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1 | INTRODUCTION

Non-sufficient thermal cycling stability is a major obsta-
cle to the large-scale application of solid oxide fuel
cells (SOFC) with glass'? or glass—ceramic sealants.’™°
Their cycling stability is primarily threatened by stress-
induced crack formation or delamination,”' making
them the most crucial failure component in SOFC
stacks."!? As such defects can partially close, refill, or
completely disappear (“viscous healing”) at the high oper-
ating temperature of SOFC stacks due to viscous flow,*!*
studying such phenomena could help to improve stack
lifetime.

Studies on crack healing are therefore of continuous
interest."*"'> Most studies have been based on the Vickers
indentation technique, which allows radial cracks of

Viscous healing of cracks induced by the Vickers indentation in a soda lime mag-
nesium silicate, a soda borosilicate, and a soda aluminosilicate glass (NAS) was
studied by laser scanning microscopy. Plots of the crack length, width, and depth
normalized to the initial crack length versus time over viscosity merge into single
master curves of each of these quantities for each glass. Despite glass properties
do not differ strikingly from each other, however, these master curves strongly
differ among the glasses. This finding was attributed to a different interplay of
various crack healing phenomena. Lateral cracks were found to be responsible
for the bulging of the sample surface around the Vickers imprint, which in turn
promotes radial crack widening as the main cause of healing delay. The most
rapid healing of lateral cracks was observed in NAS in which bulging and crack
widening were least pronounced.

crack healing, glass, Vickers indentation

limited size to be easily reproduced and readily described
in terms of their length, L, width, W, and depth, D.'%"!8
The viscous healing process of radial cracks was observed
to include several stages: crack tip blunting,'” rounding of
the crack edges, widening?® or grooving of radial cracks
to form oval cavities or rounded open valleys, and their
smoothing and filling.?! Such phenomena have been
reported for borosilicate,”” magnesium-calcium silicate,”’
and soda lime silicate glasses.”*

A Kkinetic description of viscous crack healing radial
cracks induced by the Vickers indentation was given by
Singh et al.>>® The authors based their concept on the
analogy between crack healing and viscous sintering and
found that the time required for complete healing of radial
cracks scales with »/y, where y and ) denote surface energy
and glass viscosity, respectively.
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Based on the same analogy, it was demonstrated in0 for
a soda lime magnesium silicate (NCMS) glass that crack
healing progress scales with ¢/, which is known for the
initial*” and final stage of viscous sintering.”® Normaliz-
ing crack length L(t) and width W(t) with the initial radial
crack length, L, allowed the plot of a master curve con-
taining data across various Vickers indentations (different
Ly) and isothermal healing temperatures (different #) on
the same glass. This concept was later demonstrated in
Ref. [29] by finite element simulation based on crack
healing data reported in Ref. [26].

However, crack healing data for different glasses do not
necessarily merge into the same master curve because
y and mechanical properties change with glass compo-
sition, and crack geometry varies greatly depending on
the crack patterns induced by the Vickers indentation, for
example, Palmqvist or Half-penny radial cracks and lateral
cracks.>*=** Therefore, in the present work, viscous radial
crack healing in three different sodium silicate glasses
is investigated. To prevent surface crystallization during
viscous crack healing, only glasses for which low crystal-
lization tendency could be deducted from literature?®-*+3>
were selected.

