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Disclaimer  
 

This report was prepared as an account of work sponsored by an agency of the United States 

Government. Neither the United States Government nor any agency thereof, nor any of their 

employees, makes any warranty, express or implied, or assumes any legal liability or 

responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 

product, or process disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the United States Government or any agency thereof. The views 

and opinions of authors expressed herein do not necessarily state or reflect those of the United 

States Government or any agency thereof. 
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Abstract 
 
Two series of silicate glasses that contain gallium as the primary critical component have been 

identified and optimized for viscous sealing of solid oxide fuel cells operating from 650 to 850°C.  

Both series of glass sealants crystallize partially upon heat treatment and yield multiphase 

microstructures that allow viscous flow at temperatures as low as 650°C.  A fully amorphous 

sealant was also developed by isolating, synthesizing and testing a silicate glass of the same 

composition as the remnant glassy phase in one of the two glass series.  Of ~40 glasses tested 

for longer than 500 hours, a set of 5 glasses has been further tested for up to 1000h in air, wet 

hydrogen, and against both yttria-stabilized zirconia and aluminized stainless steel.  In some 

cases the testing times reached 2000h.  The reactivity testing has provided new insight into the 

effects of Y, Zr, and Al on bulk and surface crystallization in boro-gallio-silicate glasses, and 

demonstrated that at least 5 of the newly-developed glasses are viable viscous sealants.  
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Executive Summary: 

 

Galliosilicate glasses were developed for viscous sealing of intermediate temperature 
solid oxide fuel cell (SOFC) stacks.  Candidate sealing glasses were identified for use at 
operating temperatures of 750°C and 850°C after assessing flow behavior, thermal expansion, 
crystallization, reactivity, and weight loss.  A series of non-alkali glasses were identified for use 
at 750°C within a strontium borogalliosilicate compositional region that exhibited glass transition 
temperatures (Tg) between 658 and 675°C and coefficient of thermal expansion (CTE) between 
8 and 9.4 × 10-6·K-1 (20-400°C) before partial crystallization.  Glass frits and powders flowed 
below 850°C and did not crystallize dramatically after 500h at 750°C.  Glasses containing 5 
mol% mixed alkali were identified in a strontium borogalliosilicate compositional region for use 
at 850 °C.  The glasses exhibited Tg between 615 and 620°C with a CTE of 9.7 to 8.7 × 10-6·K-1 

(20-400°C), again before crystallization.  Glass frits flowed well below 850°C and retained some 
remnant glass phase after crystallization at 850°C.  The CTE values for all glasses increased 
markedly after partial crystallization.    

A downselected set of glass sealants with favorable flow and CTE was used to test their 
interactions with the SOFC electrolytes and interconnect materials.  No interaction of the 
selected glasses occurred at 650°C after 500h, though testing at 850°C against both yttria-
stabilized zirconia (YSZ) and aluminized stainless steel results in partial bulk and interfacial 
crystallization.  The glasses penetrate into the grain boundaries of YSZ, but the penetration 
depth remains less than 10 μm from the original interface even after 1500h at 850°C.  Dissolved 
YSZ completely inhibits bulk nucleation and crystallization within 20-100μm of the YSZ 
interface. Glasses with 25 and 30 mol% SrO and no CaO form dendritic SrZrO3 crystal phases 
at the interface, while a glass with 20 mol% SrO and 10 mol% CaO retains an amorphous 
interface even after 1500h at 850°C.  Complex K-Ga-Si-O crystals are formed at the interface 
with alumina-coated stainless steel, and test vehicles of YSZ/glass/stainless steel remain intact 
on cooling from 850°C to room temperature and without Cr diffusion into the glass. 

The optimized boro-gallio-silicate glasses were then tested in humidified hydrogen 
atmospheres when in contact with YSZ and aluminized stainless steel for up to 1000h.  Each 
sealant crystallizes appreciably by 1000h, and their coefficients of thermal expansion range 
from 10.2 to 11.7 × 10-6·K-1 from 20-400°C.  The remnant amorphous phases in the partially 
crystallized sealants all show softening points near or below the operating temperatures, thus 
enabling viscous sealing.  Humidified hydrogen in general increases the rate of crystallization 
but does not change the crystalline phases formed or interactions with stainless steel or 
zirconia.  For one glass series, wet H2 appears to enhance the dissolution of the protective 
alumina coating on the stainless steel.   

After sealing tests for up to 1000h, some of the downselected sealants retain 
considerable amorphous content.  The composition of the remnant glass phase in one of the 
sealants was determined using quantitative internal-standard XRD analysis and a separate 
glass was synthesized and tested. The remnant glass behaves as a viscous sealant that does 
not crystallize during heat treatment.  Only very minor crystallization of the glass at the glass-
YSZ interface was noted after 1000h. 

Overall, we have identified 2 compositional series of glass sealants that will be 
applicable for viscous sealing in a range of SOFC designs, in addition to a single fully-
amorphous sealant. Longer-term testing, preferably in industrially-relevant SOFC designs, is 
recommended.  
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Introduction: 
 

Viscous sealing is not an entirely new concept.  A patent in 1992 indicates use of soda 
lime silicate glasses as viscous sealants for fuel cell applications [1].  A patent by Bloom et al. 
[2] in 1995 discloses glass compositions for use as glass or glass-ceramic viscous sealants 
where the viscosity is at least 103 Pa-s at the solid oxide fuel cell (SOFC) operating 
temperature.  The sealants were developed for high temperature fuel cells (~1000°C). In 2007, 
Singh and co-workers researched self-healing sealants where the glasses would seal fractures 
present from thermal cycling by viscous flow [3].  The glass compositions were not disclosed but 
were alkali containing silicate glasses.  The healing of cracks was studied via optical microscopy 
on fractures from indentation hardness testing as well as button seal tests with increased 
pressure on one side of the seal.  Thermal cycling leak testing was used to demonstrate crack 
healing on reheating the button cell to 900°C or higher. Recent work on viscous sealing from 
Pacific Northwest National Laboratory is focused on alkali-containing glasses for intermediate 
operating temperatures [4-7].  The selected sealant is a commercially available mixed alkali 
alkaline earth silicate glass.  The glass sealant was found to be chemically stable with 8 mol% 
yttria stabilized zirconia (8YSZ) electrolytes as well as 8YSZ coated stainless steels with very 
low leak rates after significant thermal cycling.   

 Silicate glasses appear to be acceptable for long-term operation of SOFC stacks [8-14].  
Thermal stability of the silicates is typically high especially with low boron content [15].  The 
community in general agrees that alkali content must remain low for silicates to be viable 
sealant candidates to avoid volatilization and/or interaction with the SOFC electrolyte or 
interconnect. [16-18].  High alkali content glasses enable high coefficient of thermal expansion 
(CTE) values, but additions of alkaline earths can be substituted to achieve similar thermal 
expansion [19-22].          

 High alkaline earth content glasses consist of an inverted structure relative to the 
vitreous network of typical glass compositions having high concentrations of network forming 
ions.  Nearly all of the rigid glass sealants developed over the past 2 decades are invert alkaline 
earth silicates, because of their high CTE.  The structure of an invert glass is not the typical 
continuous SiO4 network but instead these glasses contain a large fraction of alkaline earth-
oxygen bonds.  Invert glasses exhibit high glass transition temperatures (Tg) values with low 
melt viscosities [23].  The viscosity of invert glass systems is fragile, showing a large change in 
viscosity with small changes in temperature above Tg, which could be catastrophic for a viscous 
glass seal if the seal design does not contain the molten glass and prevent its flow out of the 
seal region.  Finally we note that boron-containing glasses, which have been widely used in rigid 
SOFC seals, may be unstable under wet H2 environments, with some compositions exhibiting 
large weight losses [15, 24].  

