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Abstract
To ensure the durability of solid oxide fuel cell sealants, the understanding of the
microstructural influence on viscous crack healing is essential. To this end, the
effect of microstructure with respect to the spatial distribution of filler particles
on viscous crack healing was studied with confocal laser scanning microscopy
in glass-matrix composites (GMCs) made by mix-milling and sintering of soda-
lime magnesium silicate glass and Φ ≈ 6 vol% ZrO2 chemically inert rigid filler
particles. This way, no change inΦ occurred during the crack healing treatments
studied on Vickers indentation-induced radial cracks in polished GMC surfaces.
Different microstructures were mimicked using different ZrO2 particle sizes for
mix-milling. Unlike coarse ZrO2 particles, similar in size to the glass particle,
fine ZrO2 particles, much smaller than the glass particles, form a rigid percola-
tion framework (RPF) of ZrO2 filler particles around the former glass particles
or glass particle agglomerates. For this RPF microstructure, crack healing was
observed more readily as crack healing retardation phenomena like large-scale
crack widening and crack tip rounding were strongly reduced, whereas narrow
cracks could still heal locally within the glassy regions.
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1 INTRODUCTION

During thermal cycling, cracks can appear in solid oxide
fuel cell (SOFC) seals and cause component failure.1–4
Their healing during service would therefore be highly
desirable. Glassy sealants, which can remain amorphous
for up to 1000 h at high service temperatures,5 allow to
easily heal cracks or cavities by viscous flow.6–10 However,
mechanical and chemical stability are reduced due to
viscous flow and diffusion of corrosion products.11,12 In
contrast, glass ceramic sealants with a large crystal volume
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fraction, Φ, are more corrosion resistant and maintain
their microstructure at high service temperatures for
up to 40 000 h1,6,13 or even up to 100 000 h at 700◦C.14
In this case, however, crack healing may be retarded or
suppressed.9,15–17 Thus, an optimal combination of both
approaches seems to be interesting, which, in turn, would
require a basic understanding of how microstructure
affects crack healing.
Such studies, however, are rare. Due to its similar

nature, basic insights might be concluded from the excel-
lent literature background on viscous sintering, where
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rigid filler particles can strongly retard sintering due
to internal stresses18 and due to the increased effective
composite viscosity, ηC.19–24 A simple knowledge transfer
to crack healing, however, is difficult. Compact sintering is
measured as a bulk phenomenon and limited by ηC. Crack
healing, however, can be more complex. For example,
the healing of Vickers indentation-induced radial cracks
combines two phenomena: local viscous flow at the crack
tip (decreasing the crack length) and large-scale global vis-
cous flow. The second phenomenon results in a smoothing
of the former crack edges (increasing the crack width and
crack tip radii),25 and therefore substantially retards the
healing of the crack length.26 While this retardation
effect is controlled by ηC, the local viscous flow at the
sharp tip of nonwidened narrow cracks is predominantly
controlled by the glass viscosity, ηG, and can occur up to
a larger value of Φ within the glassy regions.27 Because
of these different effects of Φ on global (macroscopic)
and local flow phenomena, crack healing ability does not
necessarily decrease monotonically with Φ as one might
intuitively expect. Instead, maximum healing ability was
found at an optimum value of Φ.27
However, ηC should not only depend on Φ but also on

the spatial distribution of filler particles. For a nonrandom
distribution of filler particles, for example, preferably
arranged around the glass grains, a rigid tree-dimensional
percolation framework (RPF) of filler particles, which
results in a very strong increase of ηC, should be estab-
lished for much smaller values of Φ than for a random
spatial distribution, whereas large glassy regions inside
the glass grains can still allow local viscous flow.
This study therefore compares different microstructures

of nonrandomly distributed rigid filler particles with
respect to their crack-healing ability. To this end, glass-
matrix composites (GMCs) were sintered from soda-lime
magnesium silicate glass powders with low crystallization
tendency, and ZrO2 particles as inert rigid fillers, from
which of different particle size fractions were used for
mix-milling with the glass powder. This way, produced
model GMCs mimic different microstructures of partial
crystalline SOFC sealants, which do not undergo essential
microstructure evolution during crack healing.

