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INTRODUCTION

As a result of the intensive development of hydro�
gen power engineering there is an increased interest in
efficient methods for the production of pure hydrogen.
The most productive and cost efficient method is the
production of high�purity hydrogen on the basis of
industrial waste gas mixtures by their diffusion through
metal membranes made of palladium alloys. The
major properties of such membranes are the rate of
hydrogen penetration (hydrogen permeability)
through the membrane, its strength and reliability of
operation, as well as its elasticity, because the mem�
branes are made of 50–100 μm foils. It is obvious that
the operational properties of the membranes can be
significantly affected by variations in structural state
that occur in the course of its operation.

First, the case in point is the redistribution of atoms
of the second component in the matrix of palladium
alloy, which is related to the different affinities of pal�
ladium and the second component of the alloy to
hydrogen. This process can proceed rather rapidly as a
consequence of the fact that during hydrogen passage
through the membrane numerous vacancies can be
formed, thus increasing the coefficient of diffusion of
the alloy components. For instance, it was established
elsewhere [1] that the hydrogen permeability of the
membrane of Pd–6 wt %–In decreased with an
increase in its operation time in a hydrogen atmo�
sphere. Also, it was noted that minor additives of
ruthenium atoms (up to 0.5 wt %) to the Pd–6 wt %–
In alloy resulted in an increase in its strength and
hydrogen adsorptive properties. However, the struc�
tural state of this alloy in the course of relaxation after
hydrogenation was not investigated.

The structural state of the membrane can also vary
as a result of defects. Thus, single vacancies can be
transformed step�by�step into defective structures,
viz., micropores and dislocation loops of various

dimensions. Large loops are flat defects, which can be
enriched with atoms of metal, hydrogen, and vacan�
cies. In [2] such defects were referred to as H–D–M–V
complexes (hydrogen–defect–metal–vacancy). After
hydrogenation, hydrogen and vacancies may disap�
pear from the H–D–M–V complexes. In this case the
defects will exist as D–M complexes.

This work is devoted to the investigations into vari�
ations of structural state of the Pd–5.3 at %–In–0.5
at %–Ru alloy within the course of relaxation after
electrolytic saturation with hydrogen.

MATERIALS AND METHODS

Experiments were carried out with a sample
(annealed 50 μm foil) of Pd–5.3 at %–In–0.5 at %–
Ru alloy. Taking into consideration the small content
of ruthenium, as well as the fact that the atomic radii
of palladium and ruthenium vary by only 2% (1.34 Å
for Ru and 1.37 Å for Pd), we found it reasonable dur�
ing further determination of the lattice constant to
apply Vegard’s law for the Pd–In alloy [3]. The analy�
sis of the data acquired after the saturation of the sam�
ple with hydrogen, was also aided by the equilibrium
diagram of the Pd–In–H system [4], because the
equilibrium diagram for the Pd–In–Ru–H system
was not found among published articles.

The sample was electrolytically saturated with
hydrogen (the electrolyte was a 4% aqueous solution
of NaF) in 0.5 h at current density of 10 mA/cm2.
After saturation the sample was held under normal
conditions. The diffraction pattern was recorded in
500 h.

The work was performed using X�ray diffractome�
try (XRD) with CuK

α1 source and Bragg–Brentano
focusing configuration. At such a configuration the
amount of coherent scattering regions (CSR) involved
in the formation of any diffraction maximum is one
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and the same. However, the X�ray penetration depth
depends on the diffraction angle: thus, 99% of the
intensity of the (111) line is recorded from the 3 μm�
thick layer and that of the (400) line is from the 6 μm�
thick layer.

The sample contained well�pronounced texture in
the  direction: the amount of CSR(100) was 7
to 10�fold higher than the amount of CSR of other ori�
entations. In the initial state (before the saturation)
the (111), (200), (220), (311), (222), and (400) lines
were detected. After the saturation only the (111),
(200), (220), and (400) lines were detected for the β�
phase and the (111) and (200) lines for the α�phase.
The time of detection of the mentioned lines for one
series was 3–4 hours. The experimental data are pre�
sented on the basis of the averaged time after the satu�
ration of the sample with hydrogen.

