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High-temperature  interactions  between  glass–ceramic  sealants  and  Cr-containing  ferritic  interconnects
used  in  solid  oxide  fuel  cells  (SOFC)  lead  to  the  formation  of  detrimental  chromate  interfacial  phases,  such
as BaCrO4 or  SrCrO4, which  can  cause  mechanical  failure  of  the  SOFC.  In this  work,  these  interactions  are
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characterized  by  reacting  Cr2O3 powders  with  a SrO-containing  sealing  glass  and  by  characterizing  rep-
resentative  reaction  couples  between  the  glass  and  430  stainless  steel.  The  extent  of  chromate  formation
depends  on  the  reaction  time  and  temperature,  and  the effect  of  the  partial  pressure  of oxygen  is  modeled
by thermochemical  calculations.

© 2012 Elsevier B.V. All rights reserved.
hermochemical calculation

. Introduction

Solid oxide fuel cells (SOFC) have attracted much attention over
he last two decades because of their high electrical conversion
fficiency, environmental compatibility, and system flexibility [1].
ith the reduction of SOFC operational temperatures to under

00 ◦C, ferritic stainless steels have become favored materials for
nterconnect components due to their low cost and their close ther-

al  expansion match to other SOFC components [2].  Among the
erritic compositions, chromium-containing alloys attract the most
ttention due to the high electrical conductivity of the Cr-oxide
cale formed on the surface of the alloy during SOFC operation [3].

Interactions between glass–ceramic sealants and ferritic inter-
onnects at the SOFC operational temperatures have been found
o result in the formation of interfacial phases potentially detri-

ental to the performance of the SOFC stacks [4–8]. Alkali ions or
esidual water in some glass compositions significantly increase
he vaporization of chromium from the interconnects [4,11].  Sub-
equent deposition of the chromium compounds on the cathode
locks the active sites needed for efficient operation. In addition,
he transport of Cr-vapors, as CrO3 or CrO2(OH)2, can lead to the for-

ation of alkaline earth chromates on glass surfaces well-removed

rom the glass–metal interface [11]. The high coefficients of ther-

al  expansion (CTE) of these chromates, e.g., BaCrO4 and SrCrO4
∼18–20 × 10−6 K−1) [9],  contributes to the physical separation

∗ Corresponding author. Tel.: +86 591 22866540; fax: +86 591 22866537.
∗∗ Corresponding author. Tel.: +1 573 341 6812; fax: +1 573 341 6934.

E-mail addresses: teng zhang@fzu.edu.cn (T. Zhang), brow@mst.edu (R.K. Brow).
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of the sealing glass (CTE ∼ 12.5 × 10−6 K−1) and the interconnect
(∼13 × 10−6 K−1) because of the large CTE differences, and leads
to significant losses in bond strength between SOFC glasses and
interconnect materials [10].

The extent and nature of the reactions between glass sealants
and different types of alloys depend on the alloy compositions
and the exposure conditions [5,11].  For chromia-forming alloys,
the edges of the seals where oxygen or air is accessible typically
exhibit BaCrO4 formation. For a more oxidation resistant alloy, e.g.,
a Ni-based superalloy, the extent of the formation of BaCrO4 can
be limited. The addition of aluminum to the interconnect alloy
can suppress the formation of interfacial chromates and so lead to
stronger glass–metal seals [12]. Likewise, the addition of protective
coatings to the interconnects has been used to suppress chromate
formation [13], but often at the cost of conductivity.

Therefore, the information on the interfacial reactions between
sealing glass and Cr-containing interconnect alloys is critical for
the performance of SOFC stacks. However, there are few reports on
the comprehensive characterization of such reactions in literature,
especially for the quantitative analysis due to the complex structure
of sealing couples [14,15].