In terms of designing an appropriate viscous sealant, we consider first the viscosity.  
Figure 1 shows a comparison of a fragile glass and a strong glass.  The strong glass shows 
smaller changes of viscosity with change in temperature, while the viscosity of the fragile glass 
changes quickly with temperature [25].  Fragile melts readily crystallize due to high mobility of 
the ions at high temperatures such as the operating temperatures of SOFCs.  Although a fully 
crystalline seal will not be viscous, partial crystallization to form glass-ceramics may be 
desirable. In a glass-ceramic, the glassy phase may flow to enable crack healing and filling of 
defects, while the crystals present act to contain the glass and provide mechanical integrity. In 
other words, a partially crystalline seal will exhibit a large apparent viscosity [6, 26].  Ideally, the 
remnant glass phase and crystalline phase should further exhibit similar CTE values to avoid 
high residual stress on cooling.  For the initial sealing of the SOFC stack in current technologies, 
several authors suggest that viscosities near 106.6 Pa·s is ideal [27, 28].   
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All of the SOFC short- and long-term testing that has been undertaken for rigid glass-
ceramic sealants is relevant also to the viscous sealants.  Naturally, one must consider carefully 
the overall SOFC design because a viscous sealant may range from a purely amorphous liquid 
to a liquid with dispersed crystals, or even a composite with fiber or woven reinforcements.  The 
work presented herein was designed to identify candidate glass sealants with robust reliability, 
that is, low reactivity with the other SOFC components and good stability under air and wet H2 at 
time scales ranging out to 1500-2000h.  We show below that several glass compositional 
ranges are viable candidates, with operating temperatures from about 650 to 850°C. 
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Figure 1.  Schematic plot of viscosity vs. temperature for fragile glass vs. strong glasses. 

 

Experimental Procedures: 
As a starting point, gallium containing silicates were found in the SciGlass database with 

criteria of CTE near 11 × 10-6·K-1 and glass transition temperatures near 600°C.  These glasses 
were modified via substitutions of SrO and/or B2O3 for SiO2, Ga2O3, or alkali in increments of 5 
mol%.  This facilitated a survey of a large compositional space exhibiting desirable properties 
for viscous sealing upon which future improvements might be based.   

Batches of 25 grams of glass were prepared.  Powders of Na2CO3, K2CO3, CaCO3, 
SrCO3, B2O3, Ga2O3, SiO2, etc. were mixed charged into a 50 mL platinum/rhodium crucible and 
inserted into a preheated molybdenum disilicide furnace.  Melting was performed between 1300 
and 1425°C for 2 to 3 hours for all glasses except some high temperature compositions, which 
required 1600°C. The melts were water quenched in the crucible and removed upon cooling to 
room temperature.  The glasses were annealed 10°C above Tg for 30 min with a heating rate of 
7 K·min-1 and a cooling rate of 4 K·min-1.   

Portions of the annealed glass were crushed in a steel mortar and pestle.  A neodymium 
magnet was passed through the crushed glass to collect any steel impurities and sieved to 
obtain frits having particle sizes between 54 to 228 µm and powders less than 54 µm.   

The humidified pure hydrogen thermal treatment apparatus is shown in Figure 2. The 
hydrogen flow rate was ~ 150 ccm·min-1 and the saturated water vapor in hydrogen at room 
temperature can be estimated as 3 vol%.   

 



DE-NT0005177  Final Report, December 31, 2012 
 

Page 8 of 45 

 
Figure 2. Apparatus for thermal treatment in humidified hydrogen. 

 

Dilatometer bars were cut from the annealed glass sample in 20x4x4 mm dimensions.  
Dilatometric measurements (DIL 402 PC, NETZSCH Instruments) were made using 4 K·min-1 
heating rate until after the dilatometric softening point (Td) was reached.  Glass transition and 
dilatometric softening temperatures were determined via intercepting slope methods while the 
CTE was determined for the temperature range 100 to 400°C. 

Pellets were pressed from the glass powders into cylinders 3 mm in diameter and 5 mm 
in height and placed on alumina substrates for measurements in the hot stage microscope 
(Misura HSM).  Measurements were performed with a heating rate of 5 K·min-1 from 550 to 
900°C, which was usually sufficient to observe the half-sphere point.   

Viscosity data (in the glass softening range 104 to 109 Pa·s) was obtained by a parallel 
plate viscometer [29]. Cylindrical glass samples with parallel surfaces (9-10 mm in diameter and 
3-4 mm in height) were put between two alumina plates.  Known weights (100 and 500 g) were 
placed on top to apply a load on the glass sample.  An LVDT is used to measure any 
displacement of the sample with increases in temperature.  The sample and sample contacts 
are inside a furnace, while the LVDT and applied load are above the furnace at room 
temperature.  The sample is heated at 1 to 5 K·min-1 and the change in sample height is 
measured with change in time and temperature.  Within a range of sample height displacement 
with time the viscosity can be calculated via Equation 1: 

                                                                                                 (1) 

where η is the viscosity, F is the applied load, g is the acceleration due to gravity, h is the 
sample height, V is the sample volume, and (dh/dt) is the change in sample height with change 
in time.  The final results were fitted and extended by Vogel-Fulcher-Tammann (VFT) equation 

                                                                                             (2) 

Microstructures were studied via cross-sections of glass on 8YSZ or aluminized 441 
stainless steel substrates.  After the thermal treatment, the interaction samples were fractured to 
examine the cross-sections.  Some samples were mounted into epoxy, and then cut and 
polished.  Backscattered electron micrographs were used to enable a contrast difference to 
denote crystalline phases from the remnant glass phase.  An Environmental Scanning Electron 
Microscope (ESEM, FEI Quanta 200F), an Electron Probe MicroAnalyzer (EPMA) and an 
energy-dispersive X-ray spectroscopy (EDS) unit with SEM were used for elemental analysis.  

In order to identify the phases, X-ray diffraction (XRD) studies were carried out using a 
Bruker D2 Phaser X-ray diffractometer with Cu Kα radiation. 
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Concentrations of crystalline phases were determined from XRD measurements using a 
Bruker D8 Advance diffractometer equipped with molybdenum radiation source.  The instrument 
was set up for transmission capillary measurements to obtain high quality data for Rietveld 
analysis to determine crystalline phase content after adding NIST SRM676 quantitative analysis 
standard powder. Scans were performed from 7 to 60 °2θ with a step size of 0.01 °2θ and a 
dwell time of 15 seconds while the incident x-ray beam was held stationary.   
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Results and Discussion: 
 
Part 1 – Composition Design of Galliosilicate Glasses for Viscous Sealants  

 
In order to achieve controlled viscosity behaviors and obtain proper viscous flow below 

900°C, gallium oxide was been chosen as a glass former for the sealants. Over twenty 
galliosilicate glasses were selected from the SciGlass® database with initial requirements of 
CTE near 11 × 10-6 K-1 with Tg below 800°C for further compositional modification (Table 1.1).  
The properties of the candidate compositions from dilatometer measurements are listed in Table 
1.2.  The initial designed compositions are divided into four groups: HTSi has the highest SiO2 
content and will seal at high temperature; GaSi has been modified with Ga2O3, for lower sealing 
temperatures; GaBA is a group with relatively larger B2O3 content which may yield less fragile 
glass networks; and GaSiB is similar with GaBA but alkali-free to perhaps improve chemical 
compatibility with other SOFC materials.  All of the glass compositions are currently protected 
by a provisional patent [30]. 

 

 

Table 1.1.  Glass compositional ranges for each glass series (mol%). 

Glass 
Series SiO2 B2O3 Alkali SrO Ga2O3 Others 

Tseal  
(°C) 

HTSi Most 
>60 

<5 <20 0 <20 <35 > 950 

GaSi 50-60 <5 <10 15-40 <15 <20 ≈ 900 

GaBA  50-60 <10 <5 10-30 5-10 <10 ≈ 850 

GaSiB  45-60 <10 0 15-45 5-15 0 ≈ 750 
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Table 1.2.  Thermo-physical properties of galliosilicate glasses. The blank fields in this table are 
not measured. 

