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Abstract

The requirements of low cost and high-temperature corrosion resistance for bipolar interconnect plates in solid oxide fuel cell stacks have
directed attention to the use of metal plates with oxidation resistant coatings. We have investigated the performance of steel plates with
nanolayered coatings consisting of [CrON/AION],,. The coatings were deposited using large-area filtered arc deposition technology, with various
O/N pressure ratios, and subsequently annealed in air for up to 25 h at 800 °C. The composition, structure and surface morphology of the coated
plates were characterized using RBS, nuclear reaction analysis, and AFM techniques. By altering the architecture and composition of the coatings,
the rate of oxidation was reduced relative to the uncoated steel plates, and Fe diffusion from the substrate to the surface through the coating was

significantly reduced.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) are becoming increasingly
attractive as a way of transforming chemical energy into
electrical energy by means of the electrochemical combination
of hydrogen and oxygen via an ion-conducting solid oxide
electrolyte. The operational requirements of high ionic
conductivity and good catalytic performance in the fuel cell
must be balanced against the practical requirements of low cost
and high-temperature corrosion resistance for components in
the fuel cell stack [1]. Of particular interest in our work is the
bipolar plate serving as the current collector or interconnect
between adjacent cells of the SOFC stack. The interconnect
must not only retain low electrical resistivity throughout the
operating lifetime of the fuel cell, but must also have good
surface stability and compatibility with thermal expansion
properties of the materials in the stack [2]. Doped LaCrOj plates
have worked well for cells operating at 1000 °C, but suffer from
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high cost as well as difficulties in fabrication. The recent trend
towards lower operating temperatures (500-750 °C) may
enable the use of more cost-effective materials for the current
collector. A thorough evaluation of several heat-resistant alloys
with a variety of compositions led to the conclusion that it
would be difficult for most traditional alloys to meet the
materials requirements of long-term operation above 700 °C [3].
Alloys of body centered cubic, ferritic stainless steels appear to
have thermal expansion coefficients that are well matched to
other components in the stack, but do not have a sufficiently
high electrical conductivity for the desired operating lifetime.
The authors conclude that for improved oxidation resistance and
electrical conductivity either new alloys will need to be
developed, or surface engineering of existing alloys will be
required [3]. Among candidate materials in the former category
is Crofer22 APU, an Fe—Cr based ferritic stainless steel
containing additional manganese, available from ThyssenKrupp
VDM [4]. The present work falls into the latter category of
surface engineering, namely, the use of coatings to improve
oxidation resistance while maintaining acceptably low resistiv-
ity values. The use of coatings for this application brings with it
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an additional set of problems, namely, guaranteeing the integrity
of the coating with respect to adhesion, wear resistance, and
detrimental effects associated with interdiffusion between
coating and substrate material. On the other hand, using
coatings may enable the use of inexpensive alloys that would
otherwise be ruled out because of their poor oxidation
resistance. The use of coatings to improve oxidation resistance
on metal alloys has been known for many years. In our previous
work [5], we selected the Cr—Al-N multilayer system for study
because it not only offers oxidation resistance at temperatures
up to 900 °C [6,7], but also provides wear resistance typical of
many metal nitrides [8]. It is known that exposing CrN to
oxygen at elevated temperatures leads eventually to loss of
nitrogen and formation of Cr,O3 [9], a semiconductor with
sufficiently low resistivity for the interconnect application at an
operating temperature of 800 °C [10]. The oxidation of AIN
leads to the formation of Al,O; with unacceptably low
conductivity for the interconnect, yet alumina is known to be
a good oxidation-resistant barrier. However, if the alumina layer
is thin enough we might expect some electronic conductivity
coming from electron tunneling or other types of leakage, e.g.
through pinholes or layer discontinuities.

