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Abstract
In the present work, the hydrogen diffusion during cyclic stress testing in the
ferritic chromium steel 1.4521 (X2CrMoTi18-2) is investigated. Therefore,
electrochemical hydrogen permeation measurements are carried out on a hol-
low cylinder geometry. Simultaneously an alternating stress is applied using a
stress ratio of R=-1. At low stress amplitudes, no influence on the diffusion
behaviour of hydrogen is found. At a higher stress amplitude, close to the
macroscopic yield strength, a delayed hydrogen permeation by a factor of two
is observed. It is postulated that this observation is a result of the nucleation
of new hydrogen traps during the measurement. Hydrogen content measure-
ments using carrier gas hot extraction support this hypothesis.
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1 | INTRODUCTION

While some experts assume that different concepts will
have to exist simultaneously in the future, it is discussed
that battery-based technologies and natural gas as an en-
ergy carrier as well as fuel are only preliminary stages of
a hydrogen based economy [1, 2]. Just recently, Airbus
presented three concepts that are intended to implement
the first hydrogen-based air traffic by 2035. But not only
the transport sector, also the energy sector, metal in-
dustry and pharmacy argue about the adaptation of

hydrogen as gaseous energy carrier as a substitution to
oil and gas [3]. Thus, the integrity of the currently exist-
ing infrastructure for the future transport and storage of
an increased amount of hydrogen must be verified and
possibly redesigned.
Hydrogen, compared to other gas species, can easily

diffuse into and through metallic components. This not
only makes the storage of hydrogen more difficult, but
also may cause, as is well known, changes in the materi-
al properties. It could conduct hydrogen embrittlement,
as a result of which a component fails prematurely. The
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subject has been discussed in literature for decades and
there are various hypotheses that describe a possible
mechanism of damage [4, 5].
The presence of hydrogen is of decisive importance

for the damage mechanism and thus also the diffusion of
the same, as well as a possible acceleration under simul-
taneous mechanical stress. According to the Gorsky ef-
fect, lattice expansions due to a stress gradient represent
a diffusion driving force and an acceleration of diffusion
could be discussed [6]. Another transport-accelerating
influence could act as a result of the increased dis-
location velocity caused by the hydrogen-enhanced lo-
calized plasticity mechanism [7]. It is conceivable that,
after the onset of plastic deformation, the transport of
hydrogen is accelerated if it moves along with the dis-
location [8, 9].
The two phenomena mentioned above (Gorsky effect

and enhanced dislocation movement) are confronted by
a number of studies that document a delay in hydrogen
permeation by simultaneously applied mechanical stress
[10–12]. While no influence of the stress on the hydro-
gen permeation was observed in the elastic stress range,
the diffusion rate seems to decrease when a plastic de-
formation is initiated. The authors cite the dislocation
density, which increases as a result of plastic deforma-
tion and which acts as a so called hydrogen trap [10].
Other studies investigating the effect of hydrogen traps
on hydrogen permeation with regard to three different
heat treatments came to the conclusion, that the meas-
ured delay cannot solely be explained by dislocation den-
sity [13]. The measured dislocation density did not corre-
late with the observed relative decrease in effective
diffusivity. A higher energetic trap is necessary to cause
the observed delay. For the three heat treatments inves-
tigated it was postulated to be most likely retained aus-
tenite and grain boundaries.
The mentioned articles are based on experiments car-

ried out on constant stress levels and/or different micro-
structural configurations. In the present work we will
address the change in hydrogen permeation caused by

an simultaneous alternating mechanical stress
application.

2 | MATERIAL AND SAMPLING

For the investigations a ferritic chromium steel 1.4521
(X2CrMoTi18-2) was used, Tables 1,2. As sample geome-
try a hollow cylinder was used to simulate a tube or
pipe, Figure 1. The inner and outer diameter was set to
13 mm and 15 mm respectively, resulting in a wall thick-
ness of 1 mm.