2 EXPERIMENTAL ANDMETHODS

2.1 Glass and powder processing

Commercial soda-lime magnesium silicate plate glass,
NCMS (VEB technisches Glas Ilmenau, Germany), and
either monoclinic ZrO2 (ZrO2-CH, Mineralmühle Leun,
Leun, Germany) or Yttria-stabilized tetragonal ZrO2
(TZ-3Y-E, Tosoh, Tokyo, Japan) were used as GMC raw

materials. Due to their different particle size, the mono-
clinic and tetragonal ZrO2 are referred to as “coarse” and
“fine” ZrO2, respectively. The NCMS glass plates were
crushed in a steel mortar and sieved to 56–250 µm. Pre-
milling for 5 min at 3400 rpm (engine) was done in 45-mL
zirconia jars, each filled with 7 g glass, 7 g deionized water,
and 7 zirconia balls (Ø 15mm) in a planetary ballmicromill
pulverisette 7 (Fritsch, Idar-Oberstein, Germany). Pre-
milled glass powders were then dried in a vacuum
desiccator (Vacutherm, Heraeus, Hanau, Germany) at
120◦C for 24 h. Mix-milling of premilled glass and ZrO2
powder was done for 1 min at 3400 rpm under dry milling
conditions using the same pulverisette 7. The 45-mL zirco-
nia jars were filled with seven zirconia balls (Ø 15mm) and
7 g of dried premilled glass and ZrO2 powder in a weight
ratio calculated from the density values shown in Table 1
and the target value of 5 vol% ZrO2 in the dense GMC.

2.2 Sample preparation

Mix-milled powders were uniaxially pressed twice at
20MPa for 30 s,with a 10 s pressure release step in between.
The obtained fully densified samples for crack healing
experiments and cylindric powder compacts (Ø = H ≈

5 mm, ≈ 8 mm, Ø = 20, H ≈ 2 mm) were sintered at
10 K/min to 770◦C (coarse) and 810◦C (fine) in an electric
muffle furnace (Nabertherm, Lilienthal, Germany). The
densification temperature had been determined before-
hand by means of heating microscopy (Leitz, Wetzlar,
Germany) equipped with image analysis (Hesse instru-
ments, Wetzlar, Germany) on Ø 5 mm compacts. Thus,
sintered Ø 20 mm samples were cut into halves, ground,
and polished stepwise using SiC grinding disks and 6, 3,
and 1 µm diamond suspension (Struers, Ballerup Sogn,
Denmark) to a final height of ≈ 1 mm.

2.3 Glass and powder analysis

The particle size distribution of ZrO2 and premilled glass
powders was measured with a Mastersizer 2000 sys-
tem equipped with Hydro 2000C (Malvern Instruments,
Worcestershire, UK). The glass transition temperature, Tg,
was determined on 12-16 mg specimens of pre-milled glass
powder by differential thermal analysis, DTA, heated in
a Pt crucible at 10 K/min in a stream of 45 mL/min
of synthetic air using a thermobalance TAG24 (Setaram,
Caluire, France) and Al2O3 as reference material. The
coefficient of thermal expansion of NCMS glass was deter-
mined by horizontal dilatometry Netsch DIL402c (Netsch,
Germany) measuring bars of 22.6 × 5.6 × 4.6 mm3 in size
heated up in the range of 24–800◦C at 5 K/min. Viscosity
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TABLE 1 Glass transition temperature Tg measured by DTA, density, and particle size distribution of premilled NCMS glass and ZrO2

raw material according to their data sheets.