In the present paper, a SrO-containing sealing glass was  reacted
with Cr2O3 powder to simulate the interfacial reactions between
glasses and Cr-containing interconnect alloys during sealing and
under subsequent operational conditions. Previous results show
that this glass has a CTE of about 12.5 × 10−6 K−1 after sealing

process (e.g., 850 ◦C for 2 h) and maintains substantial amount of
residual glass after the crystallization at 800 ◦C for one month,
which provides desired viscous flow for releasing stress in SOFC fix-
ture [16,17]. The formation of SrCrO4 was characterized by optical

dx.doi.org/10.1016/j.jpowsour.2012.01.043
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Table 1
Composition of glasses (in mole %).

Glass ID SrO CaO B2O3 Al2O3 SiO2 TiO2

s
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(

ics), with an Ar ion sputter rate of 2 nm min−1.
G36 26.48 26.48 1.92 1.96 41.16 2.00

pectroscopy, and modeled by thermochemical calculations. These
esults are compared to those obtained by analyzing the interfaces
etween the sealing glass and 430 stainless steel (430SS) samples,
sing scanning electron microscopy (SEM) with energy dispersive
nalysis by X-ray (EDAX), and the surface of reaction couples by
uger electron spectroscopy.

. Experimental

A fifty gram sample of the glass composition designated glass
36 (Table 1) was prepared by melting a homogeneous mixture
f reagent grade SrCO3, CaCO3, boric acid, and various oxides in a
latinum crucible at 1500 ◦C for 2 h in air. The melt was quenched
n a steel plate to form the glass.

The glass was  crushed to form powders with particle sizes
etween 45 and 53 �m.  The glass powders were mixed with 10 wt%
hromium oxide (Cr2O3, Alfa Aesar, >98% purity) powder (similar
article size) for 24 h in a roller mixer. The amount of Cr2O3 powder
as chosen to yield a Sr:Cr atomic ratio of ∼2.5 in each mixture to

nsure that the SrO content in the glass was sufficient to fully react
ith the Cr2O3 available under conditions where the formation of
rCrO4 is favored.
Optical spectroscopy (Cary 5E, Varian, Inc.) was used to ana-

yze solutions prepared by dissolving glass/Cr2O3 reaction couples
described below) in water. Calibration solutions were prepared

Fig. 1. Optical images of a G#36/430SS couple afte
ources 205 (2012) 301– 306

by dissolving K2CrO4 (Fisher ACS grade) into deionized water to
produce a series of Cr6+-containing solutions (ranging from 2 to
25 ppm).

Mixtures of ∼15 mg  of glass and 1.5 mg  of Cr2O3 were heated in
an alumina boat in air at temperatures between 800 and 950 ◦C for
up to 24 h. After heating, the mixture was  dissolved into ∼150 ml
of room temperature deionized water and the absorption spectra
were recorded using UV–vis spectrometry. The concentration of
Cr6+ in each solution was calculated by fitting the corresponding
absorbance using the calibration curve derived from the K2CrO4
solutions. Three samples were made under identical conditions
and were analyzed to determine the experimental uncertainty.
The total concentrations of Cr ions dissolved in each solution were
obtained by ICP-OES, and the percent of chromium present as Cr6+

in each sample is reported. Similar reaction samples were analyzed
by X-ray diffraction (XDS 2000, Scintag, Inc.).

The G#36 sealing glass was  bonded to 430 stainless steel sub-
strates and the interfacial reactions were characterized. Glass
pastes were prepared by mixing ∼50 mg  glass powder (45–53 �m)
with ∼50 �l acetone. The pastes were applied to the ultrasonically
cleaned (in the deionized water) surfaces of 430SS substrates; a typ-
ical coating was 200 �m thick after sintering. The coated samples
were then heated in air from room temperature to the prede-
termined sealing temperature (e.g., 900 ◦C) at a heating rate of
10 ◦C min−1, and held for 2 h. Some ‘as sealed’ samples were subse-
quently held in air at 800 ◦C for up to two weeks. Depth profiles
of Cr on the surfaces the glass/430SS samples were determined
using Auger electron spectroscopy (Model 545, Physical Electron-
Some of the sealed samples were cross-sectioned by a diamond
saw and polished using SiC paper from 320 to 1200 grit, and then
finished using a diamond suspension (3 �m).  The polished samples

