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The structural stability of silver (Ag) in dual atmosphere exposure conditions, which are representative of
solid oxide fuel cell (SOFC) current collector and gas seals, has been examined in the 600-800 °C tem-
perature range. Experiments conducted on Ag tubular sections exposed to flowing H,-3% H,O (inside the
tube) and air (outside the tube) showed extensive porosity formation along the grain boundaries in the bulk
metal. Similar tubular sections, when exposed to air only (both inside and outside the tube), showed no bulk
porosity or structural changes. It is postulated that the porosity formation in the bulk metal is related to
the formation of gaseous H,O bubbles due to simultaneous diffusion of hydrogen and oxygen followed by
subsequent interaction resulting in the formation of steam. Thermochemical processes that are responsible
for structural degradation are presented and discussed. Based on experimental observations, it is con-
cluded that Ag metal may not provide adequate long-term structural stability under a dual-environment
condition that is typical of interconnects or gas seals in intermediate temperature SOFCs.
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1. Introduction

The solid oxide fuel cell (SOFC), like most solid-state en-
ergy conversion devices, operates at high temperatures (600-
1000 °C), and produces electricity by electrochemically com-
bining the fuel and oxidant gases across an ionically
conducting oxide membrane. To build up a useful voltage, a
number of cathode-electrolyte-anode cells are electrically con-
nected in series in a “stack” through bi-polar current collectors/
gas separators, also known as interconnects. As the name im-
plies, the interconnect separates the fuel (mixtures of H,, CO,
and CH,) at the anode side and at the oxidant (air) at the
cathode side, and provides gas flow paths as well as mechani-
cal support for the SOFC stacks. In the bi-polar design, the
cell-to-cell interconnects and gas seals remain simultaneously
exposed to reducing and oxidizing gas environments. With
increased interest in the development of intermediate tempera-
ture SOFC systems (650-800 °C) and the use of metallic cur-
rent collectors, significant interest remains in using silver (Ag)
or Ag-based materials for sealing and interconnection.!'->! For
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example, Ag has been suggested as an interconnect “electrical
contact element” for the construction of bi-polar intercon-
nects."! Several Ag-based brazes have also been investigated
and recommended as sealing materials to construct the
stacks.*! Ag or Ag-based alloys have been studied as poten-
tial candidate materials for the electrodes and coatings.!*®! Lit-
erature to date has mostly concentrated on the evaluation of
material stability in an oxidizing atmosphere or a reducing
environment utilizing appropriate gas mixes.”” The material
performance or the stability under the SOFC bipolar intercon-
nect exposure environments has not been reported.

As a precious metal, Ag possesses good chemical stability,
high electrical conductivity, and lower cost than other precious
metals such as platinum and gold. Thermodynamic data with
oxygen (O) and hydrogen (H) gas dissolution, and their diffu-
sion in Ag have been well documented. Thomas"® and Siege-
lin et al.""" reported that the solubility of H in Ag followed the
famous Sievert’s law (i.e., the concentration of the dissolved
gas species in the solid is proportional to its outside vapor
pressure). Katsuta and McLellan"?! and Eichenauer et al.l'*)
measured the diffusivity of H in solid Ag and determined its
activation energy for diffusion. Eichenauer and Muller'"* and
Otto"”! studied the dissolution of O in Ag, which indicated
that, similar to H, the solubility of O also follows the Sievert’s
law. Eichenauer and Muller!'* also measured the diffusivity of
O in solid Ag at different temperatures. Chalmers et al.”"® first
found the faceting or thermal etching of Ag that increased with
O content. The surface changes on Ag were attributed to the
reconstruction of the crystallographically random surface into
low-index planes (usually with low surface energy) such as
{100} and {111} via surface diffusion,"'>'®! and the formation
of unstable Ag,O that may subsequently vaporize and deposit
onto the low index areas on the surface.!'”! The thermal etching
or erosion leads to a weight loss of Ag, which increases with
the airflow rate. However, studies also have indicated that no
structural changes of the Ag on the surface were observed in a
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reducing atmosphere,''! and thermal etching was effectively
mitigated in static air or in a closed system."'!

