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Abstract

The effect of hydrogen on oxygen permeability has been studied in a diluted Pd—
Cr alloy in dual- and single- atmosphere conditions between 600 and 950 °C. The
0.3 mm thick Pd—1.5Cr foil was exposed in dry and humid air as well as in dual-
atmosphere conditions, with one sample surface being exposed to air and one to
hydrogen, as encountered in solid oxide fuel cells. At all temperatures, Cr oxidized
internally forming internal oxidation zones which were measured in metallographic
cross sections. Below 800 °C, an external layer of PdO formed on the surface
decreasing the internal oxidation kinetics. No measurable effect of hydrogen on the
internal oxidation of Cr in Pd has been detected.

Keywords Internal oxidation - Hydrogen - Oxygen permeability - Palladium -
Chromium - Dual atmosphere - SOFC

Introduction

High-temperature metallic materials are often applied in aggressive environments
and rely for their corrosion resistance on the formation of compact, slow-growing,
adherent, protective external oxide scales, Cr,05 and/or a-Al,O5. It is well known
that chromia-forming alloys perform worse in humid [1-4] and reducing H,/H,O [5,
6] gases. The presence of water vapor in both high and low oxygen potential atmos-
pheres alters the scaling mechanism accelerating chromia growth [1, 3], promotes
reactive evaporation and thus depletion of Cr [7-9], thereby undermining protectiv-
ity of the Cr,0j scale [2, 4, 6, 10-12].

The detrimental effect of water vapor is often attributed to hydrogen dis-
solved in metal, which has been confirmed by the dual-atmosphere effect
reported in solid oxide fuel cell (SOFC) literature [13—18]. In SOFC, the metallic
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interconnect, commonly a sheet of ferritic stainless steel, is placed between indi-
vidual cells connected to a fuel cell stack. While electrically connecting neigh-
boring cells, it separates the fuel gas compartment (anode side) of one cell from
the air compartment (cathode side) of the other cell. The interconnect is thus
exposed to both environments in parallel, a situation described as dual atmos-
phere. Previous research has found evidence that in dual-atmosphere experiments
hydrogen permeates a thin foil specimen and causes unprotective scaling or even
the breakdown of pre-formed Cr,0j5 scales [14, 15, 18-20].

The abundant studies on the role of hydrogen on the chromia scaling process
have resulted in several proposed mechanisms: (1) water vapor promotes oxygen
transport in the pores of the oxide bridging the voids [21]; (2) hydrogen alters the
lattice point defect structure of Cr,0O5 through incorporation of H" and/or HO™
into the scale [22] and thereby accelerates chromia growth [3, 19, 24]; (3) gas-
transport reactions [4, 23] or Cr-oxyhydroxides [7]; iv) preferential adsorption of
water molecules [4]; (4) hydrogen affects the morphology of internal oxidation
and thus permeability [24]; and (5) dissolved hydrogen increases oxygen perme-
ability, i.e., product of oxygen solubility and diffusivity, in the alloy, thus pro-
moting internal oxidation, excessive composition of Cr and the earlier onset of
breakaway oxidation [2, 5, 25-28].

As the SOFC interconnect is fully saturated with hydrogen permeating from
the fuel side, the latter mechanism may play a key role in interpreting the dual-
atmosphere effect. However, numerous authors have recently questioned the effect
of water vapor and hydrogen on oxygen permeability when studying internal oxi-
dation in Fe—Ni—Cr [29-31] and Pd—Cr [32] alloys. The aforementioned studies
were carried out at temperatures that substantially exceed the application range of
SOFC, 600-800 °C, while the dual-atmosphere effect has been shown to intensify
with decreasing temperature [15]. Therefore, extrapolating the conclusions from
[29-31] to lower temperatures must be done with the utmost precaution.

In a classical dual-atmosphere setup, i.e., humid air versus Ar—H,-H,0, it
is impossible to study internal oxidation of Cr on the air side due to the rapid
growth of iron-rich oxides. This experimental obstacle can be circumvented by
using a model alloy in which the base metal oxidizes slowly in the given con-
ditions or does not oxidize at all. Such a noble metal could be Pt or Pd. Pd—Cr
alloys are known to form extremely distinct and uniform internal oxidation zones
(I0Z) with a sharp interface that allows estimations of oxygen permeability in
Pd with high precision [32, 33]. With a high solubility for oxygen [33, 34] and
especially hydrogen [35-37], palladium is an excellent base metal to verify the
effect of hydrogen in the dual-atmosphere experiment on the kinetics of internal
oxidation in Pd. It is worth noting that palladium is not a structural material and
the conclusion drawn in the present study should be interpreted with caution with
respect to commercial Ni/Fe-base systems.