      GaBA1  9.7  615  652  good minor  
GaBA2  9.0  621  651    
GaBA3  8.2  630  658    
GaBA4  7.8  624  657    
GaBA5  8.7  620  658  good minor  
      GaSiB1   704  -- none   
GaSiB2  6.9  677  722  intermediate  
GaSiB3  7.6  675  714  good  mostly  
GaSiB4  8.4  694  735  good  intermediate  
GaSiB5  9.1  658  691  good  complete 
GaSiB6  9.2  684  719  good  complete  
GaSiB7  9.8  677  721  intermediate  
GaSiB8  9.4  662  697  good  intermediate 
GaSiB9  8.3  670  708  good  intermediate  
GaSiB10  8.6  693  731  intermediate  
GaSiB11  9.4  681  720  intermediate  
GaSiB12  10.2  673  720  poor   
      
 

1.1 Short-term flow behavior 

For intermediate temperature SOFC sealing (750-850°C), the GaBA and GaSiB series 
were chosen for further evaluation of their flow and reactivity.  High temperature optical 
microscopy was used as a screening tool to track sintering and flow of the glasses, as shown in 
Figure 1.1.  Powders of GaSiB5 glass showed sintering at 740°C and softening occurred at 
812°C as shown in Figure 1.1(a).  Powders of GaSiB9 glass showed sintering at 770°C and 
softening occurred at 843°C as shown in Figure 1.1(b).   

Powders of the GaBA series glasses exhibited similar flow behavior to the GaSiB5 and 
GaSiB9 glasses where significant deformation occurred below 850°C.  Powders of GaBA1 glass 
showed sintering at 709°C, while softening occurred at 787°C, as shown in Figure 1.1(c).  
Powders of GaBA5 glass showed sintering at 710°C, while softening occurred at 793°C, as 
shown in Figure 1.1(d).   

Glass  CTE (10
-6

·K
-1

)  
(100-400 °C)  

T
g
 (°C)  T

d
 (°C)  Flow Behavior  

(@800 °C)  
Extent of 
crystallization  
(504hrs @850°C)

 
 

      HTSi1  11.8  594  615  none  very minimal  
HTSi2  11.8  640  712  none  minimal  
HTSi3     none  minor  
HTSi4  8.9  750  828    
HTSi5  9.7  770  824    
HTSi6  10.5  725  755  none  complete  
HTSi7  10.2  760  830    
HTSi8  10.0  671  725  intermediate  mostly  
HTSi9  10.5  679  724    
HTSi10       
HTSi11       
      GaSi1  9.2  647  698  intermediate mostly  
GaSi2  10.1  640  677  poor  complete  
GaSi3  8.1  670  781  none  none  
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(a) GaSiB5 

 
(b) GaSiB9 

 
(c) GaBA1 

 
(d) GaBA5 

Figure 1.1.  Hot-stage microscopy images of GaSiB5, GaSiB9, GaBA1, and GaBA5 glass 
powder. 

 Figure 1.2 shows the parallel plate viscometry viscosity results for glasses GaBA1, 5 
and GaSiB4, 5, and 9 between 700 and 900°C.  Although the ideal viscosity for sealing and 
operation of the SOFC is defined by the specific seal design, Flugel, et al. [27, 28], have 
suggested that the ideal sealing viscosity should be near 106.6 Pa·s in a typical planar geometry.  
All the tested compostions reach 106.6 Pa·s between 750 and 850°C, with the parallel plate 
measurement in good agreeement with the high temperature microscopy study.  Most of the 
GaBA and GaSiB glasses have suitable flow behaviors for sealing intermediate temperature 
SOFCs.  

 The viscosity of the GaBA series was generally lower than that of the GaSiB series, 
which is attributed to the alkali component modifying the glass network and reducing the 
network connectivity.  It should be noted that the glasses did not crystallize extensively based 
on the SEM analysis (shown later), however, in some compositions, considerable crystallization 
might occur over longer term annealing at the operating temperature. Naturally, the flow 
behavior will change with crystallization, which is the focus of the following results.  



DE-NT0005177  Final Report, December 31, 2012 
 

Page 13 of 45 

 
Figure 1.2.  Viscosity of GaBA and GaSiB glasses. 

 

1.2 Flow and reactivity from 100-1500 hours 
 

GaSiB5 glass frits crystallized extensively after heat treatment at 850°C for 100h as 
shown in Figure 1.3.   The large bulk crystals are ~120 µm in diameter and a remnant glass 
phase is not apparent.  The sample appears almost entirely crystalline.  However, substantially 
less crystallization was noted after 500h at 750°C, also shown in Figure 1.3.  The pattern of 
crystallization suggests surface nucleation of glass frit particles, yielding microstructures with 
the bulk of each frit particle remaining amorphous after fusing at 750°C. 

 GaSiB9 retains the largest amorphous content of the selected GaSiB glasses as shown 
in Figure 1.4.  Two major crystallization products were observed with a third dark phase on a 
very fine scale.  The white crystals are ~100 µm in length while the grey crystals are ~80 µm in 
length.  The dark phase might be amorphous phase separation rather than a crystalline phase 
and the diameter is ~3 µm.  The layer of dark phase at the surface is ~6 µm deep.  The 
composition exhibits complex morphology development yet retains a remnant glass phase.  
Samples of GaSiB9 did not crystallize to a large extent after 500h at 750°C as shown in Figure 
1.4(a).  The contrast in the image is very slight due to similar chemistry of the crystals and 
remnant glass.  The bulk of each frit particle appears to remain amorphous after fusing at 
750°C.  
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Figure 1.3. Bulk crystallization of GaSiB5 frit pellets heat treated (a) at 750 °C for 500h and (b) 

at 850 °C for 100h. 

 

 
Figure 1.4. Bulk crystallization of GaSiB9 frit pellets heat treated (a) at 750 °C for 500h and (b) 

at 850 °C for 100h. 

 

Frit pellets of GaBA1 glasses exhibited crystallization at 850°C but retained considerable 
glass phase as shown in Figure 1.5.  The platy crystals are ~140 μm long and are rich in Sr, Si, 
and O as indicated by EDS.  Bulk crystallization of GaBA1 glasses does not change notably 
after 1000 or 1500h at 850°C, although the crystals may coarsen slightly.   

 Frit pellets of GaBA5 glass exhibited desirable crystallization behavior at 850°C shown in 
Figure 1.6. The microstructure was largely composed of rod-like crystals rich in Ga, Si, K ions 
with low Ca content.  The crystals are ~55 μm long and 2.5 μm in diameter.  The large 
rectangular crystals are ~130 μm in length and are composed of Ca, Sr, and Si ions. XRD 
analysis revealed that  the major phases are SrSiO3 (rectangular crystals) and SrGa2Si2O8 
(elongated crystals).  The finer crystals in similar contrast to the glass in Figure 1.6 are 
unidentified alkali gallio-silicate crystals.  Substitutions of Ca in the SrSiO3 and SrGa2Si2O8 
phases are evident from microprobe and XRD measurements.  The substitution is extensive in 
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the SrSiO3 crystals.  Although we note some continued crystallization of SrGa2Si2O8 between 
500 and 1000h, no changes are noted between 1000 and 1500h.  

 

 
Figure 1.5. Bulk crystallization of GaBA1 frit pellets heat treated at 850 °C (a) for 500h, (b) for 

1000h, and (c) for 1500h. 

 
Figure 1.6. Bulk crystallization of GaBA5 frit pellets heat treated at 850 °C (a) for 500h, (b) for 

1000h, and (c) for 1500h. 

 

Dilatometer measurements of GaSiB3, 5, and 9 glass-ceramics heat treated at 750°C for 
500h are shown in Figure 1.7 and summarized in Table 1.3. GaSiB3 glass-ceramic exhibits the 
lowest CTE of the tested non-alkali GaSiB glass-ceramics at 7.8 × 10-6·K-1 and Td occurs at 
616°C.  GaSiB5 glass-ceramic has a CTE of 8.2 × 10-6·K-1 with Tg near 595°C and does not 
exhibit Td below 850°C. GaSiB9 glass-ceramic treated at 750°C has the highest CTE of the non-
alkali samples at 8.9 × 10-6·K-1, while Tg is suspected to be at 665°C. These glass-ceramics 
measurably flow under a small load where Td is measured at 705°C.  The maximum at 630°C 
may be from structural relaxation just before Tg is exhibited.       

