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Abstract—The effect of dissolved hydrogen on the dislocation density in cold-rolled palladium was investigated in order to provide evidence of a line
energy reduction caused by hydrogen–dislocation interaction as proposed by the defactant concept. For this issue, palladium samples were electro-
chemically charged with hydrogen and subsequently cold rolled. Using conventional methods (X-ray diffraction, transmission electron microscopy)
and a newly developed diffusion method, it was shown that the dislocation density after deformation increases with increasing hydrogen
concentration.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Palladium; Hydrogen embrittlement; Plastic deformation; Dislocation density; Diffusion
1. Introduction

A wide range of effects can be attributed to the presence
of hydrogen in metals. For instance, dissolved hydrogen
can enhance crack propagation [1] or lead to the formation
of blisters on surfaces [2]. In the microscopic range, hydro-
gen can interact with all types of defects. In many metals
hydrogen has a large influence on the formation and stabil-
ization of vacancies, e.g. in Al [3], Nb [4] and Pd [5]. This is
explained by a decrease in the formation energy of vacan-
cies due to the segregation of hydrogen atoms to these
vacancies [6,7].

Another effect is a transition from ductile to brittle
behavior by the introduction of hydrogen into e.g. Al [8]
or austenitic stainless steels [9,10]. One explanation for this
effect is the enhanced mobility of dislocations due to the
segregation of hydrogen to these dislocations [1,11].

The influence of hydrogen on dislocations is discussed in
both an earlier report by Chen et al. [12] and this report. It
will be shown that the line energy of dislocations is
decreased by charging palladium with hydrogen, which in
turn leads to an increase in dislocation density during cold
deformation.
http://dx.doi.org/10.1016/j.actamat.2014.09.013
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These effects can be explained by the defactant concept
[6,7,13], the basis of which is that a decrease in the overall
free energy caused by a segregation of solute atoms to the
neighborhood of defects can be ascribed to a decrease in
the defect formation energy. This is an alternative point
of view compared to textbook concepts, according to which
solute atoms migrate to defects because their energy of
solution is decreased.

In this study the effect of hydrogen on the density and
arrangement of dislocations in cold-rolled palladium–
hydrogen alloys was investigated. Due to the high solubility
of hydrogen (up to 1:0� 10�2 H

Pd
at 298K [14]) in the

a-phase of the palladium–hydrogen system, this system
was chosen as a model system.

For this purpose, well-annealed polycrystalline
palladium samples were electrochemically alloyed with
hydrogen and subsequently cold rolled. The dislocation
densities of the cold-rolled samples were estimated via
two different methods: a conventional Williamson and Hall
method [15] and a newly developed pulse diffusion method.

2. Theory

2.1. The interaction between solute atoms and crystal defects –
the defactant concept

Solute atoms in solid material segregate to defects like
vacancies [16], dislocations [17] or grain boundaries [18].
reserved.
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This phenomenon can be described in analogy to the segre-
gation of surfactants to surfaces described by the well-known
theory of Gibbs [19]. The defactant concept regards the sur-
face as a crystal defect like any other internal defect. There-
fore the relation of the reduction of the surface energy c
with the chemical potential of the solute l provided by Gibbs
can also be used to describe internal crystal defects [6,7]:

dc ¼ �Cdl ð1Þ
Of key interest is the excess C, which represents the

excess amount of segregated solute atoms to the defect sur-
face in relation to the concentration of the solute atoms in a
defect-free part of the material.

In the case of dislocations, solute atoms will enrich
around the core of dislocations, thus dislocations have a
positive excess C. Due to the stress field of a dislocation,
interstitial lattice sites beneath the glide plane of an edge
dislocation are expanded. This causes solute atoms to seg-
regate to dislocations if they expand the lattice, otherwise
they segregate to sites above the glide plane.

The positive excess of solute at dislocations then reduces
the formation energy of dislocations when the chemical
potential of the solute is increased, as described quantita-
tively by Eq. (1). The dependency of the formation energy
of a defect with increasing chemical potential is shown
schematically in Fig. 1. At low chemical potentials, only
few solute atoms interact with the defect, leading to
C ¼ 0. With increasing chemical potential, the excess C
increases. When the excess saturates, a constant slope can
be expected (line 1), whereas line 2 shows the behavior
when the excess does not saturate but increases with
increasing l. When a new phase nucleates (line 3), the
defect energy does not decrease with increasing solute con-
centration any more because of the constant chemical
potential during the phase transition.

