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ABSTRACT

The deuteration reaction of a Pdg772Ag0228 foil was studied by neutron powder diffraction measure-
ments vs. time in different T and p(D;) conditions (D20 and D2B high-resolution diffractometers at ILL,
France). The system has great importance as permeable membrane for hydrogen separation. At p =1 bar
and T < 200 °C Bragg peak splitting indicates the presence of two cubic phases, to be identified with the o
and B modifications of palladium hydride. Rietveld refinements provided the corresponding a, and ag
lattice constants, the v, and vg occupancies of D, and the B phase volume fraction vs. time during
deuteration progress. A continuous o — [ transformation takes place till reaction end. At T =200 °C or
p > 1bar a single phase was always observed. The phase diagram of Pdg772Ag0.228Dy is thus shown to
present a o+f two-phase domain less extended but similar to that of PdH,, at variance with most
thermodynamic measurements suggesting full single-phase behavior. The »(t) kinetic data of deuteration
at 80°C/1 bar can be interpreted by a mechanism based on a first-order nucleation step followed by a
zero-order step of surface adsorption and dissociation of the D, molecule.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Palladium is well known to absorb large quantities of hydrogen
into the octahedral cavity of the face-centred-cubic metal frame-
work, producing the non-stoichiometric PdH, hydride; therein the
H-to-metal ratio v can attain about 0.7 at room temperature and
pressure [1,2]. A characteristic feature is that two FCC modifications
with slightly different lattice constants may coexist in the solid
hydride below 290 °C: the H-poor o and the H-rich § phases [3].

The H absorbing properties of Pd are of extreme importance for
the technology of hydrogen as energy carrier from renewable
sources [4,5]. This concerns particularly the steps of production,
storage and separation, which rely on applications of catalysis
properties and on use of permeable membranes [6,7]. Such devices
should be designed to achieve very high hydrogen permeability and
selectivity, and then to provide the best solution for separating Hy
from other gases and/or to purify it. However, an unfavorable issue
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of Pd membranes is that embrittlement often occurs after repeated
H absorption/desorption cycling, with deterioration of the me-
chanical properties [7]. This effect has been ascribed to the strain
induced by a 10% volume change in the o/ phase transition [8—10].
Attempts to solve the problem by alloying Pd with other metals
have led to select the Pdg 772Ag0.228 composition as best material for
H permeable membranes. Such alloy is reported to form the
Pdo.772Ag0.228Hy hydride with v<0.4 in ambient conditions [11]
and with reduced embrittlement problems, so as to be employed
successfully as hydrogen permeable membrane in industrial pro-
cesses [6,7]. Indeed, Pd alloys with silver content over 20%—30% are
claimed to present a single hydride phase at room temperature
[12], but some peculiar aspects of electrical resistivity at higher T
would hint at a possible phase transition [13]. So the problem of an
accurate phase diagram for the Pdg77,Ag0.228Hy limit composition
is still open.

We have thus undertaken a research on the Pdg772Ag0.228Dv
system at different temperatures and pressures by in-situ neutron
powder diffraction, in order to investigate the structural aspects of
the deuterium absorption/desorption reactions in the palladium-


mailto:michele.catti@unimib.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.03.216&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.03.216
https://doi.org/10.1016/j.jallcom.2019.03.216
https://doi.org/10.1016/j.jallcom.2019.03.216

M. Catti et al. / Journal of Alloys and Compounds 790 (2019) 502—508 503

silver alloy. In the first experiment, performed by a medium-
resolution equipment, the D/M ratio » was determined as refined
D occupancy in the FCC octahedral site in various Tand p conditions
[14]. Further experiments were then carried out on high-
resolution/high-flux diffractometers, with the purpose of
resolving the possible presence of two phases and following the
reaction progress with time. The results of such measurements are
presented here, discussing implications for the phase diagram of
Pdo.772Ag0.228Dy and for the kinetics of the deuteration process.