3 | EXPERIMENTAL

The measurement of hydrogen permeation is based on
the electrochemical concept of Devanathan and Stachur-
sky, which is also used in DIN EN ISO 17081 [14, 15].
The experimental setup is adopted to the sample geome-
try, Figure 1. Inside the cylindrical hollow sample (re-
duction chamber), a constant supply of hydrogen is pro-
vided on the inner surface via cathodic polarization
through the electrolysis of water. Polarization was regu-
lated at � 5 mA

cm2in a 0.1 M sodium hydroxide solution. A
platinum wire runs through the hollow sample and is
conducted as counter electrode. The silver/silver chlo-
ride reference electrode is connected via a salt bridge.
The oxidation current is measured on the outside of the
sample. For this purpose, the sample is anodically polar-
ized in 0.1 M sodium hydroxide against a second silver/
silver chloride reference electrode to þ540 mVSHE

ðþ339 mVAg=AgClagainst the used reference electrode). As
a counter electrode a platinum mesh is shaped around
the sample. Experiments were run without the applica-
tion of a palladium coating for the sample. Due to the
high chromium content in the examined material, it can
naturally form a sufficient passive layer which protect
the base material of anodic dissolution. This passivation
first results in a measured current signal and is taken

T A B L E 1 Measured chemical composition of the used material 1.4521 (X2CrMoTi18–2) in wt%.

C Si Mn P Cr Mo Ni Ti

0.011 0.753 0.231 0.015 20.39 1.97 0.071 <0.01

�0.002 �0.052 �0.023 �0.002 �0.1 �0.03 �0.001

T A B L E 2 Measured mechanical properties of the used material 1.4521 (X2CrMoTi18–2).

Material
Proof stress
Rp0.2 [MPa]

Tensile strength
Rm [MPa]

Fracture elongation
A [%]

Reduction of area
Z [%]

1.4521 372� 1 523� 4 34:8� 0:2 80� 0:8
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into account as such in the later evaluation of the
permeation signal. The overall test duration (accumu-
lated time) results of a compromise between the number
of cycles, which may not lead to crack initiation, and the
time necessary to measure hydrogen permeation,
Table 3. The same applies for the load frequency which
is 1 Hz for a stress amplitude of sa;n ¼ 100 MPaand
0.01 Hz for sa;n ¼ 300 MPaand above. Stress ratio is set
to R=-1. Parameters were chosen conservatively on the
basis of S/N curves carried out for the same material in
pressurized hydrogen at 50 bar published elsewhere [16].
The test period begins with the filling of both cham-

bers with the electrolyte, the start of the anodic polar-
ization in the oxidation chamber and the start of the me-
chanical load. First, the current resulting due to the
passivation of the sample is measured in the oxidation

chamber for 24 h. The first hydrogen charging then
starts on the inner surface of the hollow sample (reduc-
tion chamber). After the first hydrogen charging, the
sample is discharged for 37 h before the second charging
begins. The transient of the second charging is the one
evaluated later. Reason of the repeated charging is to sat-
urate the existing irreversible hydrogen traps inside the
sample so that the second transient is not influenced by
these anymore [15, 17].
In literature we find a diffusion equation with an an-

alytical solution for hollow cylinders in accordance with
the boundary conditions also presented here [18, 19].
Diffusion according to Fick is assumed with the dif-
fusion coefficient being constant (independent of the
concentration). For a diffusion from the inside to the

F I G U R E 1 Experimental setup for the electrochemical permeation measurement during cyclic mechanical stress testing.

T A B L E 3 Experimental matrix for the electrochemical hydrogen permeation measurement during cyclic mechanical stress testing at
a stress ratio R ¼ � 1.

Sample number 1 2 3 4 5 6

Stress amplitude [MPa] 0 100 300 350 300 300

Frequence [Hz] – 1 0.01 0.01 0.01 0.01

Number of cycles [� ] – 324000 3240 3240 4932 4932

Accumulated time [h] 89 89 89 89 137 137

Passivation time [h] 24 24 24 24 24 24

1. Hydrogen charging [h] 14 14 14 14 38 38

Discharging [h] 37 37 37 37 37 37

2. Hydrogen charging [h] 14 14 14 14 38 38
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outside, equation (1) results with the boundary
conditions according to equations (2) and 3.

Jb tð Þ
Jb∞
¼ 1 � pkln kð Þ

X∞
n¼1

aanJ20 kaanð Þ
J0 aanð ÞY1 kaanð Þ�

Y0 aanð ÞJ1 kaanð Þ

" #

J20 aanð Þ � J20 kaanð Þ

*exp � aanð Þ2
Deff t
a2

� �

(1)

k ¼
b
a

(2)

J0 aanð ÞY 0 banð Þ � Y 0 aanð ÞJ0 banð Þ ¼ 0 (3)

With a ¼ inner radius, b ¼ outer radius,
Jn Xð Þ ¼ Bessel function 1st kind of order n and
Y n Xð Þ ¼ Bessel function 2nd kind of order n are being
defined by the sample geometry. t ¼ time being the in-
dependent variable. The effective diffusion coefficient
Deff is to be constant. Jb tð Þ is the time dependent evolu-
tion of the particle flow through the outside of the sam-
ple, in our case hydrogen atoms and Jb∞ is the particle
flow through the outside of the sample after reaching
steady state for t! ∞. Finally, an are the positive roots
of Eq. (3), Table 4. Thus, for n=1, 2, 3, 4, 5, the time-lag
results according to equation 4.

