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A Case Study Approach: Summary of Some Results on the
Effects of Hydrogen Exposure on the Mechanical Properties of
Palladium and the Alloy Systems Pd1−xMx, M = Ag, Cu, Mn;
x = 5 − 0.25
Andrew Craft

Department of Chemistry, University of Hartford, West Hartford, CT 06117, USA; craft@hartford.edu

Abstract: Selected results of investigations focused on the changes to some mechanical properties of
palladium and several palladium-based alloys caused by exposure to hydrogen have been collected
and presented. The findings indicate that the mechanical properties of pure palladium are highly
susceptible to alteration upon exposure to hydrogen. In the cases of alloying palladium with silver
and copper, the alloys, as compared to palladium, appear to resist changes to mechanical properties.
In the case of alloying palladium with manganese, the interesting order–disorder phenomenon plays
an important role on the effects of hydrogen exposure on their mechanical properties.
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1. Introduction

The interaction of hydrogen with transition metals has been a vibrant field of re-
search for quite a few decades. The basic mode of this interaction is straightforward. Step
one involves the dissociative adsorption of molecular hydrogen onto the surface of the
transition metal (H2(g) → 2 H(adsorbed)). Step two involves the absorption of the surface
atomic hydrogen into the bulk of the metal (H(adsorbed) → H(absorbed)). Once absorbed, the
hydrogen occupies the interstitial sites within the metallic lattice resulting in an interstitial
solid solution of hydrogen in the transition metal. The study of these transition metal–
hydrogen systems has been the very definition of interdisciplinary. They have been studied
by chemists, physicists, surface scientists, metallurgists, materials scientists, and engineers.
Investigations have focused on the characterization of the system’s thermodynamic proper-
ties, electrical properties, optical properties, bulk and surface structural properties, phase
stability properties, and mechanical properties. In addition to fundamental studies on these
fascinating materials, investigations of a more applied nature have occurred. Transition
metal–hydrogen systems have shown promise as potential hydrogen storage media, non-
mechanical refrigeration/heat pump systems, and as hydrogen purification membranes.
Of all the transition metals that absorb hydrogen, perhaps none has been studied more
than palladium.

The ability of palladium to absorb significant amounts of hydrogen was recognized
well over a century ago [1]. Owing to its ability to absorb significant amounts of hydrogen
under nonextreme conditions of temperature and hydrogen pressure, and to do so with
rather fast hydrogen absorption and desorption kinetics, palladium has been the focus
of varied studies for quite some time. The impact of absorbed hydrogen on the electrical
and optical properties of palladium is critical to the burgeoning field of switchable mirror
technology [2,3]. The presence of superconductivity in the palladium–hydrogen system
under non-extreme conditions of hydrogen pressure make palladium–hydride an excellent
model system for the study of hydrogen’s effect on superconductivity in similar metal–
hydrogen systems [4]. The influence of hydrogen on the surface structure of palladium has
been critical to the effective use of palladium as a catalyst in many areas of chemistry [5].
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As attractive as palladium is with regard to its absorbing ability for hydrogen, it does
have some significant impediments, beyond its sky-high cost, to its wide-scale use in many
hydrogen-focused areas of science and technology. Because of this, many studies have
been undertaken to investigate the impact that alloying various metals with palladium has
on the hydrogen-absorbing ability of the alloy and on the various properties of the metal
matrix that are altered by the absorption of hydrogen. Similar studies to those undertaken
with pure palladium have been undertaken with many palladium-based alloy systems,
including those found in this manuscript. Whether it be investigations into electrical and
optical properties [6–9], magnetic properties [10–12], or surface characteristics [13,14], the
interaction of hydrogen with palladium-based alloys has been and will continue to be a
vibrant field of investigation.

When it comes to the effects of hydrogen absorption/desorption on the mechanical
properties (strength, hardness, and ductility) of transition metal–hydrogen systems, vig-
ilance toward the threat of hydrogen embrittlement must be displayed. In the case of
palladium, studies have made it clear that hydrogen embrittlement is a very real worry
under most hydrogen exposure conditions [15]. Because of the significant hydrogen embrit-
tlement suffered by pure palladium, one feature that alloying palladium with other metals
strives to achieve is some degree of reduction in the extent of hydrogen embrittlement.
The author has been involved in a series of investigations into the effects of hydrogen
exposure on the mechanical properties of palladium and several palladium-based alloys.
This paper collects and provides an overview summary of the findings of those studies into
the extent to which hydrogen exposure impacts the mechanical properties of palladium–
manganese, palladium–silver, and palladium–copper alloys, and how these alloys compare
to pure palladium.