In the present paper, the effect of hydrogen on internal oxidation in Pd-Cr
alloys in dual-atmosphere conditions has been studied. Oxygen permeability was
measured for a Pd-1.5% (at.) Cr alloy in dry and humid lab air as well as dual-
atmosphere conditions, i.e., air/Ar-H,-H,0, in the 600-950 °C temperature range.

@ Springer



Oxidation of Metals

Experimental Procedures

The diluted Pd—Cr alloy containing 1.5 at% Cr was produced by argon arc melt-
ing of high-purity metals (Pd 99.998% and Cr 99.99%) by HMW Hauner GmbH
(Rottenbach, Germany). The alloy was supplied as a 0.3 mm thick foil.

The alloy coupons for single atmosphere exposures measuring 10 mm X 10 mm
were cut from the foil while the circular specimens of 21 mm diameters were
punched for dual-atmosphere exposures. The surfaces were not treated and
remained as-rolled. The specimens were degreased with acetone and ethanol in
an ultrasonic bath immediately prior to exposure.

The single atmosphere (air on both sides) exposures were carried out in hori-
zontal tube furnaces at 600-950 °C for up to 192 h. To estimate the effect of PdO
evaporation, the exposures at 600 and 700 °C were run in still dry air as well
as in humid air with 3% H,O at 6000 sml min~! flow rate. The specimens were
introduced directly into the hot zone of the furnace and removed rapidly after the
exposure. The specimens were air-cooled. The specimens were weighed before
and after exposure with a Mettler Toledo XP6 microbalance.

For the dual-atmosphere exposures, the disk specimens were mounted in a
specimen holder made of 253 MA steel. Details on the dual-atmosphere setup
can be found elsewhere [18]. Gold gaskets were used as a sealant to ensure that
the system was gastight. The gas composition was Ar-5% H,+3% H,0 with a
flow rate of 100 sml min~! on the simulated fuel side, while filtered laboratory
air+3% H,O with a flow rate of 8800 sml min~' was set for the air side. A heat-
ing/cooling rate of 1 °C min~! was used for all exposures.

The exposed specimens were sectioned and mounted in resin for metallographic
preparation. The cross sections were ground with sandpaper, polished with diamond
paste to 0.25 pm surface finish, and analyzed with the optical microscope Zeiss Axio
Observer. The 10Zs were optically visible only in the 900 and 950 °C specimens.
The polished cross sections were etched for 30-60 s with concentrated hydrochloric
acid to get the optimum visual contrast between the I0Z and unreacted alloy. The
SEM was performed to (1) better visualize IOZ without etching, (2) make sure that
the I0Z morphologies previously reported in [32, 33] were reproduced in the pre-
sent experiments and (3) confirm the IOZ depth measured using optical microscopy.

A Leica TIC 3X broad ion beam (BIB) instrument was used for the prepara-
tion of cross sections for scanning electron microscopy (SEM). Zeiss LEO Ultra
FE-55 equipped with an in-lens detector, JEOL Prime and FEI Versa 3D Dual
Beam were used for SEM imaging of the IOZs and the precipitates in them.

Results
Figure 1 shows the optical micrographs of the Pd-Cr alloy after single- (a)

and dual-atmosphere (b) exposures at 900 °C for 8 h. The air-exposed foil
specimen has internal oxidation zones (IOZs) on both sides, while in the
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Fig. 1 Optical micrographs of
etched cross sections of Pd—Cr
alloy after exposure in single (a)
and dual (b) atmosphere for 8 h
at 900 °C

dual-atmosphere specimen, the IOZ is observed only on the air side where pO,
was high. The change from ambient oxygen pressure (0.2 bar) to the pO, of the
Ar-5%H,-3%H,0 mixture at 900 °C (2 x 107'7) will result in an IOZ that should
be 10,000 times thinner than that in air, i.e., less than a micron. The IOZs in both
samples (the air side in the dual atmosphere specimen) are approximately 50 pm
thick.