2 | EXPERIMENTAL PROCEDURES

2.1 | Glasses
The first glass, NCMS, is a commercial NCMS microscopic
slide glass (VEB Technisches Glas Ilmenau, Germany).
Its suitability for crack healing experiments has been
demonstrated in.2° The other two, a sodium borosilicate
glass (NBS) and a sodium aluminosilicate glass (NAS),
were melted from reagent grade SiO, (Elkem, Oslo, Nor-
way), H;BO; (Carl Roth, Karlsruhe, Germany), Na,COs,
y-Al, 03, BaCO;3 (Merck, Darmstadt, Germany), and ZrO,
(3-YTZ-E, Tosoh, Tokyo, Japan) raw materials. Both glass
compositions, NBS and NAS, were chosen because of their
low crystallization tendency and glass transition tempera-
ture of around 550°C reported in Refs. [34] and [35]. NBS
was melted as a 4-kg batch in a 2-L Pt crucible at 900°C
(pre-melt) and then at 1500°C for 1.5 h in an inductive
middle-frequency furnace (V 2001 0959, EMA-TEC, Son-
dershausen, Germany). Hereby, glass homogeneity was
improved by 30 min stirring. NAS was melted as a 450 g
batch at 1450°C (pre-melt) and finally at 1600°C for 2.5 h
in a 200 mL Pt crucible in a conventional electric furnace.
Glass plates of both glasses were prepared by casting
the melt onto steel plates and slowly cooling from 600°C
to room temperature in a muffle furnace (MLW, VEB
Elektro, Bad Frankenhausen, Germany). The glass NCMS
was used as received.

2.2 | Methods

Glass composition was measured on three bulk glass
samples each using XRF (Zetium Ultimate, Malvern Pana-
lytical, Almelo, the Netherlands) with a 4 kW Rh radiation
source. The relative error depending on the measured
element/calculated oxide was smaller than 3%. Glass
density, p, was measured on glass pieces of different
dimensions using the Archimedes method in deionized
water at 23°C using the balance Kern 770 (Kern & Sohn,
Germany).

The calorimetric glass transition temperature, Ty pra,
was characterized by differential thermal analysis (TAG24,
Setaram, Caluire, France). Measurements were conducted
at 10 K/min in synthetic air (45 mL/min) on bulk samples
(~33 mg) in uncovered Pt crucibles. The coefficient of ther-
mal expansion, a,g_zggoc, the dilatometric glass transition
temperature, Tg.py, and dilatometric softening tempera-
ture, Ts_p;;, were determined with a horizontal dilatometer
(DIL 402c, Netzsch, Germany) using cylindrical samples
25 mm in length and 4-6 mm in diameter and heated at
5 K/min from 20 to 800°C.

Glass viscosity was measured by means of rotational
concentric cylinder viscometry (VT550, Haake, Vreden,
Germany) for 7 < 10° Pa s, beam bending viscometry
on bars of 14 x 0.8 x 12 mm? for = 10'2-10° Pa s, and
cylinder compression tests by parallel plate viscometry on
drilled cores with dimensions of ~5.5 mm in height and
diameter for the range 7 = 10°-107 Pa s. The latter two
methods were performed by means of a high-temperature
vertical dilatometer TMA 801 (TA instruments, Hiill-
horst, Germany). Samples of NCMS for parallel plate
viscometry and beam bending were drilled and cut out
of five plates after sintering together for 30 min at 750°C
(10 K/min).

The specific glass melt surface energy at 900°C, y, was
roughly estimated in a first approximation from the follow-
ing equation according to Ref. [36] and as demonstrated in
Ref. [37] where y; is the surface energy contribution, and
wt; is the weight fraction of glass components:

V= Z%‘Wti D)

The possible maximum error of y was estimated
by comparing with the data of Lyon® to be less
than 10%. Crack healing in NCMS was studied on
glass plates of 11 x 11 x 1 mm?3, which were prepared
from the as-received microscopic slide glass plates of
76 X 26 X 1 mm® by diamond scratching and manual
fracture. NBS and NAS glass plates of the same size
were achieved by cutting with a diamond saw, grinding
(SiC-grinding disks), and polishing (3 and 1 um diamond
suspension).
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FIGURE 1

Schematic representation of measured crack size data length, L, width, W, and depth, D for (A) Palmqvist cracks, (B)

half-penny cracks, and (C) cross section of a widened radial crack at the half of its length.

Cracks were generated by the Vickers indentation using
an INNOVATEST micro Vickers (Innovent, Maastricht, the
Netherlands) loaded with 19.62 N for a dwell time of 10 s.
Indentations were 1 mm apart. For healing studies, how-
ever, only indentations with three or four radial cracks, one
per imprint corner, were chosen. This way, around 100 suit-
able radial cracks per sample are included in every data
point.