2. Materials and Methods

Palladium (99.9% total purity, Alfa-Aesar, Ward Hill, MA, USA), palladium–silver (99.9%
pure metal basis, ACI Alloys, San Jose, CA, USA), palladium–copper (99.9% pure metal basis,
ACI Alloys, San Jose, CA, USA), and palladium–manganese (99.9% pure metal basis, ACI
Alloys, San Jose, CA, USA) foils of 0.25 mm thickness were used in the studies reported. These
foils were unidirectionally cut into 38.1-millimeter-long by 6.4-millimeter-wide specimens. A
reduced section of 3.2 mm width was machined into each specimen to facilitate a break in
the middle during tensile testing. Specimens were lightly abraded with fine emery paper
and then chemically polished in a 2:2:1 volume mixture of H2SO4:HNO3:H2O, followed
by liberal rinsing in an ultrasonic cleaner, with deionized water and then acetone. Unless
noted elsewhere, specimens were then stress-relieved in vacuo at 723 K for 48 h, followed
by a 24 h annealing in vacuo at 823 K. These annealing temperatures were high enough
to allow the recovery of each specimen to a nearly defect-free state. Some of the vacuum-
annealed specimens were retained for strength or hardness testing to establish baseline
values against which hydrogen-treated specimens would be compared.

Hydrogen absorption/desorption by the vacuum-annealed specimens was carried
out in an all-stainless-steel system of calibrated volumes connected to a commercial tank
of ultrapure hydrogen. The temperature of the specimen chamber of the system was
maintained by a regulated water bath for temperatures below 373 K and by a computer-
controlled furnace for temperatures at and above 373 K. Hydrogen gas pressures were
measured with MKS diaphragm gauges, and the hydrogen content of the specimens was
determined by means of the ideal gas law from changes in the hydrogen gas pressure. The
hydrogen content was calculated and reported as the hydrogen-to-metal (H/metal) atom
ratio. Upon reaching saturation or a desired H/metal ratio, specimens were evacuated
for 24 h at the absorption temperature to remove all absorbed hydrogen. The hydrogen
desorption was carried out via a vacuum system composed of a HyVac two-stage pump
(HyVac Products, Pottstown, PA, USA).

Tensile tests were carried out on both vacuum-annealed and hydrogen-cycled speci-
mens using an Instron Series IX Automated Materials Testing System (Instron Corporation,
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Norwood, MA, USA) using a gauge length of 19 mm and a constant elongation rate of 1.27
mm/min. Three specimens corresponding to each respective treatment (vacuum-annealed
and hydrogen-cycled) underwent tensile testing. Specimens used for microhardness testing
were subjected to a series of polishings culminating in a 0.05 micron alumina polishing.
Vickers microhardness tests were performed on a LECO Microhardness Tester (LECO
Corporation, St. Joseph, MI, USA) using a load of 200 g.

3. Results

Figure 1 shows representative engineering stress–strain curves for several specimens
that were part of the materials investigated. The important properties determined via such
stress–strain curves are the yield strength, ultimate strength, and total elongation. The
yield strength is the stress at which the material begins to experience significant plastic (i.e.,
permanent nonelastic) deformation. The ultimate strength is the maximum stress that the
material can withstand prior to failure. Total elongation refers to the elongation at the point
of failure.
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Figure 1. Representative stress–strain curves: (—) vacuum-ordered Pd3Mn;.(− · −) disordered
Pd3Mn; (---) hydrogen-ordered Pd3Mn.

3.1. Mechanical Properties of Vacuum-Annealed Materials

In order to assess any effects that exposure to hydrogen may have on the mechanical
properties of a material, baseline values must be obtained. For the materials involved in
the present report, the vacuum-annealed specimens provide such baseline values, as they
represent a nearly defect-free crystalline environment. The results for the yield strength,
ultimate strength, microhardness, and total elongation for the vacuum-annealed materials
studied are shown in Figure 2a–d, respectively.

As is evident from these plots, the alloying of palladium with silver, copper, and man-
ganese results in significant solid solution strengthening over the entire composition range
investigated, with the characteristic strengthening of the alloys increasing as the solute
metal content increases. The results show that the alloying of palladium with manganese
results in the most prominent occurrence of solid solution strengthening, alloying with
copper results in less prominent solid solution strengthening than that observed with man-
ganese, and alloying with silver results in the least prominent occurrence of solid solution
strengthening. This ranking, in terms of solute metal, of the magnitude of the observed
solid solution strengthening can be appreciated in terms of the differences in the lattice
constants of palladium and those of the alloying element and the stress fields that result
from the misfit of the unit cell dimensions. Palladium has a lattice constant of 389.07 pm,
while those of silver, copper, and alpha-manganese are 408.53, 361.49, and 891.25 pm,
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respectively [16]. Using these values, it can be seen that the relative degree of solid solution
strengthening observed, as differentiated by the alloying element, is directly proportional
to the lattice constant difference between palladium and the respective alloying element.
It is interesting to note that although strength and microhardness are impacted by the
alloying of palladium with silver, copper, and manganese, total elongation is relatively
unaffected by the alloying.
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Figure 2. Tensile properties for vacuum-annealed alloys. (a) Yield strength; (b) Ultimate strength;
(c) Vickers microhardness; (d) Total elongation.

3.2. Case 1: Pure Palladium

With all the attractive properties that palladium possesses with regard to hydro-
gen absorption/desorption and hydrogen permeation/diffusion, a major drawback is its
proneness to hydrogen embrittlement. Changes to the strength, hardness, and ductility
characteristics of palladium upon exposure to hydrogen have been studied based upon a
variety of hydrogen-exposure factors.