As was experimentally found elsewhere [5, 6], the
saturation with hydrogen of the annealed samples of
the alloys Pd–5 and Pd–10 at % Cu results in the for�
mation of H–D–M–V complexes. In this case, it
turns out that the lattice constant ahkl depends on the
hkl indices of the diffraction line. The observed depen�
dence is well described by the Reuss equation [7]:

(1)

where a0 is the constant of the undistorted cubic lat�
tice, σ is the value of the elastic strain directed along
the sample surface, and Khkl is a function of the elastic
constants of the crystal and crystallographic direction:

(2)

where S11, S12, and S44 are the coefficients of elastic
compliance. It should be noted that the expression
(S11 – S12 – S44/2) is the coefficient of anisotropy,
which is always higher than zero for crystals with a
cubic lattice.

If the alloy matrix contains H–D–M–V com�
plexes, then σ > 0; and for the D�M complexes σ < 0
(D–M complexes are defects of the interstitial flat
cluster type and prismatic loops of interstitial type
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have a higher specific concentration than the alloy
matrix). It should be noted that the absolute value of σ
depends on the amount and magnitude of the com�
plexes. If in the course of relaxation of the sample after
its saturation with hydrogen the positive value of σ
increases, then this is most probably evidence of an
increase in the magnitude of the H–D–M–V com�
plexes, because the greatest number of single vacan�
cies are formed in the course of the hydrogenation of
the sample.

It can be seen from Eq. (1) that the lattice constants
that are calculated by the position of the maximum of
the diffraction line for two orders of reflection should
be equal. However, this is valid only for the case when
the atoms of hydrogen and indium are distributed uni�
formly in the complete bulk of the studied sample.
Otherwise, the lattice constants determined experi�
mentally will be different.

The concentration of single vacancies was calcu�
lated according to the equation as follows: nvac =

, where Δa is the decrease in the lattice con�

stant, a is the average lattice constant, and (0.22) is the
variation in the formation of single vacancies [8].

RESULTS AND DISCUSSION

Applying Eqs. (1) and (2) it was established that in
the initial state the lattice constant of the studied foil is
a0 = (3.9080 ± 0.0004) Å, that is, the sample contains
(5.30 ± 0.12) at % of indium and there is no elastic strain
(σ = 0). All diffraction lines are of nearly equal width.

Figure 1 illustrates the equilibrium state of the Pd–
In–H system [4] and Vegard’s line for the Pd–In alloy
[3]. It was established that under the given conditions
of saturation in the studied foil the formation of a
hydrogen�rich β�phase of 90–98% occurred (the con�
tent of the β�phase is maximal in CSR (100) and min�
imal in CSR (111)). According to Fig. 1 the β�phase of
the Pd–5.3 at %–In–H alloy contains hydrogen in the
amount of nH/nPd–In = 0.35 and an α�phase of 0.04.
The measurements showed that in 300 h of relaxation
the amount of β�phase did not change; in 500 h it
decreased to 80–90%.

Now let us consider the results for the β� and α�
phases. The results will be interpreted on the basis of
the equilibrium diagram of the Pd–In–H system.

2.1. Hydrogen�Rich β�Phase

Figure 2 illustrates the diffraction patterns of the
β�phase (111), (200), (220), and (400) for certain states.
It can be seen (Fig. 2b) that in the first hours of relax�
ation the (111) and (200) diffraction patterns were sym�
metrical, however, their width was half as much again in
comparison with the initial state (Fig. 2a).

Since the lattice constant as a function of indium
content varied more significantly for the β�phase than
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Fig. 1. The equilibrium state of the Pd–In–H system and
Vegard’s line for the Pd–In system.
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for the solid substitution solution (see Fig. 1), then, if
the distribution of indium atoms in the matrix of a
studied alloy was not a δ�function, the width of lines
during the formation of the β�phase increased. The
increase in the line width of the α�phase (in the range
of 4–6 at % indium) would be significantly lower.