r heating in air at 800 ◦C for different times.
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Fig. 4. The absorption spectra of a solution of K2CrO4 (10 ppm), and of mixtures of

mixture is oxidized to form a chromate after 24 h in air at 950 C.
ig. 2. The AES depth profile on the surface of G#36/430SS seals, ‘as sealed’ and
fter the heat treatment in air at 800 ◦C for 2 weeks.

ere analyzed using field emission scanning electron microscopy
S4800, Hitachi, Inc.) and energy dispersive analysis by X-rays
EDAX, Hitachi, Inc.).

. Results

Fig. 1 shows optical micrographs of the glass-side of a
#36/430SS reaction couple immediately after sealing, and after
eating in air for one and two weeks at 800 ◦C. The yellowish reac-
ion product that can be seen ‘growing in’ from the edge of the
#36 sample, where the underlying steel is exposed to the air, is
n indication of the presence of a chromate phase on the sample
urface.

Fig. 2 shows the results of Auger electron spectroscopic depth
rofiles from two regions of the G#36/430SS reaction couples indi-
ated in Fig. 1. The Cr:Si ratios near the edge and at the center of
he sample heated in air for two weeks at 800 ◦C are significantly
reater than that collected from the edge of the ‘as sealed’ sample.

Fig. 3 shows thin-film XRD data collected from the sample
eated in air for two weeks at 800 ◦C. In addition to the crystalline
hases associated with the bulk glass ceramic (Sr2SiO4 and CaSiO3),

he presence of SrCrO4 is confirmed in this sample.

The reactions that lead to the apparent formation of the yel-
ow chromate phases shown in Fig. 1 were studied by reacting
lass samples with Cr2O3 powders in air, and the formation of Cr6+

ig. 3. Thin film XRD pattern (a) for the yellowish product at the interface between
#36 and 430SS after heating in air at 800 ◦C for 2 weeks, and the XRD pattern (b)
#36 alone after heating in air at 950 ◦C for 24 h.
G#36 and 10 wt%  Cr2O3 held in air and forming gas (10% H2/90% N2) at 950 ◦C for
24 h, then dissolved in water. A solution of Cr2O3 held in air at 950 ◦C for 24 h, then
dissolved in water, is also shown.

in these samples was  quantitatively measured using UV–vis spec-
trometry. Fig. 4 shows absorption spectra collected from solutions
of several samples dissolved in water. There are two  distinct peaks,
centered near 270 and 370 nm,  in the spectrum collected from
an aqueous solution with 10 ppm Cr6+ (from K2CrO4) and these
are both assigned to Cr6+ ions, in agreement with previous stud-
ies [18,19]. The extinction coefficient at 370 nm obtained from a
series of solutions with Cr6+ concentrations from 2.5 to 25 ppm was
4260 ± 80 L cm−1 mol−1, which was close to the value reported for
Cr6+ in silicate glasses of 4218 L cm−1 mol−1 [20].

Also shown in Fig. 4 are absorption spectra of solutions pre-
pared from the dissolved mixtures of glass #36 and Cr2O3 heated
to 950 ◦C for 24 h in air and heated to 950 ◦C for 24 h in a reduc-
ing atmosphere (10% H2/90% N2). The absorption spectrum of pure
Cr2O3 powder treated in air is also included for comparison. For the
glass/Cr2O3 mixture heated in air, the spectrum reveals peaks cen-
tered at 270 nm and 370 nm,  corresponding to absorption by Cr6+

ions. These peaks are not evident for the mixture heated in reducing
conditions or for the pure Cr2O3 heated in air. Using the extinction
coefficient determined from the calibration runs, the absorbance at
370 nm,  and the Cr-content of the solution obtained by ICP, one cal-
culates that about 68% of the total chromium in the Glass#36/Cr2O3