In the present work, we have selected coatings from the Cr—
Al-O-N system. A variety of nanolayered structures with
nanometer-thick layers of alternating chromium oxynitride
(CrON) and aluminum oxynitride (AION) were deposited (see
Fig. 1). We expect that by introducing the oxygen during the
growth process the Cr containing nanolayer will have mixed
phases of Cr,O3; and CrN [11,12]. Eventually, the loss of
nitrogen during the annealing process will lead to the
transformation of the remaining CrN to Cr,O5;. We expect that
the disruption of the coating nanostructure caused by thermal
oxide growth will be reduced by introducing the oxygen during
film deposition. AION is a transparent, hard, wear resistant
ceramic. Many of its physical properties are similar to those of
Al,O3, but it has a band gap of only 6.2 eV compared to the
9.9 eVof Al,O3 [13]. A smaller band gap will allow for electron
tunneling through AION at lower electric fields than for Al,O;.
We expect the Al containing oxynitride nanolayer to be
composed of mixed phases of AIN and Al,O;. Exposing
oxygen to the layer at elevated temperatures leads eventually to
loss of nitrogen and formation of Al,O;. But, if during the
annealing process N is retained and stable AION is formed, the
smaller band gap will give a higher conductivity via the electron

AION
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Fig. 1. Schematic diagram of nanolayer structure of the LAFAD coating
consisting of AION and CrON nanolayers.

tunneling process. Moreover, defects in the material will
introduce localized states in the band gap that will act as a
ladder for the electrons to jump from valance band to
conduction band. Finally, because of the rough nature of the
substrate due to mechanical polishing, these nanolayers may or
may not be continuous. So, in addition to all the processes
explained above we expect some electron conduction through
pinholes and micro-cracks.

We used AION and CrON nanolayers of different bilayer
thickness, and grown with different O/N gas ratios, with the
goal to study the effect of individual layer thickness and O/N
content on oxidation kinetics for the coating. The coatings were
deposited on polished 440A steel disks using dual, large-area
filtered arc sources [14]. Sample characterization included ion
beam analysis for structure and composition of the coatings,
atomic force microscopy for surface roughness, and area
specific resistance (ASR) for electrical conductivity. The films
were annealed at 800 °C in air for up to 25 h, followed by
characterization of composition and surface roughness.

2. Experimental procedure

The substrates used for this study were circular disks of
440A steel, 0.75 in. diameter and 0.125 in. thick. The disks were
mechanically polished. The nanolayered coatings were depos-
ited by Arcomac Surface Engineering using the Large-Area
Filter Arc Deposition (LAFAD) technology with the patented
rectangular Large-Area Filtered Arc Source (LAFAS™) that
overcomes the limitations of conventional filter designs [14].
The LAFAS™ uses a rectangular plasma-guide chamber with
two rectangular deflecting coils installed on opposite sides, as
shown in Fig 2. In this design, two primary cathodic arc sources
utilizing Cr and Al targets are placed opposite each other on the
sidewalls of the plasma-guide chamber, surrounded by
rectangular deflecting coils, and separated by an anodic baffle
plate. The LAFAS™ vapor plasma source uses superimposed
deflecting magnetic fields to turn the metal ion flow 90° toward
the deposition chamber and substrates. More massive droplets
of material from the source follow straighter trajectories and are
captured on baffles, resulting in droplet-free coatings at the
substrate. A set of magnetic scanning coils allows the ion
plasma jet to be swept in the vertical direction (perpendicular to
the plane of Fig. 2) so as to cover theoretically unlimited large
surface areas. At the same time, the arc column is well confined
by a magnetic field in the horizontal direction, providing
enhanced suppression of the turbulent plasma diffusion, and
leading to a significant increase in the metal vapor ion yield. By
manipulating the arc plasma jets using strategically placed
scanning magnetic coils and auxiliary anodes, this novel design
creates a “plasma-immersion” environment in the coating
chamber. This technique allows the plasma flux from different
cathodes in a multi-cathode chamber to be uniformly mixed and
to completely envelop complex parts. The use of auxiliary
anodes in conjunction with the filtered arc sources permits
extraction of a significant electron current from the arc source,
which provides a highly conductive ionized gas even without
the metal plasma [14].
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Fig. 2. Schematic drawing of the LAFAD deposition chamber (top view) showing the dual arc sources and sample carousel.