It can be seen in Fig. 2b that the shape of the (220)
lines is slightly asymmetric and the symmetry of the
line (400) is pronounced even more. If these lines are
decomposed into two components that are described
by a Gauss function then it can be observed that an
additional peak appears on the side of higher diffrac�
tion angles. It should be noted that the line (111) was
detected in the first half hour after saturation, and the
line (400), after 3.5 hours.

When the time of relaxation was increased to 28 h,
the diffraction lines (111) and (200) also became
asymmetric; however, in the diffraction patterns of
these lines an additional peak occurred on the side of
the lower diffraction angles (Fig. 2c). The (220) line
has two additional peaks, the (400) line, as before, has
a peak on the side of the higher diffraction angles.
A similar situation was observed for 78 h of relaxation
as well (Fig. 2d). Then (at 315 h) the diffraction lines
(111) and (200) became symmetrical again and the
asymmetry of the (220) and (400) lines is less pro�
nounced (Fig. 2e).

With such variations in the shape of diffraction
lines it would be more reasonable to determine the lat�
tice constant in terms of the position of the center of
gravity of the diffraction lines. In addition, a0 and σ
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Fig. 2. Diffraction patterns of the lines of the β�phase (111), (200), (220), and (400) for certain states: (a) initial state; (b) 1 h;
(c) 28 h; (d) 78 h; (e) 315 h.
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were calculated individually for the (111)–(200) lines
and the (220)–(400) lines, that is, the averaged param�
eters of the structure were determined in the 3 μm layer
and in the complete layer radiated by X�rays (6 μm).
The results of these calculations are given in Fig. 3.

The occurrence of additional peaks in the diffrac�
tion patterns of the (200) and (400) lines on different
sides of the main peak definitely shows that the pattern
of indium distribution through the sample is different.
Otherwise, the additional peaks would be observed in
all diffraction patterns on one side of the main peak.

As can be seen in Fig. 3, in the first hours of relax�
ation the values of a0 and σ for the near�surface layer
and for the complete layer coincide within the range of
measuring faults. According to the equilibrium dia�
grams of the Pd–In–H system at indium concentra�
tion of 5.3 at % the β�phase should have a lattice con�
stant of 3.990 Å. However, the experimentally deter�
mined lattice constant (a0 = 3.987 Å) was significantly
lower (at zero elastic strain σ). The observed decrease
of the lattice constant could be attributed to the for�
mation of a large number of single vacancies in the
alloy matrix within the course of sample saturation
with hydrogen. The calculations demonstrate that the
concentration of vacancies was 1.2% (since σ = 0,
then the overall decrease in the lattice constant may be
related to the existence of single vacancies in the
matrix).

Under a further increase in the relaxation time the
lattice constants both in the near�surface and in com�
plete layers also increased, but at significantly different
rates. The increase in the lattice constant for the near�
surface layer occurred at a higher rate: in 25 hours of
the relaxation it reached 3.995 Å, exceeding the lattice

constant for the β�phase of the alloy with 5.3 at % of
indium (the corresponding line is given in Fig. 3). For
the same time the σ value also reaches its maximum
(15–17 kg/mm2). In the complete layer the lattice
constant and the elastic strain reached their maxi�
mums in only 50 hours of relaxation.

This result means that starting from the relaxation
time of 25 h for the near�surface layer and 50 h for the
complete layer at further interpretation of these results
it can be assumed that most of the vacancies were used
for formation of dislocation loops of high radius and,
subsequently, for H–D–M–V complexes. Hence, the
influence of the remaining single vacancies on the lat�
tice constant can be neglected and the details of gen�
eral pattern of modification of lattice constant may be
related to the processes of transfer of hydrogen and
vacancies from the H–D–M–V complexes to and
from the matrix.