Tlag;sample ¼
0:17 mm2

Deff
(4)

The time-lag method is commonly used for evalua-
tion of permeation measurements and can be looked up
in various literature [20].
For this specific geometry the deviation compared to

a flat sample is comparatively small, equation (5) [15,
20].

Tlag; flat ¼
L2

6Deff
¼
1 mm2

6Deff
(5)

The effect of sample geometry will become more sig-
nificant with increasing k ¼ b

a, [19].
Hydrogen content measurement using carrier gas hot

extraction was carried out after the permeation

treatment on the same samples. Prior to the
measurement, the samples were once again electro-
chemically charged with hydrogen for 48 h and then dis-
charged for 48 h without any applied stress. The there-
after residual hydrogen content of the samples was
driven out in a preheated infrared light tube at 900 °C.
After introducing the samples into the infrared tube, the
effusing hydrogen was recorded for 1 h.

4 | RESULTS

According to the described experimental setup and
equation (1) an effective hydrogen diffusion coefficient is
measured rather than the lattice diffusion coefficient. To
determine the effective hydrogen diffusion coefficients
Deff , the second transient of two sequential hydrogen
permeation measurements was used, Figure 2. Deff was
calculated analytical using the time-lag method as well
as numerical by fitting equation (1). Results of both ways
are comparable but the measured transient is steeper
than the fitted one, Figure 3. A comparison of the effec-
tive diffusion coefficients, which were determined for an
experiment with a cyclic stress amplitude of
sa;n ¼ 100 MPa deviate just slightly from the coefficients
which were determined in a zero-stress condition. Thus,
for this stress level, there is no influence of the stress
amplitude on the diffusion behavior of the material. For
measurements with higher stress amplitudes of
sa;n ¼ 300 MPa and sa;n ¼ 350 MPa respectively, no hy-
drogen permeation transient could be detected on the
outside of the sample in the period of a 14 h charging,
sample 3 and 4 in Table 3. The macroscopic yield

T A B L E 4 Calculated positive roots for
J0 aanð ÞY0 banð Þ � Y0 aanð ÞJ0 banð Þ ¼ 0.

k aa1 aa2 aa3 aa4 aa5

1.15 20.42 40.84 61.26 81.68 102.1

F I G U R E 2 Electrochemical permeation measurement and
thereafter calculated diffusion coefficient Deff for different applied
stress levels.
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strength for the material is about Re ¼ 320 MPa. A
transient only occurred while already discharging in
preparation for the second charging, meaning that the
hydrogen permeation was delayed in time. In further ex-
periments, the charging times therefore were adjusted to
38 h, sample 5 and 6. An evaluation of the permeation
transients then led to a calculated effective diffusion co-
efficient which is lower by a factor of two compared to
the reference without any applied mechanical stress.
In addition to the hydrogen permeation measure-

ments, the residual hydrogen content in the samples,
which were tested with a cyclic stress amplitude of
sa;n ¼ 100 MPa and sa;n ¼ 300 MPa, was measured us-
ing carier gas hot extraction, Figure 4. Both Samples in-
dicate a superposition of four individual peaks with sim-
ilar profile. Therefore, the heating and effusion behavior
of the samples seems to be comparable. However, the
hydrogen content, determined by the integral of the hy-
drogen signal measured, is with 0.37 wppm around 50%
higher in the sample tested with a stress amplitude of
sa; n ¼ 300 MPa compared to the 0.26 wppm of the sam-
ple tested at sa;n ¼ 100 MPa.