The BSE images in Fig. 2 compare the IOZs in the single- (a) and the air side
of dual-atmosphere (b) Pd—Cr specimens exposed at 900 °C for 8 h. In both cases,
no external PdO scale has been detected. The IOZ consists of nano-dispersed pre-
cipitates of Cr,05 (Fig. 2c, d) along with larger Cr,0O; precipitates at grain bound-
aries. The interface between the IOZ and unreacted alloy is sharp and straight.

Figure 3 shows the BSE micrographs of the BIB cross sections of the Pd-Cr
alloy specimens exposed in single and dual atmosphere at 600 °C for 168 h. At
the lower temperature, an external PdO scale can be observed on both specimens.
PdO formation is expected at temperatures below 810 °C (the thermodynamics of
PdO formation will be discussed in more detail below). Formation and vaporiza-
tion of PdO resulted in moderate porosity in the near-surface region. The mass
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alloy
(b) (d)

Fig.2 BSE images of IOZ in Pd—Cr alloy after exposures in single (a, ¢) and dual (b, d) atmosphere for
8 hat 900 °C

Fig. 3 BSE images of IOZ in
Pd—Cr alloy after exposures in
single (a) and dual (b) atmos-
phere for 168 h at 600 °C

(b)
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loss due to PdO vaporization was limited. For example, the oxygen uptake by
the Pd—Cr alloy exposed at 700 °C for 168 h in still dry air and in the high-flow
humid air were 0.25 and 0.22 mg/cm?, respectively. The difference was less
pronounced and virtually negligible at higher temperatures. The I0Zs were not
affected by PdO vaporization.

The I0Z measurements are summarized in the kinetics plot in Fig. 4. The I0Z
thicknesses in single and dual atmosphere were measured at four different temper-
atures (600-900 °C). The internal oxidation kinetics are parabolic and controlled
by diffusion of oxygen. The single-atmosphere exposures were characterized by
high precision and reproducibility. The I0Zs measured in the dual-atmosphere
conditions fall within the linear fits for the single atmosphere specimens and thus
reveal no effect of dual atmosphere and, hence, dissolved hydrogen on the width
of the internal oxidation zone in Pd—Cr.

Oxygen permeabilities N(S)DO were calculated from the parabolic rate con-
stants k,*“ and plotted as a function of reciprocal temperature in Fig. 5 along with
the avallable literature data. The N© )DO values are in very good agreement with
the data by Gegner [33] and Shemet [32] above 800 °C. To the best of the authors’
knowledge, there is no available experimental data in literature on oxygen perme-
ability in palladium below PdO. Therefore, the data below 800 °C cannot be com-
pared with any literature source. However, the low temperature N(()S)DO data is
consistent and demonstrates higher temperature dependence and higher activation
energy (202 kJ mol™!) in comparison with the high-temperature regime
(92 kJ mol™") without PdO above 800 °C.
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e 800°C
100 ]
900 °C
=5
=
5 ]
x
~700°C
e g 600°C
T
T T T T T T T T T
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Fig.4 Parabolic kinetics of IOZ growth in Pd—Cr alloy in single (empty symbols) and dual atmosphere
(full symbols) at 600-900 °C
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Fig.5 Temperature dependence of oxygen permeability in palladium: comparison with literature data

Discussion
Oxygen Permeability in Palladium

Internal oxidation in palladium is governed by diffusion of oxygen [32, 33], has
parabolic kinetics, and obeys the following time law:

2 _ Ayl0Z
Xioz = 2k, "1 (D
where Xjo is the IOZ width in m, K,%% is the parabolic rate constant in m*s~!, and ¢

is time in s. The parabolic rate constant of internal oxidation is directly related to
oxygen permeability [38].

(s)
oz _ To Do, @
p VN¢,

Here, the product NS)DO is the oxygen permeability, where Ng) is the equi-
librium oxygen solubility in metal in terms of mole-fraction and D is oxygen
diffusivity m? s~ v is the stoichiometric ratio O/Cr in the precipitated oxide (1.5
for chromia), N, is the mole-fraction of Cr in the alloy and ¢ is a tortuosity factor
accounting for the diffusion blocking effect of the oxide precipitates. For Pd—Cr
alloys with the finely dispersed, equiaxed Cr,O; precipitates, € is considered to be
unity [32, 33]. For Eq. (2) to be valid, the inward oxygen flux must significantly
exceed the outward Cr diffusion, i.e., N(()S)DO > N, Dc,, which was demonstrated
by diffusion analysis in [32].
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The oxygen permeabilities were computed using Eq. (2) and compared with the
available literature data [32, 33]. The oxygen permeabilities measured above 800 °C
are in excellent agreement with the data from [32, 33]. The data by Park and Altstet-
ter [39] were ignored. As demonstrated by Gegner et al. [33], the oxygen solubil-
ity data in [39] obtained by coulometric titration were orders of magnitude lower
than their own measurements and those in [34]. Considering this high discrepancy
between the aforementioned two datasets and unknown source of the discrepancy,
only the N(()S)Do data obtained by the internal oxidation technique are presented in
and shown in Fig. 5.