As follows from the equilibrium diagram of the
Pd–In–H system, the motion along the βmin curve
towards the increase in the lattice constant means the
increase in hydrogen content and the decrease in indium
concentration: in the β�phase with a lattice constant of a0
= 3.995 Å the hydrogen content nH/nPd–In = 0.38 and the
indium concentration was 4.7 at %. The state attained
in the near�surface layer was maintained until 75 h of
relaxation. In the complete layer the average indium
concentration was 5.3 at % and the hydrogen content
was 0.35. Therefore, it can be stated that the transfer of
hydrogen, indium, and vacancies within 50 h of relax�
ation after hydrogenation occurred only inside the
complete layer. The attained state was maintained
within the subsequent 25 h. With the known indium
concentration in the complete and near�surface layers
it is possible to determine its concentration in the sec�
ond half of the near�surface layer, which was 6.0 at %.

Upon a further increase in the relaxation time to
100 h (that is, in the next 25 h of relaxation) the lattice
constant in the near�surface layer decreased to 3.991 Å,
that is, the indium concentration increased to 5.2 at %
and the hydrogen content decreased to 0.35. In the
complete layer the a0 value also decreased (to 3.987 Å),
that is, the average indium concentration increased to
5.8 at %, and the hydrogen content decreased.

Thus, it can be concluded that for the mentioned
25 h of relaxation the β�phase began to loose some
hydrogen and indium begins began to be supplied from
deeper layers (in excess of 6 μm) of the sample to the
surface.

Let us consider the variations in the concentration
of indium and hydrogen after 100 h of relaxation. The
general trend is that the indium concentration in the
near�surface and complete layers increased and the
hydrogen content decreased. It was derived that the
lattice constants are lower than the lattice constant for
the state in the first hours of relaxation (this state is
shown by the dashed line in Fig. 3) and they became
even lower upon increase in the relaxation time. It
should be outlined once more that this decrease can�
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Fig. 3. Variations of elastic strain and lattice constants in
the near�surface (111–200) and complete (220–400) lay�
ers of β�phase as a function of relaxation time.
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not be related with the existence of a large number of
single vacancies because the decomposition of the dis�
location loops into single vacancies increased the
energy of the system, while the reverse process resulted
in its decrease.

It can be seen in Fig. 3 that the decrease in the lat�
tice constant is not monotonous. In this case, the lat�
tice constant for the complete layer is nearly always
lower than the lattice constant for the near�surface
layer. Nonmonotonous variation of the lattice con�
stants may be related to the nonmonotonous variation
of defect complexes. It should be noted that such non�
monotonous transfer of hydrogen and vacancies has
been observed elsewhere [9].

At 500 h of relaxation the indium concentration in
the complete layer increased to (6.6–6.7) at % and the
hydrogen content (nH/nPd–In) decreased to 0.30.

As can be seen in Fig. 3, the indium concentration
in the near�surface layer is nearly always lower than its
concentration in the complete layer. It should be men�
tioned that at the start of the relaxation this is related
with the fact that indium was transferred deep into the
sample and its transfer was run inside the complete
layer. This is shown by the fact that at 75 h of relaxation
the average indium concentration in the complete
layer equaled the initial value, that is, 5.3 at % indium.
After 100 h of relaxation the indium transfer from the
depths greater than 6 μm to the sample surface began.
Therefore, it is quite natural that its concentration in
the deeper half of the complete layer was higher than
in the near�surface layer.

2.2. The Hydrogen�Depleted α�Phase

The investigations demonstrated that the amount
of α�phase, even after the start of β  α transforma�
tion, remained low. As a result, it was possible to deter�
mine the lattice constant of the α�phase from 250 h of
relaxation, as well as to use only the (111) and (200)
diffraction maximums for the calculations, for which
the diffraction maximums of this phase were detected
reliably.

The values of a0 and σ acquired for the near�surface
layer are given in Fig. 4. The lattice constant for the
α�phase of Pd–5.3 at %–In–H alloy is 3.917 Å,
whereas the experimentally determined lattice con�
stants a0 significantly exceed this value.