Rawmaterial Tg (◦C) α300 (10−6 K−1) ρ (g/cm3) D10 (µm) D50 (µm) D90 (µm)
NCMS glass (premilled) 538 ± 3 9.2 ± 0.1 2.47 ± 0.03 2.17 12.09 36.37
ZrO2 coarse (as received) – 7.0 5.50 0.88 11.26 39.46
ZrO2 fine (as received) – 10.5 6.05 0.19 0.86 2.54

was measured by cylindric compression tests, using elec-
tric high-temperature vertical dilatometer TMA 801 (TA
instruments, Hüllhorst, Germany) on fully sintered com-
pacts (Ø ≈ 5.5 mm, H ≈ 5.5 mm) applying a force of 0.33 N.
The glass viscosity was determined on drilled cores drilled
out of bulk glass samples. These and the bars for dilatome-
tryweremade up of five staggered commercial NCMS glass
plates sintered together at 750◦C for 30 min (10 K/min).

2.4 Crack generation and healing

Cracks were generated by Vickers indentation using
Innnovatest micro Vickers (Innovent, Maastricht, Nether-
lands) applying a force, F, of 19.62 N with a dwell time,
tdwell, of 10 s with a distance of 1 mm in between. To cre-
ate a cross-section, a series of indentations were generated
with smaller spacing and manually broken along this line.
Isothermal heat treatments of up to 600 min in steps of
15–60 min at 30–35% RH were carried out in a modified
former dilatometer tube furnace (Netsch, Selb, Germany)
allowing short sample exchange times and a temperature
accuracy of± 2 K. Time counting started when the furnace
has reached the average target temperature after 70–103 s
depending on the sample volume.

2.5 Laser scanning microscopy and
image analysis

The crack healing progress during stepwise isothermal
heat treatments was monitored with a confocal laser scan-
ning microscope (LSM, Lext OLS 4100, Olympus, Tokyo,
Japan). The crack geometry was described in terms of
radial crack length, L, measured as the distance between
the radial crack tip and the corner of the Vickers inden-
tation, and the radial crack width, W, measured at L/2
(see Reference26 for details). Both quantities, as well as the
average size of ZrO2 particles, δ, and the average distance
between them, ζ, were manually measured using the LSM
images with the software ImageJ.28 Each value shown for
L and W averages data measured from 100 to 120 radial
cracks caused by 30–40 Vickers indentations. Only radial
cracks that had grown solely and directly from the Vickers
indentation corner were considered for the measurement.

F IGURE 1 Viscosity of NCMS glass and fully densified GMC
compacts made via mix-milling of glass powder with coarse (similar
to the glass particle size) and fine ZrO2 filler particles (10 times
smaller). Solid curve: glass viscosity, ηG, fitted with log η = −2.6 +
4458 / (T − 231) (in Pa⋅s◦C units). Dashed curves: composite
viscosity fitted with ηG = ηrel ⋅ ηG with ηrel ≈ 1.2 and 134 for the GMC
made from coarse and fine ZrO2, respectively.

3 RESULTS

3.1 Rawmaterials

Thermal properties and particle size analyses of premilled
NCMS glass and ZrO2 are given in Table 1. The coarse ZrO2
shows a particle size distribution similar to that of the pre-
milled NCMS glass, although D10 is slightly less than half
that of the glass. The particle size of fine ZrO2 is about
10 times smaller than that of the premilled glass. X-ray
diffraction analyses (not shown) identify the monocline
crystal structure of the coarse ZrO2 and the predominantly
tetragonal structure of the fine ZrO2. In both cases, how-
ever, no change in crystalline structure was detected after
mix-milling with the glass powder. The thermal expansion
coefficient, α, of the glass is between those of the two ZrO2
polymorphs according to their datasheet.

