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Abstract

The structural integrity of the sealant is critical for the reliability of solid oxide cells
(SOCs) stacks. In this study, elastic modulus (E), hardness (H) and fracture toughness (K,c) of a

rapid crystallizing glass of BaO-CaO-SiO; system termed “sealant G” are reported as determined
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using an indentation test method at room temperature. A wide range of indentation loads (1 mN-
10 N) was used to investigate the load-dependency of these mechanical properties. Values of 95
+ 12 GPa, 5.8 + 0.2 GPa and 1.15 + 0.07 MPa-m”° were derived for E, H and K¢ using the most
suitable indentation loads. An application relevant annealing treatment of 500 h at 800 °C does
not lead to a significant change of the mechanical properties. Potential self-healing behavior of
the sealant has also been studied by electron microscopy, based on heat treatment of samples
with indentation-induced cracks for 70 h at 850 °C. Although the sealant G is considered to be
fully crystallized, evidence indicates that its cracks can be healed even in the absence of a dead

load.

Keywords: Solid oxide cells; Sealant; Fracture toughness; Hardness; Elastic modulus;

Self-healing.

1. Introduction

Solid oxide fuel/electrolysis cells (SOFCs/SOECs) are electrochemical devices that are
capable to directly convert the chemical energy of fuels (hydrogen/hydrocarbons) into electricity
and vice versa by promoting a redox reaction across a solid ceramic electrolyte [1]. The solid
oxide cell (SOC) has the highest operation temperature (600 °C — 1000 °C) among all types of
fuel/electrolysis cells [1]. To achieve a higher yield, individual cells are connected in series to
form a stack. In the planar-type stack design, the planar cells are typically fixed and hermetically
sealed in metallic housings and interconnected by metallic plates [2]. The glass-ceramics are the
most favorable materials for SOC sealing applications due to their low cost, ease of fabrication

and tailorable properties [3-6].



Stresses may arise during components production, joining and assembling them in a SOCs
stack and also during the transportation, installation and periodic maintenance of the stacks [7].
In the case of stationary applications of solid oxide cell systems, the stack components should
retain their stability and withstand numerous thermal cycles to room temperature over the stack
lifetime (> 40,000 h) as a prerequisite for commercialization [8]. The exothermic/endothermic
reactions in cells, as well as the flow of hot/cold gases in channels, result in temperature
gradients inside the stack [7]. Usually, there is a mismatch in the coefficient of thermal
expansion (CTE) of the joined components, which can lead to thermal stress generation at both
operation and room temperatures [9]. Also, chemically-induced strains such as the irreversible
expansion of Ni-based anodes during SOC operation must be added in the consideration of the
thermal strains [9]. These external loads and internally generated stresses may result in cracking
of weak components and loss of gas tightness, which can allow direct combustion of fuel
creating hot spots [9]. Even though this is initially a local event, the generated heat can lead to
the extension of a local crack into a large scale failure [9]. Therefore, a comprehensive
assessment of stack components considering their mechanical behavior at different temperatures,
in particular for the sealant, is necessary [10].

Regarding the presence of different loading states (dynamic or static) and stress types
(normal or shear) on the stack components; various mechanical properties of sealing material
have been evaluated [11-20]. Although the glass-ceramics often behave as a viscous material at
operating conditions, they are completely brittle at room temperature (RT) [3]. Therefore, their
shear strength (or creep resistance) and tensile strength (or fracture toughness) are critical at
room and elevated temperatures, respectively [21]. Micro-scale ceramic phases are the main
toughening agents of glass-ceramics [22]. Therefore, understanding their behavior on a micro-

scale is necessary especially when the respective crack growth needs to be understood.



Furthermore, regarding reliability and simulation of cells and stacks knowledge of basic
mechanical properties is important.