Crack healing progress was monitored by means of
stepwise isothermal heat treatments in an electrical tube
furnace in air at 20%-35% RH. As moisture can influence
both the crack healing rate in soda lime glass®**** as well
as the sintering,*” the moisture was kept constant within
reasonable fluctuation. For each sample, a fluctuation of
<5% RH was realized. For crack healing experiments, a
temperature range of 580-682°C was chosen. This range
corresponds to a viscosity of 10%8-10'! Pa s, which is
typical of the range of early sintering*' and which also
makes sure that residual stresses are fully relaxed. The
used in-house built tube furnace provides a homogeneous
temperature field (+1 K at 660°C across the sample) and
permits short sample insertion times. Samples reach the
furnace temperature within 70-103 s depending on their
size. After each heat treatments (varied between 30 and
120 min for different viscosity), the sample was freely
cooled to room temperature, and the healing progress
of the Vickers indentations and radial cracks was moni-
tored by confocal laser scanning microscopy (LSM) using
a LEXT OLS4100 (Olympus, Tokyo, Japan). Crack length
(L), width (W), and depth (D) were measured using the
software ImageJ*? according to Figure 1. Statistical outliers
were identified and excluded by the boxplot method. It
was assumed that residual stresses during cooling did not
have significant effects on L, W, and D due to the crack tip
blunting expected already during the first annealing step.

3 | RESULTS
3.1 | Glass properties
Glass composition and property data are listed in Tables 1

and 2. Although the silicate glass NCMS, the borosilicate
glass NBS, and the aluminosilicate glass NAS essentially

12+ Tg-DTA 4
A beam bending method
10+ = cylinder compression tests |
— < rotational viscosimetry
(2]
© 8¢ VFT A B T.
o NCMS -2.6+0.1 4458 +16 2311
£ gl NBS -0.8+0.1 208666 4015 |
= -1.5+0.1 3627 £+ 136 267+ 9
=]
o 4t
2t healing
experi-
ments
600 800 1000 1200
Temperature (°C)
FIGURE 2 Glass viscosity measured by beam bending method

(A\), cylinder compression tests ([]), rotational viscometry (),
and DTA (X, T, at 77 = 1012 Pa s). Curves are Vogel-Fulcher-
Tammann (VFT) fits using parameter mentioned in Equation (2) in
Pasand°C.

differ in their glass-forming constituents, their glass tran-
sition and softening temperatures do not differ more than
30 K. On the other hand, NBS sticks out in all properties,
most particularly with its low density, estimated surface
energy, and thermal expansion coefficient.

Viscosity data are visualized in Figure 2 from beam
bending (/\), cylinder compression ([]), rotational vis-
cometry (¢>), and DTA (%), where Ty.pra is attributed to
7 = 10" Pa s.*>* Curves are best fits with the empirical
Vogel-Fulcher-Tammann (VFT) equation®’

logn = A+ B(T —Ty) ™! )

A more thorough glass physical interpretation of Equa-
tion (2) is given in Ref. [45]. Although the temper-
ature dependence of viscosity slightly differs for the
glasses under study, these differences are marginal in the
viscosity—-temperature range of crack healing experiments.

3.2 | Crack patterns

Consistent with Table 2, broadly similar crack patterns
were caused by the Vickers indentation. The top row in
Figure 3 shows LSM images of typical examples. For all
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TABLE 1 Glass composition measured by XRF with a relative error <3%.
Composition (mol%)
Glass Sio, B,0; ALO; Na,O K,0 MgO CaO Y,0; BaO HfO, Zr0, Others
NCMS 67.50 - 0.50 14.97 0.26 10.11 6.66 - - - - -
NBS 62.46 17.50 0.04 14.74 0.01 = 0.01 0.15 = 0.06 4.92 0.11
NAS 65.55 - 10.30 23.30 - - - - 0.86 - - -

Abbreviations: NAS, sodium aluminosilicate; NBS, sodium borosilicate; NCMS, soda lime magnesium silicate.

