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In the present work positron annihilation spectroscopy was employed for investigation of hydrogen-induced
defects in Pd. Well annealed Pd samples were electrochemically charged with hydrogen and development of defects
with increasing hydrogen concentration xH was investigated. At low concentrations (α-phase, xH < 0.017 H/Pd)
hydrogen loading introduced vacancies, since absorbed hydrogen segregating at vacancies lowers remarkably the
vacancy formation energy. When hydrogen concentration exceeds 0.017 H/Pd, particles of palladium hydride (PdH)
are formed. Stress induced by growing PdH particles leads to plastic deformation which generates dislocations and
vacancies in the sample.
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1. Introduction

Palladium is widely used as a model system for investigations of hydrogen absorbed in metal lattice. Pd is able
to absorb relatively large amount of hydrogen and can be
easily charged with hydrogen [1]. There are many reports
that hydrogen can be trapped at open volume defects like
vacancies [2], dislocations [3], and grain boundaries [4].
This can be explained by positive binding energy of hydrogen to defect, i.e. hydrogen attached to defect exhibits
lower energy than hydrogen located at octahedral interstitial site [5]. However, it was found that hydrogen may
also create new defects. Fukai and Okuma [6] discovered extraordinary high vacancy concentration in Pd annealed at high hydrogen pressure of 5 GPa. Kirchheim [7]
showed that formation of hydrogen-induced defects can
be explained by a decrease of defect formation energy by
segregating hydrogen. A new term defactants = DEFect
ACTing AgeNTS [8] was introduced for solutes segregating at defects and lowering defect formation energies
in analogy to surfactants which reduce surface energies
in liquids. Because of its small size, high mobility and
attractive interaction with open volume defects hydrogen seems to be a typical example of defactant and may
cause a signicant enhancement of the concentration of
open volume defects.
In the present work positron annihilation spectroscopy
(PAS) was employed for characterization of defects created in Pd electrochemically charged with hydrogen at
ambient temperature. PAS is a well established non-destructive method with very high sensitivity to vacancies and other open-volume defects [9] and proved itself
to be a very powerful tool for investigations of hydrogen
interaction with defects in metals on the atomic scale [10].
2. Experimental

(10−3 mbar) to remove virtually all defects introduced
during casting and shaping. It is important to have virtually defects-free virgin samples since hydrogen interaction with open volume defects existing in the samples
would complicate interpretation of results. The specimens were electrochemically charged with hydrogen in a
cell lled with a mixture of H3 PO4 and glycerine (volume ratio 1:2) bubbled with Ar for 24 h to remove dissolved oxygen. Hydrogen loading was performed at ambient temperature using galvanostat and applying constant
current pulses between Pt counter electrode (anode) and
Pd sample (cathode). The current density on the sample was kept at 0.3 mA/cm2 . The hydrogen concentration introduced into the sample was calculated from the
transported charge using the Faraday law. The electromotoric force (EMF) [3], i.e. the electrochemical potential
between the loaded sample and the reference Ag/AgCl
electrode, was measured to monitor hydrogen absorption
in the sample. Hydrogen concentration estimated from
the EMF measurement agrees well with that calculated
from the Faraday law.
2.2. Positron annihilation spectroscopy

A digital positron lifetime (LT) spectrometer [11] with
excellent time resolution of 145 ps (FWHM 22 Na) was
employed for PAS investigations. At least 107 positron
annihilation events were accumulated at each LT spectrum which was subsequently decomposed into individual
components using a maximum likelihood procedure [12].
A 22 Na2 CO3 positron source (≈ 1.5 MBq) deposited
on a 2 µm thick Mylar foil was always forming a sandwich with two identically treated Pd specimens. The
source contribution in LT spectra consisted of two weak
components with lifetimes ≈ 368 ps and ≈ 1.5 ns, and
corresponding intensities of ≈ 8% and ≈ 1%.
3. Results and discussion

2.1. Specimens

Bulk Pd (99.9%) specimens (10 × 10 mm2 , thickness
≈ 0.5 mm) were rstly annealed (1000 ◦C/2 h) in vacuum
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3.1. Reference specimens