Various glass-forming systems have been considered for sealing SOCs stacks, including
those ones based on phosphates, borates, and silicates. However, it has been reported that
phosphate and borate glasses are not sufficiently stable in a humidified fuel gas environment,
hence, tending to undergo significant corrosion through the formation of volatile species as well
as reacting with other stack components and degrading them [23]. The electrical resistivity of
alkaline earth metal oxide-containing glasses is generally higher than that of alkali metal oxide-
containing glasses since the larger radius of alkaline earth modifier ions (such as Ba** and Ca?*)
results in lower ionic mobility in the glass network [24]. The alkali silicate glasses also tend to
interact deleteriously with the ceramic cell materials [23]. Alkaline earth silicate glasses can also
achieve a CTE close to the ceramic cell and metallic frame/interconnect via the use of a
controlled crystallization process [25]. Therefore, Forschungszentrum Jilich has focused on
glass-ceramic sealants based on the BaO-CaO-SiO, ternary system over the past three decades
[26].

Recently, the flexural and shear strengths of a rapid crystallizing glass termed type G have
been evaluated for SOC sealing applications [21,26]. The choice of this sealant was based on its
high crystallization after a short joining time, which results in higher stability of its properties
during operation [26]. In the current study, the indentation method is used to evaluate its elastic
modulus (E), hardness (H) and fracture toughness (Kc). Also, the self-healing capability of this

fully crystallized glass at elevated temperatures is investigated.



2. Experimental

The investigated glass termed “G” is based on the BaO-CaO-SiO; ternary system modified
with the minor additions, as shown in Table 1 [27]. Details on the glass production process can
be found in [21]. The glass transition temperature (Tg), softening point (Tq) and crystallization
peak temperature (T,) of this glass are 657 °C, 750 °C and 946 °C, respectively [27]. Typically
the glass is crystallized for a fixed time (usually 10 h) at the envisaged joining temperature
(850 °C), yielding finally the material in its glass-ceramic state. The coefficient of thermal
expansion (CTE) of material G after crystallization and in the glass-ceramic state is ~10 x 10° K~
271

Table 1. Chemical composition of glass G [27].

BaO SiO, CaO Additions

wt.% 345 44.0 14.9 B,0O;, Al,04

The initial glass powder with its median particle size of 10-13 um was uniaxially cold-
pressed into bar shapes, placed inside a platinum foil-covered mold, heat-treated for 10 h at 850
°C and then cooled down to room temperature (RT). The sintered samples were ground flat to t x
b x L of 3 x 4 x 25 mm® using a wheel type B126. In addition to as-sintered bars, some annealed
bars were prepared by additional heat treatment of the as-sintered ones at 800 °C for 500 h.
Heating and cooling rates in all cases were 2 K'min™. After heat treatments, the bars were
embedded in epoxy 2000 (Cloeren Technology GmbH, Germany) and then polished with SiC
papers (600 and 2000 grit), diamond pastes (from 3 to 1 um) and 0.05 pm silica suspension
consecutively.

Indentation tests were carried out to assess elastic modulus (E), hardness (H) and fracture

toughness (Kic). A Poisson's ratio (v) of 0.25 was considered for the glass-ceramic in the



respective calculations [28]. Regarding the required force range for each material property,
different indentation test machines were employed as shown in Table 2. The tests were carried
out 21 times at each maximum indentation load (Fpnax). The value of K;c was determined on the
basis of the indentation crack length (ICL) method. The equations used for computing the values
of E, H and K¢ have been presented in [29-31]. The topography of the polished surface was
mapped by a scanning probe microscope (SPM) mounted on a Hysitron machine. Note, although
the K,c measurement on the basis of this method is still under discussion since the crack system
induced by indentation testing is complex and leads to considerable residual stresses [32], it was
implemented in the current work to permit a comparison of the material’s behavior to values

reported in previous studies [33].

Table 2. Utilized indentation test machines.