◦

Fig. 5 shows the percentage of Cr6+ formed from Cr2O3 mix-
tures with G#36 after heating in air to temperatures ranging from
800 ◦C to 950 ◦C for up to 24 h. The percentage of Cr6+ increased with

Fig. 5. The fraction of Cr6+ in the reaction couples between Cr2O3 and G#36 as a func-
tion of time in air at different temperatures. The error bar indicates experimental
uncertainty. The solid lines are guides for the eye.
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ig. 6. XRD patterns from (a) the G#36/Cr2O3 reaction couple and (b) G#36 alone
fter heating in air at 950 ◦C for 24 h.

ncreasing time and temperature, although the time dependence
ts no specific kinetic reaction model.

The XRD patterns for G#36 mixed with 10 wt% Cr2O3 heat-
reated in air at 950 ◦C for 24 h reveals the presence of SrCrO4 and
ome residual Cr2O3 [21], as shown in Fig. 6. The XRD pattern for
#36 with no Cr2O3 after the same heat treatment is also included

or comparison. Both patterns show the presence of Sr2SiO4 and
aSiO3, the dominant phases in these glass–ceramics.

. Discussion

The double-layer oxide scale structure ((Mn, Cr)3O4 spinel on
op of Cr2O3) is usually formed on ferritic stainless steels [22];
owever, there is only Cr2O3 in the oxide scale of 430SS with the

resence of Mn–Co protection coating [23]. It is similar to the con-
ition of present work, in which the Mn–Cr spinel phase cannot be
ormed with the cover of glass coating, and therefore Cr mainly ori-
ins from the Cr2O3 oxide layer. Sr-chromate (SrCrO4) forms when

ig. 7. (a) Gibbs free energy for reaction (1) as a function of temperature, (b) Gibbs free e
ressure of oxygen and (c) Gibbs free energy for reaction (3) as a function of temperature
ources 205 (2012) 301– 306

SrO-containing glasses react with both Cr2O3 powders and with
430SS substrates when heated in air to at least 800 ◦C. One possible
path for the formation of SrCrO4 is described by reaction (1):

SrO(glass) + 1/2Cr2O3(solid) + 3/4O2 ↔ SrCrO4(solid) (1)

Fig. 4 shows that when Cr2O3 reacts with a SrO-containing
glass, the percentage of Cr6+ increases as the heat-treatment time
increases for temperatures ranging from 800 ◦C to 950 ◦C, and the
percentage of Cr6+ generally increases with an increase in temper-
ature. The maximum percentage of Cr6+ observed was around 70%
for the sample heated for 24 h at 950 ◦C, the highest temperature
in this work. The XRD results (Fig. 6) reveal the presence of resid-
ual Cr2O3 in this same sample, indicating that the reaction to form
SrCrO4 may  have reached an equilibrium under these conditions,
despite the presence of excess SrO in the glass.

Fig. 7a shows the free energy of formation for SrCrO4, from
reaction (1),  as a function of temperature, and Fig. 7b shows the
free energy of formation at 900 ◦C as a function of the partial pres-
sure of oxygen. These calculations were done using standard free
energies reported in Ref. [24]. Fig. 7a indicates that reaction (1)
is favored at all temperatures for an oxygen partial pressure of
0.2 atm. However, Fig. 7b indicates that the free energy of the
formation of SrCrO4 decreases with decreasing oxygen partial pres-
sure, and becomes positive at 900 ◦C for partial pressures less than
10−7.2 atm. For example in air, the formation of SrCrO4 is ther-
modynamically favored 900 ◦C (free energy is −158 kJ mole−1 at
0.2 atm), but it is not favored under forming gas (+213 kJ mole−1 at
10−16 atm). These calculations are consistent with the analyses of