3.2 Viscosity

Figure 1 shows viscosity data obtained from cylindric com-
pression tests and DTA (ηG(Tg) ≈ 1012 Pa∙s). The glass
viscosity, ηG, could be well fitted with log ηG(T) = −2.6 +
4458 / (T − 231) using the Vogel–Fulcher–Tammann
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F IGURE 2 Laser scanning micrographs of polished, fully
sintered glass-ceramic microstructures sintered from NCMS glass
and 5.8 vol% coarse (770◦C) and 5.3 vol% fine ZrO2 filler particles
(810◦C).

equation26 in terms of Pa∙s and ◦C. Compared to the glass,
the GMC made via mix-milling of the glass powder with
Φ= 5.8 vol% coarse ZrO2 particles has shownonly a slightly
increased composite viscosity, ηC(T). In contrast, using
Φ = 5.3 vol% fine ZrO2 particles for mix-milling increases
ηC(T) by about two orders ofmagnitude. It should be noted
that this increase does not depend on temperature as it
is expected for chemically inert filler particles. ηC(T) can
be thus described as ηC(T) = ηrel ⋅ ηG(T) for both GMC,
where ηrel is constant (dashed curves in Figure 1). Consis-
tently, no other signs of chemical interaction between glass
and filler, for example, rounding of filler particles, were
observed even after sintering for both GMC (see Figure 2
and Supporting Information for more details).

3.3 Microstructure

The microstructures of the GMC, made via mix-milling
of the glass powder and either coarse ZrO2 filler particles
(D50 ≈ 11 µm, similar to the glass particles) or fine ZrO2
filler particles (10 times smaller,D50 ≈ 1 µm), are illustrated
in Figure 2 left and right, respectively. Table 2 summarizes
microstructure details obtained from image analysis like
relative density, ρrel, the average distance between ZrO2
particles or agglomerates, ζ, and their average particle
size, δ. Both GMCs show a relative density, ρrel, greater
than 94 % with few small, isolated pores (black), and
embedded, fully wetted ZrO2 particles (bright). Despite
some larger aggregates (e.g., arrow in Figure 2 left), the
average size of the individual ZrO2 particles is similar in
both cases, which reveals that the coarse ZrO2 particle
size was reduced from D50 ≈ 11 µm (Table 1) to δ ≈ 2 µm
(Table 2) during mix-milling. Also, in both cases, the ZrO2
particles are nonrandomly distributed and predominantly
surround larger glass regions (gray). These regions are
frequently larger than the average glass particle size used
for mix-milling (D50 ≈ 12 µm) indicating oversized or
sintered glass particles.

Notwithstanding these similarities, the two GMC
microstructures made from coarse and fine ZrO2 referred
to as “coarse,” and “fine” GMC, diverge with respect to
the degree of the nonrandom distribution of the ZrO2
particles. In the coarse GMC, ZrO2 particles frequently
occur in large agglomerates (arrow in Figure 2 left),
which may reflect former coarse ZrO2 particles or hard
agglomerates crashed but not yet fully deagglomerated
and dispersed during mix-milling. Consequently, the
occurrence of small ZrO2 filler particles at the boundary
between the glass regions is less frequent and allows for a
large glass-to-glass contact area.
In the case of fine GMC, where mix-milling was

conducted with fine ZrO2 particles from the start, the
formation of a three-dimensional particle framework
along former glass grain boundaries is more pronounced
inasmuch as the ZrO2 enriched boundary layer is more
occupied and thicker. It is this thickness that likely
determines the average ZrO2 particle size, δ, measured
via image analysis, whereas the average distance between
ZrO2 particles or agglomerates, ζ, most likely reflects the
size of the glassy regions in between.