3.2.1. Amount of Hydrogen Absorbed

In this study, respective specimens of vacuum-annealed palladium absorbed varying
amounts of hydrogen (expressed as the H/Pd atom ratio). The specific H/Pd ratios obtained
were 0.02, 0.20, 0.35, 0.49, 0.66, and 0.72. Upon reaching the specific hydrogen content,
specimens underwent hydrogen desorption for 24 h. All hydrogen absorption/desorption
cycling occurred at 323 K. The specimens subjected to hydrogen absorption/desorption
cycling then underwent stress–strain and microhardness testing. The results of the testing
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are shown in Figure 3a–c. In these figures, the values for vacuum-annealed palladium are
included as the values for which the H/Pd ratio equals zero.
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Figure 3. Tensile properties of palladium as a function of hydrogen content achieved during hydrogen
absorption/desorption at 323 K. (a) Yield (•) and ultimate strength (�); (b) Vickers microhardness;
(c) Total elongation.

As can be seen in Figure 3a–c, the mechanical properties of the majority of specimens
were significantly altered from those of the vacuum-annealed palladium. Except for the
specimens dosed to a H/Pd = 0.02, there is a progressive increase in strength and hardness,
along with a steady decrease in elongation, as the final H/Pd reached during hydrogen
absorption increases.

3.2.2. Hydrogen Exposure Temperature

In this study, specimens of vacuum-annealed palladium were dosed with hydrogen to
saturation, followed by complete desorption of hydrogen. This single hydrogen absorp-
tion/desorption cycle was carried out on respective samples at 50 K increments from 323 to
523 K, and 25 K increments from 523 K to 623 K. Upon completion of the hydrogen absorp-
tion/desorption cycle, specimens were cooled to room temperature, and stress–strain and
microhardness testing were carried out. The results of the testing are shown in Figure 4a–c.
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The results indicate several important features. Over the entire temperature range
studied, hydrogen cycling increased the strength and hardness and decreased elongation,
relative to vacuum-annealed palladium. Additionally, the results show that the effects on
palladium’s mechanical properties are relatively temperature-independent up to a cycling
temperature of approximately 473 K. At cycling temperatures above ~473 K, the strength-
ening and loss of ductility are dependent on the hydrogen cycling temperature. As the
cycling temperature increases, the degree of strengthening and loss of ductility decreases.

3.2.3. Number of Hydrogen Absorption/Desorption Cycles

In this study, specimens of vacuum-annealed palladium were dosed with hydrogen
to saturation, followed by complete desorption of hydrogen at 323 K for 1, 2, 3, 4, 5, and
10 cycles. Following each respective cycling treatment, respective specimens underwent
stress–strain and microhardness testing. The strength, hardness and elongation results are
shown in Figure 5a–c.

The results clearly show that the overwhelming majority of changes in the mechanical
properties of palladium, compared to those of vacuum-annealed palladium, occur during
the first hydrogen absorption/desorption cycle. A modest enhancement of the effect is
found for the second absorption/desorption cycle, but beyond that, additional hydrogen
absorption/desorption cycling has little additional effect on the observed increase in
strength and hardness or the decrease in elongation.

Analysis of Results:
The hydrogen absorbing characteristics of palladium have been thoroughly studied

and the temperature–composition phase diagram for the palladium–hydrogen system is
well established. The temperature–composition phase diagram is shown in Figure 6 [17].
A plausible explanation for the results presented here can be made with reference to the
palladium–hydrogen phase diagram. In the palladium–hydrogen system, the α phase is a
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dilute solution of hydrogen in palladium, while the β phase is a much denser solution of
hydrogen in palladium, often referred to as a hydride phase. As can be seen in the phase
diagram, below a critical temperature of ~570 K, there is a two-phase coexistence region,
known as a miscibility gap. Within the miscibility gap, the α and β phases coexist. Upon
hydrogen absorption and desorption at temperatures below the critical temperature of the
miscibility gap, the palladium matrix undergoes a discontinuous phase change: α→ β

upon hydrogen absorption and β→ α upon hydrogen desorption.

Hydrogen 2023, 4, FOR PEER REVIEW 7 
 

 

 

 
Figure 5. Tensile properties of palladium as a function of number of hydrogen absorption/desorp-
tion cycles. (a) Yield (●) and ultimate strength (■); (b) Vickers microhardness; (c) Total elongation. 

The results clearly show that the overwhelming majority of changes in the mechani-
cal properties of palladium, compared to those of vacuum-annealed palladium, occur dur-
ing the first hydrogen absorption/desorption cycle. A modest enhancement of the effect is 
found for the second absorption/desorption cycle, but beyond that, additional hydrogen 
absorption/desorption cycling has little additional effect on the observed increase in 
strength and hardness or the decrease in elongation. 