5 | DISCUSSION

The lattice diffusion coefficient of hydrogen in low car-
bon steel at room temperature is of about

D ¼ 7:2�10� 9 m2

s [21]. Due to the interaction of hydrogen
with trap sites such as voids, precipitates, dislocations,
grain boundaries, etc. the effective diffusion coefficient is
lower and varies depending on cold forming and heat

treatment. Values varying between Deff ¼ 1:4�10� 10
m2

s

and Deff ¼ 3:5�10� 11
m2

s are stated for pure iron [17,22].
The effect of trap sites on hydrogen permeation and

the effective diffusion coefficient largely depends on the
trap density and the binding energy [21, 23]. Strictly
speaking the effective diffusion coefficient decreases
with increasing trap density as well as increasing bind-
ing energy. A higher trap density reduces the hydrogen
flow as long as there are trap sites that can be occupied.
Only once the traps are fully occupied does the effective
diffusion coefficient approach the lattice diffusion co-
efficient [23]. The influence of the binding energy is re-
lated to the possibility of the hydrogen being released
from a trap, i. e. detrapping. If the activation energy re-
quired for detrapping is higher, it will happen less fre-
quently. The energy required for detrapping, Ed is the
sum of the binding energy, DE and the activation energy
for trapping, Et with the binding energy accounting for
the dominant share [21].
The effective diffusion coefficient measured in the ex-

periments without mechanical stress is

Deff ¼ 5:15�10� 12
m2

s and is therefore one order of magni-
tude lower than the values in literature for pure iron.
This may be due to the alloying elements and the asso-
ciated higher trap density. The fact that the second tran-
sient was evaluated indicates that in this case traps with
higher binding energy, i. e. irreversible traps are respon-
sible.

However, this might be different for the experiments
carried out during cyclic stress application. Considering

F I G U R E 3 Comparison of the as measured permeation
transient to the ideal transient according to equation (1).

F I G U R E 4 stress amplitudes of σa,n=300 MPa and σa,n=100
MPa respectively. Additionally, the samples were electrochemicaly
charged and discharged once again before measurement for 48 h +

48 h.
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the simultaneuos application of a cyclic stress, a change
in microstructure during the time of permeation meas-
urement, including the time beween the first and second
transient, may be possible. Based on the calculated effec-
tive diffusion coefficient such a change is unlikely to
happen for the stress amplitude of sa;n ¼ 100 MPa. The
calculated two times lower effective diffusion coefficient
for samples tested at a stress amplitude of
sa;n ¼ 300 MPa on the other hand allow the inter-
pretation of microstructural changes during the per-
meation measurement. With respect to the macroscopic
yield strength of Re ¼ 320 MPa of the material these
plastic deformations consequently have to happen on a
local microscopic scale. Samples were not loaded until
fatigue therefore no fracture morphology was accessible
for analysis.
This hypothesis is supported by the hydrogen content

measurement carried out. The measured residual hydrogen
content after an additional 48 h discharging refers to the at
room temperature irreversibly bound hydrogen. A 50%
higher content for the sample tested at
sa;n ¼ 300 MPaindicate a higher trap density compared to
sa;n ¼ 100 MPa. Although no activation energy for detrap-
ping was measured, the similar characteristic of the four
individual peaks in the hydrogen signal indicate a similar
magnitude in this regard. It is therefore postulated that the
measurements did not actually observe a lower diffusion
coefficient in means of a lower jump rate (higher binding
energy), but rather a delayed permeation caused by simul-
taneous new nucleated hydrogen traps of energetic similar
magnitude as already present in the raw material. The in-
vestigated material does response with cyclic hardening
both in air and in presurized hydrogen at 50 bar, as is pub-
lished elswhere [16]. Therefore, the new hydrogen traps
may origin from dislocations, slip-planes, disordered grains
or their interactions.

6 | CONCLUSIONS

Electrochemical hydrogen permeation measurements
during simultaneous application of an alternating me-
chanical stress with stress ratio R=-1 were carried out.
Residual hydrogen content was measured using carrier
gas hot extraction.

* At low stress amplitudes sa;n ¼ 100 MPa no change in
hydrogen permeation was observed and the diffusion co-

efficient was calculated to be Deff ¼ 5:22�10� 12
m2

s

* Stress amplitudes of sa;n ¼ 300 MPa that are close to
the macroscopic yield strength Re ¼ 320 MPa result in
a delayed hydrogen permeation by a factor of two

* Residual hydrogen content in a sample tested at
sa;n ¼ 300 MPa was 50% higher compared to
sa;n ¼ 100 MPa indicating a higher at room temper-
ature irreversible trap density

* Similar characteristics in the hydrogen extraction pro-
files indicate, that the delay in hydrogen permeation
for higher stress amplitudes may be caused by the nu-
cleation of new traps instead of an actual decrease in
the jump rate (binding energy) of hydrogen
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