The substrates were mounted on pedestals distributed about
the outer rim of a rotating carousel in the chamber. The single
rotation process places one surface of the disks in front of the
respective Cr or Al sources, once per platform revolution.
Thicknesses of the individual layers in the nanolayered
structure of the coating were determined by the rotation
speed of the carousel in the chamber, either ~3 rpm or
~9 rpm, and were estimated to be either ~4.5 nm or ~ 1.1 nm,
respectively. The substrate temperature during deposition was
about 500 °C. The substrates were first cleaned in argon ion
plasma with the bias voltage of —250 V at 8x10~* Pa for
20 min, followed by 2 min of —1000 V high voltage Cr ion
etching in argon (2x10” % Pa). The Cr and Al ions were
deposited in the oxygen and nitrogen atmosphere at
4x10 % Pa with a —50 V bias voltage applied to the sample
at a frequency of 50kHz with a 4 micro-second on time.
Oxygen to nitrogen ratios of 1:0, 2:3, 1:4 and 0:1 were chosen
for the deposition process. The overall deposition rate was
approximately 0.5 pm/h with both the Cr and Al sources
running. Overall coating thickness varied, depending on total
deposition time and carousel rotation speed. The coatings
considered here are listed in Table 1. Sample names in the first
column of the table represent the composition of the sample
and the rotation speed of the carousel. For example, sample A3
represents CrO/AlO coating with a carousel rotation speed of
3 rpm. The unit of thickness in column 3 (10'° atoms/cm?) is a
measure of areal atomic density determined in ion beam
analysis, and can be converted to a thickness by dividing by

the material density. In this case, the coating density is not
known, but a very rough estimate of coating thickness can be
obtained by assuming that 10'> atoms/cm?® corresponds to
about 0.2 nm.

Oxidation of the samples was carried out using a standard
tube furnace operated horizontally in air, with no additional
fixtures to control humidity or flow rate. Samples were mounted
vertically in a ceramic cassette at the center of the horizontal
furnace tube. The oven temperature was controlled electroni-
cally with a 30-min rise time to 800 °C. Soak times were
incremented to give total oxidation periods of 1, 4, 9, and 25 h.
After each increment of oxidation time, the oven was cooled
over a period of 30 min. The samples were removed and placed
in the vacuum chamber for ion beam analysis. Surface

Table 1
Structure parameters of CrON/AION coatings on 440A steels

Sample Sample Oxygen/nitrogen Approximate thickness
description 10"° atoms/cm®

A3 CrO/AlO 1:0 5150

A9 CrO/AlO 1:0 -

B3 CrON/AION 2:3 11,650

B9 CrON/AION 2:3 12,100

C3 CrON/AION 1:4 13,750

Cc9 CrON/AION 1:4 11,950

D3 CrN/AIN 0:1 14,950

D9 CrN/AIN 0:1 9550
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microscopy was performed prior to oxidation, and at the end of
the 25-h oxidation period.

3. Results and discussion

Fig. 3 shows atomic force microscopy (AFM) images
recorded in tapping mode after deposition of the coatings (left
column) and again after 25-h oxidation at 800 °C in air (right
column) for samples A3, B3, C3 and D3. The lateral width for

Fig. 3. AFM images of four nanolayer coatings before (left column) and after
(right column) oxidation in air for 25 h. Each image has a lateral size of 5 um.

each image is 5 pm and the image locations are not the same for
a given sample. It can be seen that all the as-deposited coatings
are smooth on a submicron scale. The rms roughness in the as-
deposited coatings is in the range of 32—50 nm which indicates
that the individual nanolayers might not be continuous. After
oxidation, the rms roughness for samples A3, B3 and C3 has not
changed although the surface appears to have a more fine-grain
texture. The most noticeable change following oxidation occurs
for sample D3. The roughness increases by an order of
magnitude from 15 nm to 115 nm, and the surface is
characterized by large nodules. Based on results (below) from
the RBS analysis, we conclude that these nodules probably
correspond to clusters of Fe oxide. Diffusion of Fe to the surface
of this coating is observed in RBS, and may be an indication of
cracking or other forms of degradation of this CrAIN coating
following the 25-h oxidation at 800 °C.