Below 800 °C there is no available data for the oxygen permeabilities in palla-
dium equilibrated with PdO. Below 800 °C, the activation energy increases from 92
to 202 kJ mol~!, which will be discussed in the following section.

External PdO Scale

Apart from extremely high solubility for hydrogen as well as distinct and easily
measurable I0Zs in diluted Pd—Cr alloys, the absence of external oxide is one of the
reasons to choose Pd as the base metal for internal oxidation studies [32, 33]. How-
ever, Pd is known to oxidize at lower temperatures, forming a volatile oxide PdO
[40, 41]. According to [33], the decomposition oxygen partial pressure of PdO can
be given by the following expression:

2AH,
* 10 PdO

where pg) is the oxygen partial pressure in bar, AHpyq, is the enthalpy of formation
2

for PdO ranging in the literature from — 112 [42, 43] to — 119 [44] kJ mol™!, and R
is the gas constant.

According to Eq. (3), p(*)2 (PdO) reaches the atmospheric partial pressure of
0.2 bar at 810 °C, which is close to the experimentally established decomposition
temperature T, ranging from 810 to 814 °C [40, 41]. Therefore, most previous inter-
nal oxidation studies were carried out either at elevated temperatures or at lower
oxygen partial pressures to avoid PdO formation [32, 33, 45, 46].

In practical terms, exposures below 800 °C will have the following implications
for the Pd—Cr alloy: (1) external PdO scale above the I0Z, (2) shallower I0Zs as
the oxygen solubility N(()S) will be set by the Pd/PdO equilibrium partial pressure and
not the atmospheric one, and (3) porosity due to volatilization of PdO. All three
phenomena were experimentally observed. The external PdO scales were found on
the specimens exposed in both dual and single atmosphere at 600 and 700 °C, with
the I0Zs being narrow and porous (Fig. 3). Pd evaporation was detected in a very
little mass loss of the specimens in high-flow wet exposures. The difference between
dry and wet mas gain was 0.04 mg/cm? after 192 h at 700 °C which corresponds to
0.05 pm of the metal loss. Given the IOZ widths, tens of pms (see Fig. 4), Pd evapo-
ration was concluded not to affect internal oxidation. A separate series of exposures
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in stagnant dry air revealed no effect of humidity and flow rate on IOZ thickness
between high-flow humid air and stagnant dry air, as previously reported in [32].

The effect of PdO can be also seen in the temperature dependence of oxygen per-
meability (Fig. 5). Above 800 °C, the activation energy E, for NG )DO was deter-
mined to be 92 kJ mol~!, which is close to the value of 85 kIJ mol_ reported by
Gegner et al. [33]. Comblnlng the square-root dependence of oxygen solubility from
oxygen partlal pressure with Eq. (3), one arrives at the expression for activation
energy for N 'Dq, below PdO: E = E, — AHpyo. The predicted E for oxygen per-
meability underneath external PdO is 204 kJ mol~!, which is in excellent agreement
with the experimental value of 202 kJ mol~".

Effect of Hydrogen

Palladium is very well known for its extreme hydrogen solubility, especially at
room temperature [35, 36, 47]. Hydrogen solubility in palladium is endothermic,
i.e., the solubility Nfld decreases with increasing temperatures. However, even at
500-1200 °C, the temperature range relevant for high-temperature corrosion, the
amount of hydrogen dissolved by palladium is one to two orders of magnitude larger
compared to iron or nickel [47]. For example, in the present study, the Pd—Cr alloy
was in equilibrium with the gas containing 5% hydrogen. Using the original data
by Sieverts [35, 36] and his solubility law, one arrives at Nfld= 1800 at. ppm at
800 °C while N}I\Iﬁ= 135 at. ppm [48] and N£e=45 at. ppm [49] for these conditions,
respectively.