Analysis of Results: 
The hydrogen absorbing characteristics of palladium have been thoroughly studied 

and the temperature–composition phase diagram for the palladium–hydrogen system is 
well established. The temperature–composition phase diagram is shown in Figure 6 [17]. 
A plausible explanation for the results presented here can be made with reference to the 
palladium–hydrogen phase diagram. In the palladium–hydrogen system, the α phase is a 
dilute solution of hydrogen in palladium, while the β phase is a much denser solution of 
hydrogen in palladium, often referred to as a hydride phase. As can be seen in the phase 
diagram, below a critical temperature of ~570 K, there is a two-phase coexistence region, 
known as a miscibility gap. Within the miscibility gap, the α and β phases coexist. Upon 
hydrogen absorption and desorption at temperatures below the critical temperature of the 
miscibility gap, the palladium matrix undergoes a discontinuous phase change: α  β 
upon hydrogen absorption and β  α upon hydrogen desorption. 

0

50

100

150

200

250

300

350

400

0 2 4 6 8 10 12

St
re

ng
th

 (M
pa

)

Cycles

(a)

0

20

40

60

80

100

120

140

0 2 4 6 8 10 12

Vi
ck

er
s M

ic
ro

ha
rd

ne
ss

 (V
HN

)

Cycles

(b)

0

5

10

15

20

25

0 2 4 6 8 10 12

El
on

ga
tio

n 
(%

)

Cycles

(c)

Figure 5. Tensile properties of palladium as a function of number of hydrogen absorption/desorption
cycles. (a) Yield (•) and ultimate strength (�); (b) Vickers microhardness; (c) Total elongation.

Owing to the much greater hydrogen content of the β phase, it possesses a greater
volume than the α phase. For example, at 323 K, the volume of the β hydride phase is ~11%
greater than that of the dilute α solid solution. Thus, when the system traverses the misci-
bility gap upon hydrogen absorption/desorption, there will be an abrupt volume change
within the metal matrix. This abrupt discontinuous phase change will be accompanied by
the creation of dislocations in the metal matrix [18]. It is well established that dislocations
will result in the strengthening and loss of ductility in most metallic systems [19]. The
reported results for palladium are consistent, with a prominent role being played by the
α→ β and β→ α phase changes and the concomitant generation of dislocations.

The progressive increase in strength and hardness, along with the steady decrease
in ductility, that is found as the hydrogen content reached during the absorption portion
of a hydrogen absorption/desorption cycle at 323 K (Figure 3a–c) is consistent with the
generation of dislocations due to traversal of the Pd-H miscibility gap. In accord with
the lever rule, as the overall amount of hydrogen absorbed by palladium increases, the
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fraction of the palladium matrix that experiences the discontinuous α → β and β → α

phase changes will also increase. The greater the fraction of the palladium matrix that
experiences the abrupt volume change, the greater the amount of dislocations generated
within the palladium matrix, and the more prominent will the accompanying increases
in strength and hardness and decreases in elongation (i.e., ductility) be. Lending further
support to this interpretation is the fact that the specimens of palladium that had an H/Pd
content of 0.02 during hydrogen absorption showed no alteration of their mechanical
properties, compared to those of vacuum-annealed palladium. A H/Pd of 0.02 corresponds
to a hydrogen content that does not reside within the miscibility gap at 323 K. Thus, those
specimens did not experience any abrupt volume change that would lead to the generation
of dislocations. Similarly it can be seen in Figure 3a–c that the mechanical properties of the
specimens that achieved a H/Pd content of 0.72 are very similar to those of the specimens
that were dosed to a H/Pd of 0.66. The terminal composition of the miscibility gap at 323 K
is ~0.65 (H/Pd). Thus, any additional absorption of hydrogen at 323 K beyond H/Pd = 0.65
does not facilitate additional conversion between the α and β phases but it simply changes
the hydrogen content of the β phase in a continuous manner. Given this fact, the dislocation
densities of the H/Pd = 0.66 and H/Pd = 0.72 specimens are likely to be quite similar, and
the mechanical properties are expected to be quite similar, as was found.
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The results found for the studies that varied the hydrogen exposure temperature
(Figure 4a–c) are also consistent with the proposed importance of the miscibility gap in
the Pd-H system. As can be seen in the Pd-H phase diagram, the width of the miscibility
gap varies only slightly with increasing temperature up to ~430–450 K. As the temperature
increases further, the width of the miscibility gap decreases more rapidly until coalescing
into the critical point at ~570 K. As the width of the miscibility gap shrinks, the volume
difference between the dilute α phase and that of the β hydride phase decreases. As the
volume difference between the two phases decreases, the amount of dislocations generated



Hydrogen 2023, 4 245

within the palladium matrix will decrease and the strengthening and loss of ductility will
diminish. The results are remarkably consistent with the varying width characteristics of
the Pd-H phase diagram. One thing to note is that at absorption/desorption temperatures
above the critical temperature, the α→ β and β→ α phase changes no longer occur in a
discontinuous fashion with an abrupt volume change. Instead, the phase changes occur in a
continuous homogeneous manner. This would imply that minimal dislocations should be
generated in the palladium matrix due to hydrogen absorption/desorption. Yet, Figure 3a–c
shows that the strength, hardness, and elongation properties of palladium are altered, rel-
ative to vacuum-annealed palladium, by hydrogen cycling at these temperatures, though
not nearly as pronounced as the changes that occur with cycling below the critical temper-
ature. These results point to the likelihood that other factors contribute to the observed
changes in the mechanical properties of palladium. One factor that may contribute is the
creation of point defects in the palladium matrix due to hydrogen absorption/desorption.
It has been found that significant creation of vacancies can occur in palladium during
hydrogen absorption [20]. The creation of vacancies within the metal matrix would likely
impact the mechanical characteristics of palladium and this possibility certainly warrants
rigorous investigation.

