts. Although a real Berkovich indenter is never
erfectly self-similar because it is always rounded at the tip, this test
eometry comes closer to the assumptions of Eq. (13), especially for a
arger indentation depth, and has proven itself in practice. Therefore,
pherical indentation is not part of this investigation.

. Experimental methods

Strain rate jump testing in tension is combined with nanoindenta-
ion. The latter becomes necessary when material from HE to such an
xtent that tensile testing is no longer possible because the residual
lasticity has disappeared. In this case, it is evidently no longer possible
o evaluate the strain rate sensitivity from jumps in the plastic regime
f the stress–strain curve. However, in situ charging with hydrogen is
ard to combine with nanoindentation at cryogenic temperatures. Thus,
oth methods are combined here.

.1. In situ electrochemical testing - Effects of charging method

In principle, there are two different charging strategies for hydro-
en: from the gas phase, ideally under high pressure and/or tempera-
ure, or electrochemically. High-pressure gas charging is often referred
o as ‘‘low fugacity charging’’ because hydrogen comes close to the
deal gas state, especially at high temperatures, and has a comparatively
ow chemical potential to penetrate into the material even at high
ressures in direct comparison to the high activity in electrochemical
665
charging, which can be referred to as ‘‘high fugacity charging’’. Only
the latter is practically feasible for nanoindentation. Thus, in contrast to
gas-phase charging, the hydrogen concentration usually obtained with
electrochemical charging is high and thus prevents hydrogen effusion
during non in situ charging during testing. Hence, electrochemical
charging was used in this study. This will of course be accompanied
by a strong gradient of the hydrogen concentration from the surface
to the bulk [50], which can only be compensated for by aging with
simultaneous outgassing. Studies on this are rare and complex to per-
form, so that finite element simulations are usually used [51], i.a. to
identify a charging time and current to achieve a steady state hydrogen
concentration an distribution.

During the in situ electrochemical nanoindentation (EC-NI), the
membrane-like specimens were loaded from the backside with the
setup shown in [52] in order to avoid both extremely high hydro-
gen concentrations on the surface, as they occur during EC-NI in the
electrochemical cell and would not be comparable to bulk behavior,
and to avoid a corrosive surface change during the measurements. The
tensile tests were carried out in a bath cryostat to lower the temperature
stepwise. As cryogenic testing significantly reduces hydrogen effusion,
the specimens were electrochemically pre-charged and tested without
in situ charging. The time between removal from the charging and
completion of the tensile test was always less than 60 min, so that
no significant effusion was to be expected. The charging times were
selected for both the nanoindentation and the tensile tests in such a way
that intermediate up to high hydrogen concentrations are expected.

3.2. Material selection

A ferritic-pearlitic structural steel S235JR is used as a typical rep-
resentative of a b.c.c. low carbon steel with its plastic deformation
behavior dominated by the mobility of <1̄11>-screw dislocations on
{110}-slip planes. The mean grain size was checked by metallographic
polishing with a final silica polishing and optical microscopy to 30–50
μm. For representative f.c.c. materials with <1̄10>−{111}-slip a coarse
and a nanocrystalline Nickel was chosen. The latter was produced by
pulsed electro-deposition. All specimens were from the same batch
to avoid variations in the microstructure and hence the mechanical
performance from that. The mean grain size, checked by EBSD and
TEM, was less than 40 nm. For more information, see [36,53]. The
coarse-grained Nickel was produced from 99.995% high-purity nickel
(Goodfellow Cambridge Ltd., Huntingdon (UK)) and heat treated for 18
h at 1100 ◦C in a vacuum better than 10−5 mbar. The mean grain size
could be checked afterwards by optical microscopy due to the thermal
etching and was larger than 50 μm.

3.3. Strain rate jump tests

Tensile testing. The electrolyte used for pre-charging was prepared from
1.3 M Na2B4O7 ⋅10 H2O (borax, VWR Avantor Inc., USA) in glycerol
anhydrous for synthesis (Merck KGaA, Darmstadt, GER) mixed with
double-distilled water (VWR Avantor Inc., USA) with a volume ratio of
4:1 [54]. As a recombination poison, 1 g/l Na2S2O3 (sodium thiosul-
phate, VWR Avantor Inc.) is added. To reduce the high viscosity of the
glycerol, prevent precipitation of the borax and facilitate mixing with
the distilled water, the electrolyte was heated to 55 ◦C during charging
nd stirred at 100 rpm. Charging was carried out galvanostatic with a
urrent density of 1 mA/cm2. A charging time of 168 h was selected
or the nickel specimens and 23 h was selected for the steel specimens
ue to the significantly higher diffusion rate in b.c.c. materials.