Dilatometer measurements of glass-ceramic samples of GaBA1, 2, and 5 glass frits 
heat-treated for 500h at 850°C are shown in Figure 1.8 and summarized in Table 1.4.  The 
glass-ceramics exhibit Tg near 580°C while CTE and Td vary.  GaBA1 exhibits the highest CTE 
of 9.9 × 10-6·K-1 while GaBA2 exhibits the lowest CTE of 8.3 × 10-6·K-1. Thermal expansions of 
the glass-ceramic samples are similar to the parent glasses for GaBA1 and 5.  GaBA2 exhibits 
a change from 9.0 to 8.3 × 10-6·K-1 after crystallization.  This is either due to the major crystal 
phases reducing CTE or a change in chemistry of the remnant glass to a lower CTE, or a 
combination of both.  The dilatometric softening points of GaBA1 and 5 indicate the glass-
ceramics exhibit flow between 600 and 650°C provided surface crystals are removed from the 
specimen.  The high Td of 838°C for GaBA2 is due to effects of crystals in the remnant glass 
impeding flow or crystallization of the remnant glass phase during heating.   
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Figure 1.7.  Dilatometer measurements of GaSiB glass frits heat treated to form glass-ceramics 

at 750°C for 500h. 

 

Table 1.3.  Thermal Expansion Coefficients Of GaSiB Glass-Ceramic Samples Heat Treated At 
750 °C For 500h With Glass Transition Temperatures And Dilatometric Softening Points From 

Dilatometer Measurements 

Glass CTE (10-6·K-1)  

(100-400 °C) 

Tg (°C) Td (°C) 

GaSiB3 7.8 610 616 

GaSiB5 8.2 595 No softening point 

GaSiB9 8.9 665 705 
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Figure 1.8.  Dilatometer measurements of GaBA glass frits heat treated to form glass-ceramics 

at 850°C for 500h.  The GaBA2 glass-ceramic does not fully exhibit a dilatometric softening 
point while the GaBA1 and 5 glasses exhibit flow near 600°C. 

 

 

Table 1.4.  Thermal Expansion Coefficients Of Glass-Ceramics From GaBA Glass Frits With 
Glass Transition Temperatures And Dilatometric Softening Points From Dilatometer 

Measurements 

Glass CTE (10-6·K-1)  

(100-400 °C) 

Tg (°C) Td (°C) 

GaBA1 9.9 580 645 

GaBA2 8.3 582 838 

GaBA5 8.7 586 605 
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Figure 1.9.  Temperature of respective geometric shapes of labeled glass powder pellets from 

hot-stage microscopy.  (1=Sintering, 2=Softening, 3=Sphere, 4=Half Sphere, 5=Melting). 

 
1.3 Viscous flow in glass-ceramics 

 

Crystallization of the GaSiB glass frits was extensive at 850°C; however the 
crystallization at 750°C resulted in glass-ceramics with large remnant glass phases for GaSiB5 
and 9 glass frits even after 500 hours.  The microstructures show the glass frits exhibit surface 
nucleated crystal growth where the bulk of the frit particles remain amorphous.  

The glass-ceramics of GaSiB5 and 9 at 750°C exhibit CTE of 8.2 and 8.9 × 10-6·K-1 

relative to the initial glasses (9.1 and 8.3 × 10-6·K-1 respectively).  The remnant glass phase of 
GaSiB5 exhibits lower Tg of and ~595°C relative to the parent glass with Tg of 658°C.  This may 
be due to increased B2O3 content in the remnant glass phase relative to the parent glasses.  
The Tg of the GaSiB9 glass-ceramic only decreases by about 5°C relative to the parent glass.  
GaSiB9 glass-ceramics exhibit viscous flow under a small load indicated by the Td at 705°C.  
The microstructure of the GaSiB9 glass-ceramic consists of ~50 to 80 μm crystals surrounded 
by a glass phase that may facilitate flow, while the crystals of the GaSiB5 glass-ceramic seem 
to interlock to a larger extent.  The GaSiB5 glass-ceramic does not exhibit viscous flow under 
small loads as indicated by the absence of measureable Td.  It may be the interlocked crystal 
microstructure from the surface nucleated crystal growth of the frit particles of the GaSiB5 glass-
ceramic that limits viscous flow acting as a scaffold to support the microstructure. 

 The most ideal flow behavior for viscous sealing below 850°C was exhibited by GaBA1 
and 5 each with constant SiO2 content of 50 mol% with alkaline earth content between 25 and 
30 mol%.  The glasses exhibited significant deformation via HSM with half sphere geometries 
between 860 and 870°C, while softening was exhibited between 780 and 790°C.   

 The GaBA glass frits retained ~60% remnant glass phase by volume even after 1500h 
with thermal cycles to room temperature.  The developed crystal phases were SrSiO3, 
SrGa2Si2O8, and in some cases an unidentified alkali galliosilicate phase.  This corresponds to 
increased B2O3 content in the remnant glass phase of the GaBA glass-ceramics at 850 °C.  The 
properties of the glass-ceramics indicate the remnant glass compositions may be similar where 
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Tg is near 580°C.  Glass-ceramics of GaBA1 and 5 exhibit Tg at 580 and 586°C, respectively.  
The crystal phases should affect CTE of the glass-ceramic as a composite material.  GaBA1 
glasses only form SrSiO3 crystals and the glass-ceramic exhibits CTE of 9.9 × 10-6·K-1.  The 
glass-ceramics of GaBA5 contain SrSiO3, SrGa2Si2O8, and the unidentified alkali galliosilicate 
phase and the CTE the glass-ceramics is 8.7 × 10-6·K-1 for GaBA5.   
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Part 2 – Interactions with zirconia and alumina 
 

2.1 Sealant interactions with YSZ 
 

The GaBA1 sealant retained a largely amorphous interface with 8YSZ substrates at 
850°C as shown in Figure 2.1.  Interactions included non-uniform grain boundary dissolution of 
8YSZ to lift out grains from the dense YSZ surface.   However, the glass penetrated only ~10 
μm into the substrate and did not penetrate further even after 1500h.  We note also 
crystallization of a phase rich in Zr, Si, and O ions occurred at the 8YSZ interface as shown in 
Figure 2.2.   

A remarkable universal feature of the interaction of YSZ with this class of sealants is 
inhibition of bulk crystallization near the YSZ interface as a result of dissolution of the YSZ along 
the grain boundaries.  Figures 2.2, 2.3, 2.4, and 2.5 all show either needle-like SrZrO3 crystals 
or no crystals at all at the YSZ interface, then an amorphous region that is on the order of 20-
80μm thick, followed by the ‘bulk’ glass-ceramic which contains crystals of differing chemistries.   

 

 
Figure 2.1. Interactions of GaBA1 frit pellets with 8YSZ substrates heat treated at 850°C (a) for 

500h, (b) for 1000h, and (c) for 1500h. 

 
Figure 2.2. Interfacial crystallization of GaBA1 frit pellets heat treated at 850°C (a) for 1000h 

and (b) for 1500h. 

The development of the amorphous zone with time is shown for GaBA2 in Figure 2.3, 
where the amorphous reaction zone decreased from ~90 to 65 to 45 μm after 500, 1000, and 
1500h at 850°C.   
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Figure 2.3. Interactions of GaBA2 frit pellets with 8YSZ substrates heat treated at 850°C (a) for 

500h, (b) for 1000h, and (c) for 1500h. 

 
Figure 2.4: SEM image (labeled CP) and chemical maps showing crystallization of SrZrO3 in 
GaBA2 on 8YSZ heat treated at 850°C for 1500h. The YSZ substrate is on the left in each 

image. 

GaBA4 developed a different microstructure with time, though it initially showed the 
amorphous region near the YSZ.  Figure 2.5 shows a new phase nucleating on the YSZ and 
growing into the amorphous zone at 1000h.  The interfacial crystals were rich in Si, Zr, Ca, Sr, 
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and O ions, and the interfacial crystals seem to inhibit diffusion and reaction as might be 
expected.  The glass did not penetrate more than ~5 μm into the YSZ after 1500h at 850°C, 
which we attribute to the crystals at the YSZ interface. 

 

 
Figure 2.5    Interfacial crystallization of GaBA4 frit pellets heat treated at 850°C (a) for 500h, (b) 

for 1000h, and (c) for 1500h. 