It can be seen in Fig. 4 that the a0 value for the α�
phase in the time interval of 250–300 h of relaxation
remained nearly stable and then varied in the range of
±0.0015 Å. Such variation of a0 was observed after the
start of the β  α transformation (the incubation
period was about 300 h). Most probably, this is related
to the peculiarities of the β  α transformation.
Actually, according to [10], the interface at the β  α
transformation moves at a speed of 10–6 m/s, that is,
this transformation is of discontinuous pattern. The
formed regions of the α�phase contain ten times as
much hydrogen, as follows from the equilibrium dia�

gram of the Pd–In–H diagram. This “free” hydrogen
then escaped from the α�phase. This variation of the
hydrogen (and, possibly, of indium) should cause the
lattice constant to vary. the minimal value of the lattice
constant is close to the value observed before the β  α
transformation. This a0 value corresponds to an
indium concentration of 6.2 at %.

It was established that the value of elastic strain is pos�
itive and increased from 20 kg/mm2 to 40–45 kg/mm2

within the relaxation from 250 to 350 h. The increase
in σ can be interpreted as the growth in the amount
and power of the H–D–M–V complexes. This process
requires “free” hydrogen and vacancies. “Free” hydro�
gen is formed upon decomposition of the β�phase. The
formation of new vacancies and their subsequent
transformation can be explained on the basis of results
that have been published elsewhere [10]. It has been
experimentally demonstrated [10] that after passage of
the interface in palladium foil at β  α transforma�
tion numerous defects are formed, including disloca�
tion loops. The formation of defects in the α�phase is
caused by the noncorrespondence of the lattice con�
stants of the β� and α�phases. In the Pd–5.3 at % In–
H alloy the parameter of noncorrespondence of the
lattice constants of β� and α�phases is lower than in
pure palladium (0.015 against 0.033); however, in the
studied alloy these defects could be formed in the α�
phase during β  α transformation.

3. CONCLUSIONS

Therefore, it can be stated that the relaxation pro�
cess of the Pd–5.3 at % In–0.5 at % Ru–H alloy con�
sists of two stages, as was demonstrated by our results.
At the first stage the hydrogen�rich α�phase absorbs
hydrogen and at the second stage it loses hydrogen.
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For low relaxation times (the first stage) the β�
phase absorbs “free” hydrogen, which probably occurs
after saturation in the boundaries of the CSR; during
relaxation it escapes from the sample. It was estab�
lished that the hydrogen content in the β�phase is
maximal in the near�surface layer. This results in a
decrease in the indium concentration in this layer. It
was found that the process of hydrogen escaping to the
surface proceeds rather rapidly: already at 25 h of
relaxation its concentration in the second half of the
complete layer was 0.32. The attained state was pre�
served in the next 50 h.

From a certain time (the second stage) hydrogen
starts to escape from the β�phase. It is impossible to
determine the hydrogen escape from the β�phase
before the β  α transformation because the rate of
this transformation is low (for the last 200–250 h of
the experiment the concentration of β�phase
decreased by only 10%). However, it is certain that the
process of hydrogen escaping from the β�phase did not
end even when the “free” hydrogen appeared in the
regions of α�phase (evidently, there is a β  α trans�
formation). This “free” hydrogen escapes from the
sample and a portion of it is absorbed by H–D–M–V
complexes in the α�phase, which results in an increase
in elastic strain in the phase.

As a consequence, the extended relaxation of the
Pd–5.3 at %–In–0.5%–Ru alloy results in the fact
that the indium concentration in both the hydrogen�
rich β�phase, and in the hydrogen�depleted α�phase
increased to (6.2–6.7) at %.

Therefore, we can conclude that the experimen�
tally observed variations of the structural state of the
alloy can affect its operational properties, because the
concentration of indium atoms varies significantly
across the sample after hydrogenation within relax�
ation and these variations are nonmonotonous.
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