Glass properties: calorimetric glass transition temperature, T, pr4, dilatometric glass transition temperature, T py,

TABLE 2
dilatometric softening temperature, T p;, coefficient of thermal expansion, t,_309-c, density, p, surface energy, y.
Glass Tepra (°C) Tepi (°C) Ts.pi (°C)
NCMS 538 +3 536 +2 607 +2
NBS 561 + 2 559 +2 615 + 2
NAS 538 +2 536 +1 606 +1

%0-300°c (107¢ K1) p (g/cm?) 7 (m N/m)
9.18 + 0.09 2.47 £ 0.02 336
7.47 £ 0.09 2.30 +0.10 270

10.70 + 0.22 2.50 +£0.01 335

Abbreviations: NAS, sodium aluminosilicate; NBS, sodium borosilicate; NCMS, soda lime magnesium silicate.

FIGURE 3

Laser scanning microscopy (LSM) images of typical Vickers indentation-induced cracking patterns for the glasses under

study. The top row shows LSM images focused on the glass surface, the middle line shows LSM images focused on lateral cracks beneath the

surface, and the bottom row shows samples manually fractured along radial cracks after the Vickers indentation.

glasses, the initial radial crack length, L, is nearly equal
(127 + 6, 131 + 4, and 129 + 9 um for NCMS, NBS, and
NAS, respectively). For NBS, however, the pyramidal
imprint is smaller. The middle row, for which the LSM
has been focused beneath the surface, shows the similar
occurrence of lateral cracks. These cracks are also seen
(white arrows) in the bottom row, which shows samples

manually fractured along the radial cracks after the
Vickers indentation. As known from the literature,’?
lateral cracks (white arrows) occurred beneath the Vickers
imprint after the radial cracks had formed. This row also
reveals that for NCMS and NAS, radial cracks are formed
on either side of the indentation as “Palmqvist cracks,”!
whereas for NBS, the radial cracks are merged into each
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FIGURE 4 Laser scanning microscopy (LSM) images from different crack healing stages in NCMS at 642°C (1 = 1032 Pa s). Top row
(A-G): LSM focused on the glass surface. Middle row (H-N): Height profiles. Bottom row (O-U): LSM focused on lateral cracks beneath the

surface.

FIGURE 5 Laser scanning microscopy (LSM) images from different stages of crack healing in sodium borosilicate glass (NBS) at 656°C
(n =107% Pa s). Top row (A-H): LSM focused on the glass surface. Middle row (I-P): Height profiles. Bottom row (Q-W): LSM focused on

lateral cracks beneath the surface.

other below the indentation to a “Halfpenny” crack.’' As
a third particularity of NBS, secondary lateral cracks are
evident (black arrow).

3.3 | Crack healing phenomena

Figures 4-6 depict LSM micrographs from different stages
of isothermal healing of representative Vickers indenta-
tions for each studied glass. As a common trend, it is

shown that radial cracks undergo some widening while
decreasing their length and the Vickers imprint is filled
(top rows, Figures 4A-G, 5A-H, 6A-H). The bottom rows
(Figures 40-U, 5Q-W, 6Q-W) show that the lateral cracks
simultaneously disappear as well. The colored height
profiles (middle row, Figures 4H-N, 5I-P, 61-P) reveal sub-
stantial bulging of the four glass segments located between
the radial cracks in almost any case.

Despite these common trends, crack healing progress
differs across the different glasses. In NCMS, radial cracks

85U8017 SUOLILLIOD @A EaID 3|qedt|dde au Aq peusenob are sajone VO ‘8sn Jo SNl 10} ARIqiT8UIIUO /8|1 UO (SUORIPUOD-PUB-SWLBIW0D A8 1M ATelq 1 jeul|UO//SdnL) SUORIPUOD pUe sw 1 8Y) 88s *[£202/80/20] UO ARiqiTaulluo Ae|IM ‘Ullleg ureg - Xed Aq GvZ6T 8% [/TTTT'0T/I0p/u00 A8 1M Alelq 1 [euljuo SO LR 0//SAny Woly papeo|umoqd ‘0T ‘€202 ‘9T6ZTSST



a0 | JOUMNA

BLAES and MULLER

- American Ceramic Society

30 min (.K) 60 min (L)