 The interfaces between 8YSZ substrates and GaBA5 glasses heat-treated for 500, 
1000, and 1500h are shown in Figure 2.6.  The amorphous region is again noted, even out to 
1500h at 850°C.  Interfacial crystallization products were not observed for GaBA5 glasses, and 
instead the interface remained entirely amorphous up to 1500h at 850°C.  The amorphous 
region contained Zr ions even 50 μm from the interface indicated by EDS.  The glass phase 
penetrated about 7 μm into the substrate within 500h and reached ~13 μm after 1500h yielding 
an approximate rate of 5.7 μm per 1000 hours at 850°C.   

 

 
Figure 2.6:  Interfacial zone of GaBA5 frit pellets heat treated at 850°C (a) for 500h, (b) for 

1000h, and (c) for 1500h. 

 Penetration of the glass phase into the 8YSZ substrate was studied via microprobe to 
investigate the chemistry of the mobile species.  Figure 2.7 shows penetration of the glass 
components beyond the interface to about 5 μm into the 8YSZ.  The yttrium map exhibited a 
striking difference from the zirconia map.  The Zr map exhibited a sharp interface with the glass, 
while the Y map was more diffuse, with a concentration profile covering some 5 μm into the 
glass.  It is also noted that each component of the glass including Na, K, Sr, Ga, and Si ions 
each penetrate into the 8YSZ.           

Turning to lower temperatures, chemical maps of the GaBA5 glass on 8YSZ after 500h 
at 650°C (now shown) demonstrated that the glass does not react with or dissolve the YSZ.   
Even up to 1500h, we found no trace of interfacial crystals, bulk crystals, or YSZ dissolution.  
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Figure 2.7. SEM image (labeled CP) and chemical maps of GaBA5 on 8YSZ substrates heat 

treated at 850°C for 500h.  The 8YSZ substrate is on the right of the images. 

 

Appreciating the overall glass chemistry allows additional interpretation and prediction of 
the glass microstructure development.  GaBA1 and 2, which contain 25 and 30 mol% SrO, 
formed needle-like SrZrO3 crystals at the glass-YSZ interface.  GaBA2 glass with higher SrO 
content forms a greater concentration of the SrZrO3 crystals.  The GaBA4 glass forms an 
interfacial crystalline phase containing Ca, Sr, Zr, Si, and O but not SrZrO3 because it contains a 
higher SiO2 content and lower alkaline earth content than the other studied glasses.  In contrast 
the GaBA5 glass exhibited an entirely amorphous interface, which we presently attribute to the 
mixed alkaline earth content.  Although GaBA5 contains 20 mol% SrO, it also contains 10 mol% 
CaO, and the presence of both ions may restrict the formation of SrZrO3 crystals at the 
interface.   

Revisiting figures 2.1-2.7, we note that the glasses penetrated about 4 to 10 μm into the 
YSZ within 500h at 850°C.  Glasses of GaBA1, 2, and 4 did not continuously penetrate into the 
substrate up to 1500h, but instead penetrated only 5 to 8 μm.   Crystallization of even a small 
quantity of SrZrO3 must therefore be the mechanism by which the YSZ interface is stabilized 
against additional dissolution.  The GaBA5 glass exhibited an amorphous interface for the entire 
1500h heat treatment and was found to continuously dissolve the substrate at a rate of 5.7 μm 
per 1000 hours at 850 °C.   

Structure of the glass in the amorphous zone should be altered significantly with 
incorporation of Y and Zr ions.  Yttrium ions are considered modifier ions similar to alkali and 
alkaline earth ions, but with a 3+ charge and are found in 6-fold coordination in glasses.[31-33] 
Three oxygen ions should be non-bridging (NBO) and the remaining three oxygen ions can be 
bridging oxygen (BO) ions in the glass network.  Charge compensation of Y ions as network 
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modifiers in the GaBA glasses could be achieved by coordination with three GaO4
-1 or BO4

-1 
tetrahedra and three SiO4 tetrahedra.  Such a structural feature would cause increases in glass 
transition temperatures and viscosity relative to the original glass.   

Yttrium ions could also exchange with other modifier sites within the original glass.  
Potassium ions have a coordination number of 7 in glasses and may present a possible site for 
Y ions provided two more GaO4

-1 or BO4
-1 tetrahedra provide charge compensation.  A similar 

site exchange could occur with Sr ions with compensation by one additional GaO4
-1 or BO4

-1 
tetrahedron.  A more direct substitution could occur where Sr and K ions are in close proximity 
without any significant structural alterations of the vitreous network.  The last option would 
include mass transport of O-2 ions from the 8YSZ with the Y ions to expand the total oxygen 
content of the glass network.  This would be required if Y ions caused 3-fold coordinated B ions 
to form tetrahedra without pulling oxygen ions from the already established glass network.      

Zirconium ions exist in 6, 7, and 8-fold coordination in glasses and can assume 
intermediate or modifier roles in oxide glasses [34].  Low concentrations of ZrO2 tend to behave 
as intermediates, similar to Ga and Al ions, while at higher concentrations the behavior is more 
similar to a modifier such as Ca, In, and Y ions.  Zirconium ions are more frequently 6-fold 
coordinated and assume a modifier-type role.  Zirconium ions could enter the glass structure 
provided modifier ions occupy local interstices for charge compensation.  The ZrO6 polyhedra 
could be linked to six surrounding SiO4 tetrahedra, but the Zr ions would only add 0.66 charge 
to the oxygen ions between Si and Zr ions [35].  The excess charge must be compensated by 
cations such as Sr ions.  The oxygens between Si and Zr ions would be considered non-
bridging oxygens relative to a silicate network.  This may explain Zr ions acting as intermediate 
and modifier roles in vitreous networks.   

The impact of incorporating ZrO6 polyhedra with charge compensating Sr ions on 
viscosity behavior and electrical conductivity of the initial boro galliosilicate glass is unclear.  
Reactions of the GaBA glasses with 8YSZ appear to dissolve some Zr ions into the amorphous 
regions near the interface.  Incorporation of Zr ions into the glass requires that Zr4+ and 2O2- 
must diffuse to sites near Sr2+ ions for charge compensation and will thus extend the vitreous 
network with a ZrO6 polyhedron.  Indeed this reaction would be slow, due to requirements of O2- 
and Zr4+ diffusion into the base boro galliosilicate glasses.   

 

2.2. Interactions with Interconnect Materials 

Test seals of GaBA1, 2, 3, 4, and 5 glass frits were fabricated using either pressed 
pellets of glass powder or dried-on glass slurry in contact with aluminized stainless steel 
substrates on the bottom and 8YSZ substrates on the top.  Interfacial effects of the alumina 
coating on the glass were evaluated for the GaBA series of glasses as shown in Figures 2.8-
2.12.   

GaBA1, 2, and 5, all heat treated at 850°C for 500h, all show some extent of interfacial 
crystallization or at least amorphous phase separation.  While GaBA 2 and 5 clearly crystallize 
at the interface, the chemical maps in Figure. 2.9 for GaBA1 show only minor Sr and Ti 
segregation into another phase.  In contrast, GaBA2 and 5 both crystallize phases at the 
alumina interface that is different in chemistry and morphology from the crystals that nucleate in 
the bulk of the glass.  Figures 2.10-2.12 highlight the crystal morphologies and chemistry.  For 
both glasses, the new crystalline phase contains K, Ga, and Si ions.   The Sr and Na ion signals 
decrease in the region of the interfacial crystals.  The presence of Na ions is not apparent in the 
alumina coating.  The Cr and Fe signals continuously decrease through the alumina coating. 

Also shown in Figures 2.9 and 2.11 is the stability of the alumina coating.  In all cases, 
the alumina coating remains intact after 500h is still present along the entire interface.  
Chromium ion transport is mostly impeded by the coating and is only found in high 
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concentration in the glass very near the alumina coating.  The coating is not as successful at 
stopping iron ion transport.  Some iron was detected 50 µm into the glass.    

   

 
Figure 2.8. Test seal of GaBA1 frit pellet heat treated at 850°C for 500h showing (a) the 

microstructure and (b) the glass to Al-SS interface.  The Al-SS substrate is on the bottom of the 
image and the 8YSZ is on top. 

 

 
Figure 2.9.  Chemical maps of GaBA1 frit pellets on aluminized 441SS substrates heat treated 

at 850°C for 500h.  The Al-SS substrate is on the left of the images. 
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Figure 2.10. Test seal of GaBA2 frit pellet heat treated at 850°C for 500h showing (a) the 

microstructure and (b) the glass to Al-SS interface. The Al-SS substrate is on the bottom of the 
image and the 8YSZ is on top. 