2. Experimental
2.1. Neutron diffraction measurements

The same thin foil specimen of Pdg772Ag0.228 alloy (Goodfellow
Cambridge Ltd.) used in the previous experiment [14], with the
corresponding thermal/absorption-desorption history, was rolled
up in an aluminum can and employed in the present study.
Diffraction intensities were measured on the D2B and D20 neutron
diffractometers at ILL (Grenoble, France), providing a better reso-
lution (4d/d = 5 x 10~ and 1073, respectively) than that of D1B
used previously (5 x 1073 to 102 range). Most data were collected
on high-intensity D20, which allows very short collection times for
a full diffraction pattern and is thus most suitable for kinetic studies
(20 =1-153°, 1=1.5420A from Ge(115) monochromator; mea-
surement time =5—15min). In the D2B case (A= 15942 A from
Ge(335) monochromator, 26 =1-160°) a total 2.7h time was
employed for a full data collection, which is however obtained by
merging the neutron counts from 10 angular scans of the multi-
detector (1.25° and 16 min each) collected consecutively and
stored separately. The sample holder was connected to a gas
manifold equipped with vacuum turbomolecular pump (10~ bar),
a Dy cylinder, a mass flow controller and a pressure sensor, so as to
set and control the pressure of deuterium inside; temperature was
measured by two suitably positioned thermocouples.

A diffraction pattern was collected on the empty aluminum can
inside the pressure cell, and it was analysed by profile matching.
The result was included as an additional phase in all subsequent
refinements of deuterated Pd;7Ag»3 to cope with the Al peaks.

In the D20 experiment, kinetic measurements of the absorption
of Dy into the Pdg772Ag0.228 alloy were performed in isothermal
conditions at 80, 150 and 200 °C. On heating the sample in vacuum
the appropriate temperature was attained, and after a 30 min sta-
bilization time deuterium gas was let in and three subsequent ki-
netic cycles at p(D;)=1, 4 and 8 bar were carried out. Then the
sample was heated in vacuum to the next T value, repeating the
three cycles at different pressures. Each cycle was made up of
consecutive collections of diffraction patterns (measurement time:
10 min for 80 °C/1 bar and 80 °C/4 bar; 5 min in all other cases), till
no changes appeared in the diffractograms so that the absorption
process could be considered to be completed. At the cycle end a
final pattern was measured for 15 min. The three temperatures
were attained consecutively on heating, unlike the previous
experiment [14] where the sample was heated each time to 200 °C
before cooling to the wanted temperature. The present procedure
was chosen to save time for the long kinetic measurements,
because cooling is very time-consuming. On the other hand, in the
D2B experiment the sample was heated in vacuum to 200 °C, it was
filled with D, at 1 bar, and then it was cooled to 80 °C at constant
pressure, collecting diffraction patterns during deuteration due to
cooling. Then the alloy was evacuated and heated again to 200 °C, it
was filled with D, at 4 bar, it was evacuated, filled with D5 at 1 bar,
and cooled to 80 °C at constant pressure, again collecting diffraction
patterns on deuteration subsequent to cooling.

2.2. Crystal structure analysis

The diffraction profile of each pattern was refined by the multi-
phase technique implemented in the Fullprof computing package
[15]. The FCC deuterated alloy Pdg772Ag0228Dv was Rietveld-refined
with four structural parameters: unit-cell edge a, displacement fac-
tors B of the average Pdg 772Ag0228 atom (located at 0, 0, 0) and of the
D atom (at ¥4, 0, 0), and D occupation factor (o.f.). Aluminum from the
sample holder was treated as additional phase by profile matching
with constant relative intensities; only the unit-cell constant and the
scale factor were refined, keeping fixed the other profile parameters
from the calibration results of the empty cell. The background in-
tensity was linearly interpolated by a set of fixed points. Bragg peaks
were modelled by a linear combination of Gaussian and Lorentzian
components (pseudo-Voigt function), with ¢ and vy half-widths,
respectively. The ¢ and y parameters varied with the diffraction
angle § as ¢ = (U tan?§ + V tand + W)'”? and v = Y/cos6. The mixing
coefficient and the full width of the pseudo-Voigt function depend on
o and vy according to equations given in the literature [16]. The scale
factor and the U, V, W, Y profile parameters of the Pdg772Ag0228Dy
phase were always refined. Neutron scattering lengths are 6.671 (D),
5.910 (Pd), and 5.922 (Ag) fm; cf. the very similar Pd and Ag values,
which make the metal contribution to diffraction intensity hardly
sensitive to compositional variations of the alloy.