Specimens were manufactured by spark erosion (EDM) according
o ISO 10002 with a gauge length of 10 mm, a parallel length of 12
m and a radius of 6 mm. The specimen cross section was 2.5 mm ×
mm. Specimens were ground to remove material affected by EDM.

ests were performed on a servo-hydraulic testing machine Instron
511 with a EDC580 controller from Doli, Germany. The specimens
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Fig. 1. Schematic of the cryogenic bath at the Instron 8511 tensile testing machine and photograph without cooling agents and Pt1000 sensors (1-column figure).
Fig. 2. True stress vs. true strain curve from nc-Ni from PED, measured at −13 ◦C; the inset shows the data analysis by segment-wise fitting of data after clean-up: the strain rate
sensitivity for the specific jump and thus true strain follows from Stress V1 and Stress V2 (1.5-column figure).
Table 1
Cryogenic baths and cooling agents.

Cooling agent Temperature [◦C]

H2Ol + H2Os 0
C2H6O2 (ethyleneglycol) + dry ice −15
1 H2Os + 3 NaCl −20
1 H2Os + 0.8 (CaCl2 ⋅6 H2O) −40
C2H6O (acetone) + dry ice −78

were mounted with form-fitting clamps and tested at room temperature
as well as immersed in a cryogenic bath, see Fig. 1. The temperatures
and the composition of the bath are given in Table 1. Prior to each
test, the specimen was held in the bath until the temperature gradient
along the clamping was constant, measured with a Pt1000 resistance
thermometer, as was measured the bath temperature. Due to the test
setup and the cooling agents used, it was not possible to carry out
strain measurements using a tactile extensometer, strain gauges or a
video extensometer. The strain determined here is therefore based on
the change in the crosshead position of the testing machine. The ratio
between the crosshead displacement and the strain in the measuring
range, which is influenced by the specimen shape and its stiffness
as well as by the hardening behavior, was previously calibrated for
each material using a clip-on extensometer (634, 31E-24, MTS Systems
Corporation, USA).

An experimental control program was written as C code for the
tensile strain rate jump tests. After an initial strain of 0.5% segments
666
with a corresponding strain of less than 0.5% were applied. Strain rate
sensitivity and the activation volume were measured from strain rate
jumps of factor 10 from 10−2 1/s and evaluated from the true stress vs.
true strain curve using MATLAB, see Fig. 2.

Nanoindentation. Nanoindentation tests had to be performed to de-
termine the strain rate sensitivity and the activation volume for the
nanocrystalline nickel, because hydrogen embrittlement occurred after
charging and the plastic ductility approached almost zero. The tests
were carried out at room temperature on a Hysitron TI900 with Per-
formech 2 controller, equipped with nanoDMA and a 10 mN standard
transducer. For this purpose, a load function was generated using a
C code. The strain rate was varied between 0.1 1/s and 0.001 1/s.
The specimens were first galvanostatically pre-charged for 2 days in
an electrolyte of 1M H2SO4 + 5 g/l KI at 1 mA/cm2 and then further
charged and tested in the in situ setup, explained and shown in [52],
because a lower viscosity of the electrolyte is needed for this specific
setup. Since an approximately 100 μm thick membrane is tested here,
special attention must be paid to the machine compliance calibration,
even if an error in this offset would level out to a large extent due to the
evaluation by the strain rate jumps. Preliminary, the SRJT method was
preliminary tested on bulk coarse-grained (and thus single crystalline
for nanoindentation) and nanocrystalline nickel. The results from SRJTs
and constant strain rate tests (CSR) were compared and no remarkable
difference in the measured strain rate sensitivity was found (𝑚SRJT =
0.017, 𝑚 = 0.018), see Fig. 3.
CSRT



International Journal of Hydrogen Energy 136 (2025) 663–671F. Schaefer et al.
Fig. 3. Comparison of measured hardness from nanoindentation for (a) single crystalline Ni and (b) nanocrystalline Ni; the strain rate sensitivity is the slope of the regression
line and the corresponding values for the constant strain rate (CSR) and strain rate jump tests (SRJT) are shown (2-column figure).
Fig. 4. Strain rate jump test by nanoindentation for H charged nc-Ni (a) the load displacement curve shows a typical drop in the load when the strain rate drops and (b) hardness
(black) and indentation modulus (black) from CSM (2-column figure).
4. Results