 

 
Figure 2.11. Chemical maps of GaBA2 frit pellets on aluminized 441SS substrates heat treated 

at 850°C for 500h.  The Al-SS substrate is on the left of the images.  
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Figure 2.12. Test seal of GaBA5 frit pellet heat treated at 850°C for 500h showing (a) the glass 

to Al-SS interface and (b) the interface in more detail.  
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Part 3 – Behavior in Air and Humidified Hydrogen 
 
3.1 Phase analysis 

XRD phase analysis of the aluminized 441 stainless steels showed that the coating 
contains AlFe3 and oxides such as Fe2O3 and Al2O3 as expected.  The Al-SS was designed to 
prevent diffusion of Cr from the stainless steel chromium-containing compounds from interacting 
with sealing glass and the evaporation of the volatile Cr phases [36]. 

 

 
Figure 3.1. XRD pattern of the AL-SS substrate, for baseline determination of phases present. 

 

After the 1000h thermal treatment in air and humidified hydrogen, the partially 
crystallized sealants were analyzed using XRD.  From Figure 3.2, it is clear that the phase 
assemblage for each sealant is similar regardless of the treatment atmosphere.  A monoclinic 
SrSiO3 phase is the only crystalline phase formed in GaBA1. For GaBa5, the crystalline phases 
present are SrSiO3 and SrGa2SiO8. In GaSiB5 we find SrSiO3 and SrGa2SiO8 while GaSiB9 
contains a monoclinic SrSiO3 phase (the same as that in GaBA1) and some other minor 
unidentified phases. 
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Figure 3.2. XRD patterns of GaBA and GaSiB glasses after thermal treatment in air and 

humidified hydrogen for 1000 h.  There are 2 SrSiO3 labeled here – the solid triangle presents a 
monoclinic SrSiO3 phase found in GaBA1, and the hollow triangle presents an unidentified 
phase which we assign as a monoclinic solid solution of SrSiO3 phase with smaller lattice 

parameters but with unknown chemistry. 

 
3.2 Thermal expansion and flow behavior for 500 – 1000h thermally treated sealants 
 

Dilatometer measurements of GaBA and GaSiB samples after the thermal treatment in 
air at 850 and 750°C respectively, are shown in Fig. 3.3. The CTEs and Tg/Td are summarized 
in Table 3.1. For GaBA1, the as-melted glass has a Tg of 615°C. After the thermal treatment, Tg 
becomes 563°C after 500h and 562°C after 1000 h. Similarly, the as-melted GaBA5 glass has a 
Tg of 615°C. After the thermal treatment at 850°C for 500 and 1000 h, the Tg of GaBA5 are 536 
and 537°C respectively. We have already shown that GaBA1 and GaBA5 crystallize during the 
thermal treatment at 850°C [37], and the considerable quantity of remnant glass phases in the 
GaBA1 and GaBA5 sealants exhibit lower Tg. In contrast, Td of the GaBA glasses increases 
after thermal treatment. As shown in Fig. 3.3, the GaBA glass softening occurs over a much 
wider temperature range compared to the softening of a typical fully amorphous sealant [38].  
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Table 3.1 Coefficient of thermal expansion (CTE), glass transition temperature (Tg), and 
dilatometric softening temperature (Td) of the studied glasses before and after thermal 

treatments in air. 

Glass CTE (10-6·K-1) 
(100-400 °C) Tg (°C) Td (°C) 

GaBA1 (as melted) 9.7 615 652 
GaBA1 (500 h) 11.7 563 664 
GaBA1 (1000h) 11.1 562 665 

    
GaBA5 (as melted) 8.7 620 658 
GaBA5 (500 h) 11.3 536 -- 
GaBA5 (1000h) 11.6 537 725 

    
GaSiB5 (as melted) 9.1 658 691 
GaSiB5 (500 h) 11.0 540 686 
GaSiB5 (1000 h) 10.4 534 -- 

    
GaSiB9 (as melted) 8.3 670 708 
GaSiB9 (500 h) 11.2 -- 690 
GaSiB9 (1000 h) 10.2 -- 770 

 

We attribute the interesting dilatometric softening behavior to the crystal phase 
distributed among the remnant glass phase, where the composite solids (glass + 
crystal)deforms more slowly because of the rigid crystalline phase.  

As shown in Figure 3.3, it is possible to obtain dilatometry traces that suggest fully-rigid 
sealants. Before thermal treatment, the GaSiB5 and GaSiB9 glasses have Tg of 658 and 670°C 
respectively. After the thermal treatment at 750°C for 500 and 1000 h, the Tg of GaSiB5 are 534 
and 540°C respectively, which are more than 100°C lower than the as-melted GaSiB5 glass. 
The Td of the 1000h thermally treated GaSiB5 is undefined, where the expansion curve shows 
no softening below 850°C (the desired operating temperature of GaSiB5 is 750°C). Again the 
behavior of GaSiB5 after heat treatment can be explained by the microstructure; the amorphous 
phase in the 1000h treated GaSiB5 sealant is of a small proportion and the glass softening 
behavior is not significant because of interlocking rigid crystals. Similarly, GaSiB9 shows no 
clear Tg point that can be read from the thermal expansion curve after the thermal treatment, 
and the Td is also undefined after 1000h.  

One must consider the overall behavior of the sealant and the SOFC design before 
making any assessment of the applicability of any particular sealant.  Even a sealant which 
shows no Td upon heating may indeed contain sufficient remnant glass to flow and heal cracks 
under certain conditions.  Considering the time dependence of viscous flow, larger mechanical 
loads will cause deformation at lower temperatures, as will longer times at lower temperatures.  

Equilibration of the glass-ceramics occurs over time scales on the order of 500h for all of 
the downseleted glass compositions, as reflected in the changes in Tg and CTE. The CTEs of 
GaBA1 and GaBA5 increase from 9.7 × 10-6·K-1 and 8.7 × 10-6·K-1 to 11.1-11.7 × 10-6·K-1 after 
the thermal treatment. Similarly, The CTEs of GaSiB and GaSiB9 increase from 9.1 × 10-6·K-1 
and 8.3 × 10-6·K-1 to 10.2-11.2 × 10-6·K-1 after the thermal treatment. Partial crystallization of the 
glass is of course the origin of the increased CTEs, where partitioning of the glass modifier and 
intermediate elements increases the CTE of the remnant glass.  Lower Tg as shown in the 
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dilatometry data is another consequence of the change in composition of the remnant glass 
phase.  

From the viewpoint of designing optimized properties, the CTEs of the sealant can be 
effectively adjusted by using less than 5 mol.% Na and K, where the CTEs of the alkali-
containing GaBA glasses are higher than the alkali-free GaSiB glasses.  After the thermal 
treatment, the GaBA and GaSiB glasses reach CTEs of 11.1 – 11.7 and 10.2 – 11.2 × 10-6·K-1 
(Table 3.1) respectively, which are invariant between 500 to 1000h heat treatments.   

The starting glass chemistry therefore affords control over the CTE in the regime below 
Tg, where the glass is rigid, allowing CTE matching to the Al-SS (CTE of 11-12 × 10-6·K-1, room 
temperature to 600°C [39] ) and 8YSZ (CTE of 10-11 × 10-6·K-1, 30 - 600°C [40]). For the GaBA 
and GaSiB glasses considered herein, chemical compositions have been designed in the low-
alkali and alkali-free regions, to reduce any possible reactions of the alkali elements with 
(especially) the aluminized coatings.  

 

 
Figure 3.3. Thermal expansion curves of GaBA and GaSiB glasses after thermal treatment in air 

for 500 and 1000h at 850 and 750°C respectively. 

 

3.3 Microstructure Development 
 

The interfacial microstructures of the GaBA and GaSiB glasses with the Al-SS 
interconnect and 8YSZ after thermal treatment at 850°C and 750°C for 500 and 1000h in both 
air and humidified hydrogen with are shown in Figures. 3.4 to 3.11.  