3. Results and discussion
3.1. Equilibrium structure

At first, equilibrium results at a given temperature and p(D>)
pressure, obtained when the process of deuterium absorption was
completed, are presented. In Tables 1 and 2 the refined structural
parameters and the R, (profile), wR, (weighted profile), and Rp
(Bragg peak intensity) agreement indexes are reported for the sets
of D2B and D20 measurements, respectively.

By using the technique of Fourier difference maps, and
exploiting the high resolution and very good quality of the collected
diffraction data, we checked the issue of possible fractional location
of the D atom off the %4, 0, 0 octahedral site. With both D2B and D20
data some weak difference peaks appeared in the maps, and one of
them could be included successfully in the refinement. In the case
of the D2B pattern at 80°C the 0.25 0.25 0.11(1) position was
refined for the second D atom, corresponding to two D-(Pd,Ag)
distances of 1.49(1) A and two of 2.10(3) A (R, = 6.8%, wR, = 10.3%,
Rp=2.2%). This location is somewhat displaced from the %, v, v
tetrahedral site considered by previous work as secondary D po-
sition in PdH, [17,18]. However, an occupancy factor of only
0.008(1) was obtained, corresponding to about 2% of the refined D
occupancy on the %, 0, 0 site, and within its experimental error (cf.
the e.s.d. = 0.015 in Table 1). Thus we considered the possible extra-
octahedral contribution to deuterium absorption to be negligible in
all subsequent refinements.

The deuterium occupancies from D2B measurements (Table 1)
are quite similar to the values considered to be at equilibrium (at
the same temperatures) in our previous study [14]. However, the
corresponding D20 results (Table 2) appear to be slightly lower.
This may be related to the different thermal cycle adopted in the
latter case for practical reasons specific of the extensive D20 kinetic
measurements. Nevertheless the results reported below should not
be affected by this small effect, as is shown by consistency of D2B
and D20 kinetic data (cf. the next section).

3.2. Kinetic study: /B two-phase evidence

Most diffraction patterns recorded during isothermal deuterium
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Table 1

Results of Rietveld refinements of Pdg 772Ag0.228Dy after completion of deuterium absorption at two temperature values (D2B measurements). E.s.d.'s in parentheses.
T (°C) p(D2) Ry (%) WR, (%) Rg (%) a(A) of(D)=v BSPd/Ag) BED)

(bar) (A%) (A?)

80 1 6.9 104 46 4.01476(3) 0.384(15) 0.52(5) 48(3)
200 1 7.0 102 34 3.96740(3) 0.131(12) 0.526(2) 2.9(6)

Table 2

Results of Rietveld refinements of Pdg 772Ag0.228Dy at the end of kinetic cycles of deuterium absorption at different temperatures and pressures (D20 measurements). E.s.d.'s in

parentheses.
T(°C) p(D2) Ry (%) WRy, (%) R (%) a(A) of(D)=v B(Pd/Ag) B(D)