2.2. Dislocation dynamics in the context of the defactant
concept

Direct observations of the motion of dislocations in an
environmental transmission electron microscopy (TEM)
during straining experiments in a hydrogen atmosphere
Fig. 1. Schematic representation of the course of the formation energy
c with increasing chemical potential l. At low chemical potentials, the
effect of solute atoms to the defect can be ignored. With increasing
chemical potential, the excess C increases. When the excess saturates, a
constant slope can be expected (line 1), whereas line 2 shows the
behavior when the excess does not saturate but increases with
increasing l. When a new phase nucleates (line 3), the defect energy
does not decrease with increasing solute concentration any more
because of the constant chemical potential during the phase transition.
Adopted from Refs. [6,7].
[20,21] show that the dislocation mobility is enhanced when
hydrogen is present. Furthermore, it is shown that the
interaction between dislocations as well as between disloca-
tions and other obstacles [17] is diminished. This is
explained by a hydrogen shielding model [22].

The defactant concept provides a different explanation
of the enhanced dislocation velocity in the presence of
hydrogen. Because dislocations move by the formation of
kink pairs, the required defect formation energy is reduced
by the presence of the defactant hydrogen. When kink pair
nucleation is the rate-controlling step for dislocation
motion, such a reduction in kink formation energy will lead
to softening [7].

Two other defect–solute interactions can contribute to
the increase in dislocation mobility: due to solute atoms,
the formation energy of vacancies is changed, and for posi-
tive excess solute the formation energy is reduced [6,7].
Thus climbing of edge dislocations over obstacles can be
eased. Another effect is that the interaction of dislocations
on different glide planes is affected. When one dislocation
cuts another dislocation on a different glide plane, kinks
or jogs are introduced into the dislocations [23, chap. 22].
The ease of the formation of kinks leads to a reduction in
the interaction energy between dislocations, which allows
dislocations to rearrange more easily. This leads to higher
local dislocation densities. Fluctuations in the density allow
the formation of dislocation cells, as described by Holt
et al. [24,25] in a model where the cell formation is handled
like spinodal decomposition. Furthermore, the number of
dislocations affected by a moving dislocation is increased.
This means that the correlation length of the dislocations
is increased, which, according to Hähner [26], leads to lar-
ger dislocation cells with more densely populated cell walls.
3. Experimental details

A 500 lm thick palladium sheet of 99.95% purity sup-
plied by Wieland Edelmetalle GmbH was used for the
investigation. Pieces of 6� 20 mm2 were cut by spark ero-
sion. The palladium pieces were annealed at 1172 K in a
vacuum furnace at 10�6 mbar for 48h and subsequently
furnace cooled for 24 h to prevent residual stress in the
samples.

The samples were charged electrochemically with hydro-
gen using an electrolyte composed of H3PO4 and glycerine
(1:2 by volume). By using a maximum current density of
0.3 mAcm�2, the entire hydrogen created by the electrolysis
process is dissolved in the palladium, i.e. no hydrogen bub-
bles are observed. The hydrogen concentration cH, which is
the molar fraction of the number of hydrogen atoms to pal-
ladium atoms, can be determined via Faraday’s law:

DcH ¼
It

nPdF
; ð2Þ

where t is the time of the loading process, F is Faraday’s
constant, I is the total current and nPd is the amount of
palladium.

Immediately after loading with hydrogen, the samples
were cold rolled to a thickness reduction of ð50� 3Þ%.

TEM specimens were prepared by electropolishing using
a Tenupol-2 electropolisher with an electrolyte composed
of 70 vol.% acetic acid (96%) and 30 vol.% perchloric acid
(60%) at 287 K and a voltage of 10 V against a Pt counter
electrode.



(a)

(b)

Fig. 2. Examples of the measured XRD profiles (a) of the cold-rolled
Pd–H alloys with different H/Pd ratios and well-annealed Pd, and
(b) Williamson–Hall plots for those diffraction patterns (see also Ref.
[12]).
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A Philips CM12 conventional scanning transmission
electron microscope operating at 120 kV was used to inves-
tigate the TEM samples.

The dislocation density was estimated via two different
methods: with a conventional Williamson and Hall method
[15] and by a newly developed diffusion method.

3.1. Measuring the dislocation density by the method of
Williamson and Hall

Many defect analysis techniques [27–29] using X-ray dif-
fraction (XRD) are based on the method originally devel-
oped by Williamson and Hall [15]. The aim of this
method was to calculate the internal strain � and the grain
size D of uniformly deformed materials by using XRD
patterns.