629 °C 629 °C

FIGURE 6 Laser scanning microscopy (LSM) images from different stages of crack healing in sodium aluminosilicate (NAS) at 629°C
(n = 10%> Pas). Top row (A-H): LSM focused on the glass surface. Middle row (I-P): Height profiles. Bottom row (Q-W): LSM focused on
lateral cracks beneath the surface. The lateral crack healing at 629°C (Q-S) was already complete at 60 min. Lateral crack healing was
therefore also observed at 580°C (7 = 10'%! Pa s) (T-W) for another Vickers indentation.

widen moderately to oval cavities (Figure 4B-F) and later
smooth to plane oval valleys (Figure 4G). Initially, bulging
is most pronounced along the radial crack edges stretch-
ing from their inner tip (at the Vickers imprint corner) to
their center (e.g., Figure 4K). Later, these bulging maxima
tend to merge into each other (e.g., Figure 4M, upper seg-
ments). Possibly affected by bulging phenomena, the filled
Vickers imprint rises above glass surface level in late stages
of healing (Figure 4LM).

In contrast, NBS shows more pronounced crack widen-
ing (Figure 5). Rounded radial cracks form broad and
almost circular cavities (Figure 5M-P). The Vickers
imprint raises only slightly above surface level after being
filled. Similar to NCMS, bulging within the segments is
most pronounced near the radial crack edges, whereas the
bulging maxima later merge into each other in the center
of the different segments. However, in contrast to NCMS,
the position of the bulging maximum is located further
away from the imprint at the center of the radial crack cav-
ity (Figure 5M). Interestingly, the upper and left cavities
split into two separated pores during progressive healing
(Figure 50,P), whereas the lower and right cavities do not.

In NAS, the effect of segment bulging and crack widen-
ing is least pronounced, and the surface cavities remain
small, narrow, and elongated (Figure 6A-H,I-P). Most of
them disappear completely before any significant filling of
the Vickers imprint is evident. This peculiarity is accom-
panied by the strongest pronounced and earliest decrease
in the length of radial cracks. Both phenomena also cor-
relate with the most rapid disappearance of lateral cracks
beneath the Vickers imprint, which were therefore stud-

ied at lower temperatures (42 K instead of 91 K above Ty,
Figure 6M-R).

3.4 | Radial crack healing kinetics

Figure 7 illustrates the healing progress in terms of the
radial crack length, L, width, W, and depth, D, normalized
to the initial radial crack length L. In this way, crack size
data from different Vickers imprints and different anneal-
ing temperatures can be presented within a single master
plot,?® and more reliable conclusions can be drawn about
similarities and differences in crack healing among the
glasses studied. Although radial crack depth information
is not shown in Figures 4-6, D was measured with LSM
beyond a certain degree of crack widening.

As a common trend, Figure 7 shows that the steady
decrease in relative radial crack length L/L, and crack
depth D/L, are initially accompanied by crack opening
and widening, that is, an increase in W/L,. For NCMS and
NBS, L/Ly and W/L, reach similar values close to about
0.4 during the maximal crack opening, at which time the
crack cavities reach a spherical shape in the glass surface
and thus have minimized their surface area within this
dimension. For NAS (Figure 7C), this time point is not
reached. Although L/L, and W/L, also aspire to similar
values, L/L, decreases to ~0.3, whereas W/L, does not
surpass 0.15. As observed for NCMS (Figure 7A), healing
is completed when D/L, approaches zero, whereas L/L
and W/L, do not. This situation indicates shallow cavi-
ties or valleys during the late healing stages for NCMS

25U807 SUOLILIOD) BAIER.D 3 aeat e aU} Ad PaUBAD 8.2 SD1LE WO 88N JO SBINI 10 AZRIGIT UIIUD 431/ O (SUONIPLIO-pUE-SWB) Lwoo" A1 Ae.q1pu 1 |uo//Sdy) SUOTIPUOD PUE SWS | a1 95 *[£202/80/20] U0 AreidiT auiluo Aa|im ‘Ui e - et Aq GyZ6T a9 /TTTT 0T/10p/woo" A8 |Im A eIqlIpUIIUO'SO IR 80//'Sd Y WoJy pepeojumod ‘0T ‘202 ‘9T6ZTSST