3.4 Crack initiation

Notwithstanding the aforementioned discrepancies in
microstructure, the crack initiation behavior is quite simi-
lar. This similarity is demonstrated in Table 2, which lists
averaged data of the initial radial crack length, L0, and the
Vickers indentation half diagonal, a, for the glass and the
two GMC. Thus, L0, measured between the crack tip and
the indentation corner, did not essentially differ between
the two GMC although it is 5–9% longer for the GMC than
for the glass samples. A comparable similarity is evident
for the ratio of the initial distance measured between the
crack tip and the indentation center, c, and the half-width
of the Vickers imprint, a, where c/a is ≈ 4 for both GMC
and 3.3 for the glass. As c/a > 2.5 was found for all the
cracks starting from the Vickers imprint corners, they can
be characterized as radial or Palmquist cracks rather than
as half-penny shaped.29,30
Finally, Figure 3 illustrates glass and GMC samples frac-

tured along the radial cracks subsequent to Vickers inden-
tation. In all cases, elongated semicircular cracks were
observed extending from the deformation zone beneath
the Vickers indentation to a comparable depth (arrows).

3.5 Crack healing

Figure 4 exemplarily illustrates the healing progress of
Vickers indention-induced radial cracks and imprints dur-
ing stepwise isothermal heat treatments and demonstrates
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TABLE 2 Microstructure details obtained from Figure 2 and properties of Vickers indentation-induced radial cracks averaged over 30–40
imprints. Φ = volume fraction of filler particles, ρrel = relative compact density after full sintering, ζ = average distance between ZrO2 filler
particles, δ = ZrO2 filler particle size, L0 = initial radial crack length, c/a = the ratio between the distance, between the crack tip and the
Vickers indentation center, c, and the half of the diameter of the Vickers indentation imprint, a.

Φ ρrel ζ δ L0
(vol%) (%) (µm) (µm) (µm) c/a

NCMS glass 0 98 ± 2 ∞ – 122 ± 6 3.3 ± 0.1
Glass + coarse ZrO2 5.8 ± 0.1 99 ± 1 28 ± 6 2 ± 1 133 ± 12 4.0 ± 0.1
Glass + fine ZrO2 5.3 ± 0.1 94 ± 1 16 ± 3 2 ± 1 128 ± 16 4.0 ± 0.1

F IGURE 3 LSM micrographs of Vickers indentations fractured along their radial cracks. (A) NCMS glass, (B) GMC with coarse, and (C)
fine ZrO2. White arrows mark the depth extension of radial cracks.

F IGURE 4 Confocal laser scanning micrographs of Vickers indentation in NCMS glass (A–E) and coarse GMC (F–J) and fine GMC
(K–O) before and after heat treatment at 642 ± 2◦C for up to 600 min.

the complex glass surface energy-driven interplay
between crack widening, crack tip rounding, and crack
length shortening.25,26 Crack-widening and tip-rounding
are least pronounced for the fine GMC and (Figure 4O),

where all radial cracks nearly disappeared already after
360min. In contrast, they still exist as shallow grooves even
after 600min for the glass and the coarse GMC (Figure 4J),
where crack length healing is retarded by crack widening
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F IGURE 5 Confocal laser scanning micrographs of Vickers indentation and surrounding surface profile (colored) in NCMS glass (A–E)
and coarse GMC (F–J) and fine GMC (K–O) before and after heat treatment at 642 ± 2◦C for up to 600 min.

F IGURE 6 Radial cracks in bulk NCMS glass and dense coarse and fine GMC after ≈ 60 (A–C) and ≈ 120 min (D–F) healing treatment
at 642 ± 2◦C. Black arrows mark spots of limited radial crack widening, from which segmented crack healing occurs. White arrows mark a
glassy region bearing a crack segment with accelerated healing.