Assuming that only the broadening related to the grain
size bD and the broadening related to the strain b� contrib-
ute to the broadening of the peaks in an XRD pattern, the
full width at half maximum of Lorenzian-shaped peaks b is
the sum of the different contributions:

b ¼ bD þ b� þ binst ð3Þ
The broadening of the instrument binst can be measured

separately using unstrained Si powder and is interpolated
for the angular peak position h. The relation of the broad-
ening of a peak to the grain size and the strain is [15]:

b� binst ¼
k

D cos h
þ 2� tan h) cos h b� binstð Þ

¼ k
D
þ 2� sin h ð4Þ

The measured peak widths can be plotted according to
this formula. Using a linear fit, � and D can be acquired
from the slope and the y-intercept using the X-ray
wavelength k. Assuming that the internal strain is generated
only by dislocations, the dislocation density q can be
calculated from � [30]:

q ¼ k
�2

b2
ð5Þ

where b is the Burgers vector and k is a geometrical con-
stant, with k ¼ 16:1 for face-centered cubic materials and
k ¼ 14:4 for body-centered cubic materials [30].

In this study, the XRD measurements were carried out
using a Philips X’pert MRD diffractometer operating with
Co Ka radiation with a wavelength kKa1 ¼ 0:178897 nm.
The step size and counting time per step were 0.02�

and 20 s, respectively. The instrumental broadening profile
was obtained by measuring a standard strain-free Si
powder.

Prior to the measurement, residual hydrogen was
removed from the samples by uncharging it in a double cell
with a constant potential of 0:78 V against a Pt counter
electrode until the electrical current in the circuit was below
1 lA. Since the average grain size of the cold-rolled Pd–H
alloys is not smaller than 100 lm according to light micros-
copy micrographs (not shown), the contribution of the
crystallite size to the Bragg peak broadening is considered
to be negligible and the term k

D in Eq. (4) is set to zero.
Performing a linear-least-squares fit on the measured data
shown in Fig. 2 and setting the intercept of the ordinate
to zero, the lattice strain � of the metal can be derived by
taking the slope of the fitted line.
3.2. Measuring the dislocation density by diffusion of
hydrogen

A laboratory-made electrolytic double-cell set-up (see
Fig. 3) is used to measure the diffusion coefficient of hydro-
gen in palladium and the trapped hydrogen at lattice
defects.

An electrolytic double cell combines two different elec-
trochemical experiments. The so-called loading side is
equipped with a Pt counter electrode and is used to load
hydrogen into the sample, which is mounted between the
two half cells. The other side of the Pd sample is called
the measuring side, and is used to measure the voltage U
between the sample and an Ag–AgCl reference cathode in
order to acquire the electromotive force (EMF) of the cor-
responding half cell. The whole set-up can be cooled. A
broad overview of different measuring methods with a dou-
ble-cell set-up is given in Ref. [31].

Both cells are filled with an electrolyte composed of
H3PO4 and glycerine (1:2 by volume). The electrolyte was
bubbled with argon gas for 24 h to remove dissolved oxygen.

To ensure that no residual hydrogen remained in the
samples after cold rolling, the samples were uncharged in
the double cell with a constant potential of 0:78 V against
a Pt counter electrode, until the electrical current in the cir-
cuit was below 1 lA. To load palladium with hydrogen, the
Pt counter electrode and the specimen are connected to a
direct electric current source and a relay is used to discon-
tinue the loading.

In order to measure the diffusion coefficient of hydrogen
in palladium, hydrogen is loaded for 1000 ms at a constant
current and the EMF is measured afterwards. The electric



Fig. 3. Schematic presentation of the double-cell set-up used in this
study. The left cell is used to dissolve hydrogen electrochemically in the
palladium and is called the loading side. The right cell is used to
measure the EMF and thus the chemical potential of hydrogen at the
surface of the specimen. The inset schematically shows the distribution
of hydrogen shortly after the pulse was initialized (t1), at an
intermediate stage (t2) and after a new constant concentration level
c0 þ Dc is reached (t3). A detailed discussion of the transient
concentration profiles is given in Ref. [32].
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current density is set to 0.3 mAcm�2 at the beginning of the
experiment and is increased at higher hydrogen concentra-
tions up to 30 mAcm�2, which is possible without the emer-
gence of hydrogen bubbles for short loading times. When
hydrogen is uniformly distributed, the EMF will be con-
stant and a new loading cycle will be started.