The high solubility of hydrogen in Pd was the main motivation to explore its
effect on oxygen permeability in the experiment by Shemet and Hénsel [32]. Com-
paring I0Zs obtained in Pd—1Cr alloy exposed to dry and wet Ar—1%0, at 850 °C
and the oxygen permeabilities derived from these experiments, the authors con-
cluded that hydrogen had no effect on oxygen permeability in Pd. However, this
conclusion was premature. The experiments confirmed no effect of water vapor but
not necessarily no effect of hydrogen. The partial pressure of hydrogen can be calcu-
lated for the water decomposition reaction at 850 °C using the oxygen partial pres-
sure, 1%, and the highest humidity level, 10%, in the work by Shemet and Hinsel.
The resulting Py, is vanishingly small, 2.5 x 10~ bar, and leads to an extremely low
hydrogen solubility, Nﬁd=0.5 at. ppm, in palladium in equilibrium with a humid
gas. Thus, the experiment in [32] proves only that there is no effect of humidity on
Ng)DO but does not allow a conclusion about any effect of hydrogen.

On the other hand, the dual-atmosphere experiment allows holding one side of
the foil specimen in equilibrium with a hydrogen-containing gas, thus saturating
Pd with hydrogen up to the equilibrium solubility on the level of 103 at. ppm. The
immediate effect of hydrogen can be seen in Fig. 1: in the dual-atmosphere speci-
men, the IOZ formed only on the air side while the p 0, in the H,/H,O gas mixture

(e.g., Po,= =2.1x 107" bar at 900 °C) was very low and, hence, N(°)DO was so low.

The oxygen solubility N(S) is eight orders of magnitude lower than that on the air
side (0.2 bar) and thus the I0Z is virtually non-existent. Nor can PdO form at
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such a low oxygen partial pressure [40]. Therefore, one may conclude that the
Pd—Cr foil specimen was in equilibrium with hydrogen in the gas.

The micrographs in Figs. 1, 2 and 3 along with the IOZ kinetics plot in Fig. 4
provide compelling evidence of no effect of hydrogen on the IOZ width on the
air side and, hence, the oxygen permeability NS)DO in palladium. No accelera-
tion of internal oxidation has been observed in the entire temperature range of
600-900 °C relevant for the dual-atmosphere effect. No anomalous tempera-
ture dependence such as the one observed for the dual-atmosphere effect, most
pronounced at 600 °C and alleviating with increasing temperature [14, 15], has
been observed in the Pd—Cr alloy. Considering the exceptionally high hydrogen
solubility in palladium, it is hard to imagine how dissolved hydrogen can affect
N(()S)DO in iron or nickel in which the hydrogen solubility is a few orders of mag-
nitude lower.

The latter assumption found numerous conformations in dedicated internal
oxidation studies comparing the exposures in H,/H,0, CO/CO, and Rhines pack
mixtures M/MO, for Ni—Cr [31] and Ni-Fe—Cr alloys [29, 30]. Furthermore, the
effect of hydrogen on internal oxidation can be indirectly studied in chromia-
forming alloys exposed in air and H,/H,O. The elements with a higher affinity to
oxygen, such as aluminum and titanium, tend to form I0Zs underneath external
chromia. No acceleration of internal oxidation can be deduced from the results
demonstrated for either ferritic steels [50] or nickel-base alloys [51], especially in
dual-atmosphere exposures [52]. However, a clear reservation needs to be made:
all the afore-mentioned alloy systems have different lattice structures and thus
cannot be directly compared between each other.

Conclusions

The dual-atmosphere exposures show no effect of hydrogen/humidity on the
internal oxidation and, hence, oxygen permeability Ng)D0 in palladium in the
entire temperature range. The dual-atmosphere experiment allows extreme satu-
rations of the specimen with hydrogen while keeping the air side at high oxygen
potential. Since the hydrogen effect on oxygen permeability is not detectable even
in Pd exposed to a dual atmosphere, the hydrogen solubility reaching 1500-2000
at. ppm, it is very unlikely to expect it in the metals with much lower solubility
for hydrogen such as iron or nickel.

The detrimental effect of hydrogen on selective oxidation of Fe—Cr alloys in
humid oxidizing gases, H,/H,O and dual-atmosphere conditions must be attrib-
uted to another mechanism disrupting the chromium consumption—supply bal-
ance at the oxide—metal interface, e.g., scaling rate and/or Cr diffusion in metal.
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