and crack tip rounding. The colored surface profiles in
Figure 5 reveal that the bulging of the surface area around
the Vickers imprint between the radial cracks follows the
same trend. In a similar sense, the pyramidal imprint is
refilled for the glass and the GMC with coarse ZrO2 after
about 300 min, whereas it is only marginally refilled for
the GMC with fine ZrO2 (Figure 5D, I, N).
Figure 6 shows a magnification of a healing radial crack

after healing heat treatments at 624◦C for about 60 and
120 min. The radial crack is nonsegmented for the glass
sample and the coarse GMC, and healing proceeds from its
outer tip. For the fine GMC, however, the partially healed

radial crack is segmented (black arrows in Figure 6C and
F). In this case, healing proceeds from the tips of these
segments as well. This large effective viscosity prevents
the large-scale crack widening, which was evident for the
glass and the coarse GMC, and restricts it to the interior of
the glassy regions within the rigid percolation framework
(RPF) structure (Figure 6C).
Figure 7 illustrates the healing of cracks and cavities in

the fine GMC in more detail. Bigger cavities finally form
large pores surrounded by rigid filler particles (B1–E1). The
image series B2–E2 and B3–E3 illustrate that the degree of
crack widening correlates with the size of the glassy region
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F IGURE 7 Radial cracks and cavities in the fine GMC after indentation (A) and after a 61-, 122-, 290-, and 390-min healing treatment at
642 ± 2◦C (B–D). For the annealed samples, only magnified details from the left micrograph are shown (1–3).

F IGURE 8 Change of radial crack length, L, (top, filled
symbols) and width,W, (bottom, open symbols) in the glass
(squares), the coarse GMC (triangles), and the fine GMC (circles)
after isothermal heat treatment at 642 ± 2◦C. Dashed and dotted
lines are guidelines for the eye.

in the percolation framework of the ZrO2 filler particles.
Nonetheless, crack segments can heal completely even
in large glassy regions with stronger crack widening
(Figure 7B3–E3). Small pores can sometimes remain in
the areas where the crack passes through the framework,
as there is too little flowable glassy volume available.
Figure 8 illustrates the healing progress of radial cracks

in terms of the average crack length, L, and width, W,

measured after stepwise isothermal healing treatments
at 642◦C on 120 radial cracks (30 Vickers indentations)
from confocal laser scanning micrographs as exemplarily
depicted in Figure 4. Due to the radial crack segmentation
observed in the fineGMC, each Lwasmeasured as the sum
of the length of all these segments for each radial crack
(L = ΣLi), andW at half of their length.
Figure 8 again demonstrates the good crack-healing

capability of the fineGMCand its RPFmicrostructure. The
radial cracks in the fine GMC show a strong and approxi-
mately linear decrease of L. Consistently, only minor crack
widening is evident. W slowly increases only to about
4 µm after the first heat treatments, before it decreases.
After 380 min, the radial cracks were fully healed up from
beneath and L could not be measured below ≈ 30 µm. In
contrast, for glass and GMC with coarse ZrO2, the healing
rate of L decreases less pronounced whereas W increases
more strongly up to ≈ 20 µm before it saturates and starts
to decrease. The filler-free glass shows the least decrease in
L and the most pronounced increase inW.

4 DISCUSSION

4.1 Rigid percolation framework
microstructures

The present study shows that crack healing in GMC does
not only depend on the volume fraction of filler particles,
Φ, but also on their size and spatial arrangement. This
microstructure effect is exemplarily shown on two differ-
ent glass—ZrO2 GMC made up of almost equal volume
fractions of ZrO2 filler particles (coarse: 5.8 vol%, fine:
5.3 vol%) but using a different initial ZrO2 particle size for
mix-milling (coarse: D50 ≈ 11 µm, fine: D50 ≈ 0.9 µm). In
both GMCs, the small ZrO2 filler particles in the sintered
GMC (bright particles in Figure 2) are not randomly
distributed but preferentially arranged around large glassy
regions reflecting former glass particles (D50 ≈ 12 µm) or