In the following, the relation of the EMF to the diffusion
coefficient and the trapped hydrogen is derived according
to Ref. [33,34].

At thermodynamic equilibrium, the EMF measured as
voltage U between the sample and an Ag–AgCl reference
cathode is related to the chemical potential of hydrogen
at the surface of the sample

U ¼ U 0 þ
lH

F
; ð6Þ

U 0 is the reference potential difference between the refer-
ence cathode and the sample for standard conditions, i.e.
T ¼ 295 K and hydrogen pressure of 1 bar. By definition,
the chemical potential of dissolved hydrogen is related to
its thermodynamic activity aH:

lH ¼ l0
H þ RT lnðaHÞ; ð7Þ

¼ l0
H þ RT lnðccHÞ ð8Þ

The activity aH can be expressed as the product of the
activity coefficient c and the hydrogen concentration cH.
In the case of a dilute solution, the activity coefficient is
independent of concentration.
The development of the EMF with time allows the tracer
diffusion coefficient DH of hydrogen in palladium to be
determined. Therefore, Fick’s first and second laws
(Eq. (9)) have to be solved for this experimental set-up.
The aim of the following derivation is to establish an
expression for the change of the hydrogen concentration
DcH on the measuring side (x ¼ s; s: sample thickness) with
time t after the charging pulse is initialized.

j ¼ �fDH

@cH

@x
ð9Þ

@cH

@t
¼ fDH

@2cH

@x2
ð10Þ

The driving force for the particle flux j is the result of a
spatial (x) gradient of the hydrogen concentration cH or,
more precisely, a gradient of the chemical potential lH of
hydrogen in palladium. fDH is the chemical diffusion
coefficient. To solve Fick’s laws, the following boundary
and initial conditions are used to describe the experimental
set-up (see also [32]):

cHðx; t ¼ 0Þ ¼ c0 ð11Þ
At x ¼ 0 a current pulse is imposed for 0 6 t 6 tp, after

which open circuit conditions with j ¼ 0 apply:

�fDH

@cH

@x

����
x¼0

¼
I for 0 6 t 6 tp

0 for t > tp

�
ð12Þ

Open circuit conditions also apply at x ¼ s after the cur-
rent pulse:

�fDH

@cH

@x

����
x¼s

¼ 0 ð13Þ

At the starting time t ¼ 0, hydrogen dissolved by
previous charging cycles in the sample c0 is distributed
uniformly in the sample (Eq. (11)).

The particle flux j in Eqs. (9) and (12) can be expressed
by Faraday’s law (Eq. (2)) when the current IðtÞ is small.
This means that every hydrogen ion which is split by the
electrolysis process on the surface of the sample A diffuses
into the sample. The loading time in this study is tp ¼ 1 s,
which is much shorter than the diffusion time through the
sample. With these conditions, Fick’s laws can be solved
for the hydrogen concentration at the measuring side for
t > 0 with DcH the concentration change of the whole
sample due to the pulse [35]:

cHðx ¼ s; tÞ

� c0 þ DcH þ DcH

X1
n¼1

2ð�1Þn exp � n2p2Dt
s2

� �
ð14Þ

For small times (t! 0), the changes of concentration
are small and the EMF does not change. The correspond-
ing EMF vs. time curve is a horizontal straight line, which

is called the baseline. For t � s2=fDH=20, appreciable
amounts of hydrogen diffuse through the sample and
change the EMF at the measuring side (x ¼ s). After

homogenization for t� s2=fDH, the concentration gradient
vanishes and the EMF vs. time curve becomes a horizontal
straight line again, which will be the new baseline for the
following current pulse (see Fig. 4). The diffusion coefficient
can be determined from a so-called breakthrough time teD,

defined as the intersection of the tangent through the point



270 M. Deutges et al. / Acta Materialia 82 (2015) 266–274
of inflection and the baseline [36] (see Fig. 4). The following
expression for teD was derived [32,36] drom the analytical

solution Eq. (14):

teD ¼ K � s2fDH

ð15Þ

Here, K is numerical constant which has the value
K ¼ 5

2
�

ffiffiffi
6
p� �

for the chosen boundary conditions (Eqs.
(11)–(13)).