 

3.3.1 Glass-Al-SS 
 

Figure 3.4 shows the microstructures across the GaBA1/Al-SS interface of the sample 
after thermal treatments in both air and humidified hydrogen for 1000h, and Figure 3.5 shows 
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the chemical maps.  The GaBA1 glass powder when melted at 850°C bonded intimately with the 
rough Al-SS surface.  After thermal treatment at 850°C, irregular-shaped crystals smaller than 
~5μm are distributed among the sealant, and GaBA1 still retains a large amount of amorphous 
phase. The thin alumina coating on the Al-SS was reported to be less than 10 μm in thickness, 
without significant diffusion into the metal substrate, which is confirmed in Figures. 3.4 and 3.5. 
[36].   

Figure 3.5 shows that the alumina coating, though not highly uniform across the 
stainless steel surface, remains intact and does not react with the glass. In addition, there is no 
signal from either Cr or Fe in the glass, further confirming the efficacy of the Al2O3 coating in 
protecting the stainless steel substrate.   The SEM and microprobe maps support the XRD data 
shown in Figure 3.2, where SrSiO3 is found as the major crystalline phase and the Ga partitions 
into the distributed glassy matrix. Overall, and regardless of atmosphere, the microstructures 
contain equiaxed bulk nucleated crystals in the glass, with a lower content of these crystals near 
the interface. 

There is no significant difference of the crystal content between the air treated and the 
humidified hydrogen treated samples after 500h. After 1000h (Figure 3.4 (d)), the microstructure 
is similar, with perhaps a larger crystalline content.  

The most interesting feature of the GaBA1 sealant is the change in morphology from the 
bulk of the sealant compared to within ~30 μm of the interface, as is clearly shown in Figure 3.4.   
It appears that the alumina coating influences the nucleation and crystallization of the glass near 
the interface, a phenomenon that was universally discovered to be true at the YSZ interface.  
For the aluminized stainless steel, we find this behavior only for GaBa1, and presently find no 
chemical evidence in Figure 3.5 for the change in crystallization near the interface. 

 

 
 

Figure 3.4 Cross-section SEM images of the GaBA1 glass/Al-SS interface after thermal 
treatment at 850°C in air and humidified hydrogen with 3 vol.% water vapor for 500 and 1000h. 
In each image, the top side is the GaBA1 glass and the bottom side is the Al-SS.  The crack in 

the 500h H2-treated sample was caused by sample preparation; the sealant remained intact 
after heat treatment. 
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Figure 3.5:  Elemental maps of O, Al, Si, Ga, Sr, Fe, and Cr of the GaBA1/Al-SS interface after 
the 1000h of thermal treatment at 850°C in air. 

 

The morphologies of the crystals in the GaBA5/Al-SS sample are substantially different 
than for GaBA1. After the thermal treatment at 850°C in air and humidified hydrogen (Figure 
3.6),  cube-shaped crystals of ~15 μm dimensions formed in the amorphous phase. Some 
smaller features of other crystalline phases are also seen which are similar in morphology to the 
crystals of the GaBA1 glass. From the XRD data (Figure 3.2), the crystals are SrSiO3 and 
SrGa2Si2O8, and unlike GaBA1, we find uniform crystallization extending to the Al2O3 coating.   
At both 500 and 1000h, the crystallization under wet H2 is more extensive than in air.   We 
attribute the larger extent of crystallization to small reductions in the glass viscosity caused by 
the introduction of OH groups into the glass.   

 

 
 

Figure 3.6 Cross-section SEM images of the GaBA5 glass/Al-SS interface after thermal 
treatment at 850°C in air and humidified hydrogen with 3 vol.% water vapor for 500 and 1000 h. 

In each image, the top side is the GaBA1 glass and the bottom side is the Al-SS.  
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Turning to the alkali-free glasses, the GaSiB5/Al-SS result is shown in Figure 3.7.  
GaSiB5 crystallizes extensively and shows good microstructural stability, though we still detect 
the glassy phase via dilatometry as discussed earlier. The crystals formed include SrSiO3 and 
SrGa2Si2O8, which crystallize from the bulk glass and with good uniformity up to the alumina 
interface.  There are no qualitative differences between the microstructures after treating in air 
or wet H2.  

 

 
Figure 3.7 Cross-section SEM images of the GaSiB5 glass/Al-SS interface after thermal 

treatment at 750°C in air and humidified hydrogen with 3 vol.% water vapor for 500 and 1000h. 
In each image, the top side is the GaBA1 glass and the bottom side is the Al-SS. 

 

Figure 3.8 shows the microstructure across the GaSiB9/Al-SS interface after the thermal 
treatments in both air and humidified hydrogen at 750°C for 500 and 1000h.  From the XRD 
study (Figure 3.2) the primary crystalline phase is SrSiO3, with good bonding to the Al-SS.  
Figure 3.9 shows the chemical maps for these samples, and clearly demonstrates that the 
alumina layer remains intact with the Fe and Cr remaining in the alloy when heated in air.  From 
the SEM images in Figure 3.8, the treatment under H2 causes crystallization to proceed at a 
faster rate, and the microprobe maps show substantial differences from the air-treated samples 
(Figure 3.9).  Most importantly, we find partial dissolution of the alumina coating, with the Al 
diffusing tens of microns into the sealant.  Small concentrations of Fe and Cr are also found to 
diffuse through the alumina layer, or perhaps directly into the glass if sufficient alumina 
dissolution occurs.  Although the microstructures appear very similar after 1000 h, it is clear that 
the humidified hydrogen significantly enhances the glass interaction with the alumina coating.  
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Figure 3.8 Cross-section SEM images of the GaSiB9 glass/Al-SS interface after thermal 

treatment at 750°C in air and humidified hydrogen with 3 vol.% water vapor for 500 and 1000h. 
In each image, the top side is the GaBA1 glass and the bottom side is the Al-SS. 

 

3.3.2 Glass- 8YSZ 
 

The interfacial microstructures of GaBA and GaSiB glasses with 8YSZ substrate after 
thermal treatment at 850°C and 750°C for 1000h in both air and humidified hydrogen are shown 
in Figure 3.10 and Figure 3.11, respectively. We earlier determined that the glasses have 
desirable wetting behavior with 8YSZ [41]. From Figure 3.10, we note that GaBA5 shows the 
largest difference when comparing the microstructures after 1000h, with more extensive 
crystallization.  GaBA1 and the two GaSiB glasses show no microstructural differences at all at 
1000h. Given the similar microstructures after 1000h in air and wet H2 at 1000h, we categorize 
all 4 sealants as viable sealants for long-term operation, although each has unique properties 
and crystallization of the glass starting at the interface.  
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Figure 3.9. Elemental maps of the GaSiB9/Al-SS interface after the 1000h of thermal treatment 

at 750°C in air (a) and humidified hydrogen (b). 
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Figure 3.10 Cross-section SEM images of the GaBA1/5 glass/8YSZ interface after thermal 

treatment at 850°C in air and humidified hydrogen with 3 vol.% water vapor for 1000h. In each 
image, the top side is the GaBA1 glass and the bottom side is the 8YSZ substrate. 

 

 
Figure 3.11 Cross-section SEM images of the GaSiB5/9 glass/8YSZ interface after thermal 

treatment at 750°C in air and humidified hydrogen with 3 vol.% water vapor for 1000h. In each 
image, the top side is the GaBA1 glass and the bottom side is the 8YSZ substrate. 
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Part 4 – The Remnant Glass as an Amorphous Viscous Sealant  
 

4.1 Remnant Glass Phase Analysis  
 

GaBA1, GaBA2, and GaBA5 glasses were evaluated for their crystalline content after 
heat treatment for 500h to determine the remnant glass compositions by difference from the 
starting composition.  The quantity and identity of each crystalline phase present is required to 
perform the back-calculation, and therefore fully quantitative internal-standard absolute 
quantification by XRD was undertaken.  

The XRD patterns were collected using molybdenum radiation with a transmission setup 
using a capillary tube to hold the sample.  The sample was mixed with an appropriate 
concentration of corundum from NIST, SRM676, for use as an internal standard.  