(bar) (A%) (A%

80 1076 8.4 12.6 63 3.93153(3) 0 0.88(2) -
80 1 6.3 93 28 4.01650(3) 0.326(7) 1.08(3) 44(1)
30 4 6.1 9.2 20 4.02171(3) 0.363(8) 1.28(3) 5.4(2)
80 8 5.5 8.4 2.1 4.02465(3) 0.371(7) 1.32(3) 52(1)
150 1 6.4 10.0 3.1 3.99836(3) 0.199(7) 1.06(3) 3.5(2)
150 4 6.0 9.4 32 4.01527(3) 0.240(8) 0.92(3) 3.5(2)
150 8 5.8 9.2 2.7 4.02030(3) 0.262(7) 0.98(3) 3.8(2)
200 1 6.7 1.1 28 3.96753(3) 0.079(5) 1.30(3) 1.2(4)
200 4 6.1 938 34 4.00381(3) 0.190(7) 1.13(3) 3.5(2)
200 8 5.6 9.1 26 4.01342(3) 0.221(7) 1.08(3) 3.9(2)

absorption showed a very peculiar aspect. In Fig. 1 the diffracto-
gram measured at 80 °C after 70 min of 1 bar D, uploading (out of
340 min necessary to finish the process) is displayed. All FCC Bragg
peaks appear to be split, and with increasing time the intensity
ratio of each pair varies continuously in favor of the peak at lower
26. This was quite unexpected, because no such splitting was
observed in the previous similar experiment at lower resolution
[14]. It is thus concluded that two distinct FCC phases of
Pdgy.772Ag0.228Dy form in the sample during the process; one of
them grows at the expense of the other one, till the sample be-
comes single phase once the D, absorption is completed.

Such phases are clearly to be identified with the o and f mod-
ifications of palladium hydride [19—21]. However, one of them is
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Fig. 1. Neutron powder diffraction pattern of two-phase (.+p) Pdg 772Ag0.228Dy during
deuterium absorption at T=80°C, p(D,)=1bar (D20 diffractometer, 1 =1.5420A).
Small vertical bars denote the Bragg peak positions for the o and B phases (upper and
middle rows), and for Al of the pressure cell (lowest row, also emphasized by aster-
isks). The difference (observed minus calculated) profile from Rietveld refinement is
shown below. Indexes hkl of Bragg peaks are given.

here observed in metastable rather than equilibrium conditions, as
it transforms into the other phase on passing time. A magnified
portion of the set of all diffraction patterns collected in the course of
the kinetic experiment at T= 80 °C, p(D,) = 1 bar is shown in Fig. 2.
The trend of peak intensity vs. time allows us to understand how
the two-phase sample of Pdg772Ag0.228Dy transforms during pro-
gressive deuteration: the o modification, with smaller unit-cell and
less D content, changes continuously into the D-richer § phase with
larger cell.

The same result is shown by the D2B measurements, which
however concern deuterium absorption obtained by cooling (from
200 to 80°C) rather than by pressure increase (from vacuum to
1 bar) as in the D20 case. In Fig. 3 the diffraction intensity is dis-
played as coloured contour areas vs. 26 angle and number of the

80 °C, 1 bar

B(222) (222)

‘>>>,>’»”"»
_—

2 4 :
78 80 8 8 o9 86

Fig. 2. Isothermal o (D-poor) to  (D-rich) phase transformation of Pdg 772Ag0228Dv, as
the v uptake of deuterium increases after raising p(D) from 106 to 1 barat T=80°C.
Arrows indicate the direction of increasing time. The 77—87° angular range, including
the (311) and (222) Bragg peaks from each phase, is shown out of 30 diffraction pat-
terns (D20 diffractometer, A = 1.5420 A) of 10 min duration each.
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Fig. 3. Isobaric o (D-poor) to § (D-rich) phase transformation of Pdg 77,Ag0.228Dy, as the
v uptake of deuterium increases after lowering T from 200 to 80 °C at p(D,) = 1 bar. The
angular range including the (311) and (222) Bragg peaks from each phase is shown out
of 4 x 10 diffraction patterns (D2B diffractometer, A =1.5942 A) of 16 min duration
each. Time increases with the pattern number.

pattern. Four different measurements, each including a set of 10
patterns (cf. the Experimental section), are included in the graph. In
the D20 kinetic measurements at 150°C, 1bar a similar o — f
transformation is observed as at 80°C, but with a smaller 26
splitting of Bragg peaks (Fig. 4). This means that on increasing
temperature the volume difference between the two coexisting
phases decreases progressively, and indeed at 200°C/1 bar the
sample remains single-phase throughout the whole deuteration
reaction. Also all kinetic results obtained with p =2 and 4 bar at any
temperature show a single-phase behavior of the system.