Fig. 4 shows that hardness jumps coincide with strain rate jumps
while the indentation modulus is not affected by the strain rate jump,
as expected (besides a larger scattering originating from the larger
number of data points in the slower segments). The resulting evolution
of the strain rate sensitivity 𝑚 as a function of the temperature of the
cryostatic bath, determined from a jump of strain rate at 4% true strain
in the tensile tests, is shown in Fig. 5a–d. For nanocrystalline Ni from
PED the results in Fig. 5a are in good agreement with those obtained
by Maier et al. [38]. The strain rate sensitivity of Ni decreases with
decreasing temperature, although there is just an increase in the flow
stress of about 10% between 0 and −62 ◦C. In contrast to cg-Ni and
S235JR steel 𝑚 increases as a function of the true strain. As an increase
in 𝑚 is generally attributed to a activation volume 𝑉 ∗ that tends to
decrease and vice versa it can be assumed that lowering the temperature
leads to a larger volume required to activate deformation. This is due in
particular to the fact that plastic deformation in nc materials is caused
by the interaction of dislocations and partial dislocations with grain
boundaries and by grain boundary sliding processes [55]. It is assumed
that these are more difficult at lower temperatures, so that a larger
volume must be activated for cooperative movement in order to absorb
and release or transfer dislocations or to relax grain boundaries in the
course of the interaction. A decrease in the activation volume with
strain might be an effect of grain boundary relaxation in the course of
plastic deformation, although this is unintuitive. However, the structure
667
of the grain boundary might relax to become more susceptible to
further deformation. This should be further examined in future studies.
The strain rate sensitivity of nc-Ni determined from nanoindentation
(see Figs. 3 and 4) with 0.017 and 0.018 at room temperature also in
good agreement with the results from the tensile tests. When hydrogen
is present, as already mentioned above, the ductility disappears and
no evaluation of 𝑚 is possible from tensile testing. Thus, the only
data point gathered is from nanoindentation, where the presence of
hydrogen causes an increase of 𝑚 to 0.0265 ± 0.0045.

The strain rate sensitivity of coarse-grained Ni remained unchanged
with temperature variation, but is strongly increased for all tempera-
tures tested when hydrogen charging is applied in Fig. 5b. The mea-
sured values for 𝑚 for the uncharged specimens are in good agreement
with the literature values [42,56], although these are slightly lower.
This can be attributed to differences in the grain size. Dalla Torre
et al. [56] used material with larger grain size for strain rate jump tests
in tension and Vehoff et al. also used Ni from electro-deposition.

The structural steel S235JR (in Fig. 5c) exhibits no clear change
of the strain rate sensitivity 𝑚 over all tested temperatures. However,
the steel specimens exhibt strong increase of 𝑚 when temperature
decreases. This is generally to be expected, as the amount of ther-
mal activation to the flow stress becomes more dominant when the
temperature decreases. For both cg-Ni and S235JR 𝑚 decreases with
strain meaning that a larger activation volume is required to overcome
obstacles like forest dislocations.
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Fig. 5. Measurement results of strain rate sensitivity 𝑚, determined from strain rate jump tests in tension, temperature variation by bath cryostat, the suffix -H in the legend
(unfilled markers) refers to data with H exposure whereas those with filled markers are from tests without H.
5. Activation volume

The Seeger model [41] for the activation volume 𝑉 ∗ is non-intuitive
in the sense that the activation volume is not a parameter that impedes
activation, similar to the activation enthalpy. Rather, it is the volume
that needs to be activated for deformation and thus, if 𝑉 ∗ is small,
then activation tends to concentrate to smaller region around the
defects because the rate-determining deformation process is that in
which dislocations interact with obstacles in their immediate vicinity
(grain boundaries in nc materials or pinning of the dislocation line by
interstitials).

However, slip is not localized in the sense of the HELP mechanism
by that although the distance between obstacles for slip decrease.
As 𝑉 ∗ increases, the obstacle density decreases, as with dislocations
interacting with others in a network (forest cutting). The activation
volume essentially provides information about the spatial extent of
the required activation, i.e. the critical length scale for a deformation
mechanism.

According to Eq. (3), the extent of the thermodynamic activation
barrier 𝛥𝐻∗

0 also follows from Eq. (12) from the term 𝜕 ln 𝜎f
𝜕𝑇−1 . However,

this term is also determined by the deformation processes, such as
the pinning by other interstitials or the Peierls potential itself. The
activation volume is just determined by the deformation process and
allows for splitting the effects.

However, the magnitude of 𝑉 ∗ shown in Fig. 6a–d can be used to
infer the nature of the deformation mechanism by its spatial extent, see
Fig. 7. A pinning mechanism as the rate-determining process leads to
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expect very small values of 𝑉 ∗, whereas a reduction in the distance’ be-
tween dislocations by shielding, as postulated by the HELP mechanism,
should also lead to only a slight decrease of 𝑉 ∗. Since both effects tend
to the same direction, it is hard to distinguish between both, although
the magnitude of 𝑉 ∗ gives indication.