The results regarding palladium subjected to multiple isothermal hydrogen absorp-
tion/desorption cycles (Figure 5a–c) are quite interesting. As clearly shown, the over-
whelming majority of strengthening and loss of ductility occurs as a result of the first
absorption/desorption cycle, with a modest enhancement of these effects by the second
absorption/desorption cycle. After the second cycle, additional absorption/desorption
cycles have virtually no effect on the strength, hardness, or ductility of the cycled palla-
dium. Naively, one would anticipate a cumulative build-up of dislocations with every
absorption/desorption cycles undertaken, and that this would lead to a steady increase in
the magnitude of the changes in strength, hardness, and ductility. Why is that not the case?

There is compelling evidence that the dislocation density generated via passing
through the miscibility gap of the Pd-H system reaches a steady state after the second cycle
of hydrogen absorption/desorption [18]. This steady state dislocation density is achieved
through the offsetting of new dislocations created during an absorption/desorption cycle
by dislocation annihilation within the metal matrix. The equilibrium achieved between
the creation of new dislocation and the annihilation of existing dislocations in the cycled
palladium matrix would explain the observed results.

3.3. Case 2: Palladium–Silver

Though not as thoroughly studied as pure palladium, palladium–silver alloys have
been the focus of many rigorous investigations into their interaction with hydrogen. It has
been found that palladium–silver alloys possess superior properties to pure palladium
in the context of functioning as effective hydrogen purification membranes. Anecdotal
evidence has indicated that palladium–silver alloys are significantly less susceptible to
hydrogen embrittlement than pure palladium [21,22].

When similar investigations to those carried out on pure palladium are carried out on
palladium silver alloys, the results can be markedly different. Palladium–silver alloys of 5,
15, and 25 weight percent silver were studied.

3.3.1. Hydrogen Exposure Temperature

Palladium–silver alloys were isothermally dosed with hydrogen to saturation followed
by complete desorption of hydrogen over a temperature range of 298–573 K, except for
the 25 weight % silver alloy that underwent hydrogen cycling over the temperature range
303 K–473 K.

Figures 7a–c, 8a–c, and 9a–c show the strength, hardness, and elongation results
as a function of the hydrogen cycling temperature for Pd0.95Ag0.05, Pd0.85Ag0.15, and
Pd0.75Ag0.25, respectively. The results show that as the silver content increases, the palladium–
silver alloy exhibits an increasing range of temperature where the mechanical properties
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are unchanging and similar in value to the vacuum-annealed alloy. The extreme of this is
seen with the Pd0.75Ag0.25 alloy, where the mechanical properties are virtually identical to
those of the vacuum-annealed alloy, and are unaffected by hydrogen exposure over the
entire temperature range studied.

Hydrogen 2023, 4, FOR PEER REVIEW 10 
 

 

When similar investigations to those carried out on pure palladium are carried out 
on palladium silver alloys, the results can be markedly different. Palladium–silver alloys 
of 5, 15, and 25 weight percent silver were studied. 

3.3.1. Hydrogen Exposure Temperature 
Palladium–silver alloys were isothermally dosed with hydrogen to saturation fol-

lowed by complete desorption of hydrogen over a temperature range of 298–573 K, except 
for the 25 weight % silver alloy that underwent hydrogen cycling over the temperature 
range 303 K–473 K. 

Figures 7a–c, 8a–c, and 9a–c show the strength, hardness, and elongation results as a 
function of the hydrogen cycling temperature for Pd0.95Ag0.05, Pd0.85Ag0.15, and Pd0.75Ag0.25, 
respectively. The results show that as the silver content increases, the palladium–silver 
alloy exhibits an increasing range of temperature where the mechanical properties are 
unchanging and similar in value to the vacuum-annealed alloy. The extreme of this is seen 
with the Pd0.75Ag0.25 alloy, where the mechanical properties are virtually identical to those 
of the vacuum-annealed alloy, and are unaffected by hydrogen exposure over the entire 
temperature range studied. 

 

 
Figure 7. Yield Strength (●) and ultimate strength (■) as a function of hydrogen absorption/desorp-
tion cycling temperature: (a) Palladium–silver (5 wt.% Ag); (b) Palladium–silver (15 wt.% Ag); (c) 
Palladium–silver (25 wt.% Ag). For comparison, yield strength (○) and ultimate strength (□) of vac-
uum-annealed specimens are included and positioned at an arbitrary temperature. 

Figure 7. Yield Strength (•) and ultimate strength (�) as a function of hydrogen absorp-
tion/desorption cycling temperature: (a) Palladium–silver (5 wt.% Ag); (b) Palladium–silver (15 wt.%
Ag); (c) Palladium–silver (25 wt.% Ag). For comparison, yield strength (#) and ultimate strength (�)
of vacuum-annealed specimens are included and positioned at an arbitrary temperature.