In the 1960s, Klueh and Mullins' investigated the H-
induced embrittlement of Ag. In their work, both single and
polycrystalline Ag samples were annealed in a partial pressure
of O until saturation and then were heat-treated in a partial
pressure of H. It was found that H diffused into Ag and reacted
with the dissolved O, resulting in the precipitation of water
bubbles. The bubbles that formed in the single crystal Ag led to
the formation of large blisters and cracks, and when polycrys-
talline specimens were used, grain boundary cracking was ob-
served.

In this work, the structural stability of Ag under dual-
environment exposure conditions that simulate current collec-
tor and gas seal applications in SOFCs is examined and presented.

2. Experimental

The experimental setup used during this study is schemati-
cally shown in Fig. 1. Two 6.35 mm (1/4 inch) outside diam-
eter identical Ag (99.9%) tubular samples with a wall thick-
ness of 0.25 mm were held in a vertical, tubular furnace. Gas
flow arrangements included flowing H,-3% H,O (obtained by
bubbling dry H, through a water bubbler maintained at room
temperature) at a rate of 10 cm*/min through one Ag tube with
the outside surface exposed to ambient air. The second Ag tube
remained exposed to the flowing ambient air at both the inside
and outside surfaces of the tube. The furnace was heated to the
designated temperature at a rate of 2 °C/min and was held there
for 100 h, followed by cooling to room temperature at the same
rate as that upon heating. A series of stability tests were carried
out at 700 °C, 600 °C, and 500 °C, respectively.

After the furnace was cooled down to room temperature, the
Ag tubes were removed from the furnace for visual and mi-
croscopic evaluation. Both optical and scanning electron mi-
croscope (SEM) analyses were performed on the surface at
selected locations, including the fracture surface if the tube had
been broken during the test. The tube samples were then cut
into sections that were subsequently mounted and carefully
polished. Both fractured and polished sections were analyzed
using the aforementioned techniques.

3. Results

Ag tubular section exposed to 700 °C and the dual-
atmosphere condition (i.e., flowing H,-3% H,O on the inside
and air on the outside surface of the tube wall) showed cracking
after 100 h (Fig. 2). Under the light-stereo microscope, tube
sections also showed deformation and blisters. The tube ex-
posed to air on both the inside and outside, however, remained
shiny and did not show any indication of cracking. The SEM
observation of the fracture surface of the broken tube indicated
that the solid Ag metal had completely disintegrated during the
testing, as shown in Fig. 3(a). The further enlarged image in
Fig. 3(b) revealed that the Ag was full of voids and was ther-
mally etched or eroded severely. Away from the fracture site
(marked as “B” in Fig. 2), cracks and fissures were clearly
visible, as shown in Fig. 3(c). The enlarged image in Fig. 3(d)
revealed that these cracks and fissures nucleated and propa-
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Fig. 1 The scheme of experimental arrangement

gated along grain boundaries. The enlarged image from the site
(marked as “c” in Fig. 3e) is shown in Fig. 3(f), and clearly
illustrates plastic deformation and the early stage of nucleation
and growth of cracks along grain boundaries. Besides the out-
side wall of the Ag tube, the inside wall was also examined. A
typical SEM image of the inside wall in the section of the hot
zone is shown in Fig. 4, where the thermal etching or erosion
and crystal facets are clearly visible.

The Ag tube, exposed to air only, showed a smooth surface
without cracks or voids, as shown in Fig. 5(a). The enlarged
images of the surface are shown in Fig. 5(b) and (c). Evidence
of thermal etching is evident on the surface and the grain
boundaries.

Sections of Ag tubes were subsequently sectioned, polished,
and analyzed using light and scanning electron microscopy.
Figure 6 shows microstructures of the cross-sectioned tube
walls. It can be seen that for the tube with (H, + 3% H,0) flow,
the inner walls were full of voids or pores, with a number of
cracks penetrating the surface. Direct observation of the cross
sections of the tube wall, as shown in Fig. 7(a) and (b), indi-
cated that the porosity formed within the metal wall remained
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Fig. 2 The light-stereo microscopic picture of tubular samples after 100 hours of heat-treating at 700 °C with flow of air and wet H inside,

respectively.

interconnected. In comparison, the cross-section of the tube
exposed to the ambient air was still fully dense without voids
or pores.