The tracer diffusion coefficient DH of hydrogen in palla-
dium can be calculated using the Darken equation:

DH ¼ fDH 1þ d lnðcÞ
d lnðcHÞ

� ��1

ð16Þ

The factor in brackets is called the thermodynamic fac-
tor and can be experimentally measured by the following
derivative:

dU
d lnðcHÞ

¼ RT
F

dlH

d lnðcHÞ
ð17Þ

¼ RT
F

1þ d lnðcÞ
d lnðcHÞ

� �
ð18Þ

Using the tracer diffusion coefficient D0 of a defect-free
palladium sample [37], the activity coefficient c can be cal-
culated [39]:

c ¼ DH

D0ð1� cHÞ2
ð19Þ

At constant EMF, i.e. when hydrogen is evenly distrib-
uted throughout the sample, the hydrogen concentration
trapped at defects ct can be estimated with the activity
coefficient:

ct ¼ cHðc� 1Þ ð20Þ
In the case of cold-rolled palladium, where dislocations

are the major traps for hydrogen, the trapped hydrogen
concentration can also be expressed as follows [7]:

ct ¼
nH

nPd

� �
deformed

� nH

nPd

� �
annealed

" #
¼ qCHXPd; ð21Þ

where q is the dislocation density, CH is the excess amount
of hydrogen measured in mol m�1 and XPd is the molar
Fig. 4. Development of the EMF in the measuring cell. A new electric
pulse to load more hydrogen from the loading cell in the sample was
initialized at time index 0. When the EMF reaches a new level (here
t ¼ 13300 s), a new pulse is initialized. The breakthrough time teD is the
time at which a tangent through the point of inflection crosses the
EMF level at the starting time (t ¼ 0).
volume of palladium with XPd ¼ 8:56� 10�6mol=m3 [38].
The comparison of the trapped hydrogen at the same chem-
ical potential lH of two different samples (A;B) allows the
relative dislocation density qA=qB to be calculated:

ct ¼ qCðlHÞXPd ð22Þ
qA

qB
¼ qACðlHÞXPd

qBCðlHÞXPd

¼ ct;A

ct;B
: ð23Þ

Here, CðlHÞ is the excess hydrogen, which is an
unknown function of the chemical potential of hydrogen
lH but is assumed to be independent of the dislocation den-
sity, and XPd is the molar volume of palladium.

This equation allows one to measure in principle the
absolute value of the dislocation density q if a reference
sample with a known dislocation density is available. The
relative dislocation densities were calculated and compared
to the results measured with the method of Williamson and
Hall [15].
4. Results

4.1. TEM observations

In this work, the arrangement and the density of disloca-
tions are studied using different methods. Fig. 5a–d shows
TEM micrographs of cold-rolled palladium with different
hydrogen contents during the cold rolling.

The sample cold rolled in the absence of hydrogen
(Fig. 5a) exhibits a few dislocations arranged in dislocation
cell walls, with only a small number of dislocations inside
the cells. The addition of a small amount of hydrogen
(i.e. 0.1 at.% H/Pd) during cold rolling increases the dislo-
cation density and hardly any dislocation cells are observa-
ble or at least are very small (Fig. 5b and c). This shows
that the global dislocation density increases and the dislo-
cations appear to be distributed homogeneously. The local
dislocation density seems not to change as much as the
global dislocation density because single dislocations can
be seen. By increasing the hydrogen content to 1.0 at.%
H/Pd during cold rolling (Fig. 5d), the sample exhibits a
cellular structure, with a high dislocation density in the cell
Fig. 5. TEM micrographs of cold-rolled palladium without hydrogen
(a) and with 0.1 at.% H/Pd (b), 0.5 at.% H/Pd (c) and 1.0 at.% H/Pd
(d) during the cold rolling. Reduction in thickness: 50%.



Fig. 6. Tracer diffusions coefficient DH of hydrogen in cold-rolled
palladium vs. the hydrogen concentration cH. D0 ¼ 3:26� 10�11 m2

s
is

the tracer diffusion coefficient of defect-free palladium at 293 K [37].

Fig. 7. Concentration of the trapped hydrogen ct at crystal defects in
cold-rolled palladium vs.s the chemical potential lH of hydrogen in
palladium for samples with different hydrogen contents during
deformation.

Table 2. Relative dislocation density q=qref measured by the diffusion
of hydrogen in deformed palladium with different hydrogen contents
during cold rolling. The reference specimen labeled “Ref.” was
deformed with 0.75 at.% H/Pd. The labels * and ** correspond to
different samples which were also evaluated by the method of
Williamson and Hall (see Table 1). The numbers in parentheses
represent the statistical errors of the last digits.
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walls and only a few dislocations inside the cells. Further-
more, it can be seen that the individual cells show different
contrasts, which is a sign of the formation of subgrains.