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.20386 by C
apes, W

iley O
nline L

ibrary on [30/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 10 BLAEß and MÜLLER

sintered glass particle agglomerates (dark gray regions in
Figure 2).
This trend, however, is differently pronounced for

the two GMC under consideration. Using coarse ZrO2
particles for mix-milling, the ZrO2 particles later appear
more clustered to large agglomerates, which are similar
in size to the coarse source particles. These agglomerates
therefore may reflect coarse ZrO2 particles, which were
crashed but not yet fully deagglomerated and dispersed
during mix-milling. Due to this milling effect, fewer small
ZrO2 filler particles were distributed at the boundary
between the glass regions. In contrast, using 10 times
smaller fine ZrO2 particles for mix-milling, this distri-
bution around the former glass particles is much more
pronounced and finally yields a three-dimensional RPF
of filler particles arranged in layers of several micrometer
thickness. Although this layer sometimes also contains
small filler particle agglomerates, it fully envelops and
separates the former glass particles or glass particle
agglomerates from each other.

4.2 RPF composite viscosity and crack
healing

This RPFmicrostructuremuchmore strongly limits global
viscose flow than randomly distributed filler particles
would do for a given volume fraction of filler particles.
This effect is illustrated in Figure 1, which shows that the
fine ZrO2 particles strongly increase the effective compos-
ite viscosity, ηC, by more than two orders of magnitude,
whereas mix-milling with an almost equal amount of
coarse ZrO2 did not essentially increase ηC of the sintered
GMC at all. Consistently, Figures 4, 5, and 8 show that
large-scale viscous flow phenomena like crack widening
and bulging are clearly evident in the filler-free glass and
the coarse GMC, whereas they are almost fully suppressed
in the RPF microstructure obtained from mix-milling and
sintering with fine ZrO2 particles. The same trend is obvi-
ous for the viscous filling of the Vickers imprints. Figures 6
and 7 indicate that this strong viscous flow retardation
effect in the RPF microstructure is mainly due to the
limited size of the contiguous flowable glassy regions
embedded within the stiff RPF.
It was shown in reference27 that an increase in ηC can

surprisingly promote the crack length healing of Vickers
indentation-induced radial cracks up to a certain volume
fraction of filler particles. This is because the increase in
ηC can substantially retard surface energy-driven large-
scale viscous flow phenomena like bulging and crack
widening,27 which essentially retard crack length healing
in glass,26 while the local viscous flow required to heal
sharp and narrow cracks can still occur.

At first glance, this phenomenon might be counterin-
tuitive as it is well known that an increase in ηC generally
retards the viscous sintering of composites. This general
experience, however, includes that the local geometry (like
particle size and sinter neck radii), which also have a strong
effect on the rate of sintering, is not essentially altered
by the amount of filler particles and that ηC therefore
dominates. Geometry and viscosity are both important for
the healing progress as well. In contrast to the sintering of
GMC, however, ηC strongly influences the geometry of the
healing crack via crack widening and crack tip rounding
phenomena, which, in turn, retard crack healing. In this
sense, higher values of ηC can help to keep the facing crack
surfaces better in place and the crack tip region sharper,
which reduces the total viscous amount required for crack
healing—all at least up to a certain amount of Φ.26

4.3 Segmented crack healing in RPF
microstructure

Despite this main advantage, RPF microstructures offer
another interesting benefit. As they locally retard crack
widening, radial cracks early split up into different seg-
ments during healing (Figure 6C, F and Figure 7B2–E2).
This effect accelerates crack length healing due to the
shorter length of these segments, their simultaneous
healing starting from the additional anchor points, and
since these crack segments can easily heal inside the glassy
regions of the microstructure (see, e.g., Figure 7B3–E3).
Even if this healing is hindered by the surrounding RPF,
the healing process early leads to isolated cavities or pores
(Figure 7E). This situation provides better mechanical
stability and gas tightness even for less complete crack
healing.
Since this local crack healing ability corresponds to the

size of the glassy regions and their mutual percolation, the
optimal microstructure for crack healing must therefore
combine both a maximum increase in ηC and a maxi-
mum volume fraction of glassy regions. This balance is
strongly controlled by the stiffness and the geometry of the
three-dimensional RPF of filler particles.