Rietveld refinements of all recorded patterns were carried out in
the three-phase or two-phase mode (including Al from pressure
cell) appropriately. In the former case the lattice constants a, and
ap, and the deuterium occupancies v, and vg were refined for each
cubic phase of Pdg 772Ag0.228Dv; the volume ratio of the two phases
was refined as well, yielding the B volume fraction & = Vp/(V,+Vjp).
Thus, the total D content per formula-unit could be obtained as

LI I e

—_————
/(1(311)

150 °C, 1 bar

AI(311)

Fig. 4. Results similar to those of Fig. 2 at 150 °C for 18 patters of 5 min duration each.

weighted average of the two occupancies <v> = (1-£)vg+£vp. In
Fig. 5 the refined unit-cell constants are plotted against time for all
experiments; their e.s.d.'s are not larger than 10~A for the B or
single-phase values, while the o values range between 10~% and
4 x10~*A. At p(D,)=1bar, the gap between a, and ag appears
clearly to shrink with deuteration progress, and it is much smaller
at 150 than at 80°C. Results obtained at higher pressure (black
symbols) always correspond to a single phase.

For the deuteration reaction at 80°C and 1 bar, the B phase
fraction £ is plotted vs. time in Fig. 6, and the corresponding plots of
the v,, g and <r> occupancies are displayed in Fig. 7. The deuterium
content of the two phases appears to change little during the re-
action progress, so that the curve of the average occupancy <v>
resembles closely that of the §§ phase fraction £. During deuteration
it is interesting to remark that, while both ag andvg remain con-
stant, the volume of the o phase increases significantly despite the
little variation of v, (cf. Figs. 5 and 7). This would suggest that the
denser o lattice is not able to absorb deuterium without expanding,
at variance with the B phase whose larger volume does not need
further expansion on absorption. Results obtained at 150 °C/1 bar
(Fig. 8) are less accurate, because the v, and vg occupancies are quite
close to each other so that the e.s.d.'s of their refined values in-
crease significantly. Therefore, also the average value <v> (plotted
in Fig. 8 for the first part of the reaction) is affected by a large un-
certainty, whereas after 60 min a single phase model had to be
adopted with an ensuing lower error of the » occupancy. The trend
of single-phase D content » vs. absorption time at higher pressure
(2 and 4 bar) is shown as well (closed symbols) in Fig. 8.

The kinetic behavior of the o and f phase volumes and D oc-
cupancies at different T, p conditions, such as displayed in Figs. 5—8,
can be represented by aid of a qualitative phase diagram of the solid
Pdo.772A80.228Dy system. This is sketched in Fig. 9 as a sequence of
p(v) isotherms, which show the miscibility gap of atomic deuterium
D into the Pdg772Ag0.228 alloy. A two-phase o4 domain arises
below a critical temperature lying between 150 and 200 °C. All
kinetic experiments of isothermal deuterium absorption performed
on D20, triggered by pressure increase, are represented qualita-
tively as P;Q; (p from 10° to 1 bar) and QiR; (p from 1 to 4 and to
8 bar) segments of isotherms. Also the D2B isobaric experiment,
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~3.98 aall / ;
%3,97_: ’Jj tf -— 200 °C / ]
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3.94 4 7
3934 W

3.92

1 I I 1 I 1 1 1 1 1 I
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Fig. 5. Time evolution of the cubic unit-cell edge of the phases of Pdg772Ag0.228Dv
during deuterium absorption at p(D,) =1 bar (open symbols) and 4 and 8 bar (closed
symbols), at three different temperatures. Data at 200 °C and p > 1 bar are shifted by
50 min on the time scale to avoid superposition.
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Fig. 6. Volume B phase fraction £=Vp/(V,+Vp) from Rietveld refinements of
Pdg.772Ag0.228Dy during the progressive isothermal D, absorption. The solid and dashed
curves correspond to the fitting function given in Table 3 and to £ = 1— [1— (0.0008t)"/
23, respectively.