Indentation test machine Indenter tip  Force range Evaluated characteristics
Micromet, Buehler, USA Vickers 3-10N H and K¢

MH4, Koopa, Iran Vickers 10N Self-healing

HC100, Fischer, Germany Vickers 1N Hand E

CSM, CSM instrument, Switzerland  Berkovich 10-500 MmN Hand E

T1-980, Hysitron, USA Berkovich 1mN H, E and surface topography

The measured E values by indention method are compared with ones that have been
determined via impulse excitation (IE) and three-point bending (3PB) techniques. For this
purpose, the IE and 3PB tests were carried out on both sintered and annealed bars following the

procedures outlined in ASTM E1876 and DIN EN 843-2, respectively. A commercial



GrindoSonic system (Lemmens KG, Belgium) was employed for impulse excitation (IE) testing

and dynamic Young’s modulus E (Pa) was calculated with Eqg. (1):

_ mffz L3
E = 0.9465 (T) (5) 1 1)

where f; is the fundamental resonant frequency of bar in flexure (Hz), and m, b, L and t are
the mass (g), width (mm), length (mm) and thickness (mm) of the bar, respectively, and T; (t/L,
v) IS a geometry correction factor.

three-point bending (3PB) test was carried out using a machine of Instron 1362 (Norwood,
USA) equipped with a load cell of Interface 1210 BLR 1.5 kN (Scottsdale, USA) and a linear
variable differential transducer (LVDT range £1 mm, Sangamo, Bognor Regis, UK). The elastic

modulus (E, MPa) value determined by the following equation:

D3 AF
E= 4bt3 X 46 ()

where AF and 40 are the load (N) and displacement (mm) variations in the linear region of
the load-displacement curve, respectively, and D = 20 mm is the center-to-center spacing
between the supporting rods. The systematic uncertainty of the E values was calculated by
propagating the precision of each term through the equations. The uncertainties of m, f;, 6 and F
are £0.1 mg, £0.0005%, £1.25 pum and +£0.04%, respectively. Also, dimensions of L, b, t and D
are measured with an uncertainty of +4 pm.

To investigate the self-healing behavior of the glass-ceramic, some indented bars were
heat-treated for 70 h at 850 °C. The samples were placed in the furnace as shown in Fig. 1 so that
gravity can promote the viscous flow of residual glassy phase around cracks. To prevent
contamination and to reduce the effect of radiation heating of surfaces, the bar was placed in a

closed alumina crucible in the furnace during the heat treatment. The heat-treated samples were



subsequently gold coated and then investigated by scanning electron microscopy (SEM MIRA3,

TESCAN, Czechia).

Fig. 1. Schematic of sample positioning for healing test of cracks.

3. Results and discussion

Figure 2a shows a backscattered electron (BSE) image of a zone near the edge of a bar.
Three phases composed of CaSiO3 (#2), BaSi,Os (#3) and SiO, (#4) have been identified by
analyzing the results of X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS)
and the relevant phase diagram [26]. Also, it has been revealed that the matrix (#1) includes
BaCa,SizOg and a small amount of residual glassy phase [26]. As can be seen in Fig. 2b, SiO;
and BaSi,Os phases have a higher resistance to abrasion, while CaSiO3 was significantly abraded
by the polishing material.

The results of the 21 x 21 imprint nano-indentation tests are presented as a mapping in
Figs. 2c and 2d. It can be seen that the presence of different phases results in a wide range of
hardness and elastic modulus values on the micro-scale. Table 3 presents the measured H and E
for each phase identified for phases #1 to #4. These phases also possess different CTE values
(Table 3), which leads to micro-stress generation during cooling from the joining/operation
temperature [22]. These stresses can result in micro-cracking at the weak points or zones of

stress concentration. The observations reveal that the two phases of CaSiO; and BaSi,Os are



more prone to cracking. For example, Figs. 3a and 3b show the micro-cracks initiated from a

sharp corner and created in a thin section of a BaSi,Os phase, which can be a result of the

mentioned thermal micro-stresses. The difference in density of various phases may also cause

micro-stress (or even micro-porosity) generation during crystallization [34].
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Fig. 2. a) BSE-SEM image and contour plots of b) topography, c) hardness H and d) elastic

modulus E of as-sintered glass-ceramic G.

