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Changes to the strength, hardness and ductility of a series of well-annealed palladium–silver alloys have been
investigated as a function of the number of isothermal hydrogen absorption/desorption cycles the annealed
alloy specimens were subjected to. The results indicate that the overwhelming majority of the changes to the
mechanical properties occur as a result of the first hydrogen exposure treatment. The degree of change to the
mechanical properties of the alloys has been found to be dependent on the silver content of each alloy, decreasing
as the silver content increases.
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Technology that utilizes hydrogen is advancing at a rapid pace. But
there are still obstacles that stand in the way of hydrogen's effective
and efficient use in many areas of technology. One nagging issue that
remains to be fully addressed is the issue of hydrogen embrittlement
in many metallic materials. Be it in hydrogen fuel storage applications,
nuclear reactor technology, the steel industry, or hydrogen purification
applications, hydrogen embrittlement has been a problem [1,2].

Even with a well-studied metal–hydrogen system such as the
palladium–hydrogen system, investigations continue into the effects
of hydrogen absorption and desorption on its mechanical properties
[3–9]. Several authors of the current study investigated the roles of sev-
eral important hydrogen exposure parameters (e.g. hydrogen exposure
temperature, amount of hydrogen absorbed, and number of absorption/
desorption cycles) on the mechanical properties of palladium [7]. In
virtually all situations investigated hydrogen absorption/desorption
resulted in significant strengthening and hardening of the palladium
matrix along with significant embrittlement. This latter fact creates a
significant shortcoming to the use of palladium in many potential
hydrogen-based applications.

Palladium–silver (Pd/Ag) alloys have garneredmuch attention for an
important role they play in the broad area of hydrogen-based technolo-
gy, namely hydrogen purification. Among the common methods of hy-
drogen separation/purification is the passage of a hydrogen-containing
gas mixture through membranes composed of Pd/Ag [10–13]. One
attractive feature of Pd/Ag alloys in hydrogen applications is that they
aremuch less susceptible to hydrogen embrittlement than pure palladi-
um [10,14]. This fact is often mentioned in studies on the use of Pd/Ag
alloys but very rarely is it quantitatively characterized. A recent study
by several authors of the current investigation has quantitatively
characterized the effects of the hydrogen exposure temperature on
themechanical properties of a series of Pd/Ag alloys [15]. That study re-
vealed that Pd/Ag alloys are less susceptible to hydrogen embrittlement
than pure palladium (under the conditions studied) but that the degree
of mitigation of hydrogen embrittlement is dependent on silver content
of the alloy. The present study shifts the focus from hydrogen exposure
temperature to the equally important factor of the number of hydrogen
absorption/desorption cycles the Pd/Ag alloys undergo. In particular,
we report the results of a study into the changes in the strength,
hardness and ductility/brittleness properties of a series of Pd/Ag
alloys that vary in silver content from 10weight % to 25 weight % silver
caused by multiple isothermal low-temperature hydrogen absorption/
desorption cycles.

Palladium:silver foils, 90:10, 80:20 and 75:25wt.% (99.9% pure basis
metal) of 0.25 mm thickness were used in this study (ACI Alloys, San
Jose, CA, USA). Foil preparation and hydrogen exposure protocols
were carried out as detailed in previous studies [2,15]. Isothermal hy-
drogen absorption was carried out at 323 K. Upon reaching an H/Alloy
content of ~0.30 during hydrogen absorption, specimenswere evacuated
at 323 K for 24 h to remove all absorbed hydrogen. Respective sets of
annealed specimens were subjected to 1, 2, 3, 4, 5, and 10 complete
absorption/desorption cycles at 323 K.
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Table 1
Mechanical properties of well-annealed palladium and palladium–silver alloys.

Mechanical property Well-annealed Pd [17] Well-annealed Pd/Ag (10%) Well-annealed Pd/Ag (20%) Well-annealed Pd/Ag (25%)

Yield strength (MPa) 60 92 119 124
Ultimate strength (MPa) 150 204 261 274
Total elongation (%) 21 20 20 20
Vickers microhardness (VHN) 65 81 101 113
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Following each hydrogen exposure treatment on the specimens, ten-
sile tests were carried out using an Instron Series IX AutomatedMaterials
Testing System using a constant elongation rate of 1.17 mm min−1.
Through an analysis of the stress–strain curves obtained from the tensile
tests, values of the yield strength, ultimate strength and total elongation
(elongation at the point of failure) of each respective specimen were
determined. Specimens used for microhardness testing were subjected
to a series of polishings culminating in a 0.05 μm alumina polishing.
Vickers microhardness tests were performed on a LECO Microhardness
Tester using a load of 100 g.