4.2. Dislocation density of cold-rolled Pd–H alloys by XRD

According to Section 3.1, the dislocation density can be
estimated using the method of Williamson and Hall [15].
Table 1 shows the values for the dislocation density for
all of the analyzed samples.

4.3. The relative dislocation density by diffusion of hydrogen

In order to evaluate the relative dislocation densities as
acquired by diffusion measurements, the diffusion coeffi-
cient of hydrogen in palladium DH and the trapped hydro-
gen ct must first be analyzed.

DH was obtained from Eq. (15) via measured values of
the breakthrough time teD . The measurement of the diffu-
sion coefficient is also used to measure the amount of
trapped hydrogen ct at crystal defects according to Eqs.
(19) and (20). A plot of the tracer diffusion coefficient DH

of hydrogen in palladium vs. the dissolved hydrogen is
shown in Fig. 6. It can be seen that the apparent tracer dif-
fusion coefficients of the samples increase with increasing
hydrogen content. The tracer diffusion coefficient of the
sample which was cold rolled without hydrogen reaches
the value of the diffusion coefficient of defect-free material
D0 ¼ 3:26� 10�11 m2 s�1 (293 K [37]) at around 40 atppm
H/Pd. The tracer diffusion coefficients of the samples which
were cold rolled at higher hydrogen contents reach the
value of the tracer diffusion coefficient of defect-free mate-
rial at higher hydrogen concentrations.

Fig. 7 shows a plot of the trapped hydrogen at crystal
defects vs. the chemical potential of hydrogen in palladium.
The higher the chemical potential, the greater the amount
of hydrogen trapped. Furthermore, it can be seen that sam-
ples with higher hydrogen content during cold rolling can
trap more hydrogen.

At constant chemical potential lH ¼ RT lnðccHÞ, the rel-
ative density q=qref is given by ct=ct;ref (see Eq. (23)), where
Table 1. Dislocation density for different samples (columns 2–4)
determined by the method of Williamson and Hall [15] of cold-rolled
palladium with increasing hydrogen contents during the cold rolling.
The labels * and ** correspond to different samples which were also
measured by the diffusion method (see Table 2). The numbers in
parentheses represent the statistical errors of the last digits.

H/Pd [at.%] Dislocation density for different samples
(1014m=m3)

0.00 2.7(3)* 2.9(1)
0.10 6.1(6)*

0.25 5.5(5)* 7.3(8)** 5.6(4)
0.30 7.1(9)
0.40 8.0(5)*

0.50 8.4(1)* 8.0(6)** 6.2(3)
0.60 9.8(9)*

0.70 9.5(5)*

0.75 12(1)* 14(2) 8.5(3)
0.80 9.1(7) 9.7(5)
0.90 12.5(9)
1.00 12(2)
1.10 15(2)
1.20 12.0(3) 14.6(6)

H/Pd [at.%] Relative dislocation density q=qref

0.00 0.14(2)*

0.10 0.40(4)*

0.25 0.47(2)*

0.25 0.65(5)**

0.40 0.68(5)*

0.50 0.64(8)*

0.50 0.74(9)**

0.60 0.75(7)*

0.70 0.9(2)*

0.75 1 (Ref.)*
ct;ref denotes the trapped hydrogen concentration of a refer-
ence sample. The ct values of a specimen deformed with
0.75 at.% H/Pd were chosen as reference values. The data
displayed in Table 2 are the mean values of the relative dis-
location densities.

4.4. Hydrogen excess at dislocations in palladium

CðlHÞ is the excess hydrogen segregated at dislocations
in relation to the average hydrogen concentration
cH ¼ RT lnðccHÞ. The independent measurement of the



Fig. 8. The excess NC of hydrogen atoms per Burgers vector at
dislocations in cold-rolled palladium vs. the chemical potential of
hydrogen in palladium for different deformed palladium samples.