Table 3. Elastic modulus (E) and hardness (H) of different phases (Fmax = 1 mN)

# Phase E (GPa) H (GPa) CTE (10° K™ Ref.
1 BaCa,Si;0y 140+ 18 122+1.7  11.7 (100 - 800 °C) [35]
CaSiOs 133+9 95+0.4 6 (20 — 300 °C) [36]

9.4 (20 - 200 °C) [37]

11.2 (100 — 800 °C) [35]

BaSi,Os 114 £ 15 106 +0.5 14.1(20-1000°C) [37]
SiO; 105+ 12 13.6+0.2 < 1.5(100-800°C) [38]
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Fig. 3. Micro-cracks a) in a stress concentration zone and b) at a thin section of BaSi,Os phase.

The phases were identified by EDS.

Figure 4 shows that the measured hardness values decrease with increasing indentation
load (Fmax). This load-dependency of the hardness in low-load indentation testing is often
associated with an indentation size effect (ISE) [39]. Several possible theoretical explanations
have been proposed for the origin of the ISE such as the sensitivity of the load cell and intrinsic
structural factors of the test materials [40]. The elastic modulus is constant at around 500 mN
and deviations are within the limits of standard deviation in the considered load range. The
slightly lower value for the lowest load might be a result of tip rounding (lack of calibration
accuracy) or a surface roughness effect. However, a lower E value is measured when changing
the indentation load from 0.5 N to 1 N, similar to the effect reflected in the hardness for this load
range. For larger indentation sizes, the result is more affected by native micro-cracks and pores,
hence, as the indentation load is increased, more discontinuities inevitably contribute to the

measured H and E and decrease their values.
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Fig. 4. Elastic modulus (E) and hardness (H) of the as-sintered glass-ceramic G as a function of

applied load. The average indentation size for each Fpax is shown schematically.

It can be seen in Table 4 that there is a tendency for a slight decrease in the elastic modulus
after the long-term annealing. Continuing crystallization during annealing can lead to an increase
in discontinuity density [41] or due to crystallization associated shrinkage, a slight increase in
micro-pores, that subsequently decreases the elastic modulus [34]. However, it can be seen that
the changes are within the limit of experimental uncertainties.

It can also be seen from Table 4 that the E values measured by impulse excitation and 1 N-
load indentation are very close to each other. This implies that higher indentation loads are more
suitable for E measurement because the tested volume is large enough to be representative of all
phases and undulations. However, the results of the three-point bending test (3PB) are
significantly lower than those of the other test methods. Also, the 3PB test indicates a stronger
decrease in E after annealing. Contrary to the 3PB method [42], the unloading curve is normally
used to estimate the elastic modulus in indentation testing [29]. Hence, the 3PB measurement
during loading might lead to a decrease in actual values due to non-elastic effects, i.e. it can lead
to a decrease in the apparent property due to micro-crack opening. There was also a slight

variation (x 7 pum) in the thickness of the bars along their length, which may in addition cause

11



the bars to twist during 3PB testing. These added displacements also decrease the apparent
elastic modulus. However, some of the uncertainty in 3PB test results is also systematic because
the slope of the load-displacement line is very sensitive to the precision of the displacement

measurement device.

Table 4. Elastic modulus (E) of glass-ceramic G for the as-sintered and annealed state as

measured by different methods.

Method Condition Number of tests  E (GPa)*  Reference

Indentation (Fmax =1 N) As-sintered 21 95 + 12
Annealed 21 94+ 15

Impulse excitation technique  As-sintered 1 99.1+0.7 [26]
Annealed 1 945+0.6

Three-point bending (3PB)  As-sintered 3 79+17 [41]
Annealed 1 70+ 18

*The squared model has been used to combine the systematic and random uncertainties [43,44].