As the temperature was decreased to 600 °C, the tube with
the flow of H, + 3% H,O during heating was not completely
broken after 100 h of operation (Fig. 8), however, plastic de-
formation, open cracks, and fissures were still visible. With
further reduction in temperature to 500 °C, no open cracks and
fissures were observed on the Ag wall in the hot zone after 100
h. The microscopic observation on the cross sections of these
two tubes with flowing of H, + 3% H,O, as shown in Fig. 9(a)
and (b), respectively, indicated that porosity developed in the
bulk Ag at both 600 °C and 500 °C. The population of pores
decreased with decreasing exposure temperature. Besides the
population density of the pores, the size of the pores and cracks
also decreased at lower exposure temperatures. In contrast to
the tube with flowing H, + 3% H,O during heating, no struc-
tural degradation due to the formation of porosity was noticed
on the samples which were exposed to air both inside and
outside during heating at these two temperatures.

4. Discussion

4.1 Structural Degradation and Bubble Formation

Pore formation within the solid Ag is postulated to be due to
the dissolution of gaseous molecules in the metal followed by
reaction of the dissolved gas species to form H,O molecules
(i.e., water vapor). Water bubble formation is schematically
shown in Fig. 10. It starts with the adsorption of gaseous mol-
ecules, with subsequent dissociation and dissolution of H and
O gases on the inside and outside walls of the Ag tube. The
dissociated H and O atoms diffuse into the Ag lattice favorably
via fast diffusion paths such as grain boundaries and disloca-
tions. Both H and O diffuse significantly faster in the solid Ag
at elevated temperatures. For example, at 700 °C the diffus-
ivities of H and O in solid Ag are 2.17 x 10™* cm?/s,"'*! and
9.26 x 107> cm?/s,!'¥ respectively, which are equivalent to 1 h
diffusion distances of 8.8 mm for H and 5.9 mm for O. In other
words, H and O can penetrate the wall of the Ag tube in less
than 1 h at 700 °C. Along with diffusion, H and O atoms can
be trapped at interstitial or defect sites, increasing their con-
centration. This process is governed by Sievert’s law (i.e., the
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concentration of dissolved gas species in the solid is propor-
tional to its vapor pressure).

With continuous build-up and further penetration, H and O
combine to form water vapor in the solid. The reaction is most
likely initiated at defect sites, such as grain boundaries, where
the crystal lattice is discontinuous, and inhomogeneous nucle-
ation is thermodynamically favorable. It is believed that in the
early stages of the reaction, the surface tension restrains the
pressure of the water vapor.!''! With the growth of bubbles, the
restraint is distributed between the surface forces and the creep
strength of Ag, leading eventually to all of the restraint being
provided by the strength of metal. At a certain stage, the pres-
sure of water vapor exceeds the mechanical strength of Ag,
resulting in gross plastic deformation and fracture at the crack
tip where the stress is concentrated. Thus, the growth of water
bubbles is realized, and, as observed, blisters are generated on
the surface of the Ag. With continued growth, water bubbles
tend to impinge, leading to the formation of fissures and cracks.
If a pore of water vapor nucleates and grows just beneath the
surface, it might escape, leaving a hole, which has been con-
firmed by surface microstructure analysis (refer to Fig. 3).

4.2 Thermodynamic Modeling of Water Phase Formation

As discussed earlier, porosity in Ag during exposure to H
and air is attributed to the formation of water bubbles as a result
of the reaction between dissolved H and O in the solid Ag at
elevated temperatures:

Z[H]Ag + [O]Ag =H,0(g) (Eq 1)
The water vapor partial pressure can be expressed as

0

LogPy,o=— m+ 2loga + logajo, (Eq2)

where AG® is obtained from published thermodynamic data.’*!