Two well dened reference Pd samples were investigated in order to determine the Pd bulk positron lifetime and the lifetime of positrons trapped at dislocations in Pd. The annealed (1000 ◦C/2 h) Pd sample
exhibits a single component LT spectrum with the lifetime τB = (110.1 ± 0.5) ps. Theoretical calculations
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of the bulk positron lifetime for Pd were performed in
Ref. [13] using (i) atomic superposition (ATSUP), i.e. a
simple method which uses non-self consistent atomic electron densities, and (ii) linear mun-tin orbital method
within the atomic-spheres approximation (LMTO-ASA),
i.e. a method that uses self-consistent electronic densities.
Electronpositron correlation was treated either within
the local density approximation (LDA) using the parameterization by Boro«ski and Nieminen [14] or within the
generalized gradient approximation (GGA) scheme developed by Barbiellini et al. [15]. It is known that LDA
approach overestimates positron trapping rates especially
with d electrons leading to positron lifetimes which are
too short in particular when the self-consistent electron
density is used [15]. The GGA approach is more precise, but it is also more sensitive to details of electron
density. Accurate lifetimes are obtained using GGA with
self-consistent electron density only. Hence, the LMTO-ASA scheme with the GGA approach for the electron
positron correlation can be considered as the most accurate scheme. Using this approach Campillo Robles
et al.[13] obtained the Pd bulk positron lifetime of 113 ps
which is in good agreement with the lifetime measured in
the annealed specimen. Hence, one can conclude that the
annealed sample exhibits very low density of defects and
virtually all positrons are annihilated in the free state.
Another Pd sample was cold rolled to the thickness
reduction of 50%. The cold rolled sample exhibits a single
component spectrum with lifetime τD = (160.9 ± 0.3) ps
which is signicantly longer than the Pd bulk lifetime
but shorter than the lifetime τV = 209 ps calculated for
a Pd monovacancy using the LMTO-ASA scheme with
the GGA approach [13]. This is typical for positrons
trapped at dislocations. Hence one can conclude that in
the cold rolled sample virtually all positrons are trapped
at dislocations created by plastic deformation (saturated
trapping) and τD can be considered as a characteristic
lifetime for dislocations in Pd.
3.2. Hydrogen loaded specimens

The LT spectra of Pd samples loaded by hydrogen can
be well tted by two exponential components. The dependence of positron lifetimes on the hydrogen concentration xH introduced into the sample is plotted in Fig. 1.
The shorter component with lifetime τ1 < τB represents a
contribution of free positrons while the longer component
with lifetime τ2 can be attributed to positrons trapped
at defects created by hydrogen loading.
The relative intensity I2 of the latter component is
plotted in Fig. 2. One can see in the gure that hydrogen-induced defects were created already after the rst loading step (xH = 0.005) and their concentration rapidly
grows with increasing hydrogen concentration in the
sample.
Vertical dashed line in Figs. 1, 2 indicates the maximum hydrogen solubility xH = 0.017 in the α-phase in
Pd at ambient temperature [1]. Below this concentration hydrogen gradually lls octahedral interstitial sites
in fcc Pd lattice and PdH system remains a single phase
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Fig. 1. Two-component decomposition of LT spectra:
dependence of positron lifetimes on the hydrogen concentration introduced into the sample.

Fig. 2. Two-component decomposition of LT spectra:
the intensity I2 of positrons trapped at defects plotted
as a function of hydrogen concentration.

solid solution (so called α-phase). When hydrogen concentration exceeds 0.017 (so called two phase eld) palladium hydride (PdH) particles are formed in the sample and PdH system becomes a mechanical mixture of
the α-phase and hydrogen-rich PdH. From inspection of
Figs. 1, 2 it becomes clear that in the α-phase region
(xH < 0.017) I2 steeply increases and the lifetime τ2 is
approximately 200 ps which is close to the lifetime calculated for Pd vacancy [13]. Hence, in the α-phase region hydrogen loading creates vacancies. Slightly lower
value of τ2 with respect to the lifetime τV = 209 ps calculated for Pd monovacancy is likely caused by hydrogen atoms bound to the vacancy [16]. In the two-phase
eld (xH > 0.017) the intensity I2 increases further and
nally tends to saturation at high hydrogen concentrations xH ≈ 0.30. This is accompanied by a gradual decrease of the lifetime τ2 down to ≈ 170 ps. Growing hydride particles emit dislocation loops [17] and stresses induced by the hydride particles, having larger volume than
the α-phase matrix, cause plastic deformation. Hence at
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xH > 0.017 hydrogen loading introduces not only vacancies but also dislocations and positrons trapped at both
these two kinds of defects contribute to the component
with lifetime τ2 . The decrease of τ2 with increasing hydrogen concentration (see Fig. 1) is therefore caused by
increasing fraction of positrons trapped at dislocations.

Eq. (1) using the value νV = 1014 s−1 , which is typical
for vacancies in metals [19], is plotted in Fig. 4.

Fig. 4. The concentration of hydrogen-induced vacancies (open points) and dislocation density (full points)
plotted as a function of hydrogen concentration in the
sample.