4.4 Outlook

To utilize this idea for real SOFC sealants, coarse glass
powders with a certain surface crystallization tendency
could be considered. The desired preferred arrangement
of crystals around the former glass particles or glass
particle agglomerates is easily obtainable due to the well-
known preferred surface nucleation behavior of most
silicate glasses.24,31 The crystal surface nucleation density,
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the crystal shape and size, their interlocking, as well as
the thickness, spatial shape, and interconnection of the
percolation layer would then determine the stiffness of
the RPF.32,33 Furthermore, the effect of residual stresses
caused by crystallization must be considered.34
However, the development of such a material would

also have tomatch all other requirements on glass-ceramic
sealants like a certain glass viscosity during joining, a
precisely tuned thermal expansion coefficient, and, most
of all, a long-term stable microstructure. This last problem
seems to be most challenging as crystallization would
not fully stop under operating conditions at, for example,
about 800◦C1 and no sufficient amount of glass phase
could finally remain available for viscous crack healing.
It would be therefore advantageous to combine inert
filler particles for tuning viscosity as discussed above and
glassy sealants to remain a large volume fraction of glass.
However, such considerations a far beyond the scope of
this publication and are left up to future research.

5 CONCLUSION

The present study shows that the microstructure of GMC
can strongly influence the viscous crack healing ability
with respect to the spatial distribution of filler particles.
This finding is demonstrated for two different glass GMC
made by mix-milling and sintering of a soda-lime mag-
nesium silicate glass powder with almost equal volume
fractions of ZrO2 particles (≈6 vol%) but of different
particle sizes.
Using “fine” ZrO2 particles, much smaller than the glass

particles, a RPF of ZrO2 filler particles around the former
glass particles or agglomerates have been formed dur-
ing mix-milling and subsequent sintering. Using “coarse”
ZrO2 particles for mix-milling, such a RPF structure was
not obtained. Although the ZrO2 particles are also non-
randomly distributed and predominantly arranged around
former glass particles or agglomerates after mix-milling
and sintering, this effect is less pronounced as many ZrO2
particles appear more lumped together in larger agglomer-
ates. These agglomeratesmay reflect coarse ZrO2 particles,
which were crushed but not yet fully deagglomerated and
dispersed during mix-milling. This way, their occurrence
at the boundary between different glass regions is less fre-
quent, far from being able to form an RPF microstructure.
The microstructure difference between the coarse and

the fine GMC has a strong effect on crack healing ability as
the RPF microstructure of the fine GMC more effectively
limits large-scale viscose flow phenomena for a given glass
volume fraction. This effect is illustrated in Figure 1, which
shows that the RPF obtained from mix-milling and sinter-
ing fine ZrO2 particles strongly increases the effective com-

posite viscosity, ηC, by more than two orders of magnitude,
whereas mix-milling with the coarse ZrO2 did not essen-
tially increase ηC at all. The strong increase in ηC, observed
in the first case, substantially retards macroscopic vis-
cous flow phenomena like surface bulging between radial
cracks and crackwidening (Figures 4, 5, and 8). These phe-
nomenawere shown in reference26 to strongly retard crack
length healing in pure glass. Furthermore, it was found in
reference27 that up to some certain volume fraction, rigid
filler particles can prevent this retardation effect of crack
length healing while still allowing the local viscous flow
required to heal sharp and narrow radial cracks within
the glassy volume of the GMC. This advantageous effect is
most pronounced for an RPFmicrostructure as it increases
ηC most effectively for a given glass volume fraction.
As another advantage, RPF microstructures locally

retard crack widening thus dividing the cracks into differ-
ent segments (Figure 6, Figure 7). This effect accelerates
crack-length healing due to the short length of these seg-
ments and their simultaneous healing. Finally, this phe-
nomenon early leads to isolated cavities or pores providing
better mechanical stability and gas tightness.
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