Since the equilibrium concentration of dissolved vapor species
is low, the Ag solid solution can be considered an infinite dilute
solution. Thus, the activities in Eq 2 are replaced by concen-
trations, leading to

0

LogPy0=- a5t 2 logepy + logepg (Eq 3)
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Fig. 3 Second electron SEM images of the tube after 100 h of heat treatment at 700 °C with flow of (H, + 3% H,O) during heating: (a) a
microstructure of the fracture surface at a site marked as “A”in Fig. 2; (b) the enlarged one at site “a” in (a); (¢) a surface microstructure from the
site marked as “B” in Fig. 2; (d) the enlarged one at site “b” in (c); (e) a surface microstructure from the site marked as “C” in Fig. 2; and (f) the
enlarged one at site “c” in (e)
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Fig. 4 A surface SEM image of the inner wall of the Ag tube in the
hot zone, after 100 h of heat treatment at 700 °C with flow of (H, +
3% H,0) during heating
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According to data published for H and O in the solid
Ag, %14 the partial pressure of water vapor formed via the
reaction of dissolved H and O can be expressed as a function
of temperature, O, and H vapor pressure as follows:

(AG® +44,740.3) 1

LogPy,o=— 1577 —3.93 +logPy, + > logP,,

(Eq 4)

The equilibrium partial pressure is shown in Fig. 11 as a
function of temperature at different H partial pressures. It can
be seen that from room temperature to the melting point of Ag,
thermodynamic modeling predicts a high partial pressure of
water vapor, which increases with decreasing temperature. At
700 °C calculations indicate a partial pressure of 10''*7 atm,
with wet H (97% H, + 3% H,0) on one side and air (21% O,)
on the other (i.e., under current test conditions). Thus, the
reaction of dissolved H and O in solid Ag to yield water vapor

10um 02s840c

1um 02s840d

Fig. 5 Surface SEM images of the tube after 100 h of heat treatment at 700 °C with a flow of air both inside and outside during heating: (a) a
surface microstructure from the site marked as “D” in Fig. 2, the enlarged one from the site marked as “d” in (a), and the further enlarged one from

the site marked as “e” in (b)
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Fig. 7 SEM images of the cross sections of the tube wall after 100 h of heat treatment at 700 °C with a flow of air both inside and outside during
heating
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Fig. 8 The light-stereo microscopic pictures of tubular samples after 100 h of heat-treating with a flow of wet H inside at 600 °C and 500 °C,
respectively

is thermodynamically highly favorable. In addition, calcula- more favorable in solid Ag. It should be pointed out, however,
tions also indicate that a higher partial pressure of H makes that kinetics have not been considered in this modeling. At low
high-pressure steam bubble formation thermodynamically temperatures, the sorption process and the transport of dis-
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Fig. 9 Microstructures of cross sections of tube wall after pre-heat treatment of 100 h with a flow of (H, + 3% H,O) at (a) 600 °C and

(b) 500 °C, respectively
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Fig. 10 Schematic of degradation process and reaction steps

solved species in the Ag may become dominant factors, affect-
ing the reaction rate of water phase formation.

5. Conclusions

As found in this study, the simultaneous exposure of Ag to
a reducing and an oxidizing environment leads to extensive
pore development in bulk Ag at elevated temperatures that can
be as low as 500 °C. Pore formation takes place predominantly
along the grain boundary. The formation of water vapor is
attributed to the nucleation and growth of high-pressure steam
bubbles that connect to form the pores and fissures in the Ag.
The water evolves as high-pressure steam, and is related to the
high solubility and fast diffusivity of H and O in the Ag.
Thermodynamic modeling indicates that the following reaction
is highly favorable:

2[H]Ag + [O]Ag =H,0(g) (Eq5)

The extensive formation of pores and cracks in the Ag wall
exposed to the dual air-H,-3% H,O environment will have an
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Fig. 11 Water vapor partial pressure as a function of temperature at
different concentrations of H gas

obvious impact on its long-term structural stability. Such deg-
radation can result in the development of leaks and the resultant
mixing of fuel and oxidant in SOFCs. Thus, it will be difficult
for Ag or Ag-based alloys to be used as components in fabri-
cating current collector or gas seals that are exposed to a dual
atmosphere.
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