Ion beam analysis of the samples was performed using the
3 MV tandem accelerator at the Environmental Molecular
Sciences Laboratory (EMSL) at Pacific Northwest National
Laboratory (PNNL) in Richland, WA. Rutherford backscatter-
ing spectra (RBS) were recorded using a 4.0 MeV beam of He"
ions with a 60° angle of incidence measured from the sample
normal. Backscattered ions were collected using a silicon
surface barrier detector at a scattering angle of 165°, with an exit
angle of 45° from the sample normal. This geometry enhanced
the depth resolution of the RBS measurements. Spectra were
collected after total oxidation periods of 1, 4, 9 and 25 h at
800 °C. The samples were removed from the oven for ion beam
analysis, and were thus subjected to some thermal cycling that
might have adversely affected the coatings. Composition
profiles were determined by comparing SIMNRA computer
simulations of the spectra with the original data [15]. Since the
depth resolution of RBS with these beam parameters and
detectors is larger than 15 nm, we did not attempt to simulate
individual layers in the coating, but rather divided the sample up
into the minimum number of layers needed to give a reasonable
fit to the spectrum. The composition profiles determined in this
way are shown in Fig. 4 for the as-deposited samples A3, B3,
C3 and D3, prior to oxidation. The depth scale (10'° atoms/
cm?) is characteristic of the RBS measurement, which only
determines the number of target atoms per cm? visible to the
analysis beam. If the sample density is known, this scale is
readily converted to a linear depth scale. However, roughly we
can take 1x10'° atoms/cm? to be one layer of atoms, or
approximately 0.2 nm. The vertical scale is a percentage
concentration, based on the assumption that the individual
concentrations add to 100%. No measurement of hydrogen
concentration was made for these coatings, so the percentages
are normalized to the four elements shown in the coatings.

Rutherford backscattering is particularly useful for obtain-
ing concentration depth profiles for the heavier elements in the
coating, but is somewhat limited in detecting the light elements
such as O and N because of the quadratic dependence of the
Rutherford cross section on the atomic number of the target
atom. Nuclear reaction analysis (NRA) can be quite useful in
this case because the spectral peaks typically sit on a very low
or zero-background signal [16]. A limitation for NRA is that
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Fig. 4. Composition profile of as-deposited coatings (a) A3, (b) B3, (c) C3, (d) D3.

the reaction cross sections are generally known only for a few
selected scattering angles, and thus may need to be measured
using standard thin films of known stoichiometry. For the
present measurements a beam of 1.0 MeV deuterium ions (d")
was incident on the samples at an angle of 60° from the surface
normal. Reaction products were detected at a scattering angle
of 170°, 50° from the sample normal. A thin aluminized mylar
film covered the detector to stop backscattered deuterium ions,
allowing only the more energetic reaction products to enter the
detector. The detected particles for these measurements were
protons from the "*N(d,p)'°N and '°O(d,p)'’O reactions. The
reaction cross sections for our experimental geometry were
determined in a separate experiment using commercially
prepared films of SisN, and SiO, with known thickness.
Peak areas from the measured yields were converted to N or O
concentrations. Since the depth resolution when using these

particular reactions is not nearly as good as that for the RBS
measurements, our primary purpose for using NRA was to
determine the total N and O concentrations in the coatings as a
function of annealing time. These total concentrations were
then compared with the total concentrations determined from
the RBS measurements. The set of target composition profile
parameters was adjusted until a single set of parameters could
be used to accurately simulate both the RBS and NRA
measurements using the SIMNRA program. In some cases
there is a rapid decrease in N content following the initial 1-
h heat treatment, attributed to the transformation of CrN to
CrpN [9,17]. A more gradual loss of N during subsequent
annealing is attributed to the transformation of Cr,N to Cr,Os5.
The total N content varies from sample to sample because of
the different nanolayer structures and coating preparation
conditions.
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The survey of the as-grown coatings deposited with 3 rpm,
presented in Fig. 4, shows that the incorporation of oxygen in
the samples during growth is in accordance to the ratio of
oxygen to nitrogen in the chamber during the growth process.
For example the oxygen concentration in sample B3, deposited
with the oxygen to nitrogen ratio of 2:3, is greater than that for
sample C3, for which this ratio was 1:4. Similarly no oxygen is
found in the sample D3, grown with a pure nitrogen
atmosphere. Similar behavior was observed in the coatings
deposited with a carousel rotation speed of 9 rpm.

The coatings analyzed here behave very differently when
subjected to the high-temperature oxidizing atmosphere.
Sample A3, with only oxygen in the growth chamber, survived
the high-temperature oxidation relatively unchanged. After 25 h
of heating the composition remained unchanged, and no
interdiffusion of heavier elements between the substrate and
coating was observed. However, a small percentage of carbon
was observed on the surface that was not found in the 1-h heated
sample. This sample was non-conducting, and was therefore
removed from the batch of samples for analysis.