For nc-Ni, hydrogen reduces the activation volume to a very small
value of 𝑉 ∗ = 2.98𝑏3. This shows that the rate-determining deformation
process is extremely concentrated to a small region. This indicates a
diffusion based deformation process like grain boundary sliding. At
the same time, the hardness increases. This is a strong indication that
hydrogen affects the slip behavior via a pinning effect, either affecting
𝑉 ∗ or 𝛥𝐻∗

0 or both. Together with the hardening it can be assumed that
hydrogen does not facilitate the interaction of the dislocations with the
grain boundary.

A direct comparison of the temperature response of the activation
volume for nc-Ni and coarse-grained nickel shows that the activation
volume and thus the rate-determining deformation process is indepen-
dent of the temperature for nc-Ni, while only a slight temperature
dependence can be observed for the hydrogen-free case for coarse-
grained nickel. This slight temperature dependence disappears in the
presence of hydrogen, so that it can be concluded that hydrogen
dominates the rate-determining deformation process also for coarse-
grained nickel. The determined activation volume is in good agreement
with the data measured by Wang et al. [58].

It must be assumed that the hydrogen effects on the rate-
determining deformation processes found here are strongly dependent
on the rate of deformation itself. For very high strain rates, it can be
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Fig. 6. Activation volume, determined from the strain rate sensitivity and the flow stress at 4% true strain. Most results are determined from the tensile SRJTs, the datapoints in
red in Subfig. (a) originated from the nanoindentation SRJTs, the suffix -H in the legend (unfilled markers) refers to data with H exposure whereas those with filled markers are
from tests without H (see [57]).
Fig. 7. 𝑉 ∗ measured at 4% true strain and information on corresponding typical deformation mechanisms (the red point marks 𝑉 ∗ determined by nanoindentation at room
temperature for nc-Ni and the red cross the same specimen, charged with hydrogen, also derived from nanoindentation) (1.5 column figure), the suffix -H in the legend (unfilled
markers) refers to data with H exposure whereas those with filled markers are from tests without H.
assumed that hydrogen can no longer exert its pinning effect through
its limited diffusion velocity [59].

In contrast, the steel S235JR shows no clear effect of hydrogen on
the rate-determining deformation process. However, the gradient of 𝑉 ∗

over temperature is much more pronounced than for coarse-grained
669
nickel and reflects the stronger thermal activation required in the b.c.c.
system. However, no clear pinning effect of hydrogen can be confirmed
here, nor an influence of hydrogen on the strain rate sensitivity and the
activation volume itself, as described by Gong et al. for pure iron [20].
The pinning effect of carbon seems to overlay the hydrogen effect.
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However, it still cannot be ruled out that hydrogen has a direct effect on
the Peierls potential. More detailed investigations of 𝛥𝐻∗

0 are required.

. Conclusion

In this work, the effect of hydrogen on the strain rate sensitivity
nd the activation volume after electrochemical charging and thus high
ydrogen concentration was investigated by varying the test tempera-
ure using SRJTs in classical tensile testing and in nanoindentation. The
alues determined are in good agreement with literature values where
hese were available. The combination of the methods, the variation of
he temperature over such a wide range and the comparison of b.c.c.
nd f.c.c. materials, the latter with grain sizes in the nano- and coarse
rained regime, provides the following main findings:

• H affects the strain rate sensitivity and the activation volume in
both, nc- and coarse-grained Ni but not in b.c.c. structural steel.

• In the f.c.c. system, temperature tends to not affect the activation
volume, but hydrogen does. Especially for nc-Ni, a pinning effect
of hydrogen or a change in the deformation behavior of the
grain boundary dominate the rate-determining deformation pro-
cess. The presence of hydrogen results in a temperature invariant
decrease of the activation volume for cg-Ni. Thus, an temperature
invariant decrease in the activation enthalpy is expected for nc-Ni,
too.

• Structural low carbon steel exhibits, in contrast to pure iron in
literature, no change in the activation volume at all tested tem-
peratures by the presence of hydrogen. A change in the activation
enthalpy is thus expected from 𝜕 ln 𝜎f

𝜕𝑇−1 .

In future work, the effect of hydrogen on 𝛥𝐻∗
0 can provide information

on how hydrogen interferes with the Peierls potential and, whether
the reduction of the activation enthalpy also occurs in nanocrystalline
materials.
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