Regarding the fracture toughness assessment, loads below 1 N did not induce a visible
crack around the imprint. Therefore, another test machine (Micromet), which could apply higher
loads, was utilized to evaluate the fracture toughness (K,c) of the material. Depending on the
shape of indentation-induced cracks, different relationships have been suggested in the literature
to determine the fracture toughness. Figure 5 shows the top view around a Vickers indent, in
which a and | are half indentation diagonal and length of the apparent Palmqvist-type cracks,
respectively. According to Niihara et al. [45], a Palmqvist-type crack can be assumed when the
I/a ratio is lower than 2.5, otherwise a median (half-penny) crack is suggested to exist. In this
study, most indentations (like the one illustrated in Fig. 5) created a Palmqvist-type crack. Figure
6 presents the measured K¢ for different Fnax. The uncertainty in determining the types of some
cracks could have caused a larger scatter in K,c values for this load. However, Niihara et al. [45]

12



suggested that high loads are not required, as long as it can be recognized that the observed

cracks have the geometry of the Palmqvist crack.

Fig. 5. Optical micrograph of an indentation imprint (Fnax = 3 N). The cracks have been

highlighted to enhance visibility.

Figure 6 also compares the H measured using different testing machines for different Fpax.
As mentioned above, the reduction of hardness with increasing Fnax can be associated with the
ISE as well as more contribution of micro-cracks and local porosity. A slight tendency for
increased measured hardness values with increasing load from 3 N to 10 N can be seen in Fig. 6.
This phenomenon, a so-called reversed indentation size effect (RISE), can be associated with
indentation-induced cracking. During indenting, a fraction of load and associated energy is
consumed in the opening of the indentation induced cracks. Therefore, a smaller indentation

imprint and then higher apparent hardness are expected [46].

13
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Fig. 6. Fracture toughness (K,c) and hardness (H) of as-sintered glass-ceramic G measured with
Fmax = 0.01'10 N.

Figure 7 compares the fracture toughness (Kic) and hardness (H) of different sealing
materials developed at Forschungszentrum Jiilich. The sealant B is a fully crystallized glass with
a similar Ba:Ca:Si ratio to the sealant G but the less additive content [27]. The sealants H-P, H-
Ag and H-F are partially crystallized composites based on glass composition H reinforced with
yttria-stabilized zirconia (YSZ) particles, silver particles and YSZ fibers, respectively [33]. As
can be seen, although the annealing does not cause much change in the hardness, however, it
significantly increases Kc of the partially crystallized sealant. Continuing crystallization during
annealing increases the volume fraction of ceramic phases in these sealants and consequently
enhances their resistance to crack growth. However, sealant G shows a relatively stable K,c and
H in terms of any effect related to a potential aging process. Besides, sealant G in as-sintered and
annealed states has a Kic of 1.15 + 0.18 MPa-m”” and 1.23 + 0.21 MPa-m"’, respectively, which

are near that of the composite sealing materials.
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Fig. 7. A comparison of a) fracture toughness and b) hardness values of glass-ceramic G with
that of other sealing materials developed at Forschungszentrum Jilich [33]. The values of K¢

and H are measured with an Fpax of 3-10 N and 10-1000 mN, respectively.

Complementary SEM investigations revealed that crystallized phases and pre-existing
micro-cracks can effectively deflect or stop indentation-induced cracks (Fig. 8b). Such a crack
deflection leads also to a change in the loading mode at the tip of crack from pure opening (1) to
other modes. In brittle material, the crack growth under modes Il, Il or mixed-mode is more
difficult than pure mode I. Also, compared with straight crack, the deflected crack must proceed
to a longer distance to reach a given macroscopic crack length (l). Therefore, crack deflection is
expected to increase fracture toughness. Figure 8c shows crack branching as another potential
toughening mechanism observed for sealant G. This mechanism leads to a decrease in stress
intensity factor at the tip of the crack by dividing the crack-opening displacement between the
branches. The branches can originate from the pre-existing micro-cracks. In conclusion, the
presence of micro-stresses and micro-cracks in glass-ceramic G has a positive effect on its

fracture toughness.
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Fig. 8. BSE-SEM images of indented surface with Fax = 10 N; a) and b) crack deflection, c) and
d) crack branching. The white and black arrows indicate indentation-induced cracks and pre-

existing micro-cracks, respectively.