T & T S T i T % T B T L T v T b T %
0 50 100 150 200 250 300 350 400 450
t (min)

Fig. 7. Occupancy v of deuterium D in each of the o and B phases of Pdg772Ag0.228Dv,
and weighted average <v> = (1— &)v,+&vp, against D, absorption time. The solid and
dashed curves correspond to the fitting function given in Table 3 and to <v> = 0.34{1—
[1— (0.0015¢) 2]}, respectively.

where absorption was induced by a 200 to 80°C temperature
decrease, is included as constant pressure segment Q3Q>. Thus, the
two-phase o+f assemblage was observed in our experiments in
metastable conditions only, during the processes of adjustment of
the lower pressure of the system to the higher external pressure, or
of the higher system temperature to the lower external one, which
led eventually to stable single-phase systems. For instance, from
the experiment at 80 °C with p raised from 10~ to 1 bar, we can
surmise that at that temperature the o+f assemblage would be
stable at a pressure surely lower than 1 bar (cf. the plateau of the
isotherm in Fig. 9). Of particular interest is the outcome of isobaric
cooling from 200 to 80 °C at 1 bar: the corresponding equilibrium
isotherm with two-phase plateau is guessed to occur slightly above
150°C (Fig. 9). This means that the phase transformation of

0T T T T T T T T

0.35 1

0.30

0.25

> 0.20

0.10

0.05

0.00 ¥ * 1 ¢ ¢ "0 ° T " >°T° "1 "1 " T °'
40 60 80 100 120 140 160 180 200
t (min)

Fig. 8. Two-phase average <v> (150 °C, t < 60 min) and single-phase » (all other cases)
occupancies of deuterium in Pdg 772Ag0.228Dv against D, absorption time, at 1 bar (open
circles) and at 4 (closed circles) and 8 bar (closed squares). Thick curves for 1 and 4 bar
kinetics correspond to Avrami fitting functions reported in Table 3.

T T T T T flRa// T Rz’.R_'

i 200 °C / / [
201 \/ / ,"f if'
1 /150°c/ [

i 7 ,// Tc/

p (bar)

Fig. 9. Sketch of a qualitative phase diagram of Pdg772Ag0.228Dv, suggested by kinetic
measurements of the deuterium uptake process. The ¢+ two-phase region is boun-
ded by a dotted-dashed line. P1Q;, P,Q, and P3Qs correspond to the isothermal ex-
periments performed at 80 (Fig. 2), 150 (Fig. 4) and 200 °C on D20, after raising p(D;)
from 10° to 1 bar; similarly, Q;Ry, QuR; and Q3Rs after raising pressure from 1 to 4 and
to 8 bar (out of scale). Q3Q, denotes the isobaric experiment performed at 1 bar on D2B
(Fig. 3), after decreasing T from 200 to 80 °C.

Pdo.772A80.228Dy would take place around 160 °C at room pressure,
thus accounting in terms of an «/f phase transition for the mini-
mum of electrical resistivity observed at about 140 °C in the hydride
of Pdo.70Ag0.21 [13].
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Results obtained for lattice constants and deuterium content of
the o and P phases of Pdg772Ag0228Dy at 80°C/1bar, can be
compared to the known behavior of the corresponding phases of
PdD, in the same conditions. In the latter case v,=0.02 and
vg=0.57 are observed [2], to be compared to 0.05 and 0.35 (Fig. 7)
for the deuterated Pd-Ag alloy. Thus, the D solubility in the o phase
increases slightly but significantly when Ag is alloyed with Pd. This
may be interesting in relation to recent results on the end member
a-PdH,, which suggest a covalent Pd-H bonding in o vs. a metallic
one in the B phase [22]. Replacing Pd by Ag may indeed favor the
covalent with respect to metallic bond, thus raising the D solubility
in the o phase. On the other hand, the smaller D content of B-
Pdg.772Ag0.228Dy With respect to B-PdD, seems to be simply related
to the larger total H/D solubility in pure than in alloyed Pd. Another
relevant difference is given by the critical temperature, which is
about 290 °C for PdH, [1—3] but it seems to lie at least 100 °C below
in the case of Pdg772Ag0.228Dv.