3.3.2. Amount of Hydrogen Absorbed

Respective specimens of vacuum-annealed Pd0.75Ag0.25 absorbed varying amounts of
hydrogen (expressed as the H/alloy atom ratio). Figure 10a–c shows the strength, hardness,
and ductility results. As can be seen, in all instances, the mechanical properties of the
alloy are unchanging, with changes in the amount of absorbed hydrogen, with the values
virtually identical to those of the vacuum-annealed Pd0.75Ag0.25 alloy.
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Figure 8. Microhardness as a function of hydrogen absorption/desorption cycling temperature:
(a) Palladium–silver (5 wt.% Ag); (b) Palladium–silver (15 wt.% Ag); (c) Palladium–silver (25 wt.%
Ag). For comparison, microhardness (#) of vacuum-annealed specimens are included) and positioned
at an arbitrary temperature.
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Figure 9. Elongation as a function of hydrogen absorption/desorption cycling temperature:
(a) Palladium–silver (5 wt.% Ag); (b) Palladium–silver (15 wt.% Ag); (c) Palladium–silver (25 wt.%
Ag). For comparison, elongation (#) of vacuum-annealed specimens are included and positioned at
an arbitrary temperature.
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Figure 10. Tensile properties of Pd0.75Ag0.25 as a function of hydrogen content achieved during hydro-
gen absorption/desorption at 323 K. (a) Yield (•) and ultimate strength (�); (b) Vickers microhardness;
(c) Total elongation.

3.3.3. Number of Hydrogen Absorption/Desorption Cycles

Specimens of vacuum-annealed Pd0.75Ag0.25 were dosed with hydrogen to saturation
followed by complete desorption of hydrogen at 323 K for 1, 2, 3, 4, 5, and 10 cycles.
Following each respective cycling treatment, respective specimens underwent stress–strain
and microhardness testing. The strength, hardness, and elongation results are shown in
Figure 11a–c. Once again, the results show that the mechanical properties of the alloy retain
the values of the vacuum-annealed alloy and are unaffected by the parameter being varied
(number of complete hydrogen absorption/desorption cycles).

Analysis of Results:
The results for palladium–silver clearly indicate that this alloy system is significantly

more resistant to the effects of hydrogen exposure on mechanical properties than pure
palladium. The results show equally clearly that the degree of resistance to changes in
mechanical properties due to hydrogen exposure is dependent on the silver content of the
particular Pd/Ag alloy, with the alloy of 25 weight percent silver showing virtually no
change in mechanical properties due to hydrogen exposure, as compared to the vacuum-
annealed alloy. This resistance to changes in mechanical properties upon exposure to
hydrogen is one of the major reasons that make palladium–silver alloys so attractive as
hydrogen purification membranes.

In line with the role of the miscibility gap in the palladium–hydrogen system being
of prime importance with the results found for pure palladium, the miscibility gap for
the palladium/silver–hydrogen system may play a prominent role in understanding the
results for the Pd/Ag alloys. This discussion will be deferred until after the results for
palladium–copper alloys are presented, since a similar rationale may explain the results for
the palladium–copper system.
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Figure 11. Tensile properties of Pd0.75Ag0.25 as a function of number of hydrogen absorption/desorption
cycles. (a) Yield (•) and ultimate strength (�); (b) Vickers microhardness; (c) Total elongation.

3.4. Case 3: Palladium–Copper

There is accumulating evidence that palladium–copper alloys may enjoy superior
performance as hydrogen purification membranes than do palladium–silver alloys [23,24].
One of the potential reasons for this superior performance is anecdotal evidence that Pd-Cu
alloys may enjoy better resistance to changes in mechanical properties, and thus, have
superior resistance to the damaging effects of hydrogen embrittlement. For this reason and
others, palladium–copper alloys have enjoyed significant attention from researchers in the
field of metal–hydrogen systems.

To a more limited extent, the influence of hydrogen absorption/desorption on the
mechanical properties has been investigated, with additional studies currently under way
to more fully and rigorously characterize the mechanical properties of palladium–copper
alloys and the impact, if any, that hydrogen exposure has on these properties.

Hydrogen Exposure Temperature

Palladium–copper alloys were isothermally dosed with hydrogen to saturation, fol-
lowed by complete desorption of hydrogen over a temperature range of 298–423 K.
Figures 12a–c and 13a–c show the strength and elongation results as functions of the hy-
drogen cycling temperature for Pd0.95Cu0.05, Pd0.85Cu0.15, and Pd0.75Cu0.25. Quite similar
to the Pd-Ag system, the results show that as the copper content increases, the palladium–
copper alloy exhibits an increasing range of temperature, where the mechanical properties
are unchanging and similar in value to the vacuum-annealed alloy. A comparison of the
Pd-Cu results to those for Pd-Ag do indicate that the palladium–copper system does have
superior resistance to changes in mechanical properties due to hydrogen exposure. For
example, if one compares the hydrogen exposure temperature results for Pd0.85Ag0.15 and
Pd0.85Cu0.15, one finds that the palladium–copper alloy’s mechanical properties come into
alignment with those of the vacuum-annealed alloy at a lower temperature than do the
palladium–silver alloy’s properties.
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Figure 12. Yield Strength (•) and ultimate strength (�) as a function of hydrogen absorp-
tion/desorption cycling temperature: (a) Palladium–copper (5 wt.% Cu); (b) Palladium–copper
(15 wt.% Cu); (c) Palladium–copper (25 wt.% Cu). For comparison, yield strength (#) and ultimate
strength (�) of vacuum-annealed specimens are included and positioned at an arbitrary temperature.
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Figure 13. Total elongation as a function of hydrogen absorption/desorption cycling temperature:
(a) Palladium–copper (5 wt.% Cu); (b) Palladium–copper (15 wt.% Cu); (c) Palladium–copper (25 wt.%
Cu). For comparison, yield strength (#) and ultimate strength (�) of vacuum-annealed specimens
are included and positioned at an arbitrary temperature.