Cr6+ ions from Cr2O3/glass reaction couples (i.e., Fig. 4) and from
observations of glass/430SS seals heated in air and in reducing con-
ditions, and are similar to the reports of chromate formation with
BaO- and SrO-containing glasses [5–7].

nergy of the formation of SrCrO4 (reaction (1)) at 900 ◦C as a function of the partial
.
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Fig. 8. SEM images and EDS line scans for the interfaces of G#36/430SS, (a) as sealed, edge, (b) after heating in air at 800 ◦C for 2 weeks, edge and (c) after heating in air at
800 ◦C for 2 weeks, center. The line scans were collected along the dashed line indicated in each micrograph.
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A second possible path involves the interaction between SrO in
he glass and Cr-vapors from thermodynamically unstable chromia
cales [25]:

r2O3(solid) + 1.5O2(g) ↔ 2CrO3(g) (2)

rO3(g) + SrO(glass) ↔ SrCrO4(solid) (3)

Fig. 7c shows that reaction (3) is thermodynamically favored
nder the conditions of the current experiments, and so this reac-
ion seems the likely source for the spread with time of the yellow
hromate phase across the surface of the G#36/430SS reaction
ouple shown in Fig. 1. A similar vapor transport mechanism
as proposed for the formation of BaCrO4 on the surface of a
a-containing SOFC sealing glass some distance away from the
lass–metal interface [11].

Shown in Fig. 8 are micrographs of the interfaces between G#36
nd 430SS, ‘as sealed’ (8a) and after heating in air at 800 ◦C for 2
eeks (8b). These images were taken near the edges of each sealed

ample. Fig. 8c shows a micrograph of the latter sample near the
enter of the seal, well away from the edge. Also shown are EDS
lemental line scans taken across the respective interfaces. For the

as-sealed’ sample, the crystallized glass forms a continuous inter-
ace with the 430SS and there is little evidence for either significant
nterfacial reaction products or the diffusion of metal species into
he glass, or vice versa. The interface of the heat-treated sample
ear the center of the seal (8c) is also continuous, but a bit rougher.
here are no obvious second phases, but there is evidence for the
iffusion of some Cr about 5–10 �m into the glass. This contrasts
ith the significant changes after heat-treatment in the interfacial

egion near the seal edge (Fig. 8b). The glass–ceramic has sepa-
ated from the metal, the metal interface is much rougher than it
s in the ‘as sealed’ sample or in the heat-treated sample at the
enter of the seal, oxide components are adhered to, and penetrate
nto the metal, and a new oxide phase has formed between the
lass–ceramic and the metal. The EDS line scan of this sample shows
oinciding enrichments of Cr and Sr in certain regions of the new
xide phase, along with enrichments of Fe. The Sr:Cr atomic ratio in
he region indicated by the arrow in Fig. 8b is 1.1 ± 0.2. These results
re consistent with the formation of SrCrO4 at this interface. These
eactions occur near the edge of the seal where oxygen is avail-
ble to produce SrCrO4 (Eq. (1)). At the seal center (Fig. 8c), there
s no pathway available for oxygen, and so this reaction does not
ccur. Instead, Cr dissolves into the glass to form a Cr-rich interface
egion that has been noted in other SOFC glass/interconnect sys-
ems [8,11].  The Mn  content in 430SS is negligible (about 0.5 wt%),
nd therefore, has not been included in EDS linescan.

. Conclusions
The formation of SrCrO4 was observed in mixtures of a SrO-
ontaining SOFC sealing glass and Cr2O3 powders, and with
lass/430SS reaction couples. Cr transports from the 430SS to the

[

[

[

ources 205 (2012) 301– 306

glass interface, or the glass surface and in the presence of oxygen
reacts to form SrCrO4. Thermochemical calculations reveal that this
reaction is thermodynamically favored in air, and this is consistent
with the observation of SrCrO4 at interfaces with access to air: at
seal edges, not seal centers. In the center of the seal, Cr dissolves
into the glass to form a thin (<10 �m)  Cr-rich region.
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