BLAES and MULLER I 5801
o journal_| s
(A) t/m in us(Pa-s)” (B) t/m in ps(Pa-s)™’ (C) t/ in ps(Pa-s)™

0 50 100 150 200 250 300 0

500 1000 1500 2000 0 20 40 60 80

NAS

642 °C, Ly = (115:9) pm
655 °C, L, = (1145) um 0.6f
661°C, Ly = (127+6) um ] 05t
679 °C, L, = (1284) um

06}
0.5}
J0.4f
o
0.3}
0.2}
0.1}

> ¢ o =n I
> & o m

o

< 0.4}

o
0.3}
0.2¢
0.1f

656 °C, L, = (133£4) um + 580 °C, L, = (13248) ym
660 °C, L, = (13245) ym : « 613°C, L, = (12949) um ]
661 °C, L, = (1335) um |
670 °C, L, = (143%4) ym
682 °C, L, = (144+4) ym 1

0.6}
= 629 °C, L, =(126%9) um |

» .
0 50 100 150 200 250 300 0
tm in ps(Pa-s)™"

FIGURE 7

L L N L Ly $
500 1000 1500 2000
tm in us(Pa-s)™’

20 40 60 80
tm in us(Pa-s)™"

Isothermal healing progress in terms of the relative radial crack length L/L, width W/L,, and depth D/L,, at different

temperatures versus t/7) for NCSM (A), NBS (B), and NAS (C). Black arrows mark the disappearance of lateral cracks. Curves are guides for

the eye.

and NAS (compare Figures 4G and 6F). In contrast, L/L,
W/Ly, and D/L, disappear almost simultaneously for NBS
in Figure 7B indicating almost spherical cavities.

Another significant difference in crack healing is the dis-
appearance of lateral cracks. These cracks are indicated
by downward-pointing black arrows in Figure 7. The dis-
appearance of lateral cracks occurs exceptionally fast for
NAS. Another striking feature of NAS is that both L/L, and
D/L decrease rapidly during the initial thermal treatment.
Thus, the initial crack depth decreases by almost 90% by
the first measurable data point.

4 | DISCUSSION

4.1 | Crack healing phenomena

Figures 4-6 illustrate the complexity of simultaneous
phenomena in the healing of Vickers indentations and
induced radial and lateral cracks. The Vickers imprint is
steadily filled by viscous flow, while radial cracks widen

before being filled starting from their former outer crack
tip. The lateral cracks, located beneath the Vickers inden-
tation, were also closed. At the same time, the volume
segments separated from each other by the radial cracks
and separated from the interior of the glass by lateral cracks
beneath them bulge and rise to different degrees, whereas
radial crack edges are getting progressively rounded.

The crack widening and rounding hinder the healing of
radial crack length in two ways. On the one hand, crack
tip blunting slows healing, similar to the way the sintering
of glass powders slows with increasing neck radius. On the
other hand, in wide-opened cracks, more space is available
during healing, which must be filled by viscous flow. In
contrast, the healing of narrow cracks requires much less
viscous transport.

Figure 7 already indicated that the healing of radial
cracks strongly depends on the presence of lateral cracks.
This effect is easy to understand, because radial and lat-
eral cracks divide the glass around the Vickers imprint into
different segments. These segments are separated from
each other by radial cracks and cut off from the glass inte-
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FIGURE 8 Hypothetical explanation of the evolution of double cavities during radial crack healing. Micrographs in the upper row

illustrate the relevant healing stage for the left radial crack shown in Figure 5 (combined and rotated micrographs). Primary lateral cracks,

marked with white arrows in Figure 3, are not drawn here. Arrows indicate expected viscous flow patterns. (A) Radial and lateral crack as

recieved after Vickers indentation, (B) initial widening of radial crack and healing of lateral crack, rounding of crack edges, (C) further

widening and rounding, (D) rising of fomer radial crack tip, (E) formation of separated cavities.

rior by lateral cracks underneath. This partial isolation
may explain the pronounced bulging of these segments, as
less viscous flow is required to minimize their surface-to-
volume ratio. This correlation is supported in Figures 4-6
by the coincidence between the presence of lateral cracks
and the degree of bulging. Figure 5 (NBS) even shows the
absence of any bulging in the lower right segment, where
no lateral crack is evident.