The pattern for the GaBA1 glass-ceramic is shown in Figure 4.1.  The phase 
identification verified one major crystalline phase as SrSiO3.  Rietveld analysis allowed 
calculation of 45.7% SrSiO3 content and 54.3% remnant glass phase content by weight.  The 
corresponding remnant glass chemistry is 50SiO2, 18.4B2O3, 4.6Na2O, 4.6K2O, 13.3SrO, and 
9.2Ga2O3 in mol% (denoted ‘R1’ glass).  The crystallization leaves the remnant glass chemistry 
with ~18 mol% B2O3 content which may be reactive in wet hydrogen atmospheres.   

         

 

 
Figure 4.1.  Rietveld fit of the XRD pattern of GaBA1 glass-ceramic heated for 500h at 850°C.  

The diffraction pattern was analyzed for quantification of remnant glass phase content by 
comparison to an internal standard of alumina. 

 

The calculation of the remnant glass composition for GaBA2 and 5 was not possible 
because the unknown solid solution compositions of the silicate and galliosilicate crystals where 
Sr and Ca solubility is possible.  Furthermore, the microprobe analysis suggest that Na and K 
ions may substitute for Ca and Sr ions in the same crystals, and therefore there may be 
solutions of Si and Ga as well as Sr and Ca.  The Rietveld fit of the XRD data for GaBA2 glass-
ceramic is shown in Figure 4.2 and the remnant glass phase content was calculated to be 
61.5%.  The Rietveld fit of the XRD data for GaBA5 glass-ceramic is shown in Figure 4.3 and 
the remnant glass phase content was calculated to be 51.5% for GaBA5.  However, because 
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the exact chemical composition of each crystalline phase is unknown, we did not proceed with 
estimating the remnant glass compositions.  

    

 
Figure 4.2.  Rietveld fit of the XRD pattern of GaBA2 glass-ceramic heated for 500h at 850°C.  

The diffraction pattern was analyzed for quantification of remnant glass phase content by 
comparison to an internal standard of alumina. 

 

 

 
Figure 4.3.  Rietveld fit of the XRD pattern of GaBA5 glass-ceramic heated for 500h at 850°C.  

The diffraction pattern was analyzed for quantification of remnant glass phase content from 
comparison to an internal standard of alumina. 

 

4.2 Evaluation of R1 glass sealant  
 

The R1 glass (remnant glass phase in GaBA1) has been evaluated as a viscous sealant.  
As shown in Figure 4.4, GaBA and GaSiB glasses all turn opaque after thermal treatment at 
their respective operating temperatures. The crystallization begins in the first few hours at high 
temperature and after 500h, the samples become opaque.  In sharp contrast, R1 remains a 
clear glass after 500h at 850°C with no indications of crystallization.  
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In Figure 4.4, we compare R1 and its parent glass, GaBA1. R1 shows no sign of 
crystallization from the original glass as we expected. The microstructures of GaBA1 and R1 will 
be shown later, which also support that R1 is the amorphous phase in crystallized GaBA1.  

 

 
Figure 4.4. GaBA1 and R1 powder and solid samples after melting and after 500h and 1000h 
thermal treatment in air at 850°C.  The heat treated R1 glasses are contained in Pt crucibles. 

 

After thermal treatments at 850°C for 1000h, the R1 glass becomes slightly colored, 
which could be due to a small composition change caused by alkali evaporation. The weight 
loss of all glasses studied is shown in Figure 4.5. The GaBA and GaSiB glasses all show weight 
losses less than 1.5% for up to 1000h thermal treatment. R1 show a high weight loss of up to 
3.7% after thermal treatment for 1000h. The GaSiB series glasses are alkali-free, which shows 
a very small weight loss. On the other hand, GaBA1 and GaBA5 have 5 mol% alkali, and R1 
has 9.2 mol% alkali, and both show higher weight losses than the GaSiB glasses. The volatility 
of Na2O and K2O is therefore assigned as the primary reason for the weight losses, and we note 
that the SOFC stack design might largely or completely mitigate the weight loss by containing 
the sealant.  
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Figure 4.5. Weight changes of glass samples shown in Fig. 4.4 at 850°C. 

 

The thermal expansion curves of GaBA1 and R1 glasses are shown in Figure 4.6. R1 
shows a typical glass thermal expansion curve. The Tg and Td of R1 are 551°C and 581°C 
respectively. The thermal expansion curves of GaBA1 after thermal treatment for 500 and 
1000h are very close with CTE of 11.1 and 11.7× 10-6·K-1 respectively, which means the 
thermomechanical properties do not change appreciably from 500 – 1000 h. The Tg values for 
GaBA1 after thermal treatment for 500 and 1000h are both 562°C, which is very close to that of 
R1. The Td of the crystallized samples are 664°C and 665°C, higher than the remnant glass, 
which is caused by the rigid crystal phases within the amorphous matrix. Compared with as-
melted GaBA1 glass, the Tg is much lower after crystallization because the crystal phases are 
Sr and Si-rich and the remnant glass has higher boron and alkali content, which effectively 
lower the Tg. The CTE of the R1 glass is 9.2 × 10-6·K-1.   

 
Figure 4.6. Thermal expansion curves of R1 and GaBA1 after thermal treatment at 850°C in air 

for 500 and 1000h. 
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R1 has been tested using the same conditions as GaBA1. The interfacial microstructure 
results are shown in Figure 4.7. For 1000h of thermal treatment, R1 forms intimate sealing with 
both Al-SS and 8YSZ. The interface morphologies of R1 are very similar to those of GaBA1 in 
both air and humidified hydrogen. (Figure 3.4, 3.10, and 4.7), suggesting that R1 has the same 
composition as the amorphous phase in GaBA1. This result confirms the analysis and 
calculation of GaBA1 composition (Section 4.1) was correct. Furthermore, the successful 
application of quantitative XRD analysis indicates that this method can be used to determine 
glass-ceramic compositions and to extract the remnant glass composition from other sealants.  

 

 
Figure 4.7. SEM images of R1 glass with Al-SS441 and 8YSZ interfaces after thermal treatment 

in air and humidified hydrogen at 850°C for 1000h. 

 

Conclusion 
 

This study demonstrates the newly-developed GaBA series, GaSiB series, and R1 
glasses are promising sealants for SOFC stacks which are stable for the sealing in both air and 
humidified hydrogen.  Testing at 750°C and at 850°C in 500h increments to 1000 or 1500h 
shows that the glasses mature with time by crystallization but retain an amorphous component 
to facilitate viscous flow.   

Each sealant crystallizes appreciably by 1000h, and their coefficients of thermal 
expansion range from 10.2 to 11.7 × 10-6·K-1 from 20-400C, thus enabling good (or at least 
reasonable) CTE matching for the sealants when in the rigid form below Tg.  The remnant 
amorphous phases in the partially crystallized sealants all show softening points near or below 
the operating temperatures, thus enabling viscous sealing.  Humidified hydrogen in general 
increases the rate of crystallization but does not change the crystalline phases formed or 
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interactions with stainless steel or zirconia.  For one glass series, wet H2 enhances the 
dissolution of the protective alumina coating on the stainless steel.   

A remnant glass R1, developed by quantitatively analyzing the amorphous phase 
composition of partially crystallized GaBA1 sealant, was prepared and evaluated.  The R1 glass 
remains amorphous at 850°C for up to 1000h in air and humidified hydrogen. R1 shows good 
sealing stability with Al-SS and 8YSZ as well. 

An extension of this work might include longer-term testing in industrially-relevant SOFC 
designs, and/or design of SOFC stacks that exploit the properties of the most stable new 
sealants 
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List of Acronyms and Abbreviations 
 

Al-SS: alumina-coated stainless steel (441) from Pacific Northwest National Laboratory 

CTE: coefficient of thermal expansion 

GaBA:  gallium borosilicate glass with small alkali content.  Numbers after the acronym 
designate the specific glass composition. 

GaSiB:  gallium borosilicate glass with zero alkali content.  Numbers after the acronym 
designate the specific glass composition. 

LVDT: linear variable differential transducer (used in dilatometric measurements) 

SEM:  scanning electron microscope 

SOFC: solid oxide fuel cell 

Td: dilatometric softening point 

Tg: glass transition temperature 

XRD: x-ray diffraction 

YSZ: yttria stabilized zirconia 

 

Appendices: 
 

None. 

 