To establish a baseline for the effects of hydrogen exposure on the
mechanical properties of the alloy systems studied, specimens that
were well-annealed in vacuo and not subjected to any hydrogen
absorption/desorption cycles were first investigated. The yield strength,
ultimate strength and total elongation for thewell-annealed alloyswere
determined. These results, alongwith theVickersmicrohardness values,
are given in Table 1. For comparison, the values for vacuum-annealed
pure palladium are included [16]. Inspection of the results for the
vacuum-annealed samples shows that solid solution strengthening
manifests itself in the palladium–silver alloy system. The values of
Fig. 1. Yield strength (●) and ultimate tensile strength (■) as a function of number of hydroge
(c) palladium–silver (20 weight %); (d) palladium–silver (25 weight %). Values corresponding t
yield strength, ultimate strength and microhardness are found to
increase in direct proportion to the weight % silver in the alloy. It is
interesting to note from the total elongation values of the vacuum-
annealed samples that the alloying of silver with palladium was found
to have no significant discernible effect on brittleness/ductility, as the
values for total elongation are essentially static. A similar consistency
of brittleness/ductility as a function of silver content in well-annealed
Pd/Ag alloys was found in an earlier study by several of the current
authors [15].

Figs. 1–3 show plots of yield and ultimate strength, total elongation,
and Vickers microhardness, respectively, as a function of the number of
isothermal hydrogen absorption/desorption cycles experienced by
well-annealed Pd/Ag alloys. To facilitate an appreciation of the role of
silver content on each respective mechanical property, each set of
plots is arranged such that the mass percent silver increases from plot
b (10 wt% Ag) to plot d (25 wt% Ag); for comparison, similar plots for
pure palladium are included as plot a in each figure [16]. In each plot,
the value corresponding to zero cycles represents well-annealed
specimens that had not been subjected to any hydrogen absorption/
desorption cycles.
n absorption/desorption cycles: (a) pure palladium; (b) palladium–silver (10 weight %);
o zero cycles correspond to well-annealed specimens that were not exposed to hydrogen.

Image of Fig. 1
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The plots in Figs. 1–3 make certain things quite obvious. First, with
the exception of the 25 wt% Ag alloy, hydrogen absorption/desorption
cycling does have a significant effect on the strength, hardness and duc-
tility/brittleness of the metal. The present results show that cycling
causes an increase in strength (both yield and ultimate) and hardness
while causing a decrease in elongation (i.e. ductility) in all but the
25 wt% Ag system. The observed loss of elongation (ductility) is synon-
ymous with the occurrence of hydrogen embrittlement. Second, the
present results indicate that the overwhelming majority of changes in
strength, hardness and ductility occur as a result of the first absorp-
tion/desorption cycle. A modest additional increase in strength and
hardness along with a modest additional decrease in ductility are
found after a second absorption/desorption cycle. Beyond the second
absorption/desorption cycle, further cycling results in little, if any, addi-
tional changes in the strength, hardness and ductility characteristics of
themetals. Suchfindings for cycledpure palladiumhave been explained
based on effects associated with the traversal of the (α+ β) miscibility
gap in the palladium–hydrogen system during hydrogen absorption
and desorption [7].

The present values for strength, hardness and ductility show that the
changes in these properties caused by cycling well-annealed materials
decrease as the percent silver in the alloy increases. If the role of solid
solution strengthening is teased out from the observed changes in
mechanical properties by expressing the fractional change (F.C.) in
mechanical property as

F:C: ¼ final value−initial valuej
initial value

then the decrease in the change in property as a function of increasing
Fig. 2. Elongation at failure as a function of number of hydrogen absorption/desorption cycles: (
(d) palladium–silver (25 weight %). Values corresponding to zero cycles correspond to well-an
silver content is apparent. In this calculation, the final value is taken as
the average value of the property in the plateau region of each plot
while the initial value is that of the well-annealed material (i.e. the
zero cycle value). The absolute value is used to ensure a positive sign
for values calculated using elongation values. The values for the
fractional changes in the strength, hardness and ductility are given in
Table 2. The results in Table 2 clearly reinforce the finding that as the
silver content of a Pd/Ag alloy increases, the susceptibility of the alloy
to changes in mechanical properties decreases, culminating in the
ability of the Pd/Ag (25 wt%) alloy to retain the properties it possesses
in the well-annealed state.