Direct thermodynamic measurements of the isotherms of the
Pd;xAgx-H system are reported by several authors [23—25]. It is
claimed that, on increasing xag, the o+f two-phase region shrinks
progressively and disappears for xpg>0.24at 303K, and for
Xag > 0.15 at 423 K [23]. Indeed, for the xaog = 0.23 limit value a true
pressure plateau was hardly observed at any temperature in the
reported isotherms. However, due to the known difficulties in
achieving equilibrium results in PCI (pressure-composition-
isotherm) measurements, it cannot be excluded that, in limit con-
ditions, the miscibility gap may be missed by that experimental
technique.

As a concluding remark, the thermal/absorption-desorption
history and the physical features of samples on which experi-
ments are performed may affect the phase behavior of
Pdo.772Ag0.228Dv, unless a proper sample activation is carried out. In
our work the same single specimen was used for all previous [14]
and present measurements, with similar thermal activation cycles,
so that the different results are comparable. It could be interesting
to study the behavior of different samples in a more extensive
investigation.

3.3. Kinetic study: deuteration reaction modelling

The degree of advancement « of the deuteration reaction can be
generally represented by the ratio v/vmax (single-phase) or (v)/
(ymax) (two-phase condition), where v,y is the equilibrium D oc-
cupancy reached at reaction end. However, as there is some un-
certainty in defining the end value vy exactly, we shall prefer to
consider the non-normalized »(t) or <v>(t) quantities as kinetic
functions. In the two-phase case, the role of degree of advancement
is also played by the  volume fraction ¢ = Vp/(V,+V}p), as vg remains
stable when the o phase is consumed (Fig. 7). Therefore, on the
basis of results plotted in Figs. 6—8 it was possible to fit the cor-
responding data to different kinetic models [26,27]. The widely
used Avrami equation a = 1— exp[— (kt)"] is based on a nucleation-
growth model, where the empirical parameter k is the reaction rate
constant and n is related to the dimensionality of growing particles.
Another popular kinetic formula, o =1— [1— (kt)'?}?, is derived
from the contraction-volume/diffusion scheme.

By trying to fit reaction data at 80 °C/1 bar (Figs. 6 and 7) to such
equations, the Avrami model failed completely to account for the
quasi-linear behaviors of plots in the final stage of the process. A
better agreement was obtained by the contraction-volume/
diffusion formula (dashed curves in Figs. 6 and 7); however, also
in this case there are problems with the final reaction stage, as on
extrapolation one would obtain reaction end (£ =1 in Fig. 6) at
t=1/k = 1250 min, which seems really too long when compared to
the actual experimental curve. It was thus necessary to split the

process into two steps, assuming a zero-order kinetics (constant
rate) at t> 110 min which accounts explicitly for the observed
linear behavior in the late reaction stage: £=0.001060(7)
t + 0.5481(17) was obtained by linear regression of data. The first
step (t<110min) could still be modelled by the previous
contraction-volume formula with k=8 x 10~4 min~, but a better
overall fit was obtained by combining a simple first-order kinetic
law for the first step with the zero-order formula for the second one
into a single equation. The resulting formulas for £(t) and <v>(t) are
reported in Table 3; the corresponding fitting curves are shown as
thick lines in Figs. 6 and 7, respectively.