Fig. 9. Development of the dislocation density of cold-rolled palla-
dium with increasing hydrogen content during cold rolling. The
measurements were performed by two different methods: interpreta-
tion of the diffraction patterns of the samples using the method of
Williamson and Hall [15] and measurement of the relative dislocation
density by evaluating the diffusion time of hydrogen through the
palladium samples.
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dislocation density q with the method of Williamson and Hall
allows Eq. (22) to be used to calculate the hydrogen excess at
dislocations. To get the absolute number of hydrogen atoms
NC per Burgers vector b, the following relation is used:

NC ¼ CðlHÞNAb ¼ ct

qXPd

NAb ð24Þ

where NA is the Avogadro constant and XPd is the molar
volume of palladium. The excess NC vs. the chemical poten-
tial lH is shown in Fig. 8. It can be seen that the curve pro-
gression is nearly the same for the different cold-rolled
samples. The scatter at high hydrogen concentrations can
be attributed to inaccuracies of the calculation of the
tangent through the point of inflection for the EMF (see
Section 3.2): When a constant current pulse is used to
increase the hydrogen concentration, the change of the
EMF becomes small at higher hydrogen concentrations
due to the logarithmic dependency of the EMF on the
hydrogen concentration (Eq. (6) and (7)).
5. Discussion

The objective of this study was to investigate the influ-
ence of hydrogen on the formation and arrangement of dis-
locations in palladium during cold rolling. For this purpose,
hydrogen was loaded electrochemically into well-annealed
palladium prior to a cold-rolling process. The remaining
hydrogen content was subsequently removed by anodic
polarization and the metal sheets were examined by the
method of Williamson and Hall [15] and using hydrogen
as a probe to quantify the trapped hydrogen concentration
at dislocations in palladium via its diffusion coefficient.

5.1. Comparison of the different methods to evaluate the
dislocation density

It is well known that hydrogen has a large impact on
defect nucleation [2,40,41], defect mobility [17,42] and
defect interaction [43,44].

In this study it was shown that, when palladium is cold
rolled to a thickness reduction of 50%, the presence of
increasing amounts of hydrogen leads to increasing disloca-
tion densities. This behavior is observed by two different
methods: the analysis of diffraction patterns of the samples
using the method of Williamson and Hall [15] and the
analysis of the diffusion time of hydrogen through the
palladium samples. XRD measurements showed that a
dislocation density of 3� 1014 m�2 can be achieved without
hydrogen. With the addition of only 0:1� 10�2 H

Pd
, the
dislocation density can be doubled. With further increases
in the hydrogen concentration, the dislocation density
increases linearly with a slope of ð7:2� 0:8Þ�
1016 m�2 H

Pd

� ��1
.

The values for the dislocation density determined by
both methods (Tables 1 and 2) are shown in Fig. 9. The
scale for the relative dislocation density determined with
the diffusion method was chosen so that, at a hydrogen
concentration of 0:75� 10�2 H

Pd
, the relative dislocation den-

sity was set to be 1. This shows that the progressions of the
dislocation density determined by the two methods are in
perfect agreement. Since the two methods show the same
results, one can conclude that the assumption that the
excess hydrogen CðlHÞ per Burgers vector is independent
of the dislocation density is justified.

In Fig. 8 the number of excess hydrogen atoms per Bur-
gers vector at dislocations is plotted against the chemical
potential of hydrogen lH ¼ RT lnðccHÞ in the material. As
a first approximation, the excess in Fig. 8 falls on the same
line. At a higher chemical potential, and accordingly a
higher excess, the excess scatters. This could be attributed
to dislocation interactions. This means that, for low excess,
the hydrogen at dislocations CðlHÞ is independent of the
dislocation density.

5.2. The influence of hydrogen on the dislocation arrange-
ment in cold-rolled palladium–hydrogen alloys

With the introduction of hydrogen prior to cold rolling,
the microstructure of palladium is changed. This can be
clearly seen in the TEM pictures (Fig. 5a–d). Without
hydrogen, large dislocation cells with small dislocation den-
sities inside the cells are observable. The introduction of a
small amount of hydrogen (0:1� 10�2 H

Pd
, Fig. 5b) changes

the morphology completely: virtually no dislocation cells
are observable and the dislocations are more evenly distrib-
uted. This is accompanied by a doubling of the dislocation
density. This drastic change in dislocation density from pure
palladium to palladium with a hydrogen concentration of
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0:1� 10�2 H
Pd

during cold rolling also affects the diffusion
coefficient of hydrogen in palladium and the amount of
hydrogen trapped. The measurements of the palladium–
hydrogen alloys show that, with the introduction of a small
amount of hydrogen, 0:1� 10�2 H