Figure 9 shows indentation cracks after additional heat treatment of 70 h at 850 °C. Figures
9b and 9c indicate a zone in which the crack has been healed. The sharp edges become more
visible in Fig. 9d due to the used In-Beam SE detector. The lower brightness of an individual
section of a crack implies that the edges are rounded and the gap is filled in that area. Some
faceted crystals protruding from the surface are also observed at higher magnification (Fig. 10).
They may be ceramic phases which have continued to grow or have been moved due to the low
viscosity glassy phases at high temperature. These findings can be evidence of viscous flow and
a self-healing ability of the apparently fully crystallized sealant G at elevated temperatures.

Regarding the long-time operation of SOCs at high temperature and the presence of a dead load
16



on the stack components, more discontinuities might be expected to be potentially healed by the
viscous flow driven associated with capillarity forces of residual glassy phases as well as residual
stresses caused by mechanical impact [47,48]. In other words, the clamping load and the weight
of the upper layers in the stack are expected to accelerate the crack healing process, especially if
the temperature increases locally because of direct contact of fuel and oxidant gases. However, it

may not be a promising method for repairing the large-scale crack such as a failed joint.

Fig. 9. a) SE-SEM image of indented surface with Frax = 10 N after heat treating for 70 h at 850
°C, b) SE-SEM and c) BSE-SEM image of indicated area in (a), d) In-Beam image of indicated
area in (c).

17



Fig. 10. SE-SEM images of indented surface with Frax = 10 N after heat treating for 70 h at 850
°C; a) middle and b) tip of indentation crack. The white and black arrows indicate the healed

zone and protruded phases, respectively.

As can be seen in Fig. 10, the crack path has not been continuously healed, which has also
been observed by Abdoli et al. [49] for another glass-ceramic sealant. This is likely to be due to
the presence of crystalline phases that reduce access to glassy phases. However, four
phenomenological stages suggested by Hrma et al. [47], i.e. (i) relaxation and blunting, (ii)
receding and breaking up, (iii) rounding and grooving (iv) and smoothing and spheroidizing,
were not sequentially seen during the self-healing of the glass-ceramic G. Instead, all the steps

were captured simultaneously in the micrograph.

4. Conclusions

In this study, an indentation test method was utilized to evaluate the mechanical behavior

of a glass-ceramic sealant on a micro-scale. The observations can be summarized as follows:
- The measured values for elastic modulus (E) and hardness (H) depend on the
indentation load (Fmax). The magnitude of Fna should be high enough so that the

18



affecting volume is a suitable sample of all material and also low enough to prevent the
cracking around the indentation imprint.

- The elastic moduli (E) measured by the indentation method using a load of 1 N were
close to the value obtained by the impulse excitation technique, which is considered to
be a reliable method to derive the macroscopic elastic modulus of materials.

- The fracture toughness (K,c) of sealant G is close to that of the composite sealing
materials. Also, compared with reinforced partially crystallized glasses, material G
shows a relatively stable K¢ in terms of the effect of a thermal aging process.

- Pre-existing microcracks in sealant G play an important role in stopping, deflecting
and branching the cracks and consequently appear to increase its fracture toughness.

- Although the sealant G is considered to be a fully crystallized glass, it is still able to
heal the micro-cracks by the viscous flow and capillary forces of residual glassy
phases. In the stack, the sealant sandwiched between the other components is under
compressive residual stress which could accelerate the crack healing process upon the

stack reheating and decrease the impact of thermal cycles.
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