The process governed by first-order kinetics, much faster than
the subsequent one, can be simply interpreted by a mechanism of
nucleation of f phase domains within the o matrix. The second,
slower process is accounted for by adsorption and dissociation of
molecular D, on the surface of the sample, in presence of an excess
of deuterium gas at constant pressure justifying the constant re-
action rate. A parallel, complementary zero-order Kinetic process
could be the one-dimensional growth of B nuclei perpendicularly to
the alloy foil surface. The constant rate process becomes rate-
determining step of the whole reaction only when formation of
nuclei has stopped (about 110 min after deuteration start). Diffu-
sion of atomic deuterium inside the alloy, which must occur in any
case, looks like a much faster process than either of the two pro-
posed steps of the deuteration reaction, so as not to affect its ki-
netics. Indeed, diffusivity D of deuterium in Pd and Pd-Ag alloys is
reported in the range 3—8 x 10" m?s~! (at 80°C) [28—30]; thus,
the d = 0.05 mm thick foil would be passed through in a time (= d?/
D) of the order of 1 min, which is much less than the observed
process duration.

In all other T, p conditions different from 80 °C/1 bar the results
of phase fraction refinements were numerically too noisy to allow
the £(t) fitting to discriminate among different kinetic models. This
was instead possible for the D content <v> or » at 1 and 4 bar,
whereas in deuteration reactions at 8 bar the data quality was
insufficient for reliable fittings also of the » quantity (Fig. 8). In no
case any linear regime was detected, such as that observed in the
reaction at 80 °C, 1 bar. Instead, a single fitting of the Avrami type
was always able to account for the experimental behavior very
satisfactorily. This seems to indicate that, at T> 80 °C the rate of
nuclei growth, and at p > 1 bar the deuterium adsorption rate are
enhanced so that the zero-order kinetic process is no more rate-
determining step. The fitted parameters are reported in Table 3,
and the corresponding curves are shown as thick lines in Fig. 8. The
time zero for equations in Table 3 is the instant when pressure was
raised to the current value; of course this is not t =0 in Fig. 8 for
reactions at 4 bar.

4. Conclusions

The deuteration reaction of the Pdg772Ago228 alloy has been
monitored vs. time by a direct microscopic probe, the neutron
beam, in different thermodynamic conditions. Sequences of inter-
mediate metastable states have been detected during progress to-
wards equilibrium, thus providing evidence of the a/f miscibility
gap in the phase diagram of Pdg 772Ag0.228Dy, similarly to PdD, and
PdH,, This clarifies an open point in the study of hydrides of the Pd;-
xAgx alloys, as the x = 0.23 composition, of great importance for use
as hydrogen permeable membrane, was claimed to be at the lower
limit of single-phase only hydrides. Further, the o/ phase transi-
tion at room pressure is estimated to occur slightly above 150 °C,
consistent with the minimum of electrical resistivity reported at
140 °C for the hydride of x = 0.21 composition. In summary, a quite
smaller o+ two-phase domain is observed for Pdg772Ag0228Dv
than for pure PdD,, with a critical temperature estimated to be
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Table 3

Fitting functions of the f phase fraction and of the D occupancy vs. time during kinetic runs at different temperatures and pressures.

T(°C) p(D3) (bar) B phase fraction D occupancy

80 1 £ =0.548[1—exp(—0.037t)] + 0.00106¢ <> =0.218[1—exp(—0.037t)] + 0.00028t
80 4 v =0.049[1—exp(—0.060t)] + 0.316

150 1 <v> = 0.202{1—exp[—(0.029t)'%]}

150 4 v = 0.040{1—exp[— (0.090t)*°]}+-0.200
200 1 v =0.056{1—exp[— (0.050t)'%]} + 0.03
200 4 v =0.10{1—exp[— (0.085¢)?]}+0.09

lower by over 100 °C, but the miscibility gap is clearly present yet.

Progress with time of the deuteration reaction could be quan-
titatively determined and fitted to suitable kinetic models. It turns
out that, while at higher temperature a classic Avrami model
(nucleation + growth single step) is quite adequate to account for
results, at T= 80 °C the mechanism of reaction includes two steps.
The first one is nucleation of the hydride phase in the alloy bulk
with first-order kinetics. The second step, corresponding to
adsorption and dissociation of deuterium gas on the sample sur-
face, follows a zero-order kinetics and becomes rate-determining
after that nucleation has come to end.
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