Hydrogen 2023, 4 251

Analysis of Results:
The presence of the miscibility gap in the palladium–hydrogen system looms large

over the palladium–silver–hydrogen and palladium–copper–hydrogen systems. Evidence
utilizing various investigative methods has found that the alloying of palladium with either
silver or copper impacts the miscibility gap of the Pd-H system [25,26]. In particular, it has
been found that the alloying of palladium with silver or copper depresses the critical point
of the miscibility gap in the alloy–hydrogen phase diagram, and shrinks the width of the
miscibility gap. This is illustrated schematically in Figure 14. The decreasing of the width
of the miscibility gap and depression of its critical temperature increase as the amount of
silver or copper increases in the alloy.
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Figure 14. Schematic temperature–composition phase diagram for the palladium–hydrogen system
(solid line) and palladium-based alloy–hydrogen systems (dashed lines).

The results are consistent with a diminution in the role of the miscibility gap during
hydrogen absorption/desorption by the palladium–silver and palladium–copper alloys.
At a given temperature, as the width of the miscibility gap decreases in an alloy compared
to pure palladium, the volume difference between the α dilute solution of hydrogen in
the metal matrix and the β hydride phase will also decrease. A decrease in the volume
difference between the α and β phases will be accompanied by a decrease in the number of
dislocations generated upon traversing the miscibility gap. With fewer dislocations gener-
ated in the metal matrix, the mechanical properties of the material will be less impacted. So,
pure palladium, with its prominent miscibility gap, will be more significantly impacted by
hydrogen absorption/desorption than will the alloy systems under identical conditions. In
those cases where the mechanical properties of the alloy have been unaffected by hydrogen
absorption/desorption and retain values quite similar to those of the vacuum-annealed
materials (e.g., Pd0.75Ag0.25 and Pd0.75Cu0.25), the critical point has been depressed to a tem-
perature below the lowest temperature studied, and the α→ β and β→ α phase changes
occur continuously, rather than discontinuously, without the generation of a significant
number of dislocations.

3.5. Case 4: Palladium–Manganese

The palladium–manganese system introduces a very interesting feature not found in
the palladium–silver or palladium–copper alloys studied. Over the entire alloy composition
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ranges studied, both the palladium–silver and palladium–copper systems form simple
substitutional solid solutions. However, the palladium–manganese alloy system exhibits a
quite interesting order–disorder phenomenon over the alloy composition range studied [27].
This order–disorder phenomenon is most pronounced in the Pd0.75Mn0.25 alloy, but is still
found as the manganese content decreases to 5 weight percent.

The Pd0.75Mn0.25 (referred to from this point on as Pd3Mn) manifests three face-
centered cubic (FCC) lattices, two of which are shown in Figure 15. In vacuo, Pd3Mn
possesses an order–disorder critical temperature of 803 K [27]. Above the critical tem-
perature, the alloy exists as a disordered FCC matrix, with each lattice position having a
75% probability of being occupied by a palladium atom and a 25% probability of being
occupied by a manganese atom. Slow cooling in vacuo from above 803 K will result in an
ordered superstructure with the unit cell shown in Figure 15a, where the palladium atoms
preferentially occupy the face-centered positions of the unit cell, while the manganese
atoms occupy the corner positions. As can be seen in Figure 15a, the vacuum-ordered
structure of Pd3Mn possesses one-dimensional anti-phase boundaries arranged with a
domain size of 2. Interestingly, if the slow cooling takes place under a hydrogen pressure
greater than 50 atm (5.066 × 106 Pa), a different ordered structure results [28]. The unit cell
of that structure is shown in Figure 15b. This hydrogen-induced ordered structure is similar
to the vacuum-ordered structure except that the antiphase boundary is absent. Though the
vacuum-ordered structure is thermodynamically stable at low temperatures in the absence
of hydrogen, the disordered and hydrogen-induced ordered structures can be realized at
low temperatures as meta-stable structures. The disordered structure can be generated
by rapid cooling (e.g., quenching) in vacuo from temperatures greater than 803 K. The
hydrogen-induced structure can be retained by simply desorbing, at low temperatures, the
hydrogen that was present during the slow cooling from above 803 K. Thus, it is possible
to study the room temperature mechanical properties of all three structures of Pd3Mn (and
other palladium–manganese alloys).
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Specimens of Pd0.95Mn0.05, Pd0.85Mn0.15, and Pd3Mn were disordered by heating
in vacuo in silica tubes to 883 K and held at this temperature for 1 h. They were then
quenched into ice-water while simultaneously breaking the silica container. The vacuum-
ordered specimens of the alloys were prepared heating in vacuo to 823 K, holding at this
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temperature for 1 h and then slowly cooling to room temperature at a rate of 2 K per
hour. The hydrogen-induced ordered specimens were prepared by heating to 723 K under
7.0 MPa of hydrogen gas and annealing under these conditions for 24 h, after which they
were slowly cooled under hydrogen to 398 K at a rate of 5 K per hour. Upon reaching 398 K,
the specimens were evacuated for 48 h to remove all absorbed hydrogen. The type of order
(or disorder) resulting from each heat treatment was confirmed via hydrogen solubility
measurements, which were previously correlated with each state of order and disorder via
electron diffraction.