Pd
, the dislocation density is

doubled compared to the hydrogen-free sample. Without
hydrogen during cold rolling, the TEM micrographs of this
sample (Fig. 5a) show dislocation cells with only a small
number of dislocations inside the cells. The introduction
of a small amount of hydrogen (0:1� 10�2 H

Pd
; Fig. 5b) dur-

ing cold rolling changes the global dislocation density and
the dislocations appear to be distributed homogeneously.
The sample cold rolled with 0:1� 10�2 H

Pd
shows no assembly

of dislocations in a cell structure. This might be a result of
the stabilization of kinks and edge-like parts of dislocations
due to the presence of hydrogen. This can be interpreted as
the whole line energy of a bent dislocation being reduced by
hydrogen. During deformation, this might allow disloca-
tions to bend around obstacles like other dislocations, lead-
ing to homogeneously distributed dislocations throughout
the whole material.

By further increasing the hydrogen content, refined dis-
location cells are observed after cold rolling, together with
a decrease in the dislocation density inside the cells. This
leads to thicker and denser dislocation cell walls and finally,
at higher hydrogen concentrations (1:0� 10�2 H

Pd
, Fig. 5d),

to the formation of subgrains.

5.3. The influence of the dislocation density on hydrogen
diffusion

The apparent diffusion coefficient of hydrogen as a func-
tion of the hydrogen concentration in palladium for differ-
ent hydrogen concentrations during cold rolling is shown in
Fig. 6. At low hydrogen concentrations, attractive intersti-
tial positions around defects are not saturated by hydrogen.
Hydrogen segregating to those sites stays there longer, lead-
ing to a longer breakthrough time teD and a smaller appar-
ent diffusion coefficient [33,34]. With increasing hydrogen
content, more hydrogen occupies the remaining unfilled
trap sites and therefore the apparent diffusion coefficient
increases until it reaches the diffusion coefficient of hydro-
gen in defect-free palladium. Therefore the apparent diffu-
sion coefficient of the sample which was cold rolled
without hydrogen reaches the diffusion coefficient of hydro-
gen in defect-free palladium with only a small amount of
dissolved hydrogen. With increasing dislocation density, a
higher hydrogen concentration is needed to saturate the
defects. This effect is also shown in the plot of the trapped
hydrogen against the total hydrogen concentration (Fig. 7).
As expected, an increase in dislocation density leads to
more trapped hydrogen.
6. Conclusions

In this study, the results of a diffusion-pulse method are
presented which were used to evaluate relative dislocation
densities. Furthermore, the diffusion coefficient and the
excess at dislocations are presented and determined.

The introduction of hydrogen into palladium prior to
cold rolling has a large effect on the dislocation density
and arrangement. A small amount of hydrogen doubles
the dislocation density in comparison to a cold-rolled
hydrogen-free sample. Also, the dislocations are distributed
homogeneously. With increasing hydrogen content
during cold rolling, dislocation cells and finally subgrains
are formed.

The results were evaluated based on the defactant con-
cept. The increased dislocation density can be interpreted
as a reduction inline energy due to hydrogen; on the other
hand, the formation of dislocation cells is regarded as a sign
of a reduction in the interaction energy of dislocations, also
due to hydrogen.
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Žaludová, et al., Phys. Stat. Sol. C 4 (2007) 3485.

[5] Y. Fukai, Y. Ishii, Y. Goto, K. Watanabe, J. Alloy. Compd.
313 (2000) 121.

[6] R. Kirchheim, Acta Mater. 55 (2007) 5129.
[7] R. Kirchheim, Acta Mater. 55 (2007) 5139.
[8] J. Albrecht, I.M. Bernstein, A.W. Thompson, Met. Mater.

Trans. A 13A (1982) 811.
[9] C. Borchers, T. Michler, A. Pundt, Adv. Eng. Mater. 10

(2008) 11.
[10] A.J. West, M.R. Louthan, Met. Mater. Trans. A 10A (1979)

1675.
[11] H.K. Birnbaum, MRS Bull. 28 (2003) 479.
[12] Y.Z. Chen, H.P. Barth, M. Deutges, C. Borchers, F. Liu, R.

Kirchheim, Scripta Mater. 68 (2013) 743.
[13] R. Kirchheim, Int. J. Mat. Res. 100 (2009) 483.
[14] M. Maxelon, A. Pundt, W. Pyckhout-Hintzen, J. Barker, R.

Kirchheim, Acta Mater. 49 (2001) 2625.
[15] G.K. Williamson, W.H. Hall, Acta Metall. Mater. 1 (1953)

22.
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