Fig. 3. Three-component decomposition of LT spectra:
dependence of relative intensities of LT components on
the hydrogen concentration. To reduce the number of
tting parameters the lifetimes of defect components
were xed τ2 = 160 ps (positrons trapped at dislocations) and τ3 = 200 ps (positrons trapped at vacancies).

In order to separate the contributions of positrons
trapped at vacancies and dislocations the LT spectra
were decomposed into three components. To reduce the
number of tting parameters the lifetime τ2 was xed at
160 ps and τ3 was xed at 200 ps, i.e. the known lifetimes
for positrons trapped at dislocations and vacancies, respectively. The goodness-of-t characterized by χ2 per
degree of freedom was better for the three-component
t with xed positron lifetimes than for the two component t. This indicates that the three-component model
with vacancies and dislocations provides better descriptions of the experimental data. The relative intensities
I1 , I2 , and I3 of the components obtained from the three-component decomposition of LT spectra are plotted in
Fig. 3 as a function of the hydrogen concentration. One
can see in the gure that the intensity I3 of positrons
trapped at vacancies rises sharply already in the α-phase
eld. In the two-phase eld (xH > 0.017) the increase of
I3 continues but becomes less pronounced. The dislocation component appears in LT spectrum at xH > 0.017
indicating that dislocations are created when formation
of PdH particles takes place.
The concentration of hydrogen-induced vacancies cV
can be calculated from the LT results using the three-state simple trapping model [18]:





1 I2 I3 1
1
I3 1
1
cV =
−
+
−
,
(1)
νV I1
τ3
τ2
I1 τB
τ3
where νV is the specic positron trapping rate to vacancies. The concentration of vacancies calculated from

The density of dislocations ρD can be also calculated
from the three-state trapping model





1 I2 I3 1
1
I2 1
1
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−
+
−
,
(2)
νD I1
τ2
τ3
I1 τB
τ2
where νD = 0.5×10−4 m2 s−1 [19] is the specic positron
trapping rate to dislocations. The dislocation density
calculated using Eq. (2) is plotted in Fig. 4 as a function
of hydrogen concentration.
From inspection of Fig. 4 one can conclude that in the
α-phase eld (xH < 0.017) hydrogen loading introduces
vacancies since vacancy formation energy is lowered by
segregated hydrogen. The equilibrium concentration of
vacancies at certain temperature T is given by the expression
cV,eq = eSf /k e−Ef /kT ,
(3)
where Sf and Ef denote the vacancy formation entropy
and enthalpy, respectively, and k is the Boltzmann constant. Using Sf = (23)k [20] and Ef = 1.68 eV [21]
one can calculate that the equilibrium vacancy concentration at the ambient temperature in pure Pd is extremely small and falls in the range (13) × 10−28 . In the
sample loaded by hydrogen within the α-phase eld the
concentration of vacancies increased up to ≈ 8 × 10−7 ,
see Fig. 4. Hence, absorbed hydrogen remarkably lowers
vacancy formation energy and enhances the concentration of vacancies by more than 20 orders of magnitude.
From Eq. (3) one can calculate that the concentration of
vacancies cV ≈ 8 × 10−7 measured in the experiment is
obtained if the vacancy formation energy is lowered from
1.68 down to Ef ≈ 0.4 eV. Thus, hydrogen absorbed in
Pd indeed acts as defactant and decreases the vacancy
formation energy roughly by 1.3 eV. This value is comparable with lowering of the vacancy formation energy
by 1.06 eV determined by Fukai and Okuma in a high
pressure hydrogen gas loading experiment [6].
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In the two-phase eld (xH > 0.017) the stresses introduced by hydride particles cause plastic deformation and
create dislocations in the sample which is reected by a
rise of the dislocation component in Fig. 3. The dislocation density strongly increases in the range of hydrogen
concentrations xH = 0.10.2 and nally saturates at the
value ρD ≈ 2 × 1014 m−2 which is rather high dislocation
density usually found in heavily deformed metals. Plastic deformation produces not only dislocations but also
vacancies which are created by crossing dislocations. In
Fig. 4 one can see that the increase of vacancy concentration in the two-phase eld is indeed correlated with
the increase of dislocation density.
4. Conclusions

Defect studies of Pd specimens electrochemically
charged with hydrogen were performed by LT spectroscopy. It was found that vacancy formation energy
is signicantly lowered by segregating hydrogen. As
a consequence hydrogen loading in the α-phase region
(xH < 0.017) leads to a huge increase of the equilibrium
concentration of vacancies. At higher hydrogen concentrations (xH > 0.017) PdH particles are formed in the
matrix. Stresses induced by hydride particles lead to
plastic deformation which generates dislocations and vacancies in the sample.
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