The present results beg the answers to two questions —why do the
observed changes in mechanical properties diminish as the percent
silver in an alloy increases and why do the overwhelming majority of
the observed changes to the mechanical properties get generated
during the first absorption/desorption cycle?

With regard to the influence of silver content on the degree of
change to the alloys' mechanical properties, one likely and very promi-
nent factor is the nature of the volume change that the alloy matrix
experiences during hydrogen absorption and desorption. It has been
found that the Pd/Ag–H system possesses an (α + β) miscibility gap
that is dependent on the composition of the palladium–silver alloy
[17]. Similar to pure palladium, the α phase is a dilute solid solution of
hydrogen in the metallic matrix while the β phase is a dense hydride
phase, with the two phases having differing volumes. In the Pd/Ag–H
system, as the silver content of the alloy increases, both the critical
temperature and the width of the (α + β) miscibility gap decreases.
The decrease in the width of the miscibility gap indicates that magni-
tude of the discontinuous volume changes that accompany the α → β
and β → α transitions diminish as silver content increases. Table 3
a) pure palladium; (b) palladium–silver (10weight %); (c) palladium–silver (20weight %);
nealed specimens that were not exposed to hydrogen.

Image of Fig. 2


Fig. 3.Vickers microhardness as a function of number of hydrogen absorption/desorption cycles: (a) pure palladium; (b) palladium–silver (10weight %); (c) palladium–silver (20 weight
%); (d) palladium–silver (25 weight %). Values corresponding to zero cycles correspond to well-annealed specimens that were not exposed to hydrogen.
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shows the critical temperatures, lattice constants for the limiting com-
positions of theα andβ phases at 298 K, and the percent volume change
due to the α → β (or β → α) transition at 298 K for the three alloys
involved in the present study [17]. The values in Table 3 quantitatively
indicate that an increase in the silver content of the Pd/Ag alloys causes
a progressive decrease in thewidth of the (α+ β) miscibility gap along
with a progressive depression of its critical temperature. As thewidth of
the miscibility gap decreases, the mismatch in volume between the α
solid solution phase and the β hydride phase decreases, leading to
fewer dislocations being generated during hydrogen absorption and
desorption. The fewer dislocations generated result in less prominent
changes in the mechanical properties of the alloy matrix due to hydro-
gen cycling. In the case of the Pd/Ag (25 wt%) alloy, the temperature
at which hydrogen absorption/desorption occurred was above the
critical temperature of the miscibility gap and thus no abrupt change
in volume occurred during hydrogen cycling.

With regard to the preponderance of the changes in mechanical
properties occurring during the first absorption/desorption cycle, the
Table 2
Fractional change (FC) in mechanical properties of hydrogen-cycled palladium and
palladium–silver alloys.

F.C. Pd Pd/Ag (10%) Pd/Ag (20%) Pd/Ag (25%)

Yield strength (MPa) 3.34 2.56 2.08 0
Ultimate strength (MPa) 1.23 0.85 0.58 0
Total elongation (%) 0.78 0.75 0.73 0
Vickers microhardness (VHN) 1.08 0.91 0.69 0
influence of dislocations generated during cycling is likely to be a key
factor again. Wang et al. have shown via hydrogen solubility measure-
ments and transmission electron microscopy that one cycle of traversal
through the (α + β) miscibility gap in pure palladium gives rise to a
significant build-up of dislocations [18]. That same study also found
that additional cycles through the miscibility gap did not lead to signif-
icant additional increases in the dislocation density in the Pdmatrix; the
results indicated the achievement of a steady-state dislocation density
after only 2–3 cycles through the miscibility gap due to the offset of
the generation of additional dislocations by the annihilation of existing
dislocations. Our results for the Pd/Ag alloys (with the notable excep-
tion of the 25 wt% alloy) are consistent with the establishment of a
similar steady-state dislocation density after only 2–3 cycles through
the respective miscibility gap in the alloy-H system. The establishment
of a constant dislocation density translates into the lack of further
changes to an alloy's mechanical properties as the number of hydrogen
absorption/desorption cycles climb beyond 2 or 3.
Table 3
Miscibility gap parameters for Pd/Ag–hydrogen systems (based on data in Perrot et al.
2006).

Alloy Tc (K) α lattice constant
@ 298 K (nm)

β lattice constant
@ 298 K (nm)

Δvolumeα→β (%)

Pure Pd 570 0.389 0.403 10.9
Pd/Ag (10 wt%) 451 0.392 0.401 7.1
Pd/Ag (20 wt%) 348 0.395 0.398 2.3
Pd/Ag (25 wt%) 290 – – –

Image of Fig. 3
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