The bulging could be additionally supported by the
presence of secondary lateral cracks as indicated for NBS
in Figure 3. These cracks are located between the glass
surface and other lateral cracks (white arrows). In this
way, upper volume segments are cut off from the lower
one, which leads to a decrease in their surface-to-volume
ratio. As this upper segment is smaller, less viscous mate-
rial transport or a shorter time is required to approach a
rounded shape. Although Figure 3 shows only one exam-
ple Vickers indentations, secondary lateral cracks have
been observed in other samples and may be responsible for
the fact that rapid bulging and pronounced crack widening
is a general trend for NBS, as seen in Figure 7B.

Although no strict reason can be given on the present
data basis, Figure 8 offers a hypothetical explanation for
the curious appearance of two cavities instead of one at
the final stage of radial crack healing in NBS (Figure 5).
This effect is counterintuitive as two cavities would result
in a larger surface-to-volume ratio than one. As the core
idea, Figure 8A assumes the presence of secondary lateral
cracks, as shown in Figure 3. These cracks subdivide the
radial crack and its neighboring glass segments into a top
and bottom layer. This effect additionally should promote

the bulging and crack widening of the top segments as
discussed above. The resulting enhanced viscous flow per-
pendicular to the radial crack may explain the observed
pronounced crack widening, and the shallow residual sec-
ondary lateral crack can explain the cavity profile deviation
across the radial crack from a simple minimum shape in
this dimension. However, along the radial crack exten-
sion, this effect does not matter. Along this dimension,
the former radial crack tip rises, as shown in Figure 8D,
driven by the decreasing surface area (upper arrows) and as
would occur for a single cavity. These differences in surface
curvature perpendicular and parallel to the former radial
crack could explain the observed symmetry breaking dur-
ing crack healing and the formation of double cavities in
the final healing stage. Of course, without further inves-
tigation, this hypothetical explanation cannot be proven
based solely on the observations presented. However, it
may be useful as an impetus for further research and as
a stimulus for future discussion.

4.2 | Crack healing kinetics
Figure 7 confirms previous observations on NCMS?® and
first shows that crack healing data measured for the same
glass for different Vickers indentations and healing tem-
peratures converge to single master curves of L/Lq, W/L,,
and D/L, versus t/7.

However, for different glasses, strong differences in
healing kinetics can be seen in Figure 9, which shows
representative crack healing data of Figure 7 to scale. In
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FIGURE 9 Representative L/L,, W/L,, and D/L, data taken

from Figure 7 versus t/n-y shown to scale.

comparison, complete crack healing in Figure 7 occurs
4 and 29 times faster in NAS than that in NCMS and
NBS, respectively (t/n ~ 75, 300, and 2200 us/(Pa s) for
NAS, NCMS, and NBS, respectively). Even an extended
master curve concept in Figure 9, including y, would fail
because of the outstanding healing capability of NAS, as
can be seen in Figure 9. Thus, y deviates by only ~20%
(Table 2), whereas /7 differs by a factor of 8 (¢/5-y = 25 and
400 for NAS and NBS, respectively) for complete healing.
The similar y reflects the rather similar glass properties of
NCMS and NCS shown in Table 2. This similarity in glass
properties and the observed distinct differences in crack
healing capability indicate that crack healing is not entirely
dominated by 7 and y.

On the other hand, there is also no obvious consistent
correlation with the observed initial crack patterns. How-
ever, secondary lateral cracks can explain the lower crack
healing capability of NBS, and although similar early crack
length healing of NBS and NCMS occurs, the factor of
4 faster complete crack healing in NAS than in NCMS
(Figure 9) cannot be explained in this way, as Figure 2 and
Table 2 show quite similar crack geometry, 7 and y for these
two glasses.