Sample B3 contained approximately 20% oxygen as grown
(Fig. 5, left column). Complete oxidation occurred with heating
at 800 °C, as oxygen gradually replaced the nitrogen in the
coating. After 25 h at 800 °C, less than 5% nitrogen is left in the
sample. However, sample B9, which has a thinner bilayer than
sample B3, lost almost all of the nitrogen in only 1 h of heating
(Fig. 5, right column). Negligible diffusion of substrate
elements (primarily Fe) into the coating was observed in the
case of sample B3. However, in the case of B9 a small
percentage of Fe is found to have diffused into the coating, but it
did not diffuse all the way to the surface after 25 h. Based on the
results below for coatings with less oxygen, we conclude that
introducing oxygen during the coating growth process creates
more effective diffusion barriers that stop, or at least slow down
the diffusion of Fe from the substrate into the coating. Oxidation
of the coatings leads to the formations of Cr,O3 and Al,Os,
which is evident from the stoichiometry obtained by RBS for
these compounds (Fig. 5, bottom).

Coating C3 contains about 10% oxygen concentration as
grown (Fig. 6, top). In marked contrast to sample B3, the
nitrogen in sample C3 is almost completely replaced by oxygen
after only 1 h of heating at 800 °C, and is seen to be susceptible
to Fe diffusion from the substrate to the coating surface after
only a few hours in the oven (Fig. 6, left column). In coating C9
the nitrogen loss behavior is almost the same as observed for
coating C3, but the Fe diffusion from the substrate is
considerably slower than for sample C3. In sample C9, Fe
was not yet seen on the surface after 25 h of heating (Fig. 6,
right column).

For coating D3 there is no oxygen in the as grown sample.
The nitrogen in the coating is gradually replaced by oxygen, and
is completely lost after 25 h of heating at 800 °C (Fig. 7, left
column). Diffusion of Fe into the coating begins after only 1 h
of heating, and Fe has reached the surface of the coating after
25 h of heating. Diffusion of Fe from the substrate to the coating
surface was also seen in coating D9, and appears to be greater
than that found for sample D3. The performance of coatings D3

and D9 appears to be not nearly as good as that for samples
studied previously [5]. The primary difference between these
two processes is in the rotation of the substrate in front of the Cr
and Al sources (double vs. single rotation). Contrasting the
properties of coatings grown with these two rotation modes is
currently under investigation.

The area specific resistivity (ASR) for uncoated and coated
samples has been investigated. The ASR values for both coated
and uncoated samples reached a minimum of below 10 m{)
cm’. However, the ASR value of the uncoated sample rose
relatively fast compared to that for the coated sample, indicating
reduced oxidation rate and increased electrical conductivity for
the coated samples. Moreover, SEM analysis has shown that the
oxide scale on the uncoated samples is significantly thicker than
that for the coated samples after 1000 h of annealing at 800 °C
in air. Results of this investigation have been published
elsewhere [18].

The most likely mechanism of oxide formation for the
nanolayers is the loss of N from the CrN as it transforms to Cr,N
at the high temperature, and the replacement of N by O in
forming Cr,05 in the nanolayers [9,17]. Results similar to these
were reported for high-temperature oxidation of CrN films on
steel [19]. In those experiments, XPS depth profiles show that in
addition to the transformation from CrN to Cr,0s, Fe oxide is
formed at the surface as Fe diffuses from the steel substrate out
through the CrN coating. Enhanced diffusion can occur at
higher temperatures. Also the mismatch in the thermal
expansion coefficients between substrate and coating results
in film stress, cracking and loss of adhesion at the coating/
substrate interface. It appears that the presence of oxygen in the
as-deposited nanolayered coatings reduces the amount of Fe
diffusion from the substrate.

4. Summary

In summary, we report results for the high-temperature
oxidation resistance of the 440A steel alloy with a coating
consisting of stacked CrON and AION nanolayers. The
results from ion beam analysis are quantitative and can be
used to show either total oxygen content or oxide thickness as
a function of time. Ion beam analysis shows that oxidation
rates can be greatly reduced with these coatings, and point to
a nanolayered structure with sub-nm layer thickness as
showing good performance for periods of up to 25 h at
800 °C in air. Future measurements will extend the annealing
time to better simulate the interconnect application in a solid
oxide fuel cell.
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