3.5.1. Stress–Strain Characteristics

Figure 1 at the beginning of the results section shows the engineering stress–strain
curves for the three forms of Pd3Mn. As can be seen in these figures, the tensile charac-
teristics of the disordered and vacuum-annealed ordered alloys are very similar to one
another. However, the hydrogen-induced ordered alloy differs significantly from the other
two, with enhanced strength (stress) and decreased elongation (strain at break).

Figure 16 shows the yield strength for the three forms of palladium–manganese alloys
as a function of manganese content. The results show that solid-solution strengthening
occurs in all three crystallographic forms of the palladium–manganese system. The results
also show that the disordered and vacuum-ordered forms of each alloy have similar yield
strength and that the hydrogen-induced ordered form of each is significantly stronger than
the disordered or vacuum-ordered.
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Figure 16. Yield strength as a function of manganese content for disordered alloys (•); vacuum-
annealed ordered alloys (N); hydrogen-induced ordered alloys (�) for the palladium–manganese
system.

3.5.2. Effect of Hydrogen Evacuation Temperature

Figure 17 shows the yield strength of the hydrogen-induced ordered form of Pd3Mn
as a function of the temperature at which the hydrogen, present during slow cooling from
723 K, was evacuated. The figure shows that the evacuation temperature has a significant
impact on yield strength up to a temperature of ~473 K, with a decrease in yield strength as
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the evacuation temperature increases. Above an evacuation temperature of 473, there is a
much more muted decrease in yield strength with increasing temperature.
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Figure 17. Yield strength as a function of hydrogen desorption temperature of the hydrogen-induced
ordered form of Pd3Mn.

Analysis of Results:
The fact that the disordered and vacuum-ordered forms of each alloy have similar

tensile properties indicates that neither the cooling rate nor the positional arrangement of
palladium and manganese in the crystal lattice have much effect on those properties. That
would seem to imply that any cooling rate difference or positional arrangement difference
that distinguishes the hydrogen-induced ordered form probably has minimal effect on
tensile properties. So what is then that leads to the strengthening and loss of ductility
experienced by the hydrogen-induced ordered form in the palladium–manganese alloy
system? The answer once again may lie in the presence of a miscibility gap in the Pd-Mn
system.

Hydrogen solubility studies indicate that the hydrogen-induced ordered forms of
Pd0.95Mn0.05, Pd0.85Mn0.15, and Pd3Mn exhibit the α + β miscibility gap, similar to those
found in pure palladium and the other palladium-based alloy systems reported in this
overview [29]. The effect of manganese on the miscibility gap of palladium is not as
thoroughly understood as is the case for silver or copper. However, the hydrogen solubility
studies indicate that at the temperature at which hydrogen was evacuated from the alloys
(398 K) during the hydrogen-induced ordering process, all the palladium–manganese alloys
do traverse the miscibility gap during hydrogen absorption and desorption. Thus, each
hydrogen-induced alloy did experience the discontinuous β→ α phase change during the
evacuation of the absorbed hydrogen at 398 K. Additionally, with that discontinuous phase
change comes an abrupt volume change, and with that abrupt volume change comes the
generation of dislocations in the alloy matrix. With the buildup of dislocations comes the
strengthening and loss of ductility seen in the results for the palladium–manganese alloys.

As a side note, though no investigations were carried out to see if hydrogen expo-
sure alters the mechanical properties of the disordered or vacuum-ordered forms of the
palladium–manganese alloys studied, hydrogen solubility studies indicate that neither of
those forms of the alloys exhibit a miscibility gap. So the expectations will be that hydrogen
exposure will have a minimal impact on the mechanical properties of either the disordered
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forms or vacuum-ordered forms of the palladium–manganese alloys considered in this
overview.

4. Conclusions

The ability of hydrogen to alter the properties of metals and alloys has led some to sug-
gest that hydrogen can be used as a controlled parameter during fabrication and refinement
to achieve materials with desired properties that are not as efficiently achievable through
other fabrication methods. Whether this comes to fruition is yet to be seen. However, the
results presented in this overview clearly show that hydrogen exposure can have a signifi-
cant impact, for better or worse, on the mechanical properties of the systems investigated.
The results also show that by controlling such factors as temperature, the magnitude of the
changes to the mechanical properties can be manipulated in a controlled fashion.
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