This difficulty might be related to the fact that the bulk
properties were considered, and y was estimated from glass
composition data. However, the surface properties may dif-
fer greatly. For example, it is known that sodium ions can
be enriched on the fracture surface*®*’ and on the sur-
face of glass melts.”” In addition, water adsorbs rapidly
on the freshly fractured surface and can fill narrow cav-
ities, possibly creating a specific microclimate inside the
crack*®#° or even closing it.”" Water may even diffuse into
the glass interior and accumulate just below the fractured
surface.”* In all cases, a near-surface decrease in vis-
cosity is to be expected, as is known, for example, from

during heating and may affect at least the early stage
of crack healing. Furthermore, healing of radial cracks
from the crack front can be supported by capillary-driven
viscous flow.?!

As NAS has the highest sodium content, it may be most
susceptible to surface sodium accumulation and corrosion
phenomena due to water entrapment. Therefore, locally
reduced viscosity at the fractured surface could explain the
rapid healing of the lateral cracks even after the first heat
treatment (first data points in Figure 7C), which later min-
imizes crack widening (W(t)/Ly < 0.2) and thus a rapid
healing of radial cracks.

Another effect is related to the fact that the observed
crack patterns do not fully reveal the crack geometry
or shape. Thus, half-penny cracks were found in NBS,
whereas two semicircular Palmqvist cracks were found for
NCMS and NAS. Although all crack dimension data were
always normalized by L, different Dy/L, ratios, that is,
the crack geometry, can affect the crack healing kinetics.
Thus, the finite element simulation in Ref. [31] showed
that the time to reach a certain value of L/Lg is ~Dy-n/y.
Nevertheless, the similar initial decrease of L/L, for NBS
and NCMS could be explained by the fact that the shape of
the half-penny cracks in NBS is essentially different from
a semicircular shape.

5 | SUMMARY

The viscous healing of radial and lateral cracks induced
by the Vickers indentation was investigated on an NCMS,
an NBS, and an NAS glass. As earlier demonstrated for
NCMS,* normalized crack healing data for different Vick-
ers indentations and healing temperatures (L/Ly, W/L,
and D/L,) plotted versus t/7 also resulted in single master
curves for NAS and NBS as well. However, all three mas-
ter curves strongly differ from each other, although glass
properties do not differ strikingly. Thus, crack healing was
4 and 29 times faster in NAS than that in NCMS and NBS,
respectively.

It was shown that this effect reflects a different inter-
play between various crack healing phenomena. Thus,
the shortening of radial crack length is temporarily inhib-
ited by its widening, as the associated increase in crack
tip curvature and crack volume slows crack healing. This
widening was additionally promoted by the bulging of the
four glass segments separated by radial cracks and cut
off from below by lateral cracks. In this situation, less
viscous transport is required to minimize the local surface-
to-volume ratio. Widening of radial cracks and bulging

85U8017 SUOLILLIOD @A EaID 3|qedt|dde au Aq peusenob are sajone VO ‘8sn Jo SNl 10} ARIqiT8UIIUO /8|1 UO (SUORIPUOD-PUB-SWLBIW0D A8 1M ATelq 1 jeul|UO//SdnL) SUORIPUOD pUe sw 1 8Y) 88s *[£202/80/20] UO ARiqiTaulluo Ae|IM ‘Ullleg ureg - Xed Aq GvZ6T 8% [/TTTT'0T/I0p/u00 A8 1M Alelq 1 [euljuo SO LR 0//SAny Woly papeo|umoqd ‘0T ‘€202 ‘9T6ZTSST



BLAER and MULLER

s | jOUrnal

¢ American Ceramic Society

was almost completely suppressed for NAS, for which an
exceptionally rapid healing of lateral cracks. Conversely,
the intensity of widening and bulging was most pro-
nounced for NBS, where shallow secondary lateral cracks
were observed between the surface and underlying lat-
eral cracks. In this case, widening and bulging of the top
segmental layer is additionally promoted.
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