',\' frontiers
in Materials

ORIGINAL RESEARCH
published: 07 October 2016
doi: 10.3389/fmats.2016.00045

OPEN ACCESS

Edited by:
Wolfram Héland,
Ivoclar Vivadent, Liechtenstein

Reviewed by:

Sylwester Janusz Rzoska,
Institute of High Pressure Physics
(PAN), Poland

John Ballato,

Clemson University, USA

*Correspondence:
Ralf Mdiller
ralf. mueller@bam.de

Specialty section:

This article was submitted to
Glass Science,

a section of the journal
Frontiers in Materials

Received: 15 June 2016
Accepted: 22 September 2016
Published: 07 October 2016

Citation:

Agea-Blanco B, Reinsch S and
Mdller R (2016) Sintering and
Foaming of Barium Silicate Glass
Powder Compacts.

Front. Mater. 3:45.

doi: 10.3389/fmats.2016.00045

®

Check for
updates

Sintering and Foaming of Barium
Silicate Glass Powder Compacts

Boris Agea-Blanco'?, Stefan Reinsch’ and Ralf Miller'*

' Division 5.6 “Glass”, Federal Institute for Materials Research and Testing (BAM), Berlin, Germany, ?1QS School of
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The manufacture of sintered glasses and glass-ceramics, glass matrix composites, and
glass-bounded ceramics or pastes is often affected by gas bubble formation. Against
this background, we studied sintering and foaming of barium silicate glass powders
used as SOFC sealants using different powder milling procedures. Sintering was mea-
sured by means of heating microscopy backed up by XPD, differential thermal analysis,
vacuum hot extraction (VHE), and optical and electron microscopy. Foaming increased
significantly as milling progressed. For moderately milled glass powders, subsequent
storage in air could also promote foaming. Although the powder compacts were uni-
axially pressed and sintered in air, the milling atmosphere significantly affected foaming.
The strength of this effect increased in the order Ar ~ N» < air < CO,. Conformingly, VHE
studies revealed that the pores of foamed samples predominantly encapsulated COs,,
even for powders milled in Ar and N». Results of this study thus indicate that foaming is
caused by carbonaceous species trapped on the glass powder surface. Foaming could
be substantially reduced by milling in water and 10 wt% HCI.

Keywords: glass powder sintering, milling, foaming, degassing, SOFC

INTRODUCTION

Glass powders are widely used in fabricating sintered glass, sintered glass-ceramics, glass matrix
composites, and glass-bonded ceramics or pastes when lower fabrication or processing tempera-
tures, gas-tight seals, or complex shapes are required (Rabinovich, 1985; Schiller et al., 2008; Miiller
and Reinsch, 2012). One problem often addressed within this context is concurrent crystallization
and sintering (Miiller, 1994; German, 1996; Prado and Zanotto, 2002; Pascual and Duran, 2003;
Prado et al., 2003a,b, 2008). This effect is most pronounced in sintered glass-ceramics, where a
large crystal fraction is desired and rapid crystallization starts from the powder surface (Miiller and
Reinsch, 2012).

Many practical applications of sintered glass-ceramics, however, rely on slowly crystallizing
glasses. Such glasses are, for instance, used for low temperature co-fired ceramics (Imanaka, 2005),
paste glasses (Hwang et al., 2002), or SOFC sealants (Fergus, 2005; Gross et al., 2005). In the case of
slow crystallization, however, another problem may arise. Due to the low glass viscosity required for
joining and gas-tight sealing or obtaining a desired crystallinity, gas bubble formation, and related
sample swelling (“foaming”) often occur, even when organic aids are not used in powder processing.

Thus, Lucchini et al. (1983) observed an increased bubble formation with increasing glass volume
fraction for sodium and calcium lead silicate glass-bonded barium hexaferrites and attributed this
effect to glass volatilization. Pore formation was also observed in porcelain stoneware tiles (Leonelli
et al,, 2001) and lead borosilicate glass frits (Hwang et al., 2002). In the latter case, effusing oxygen
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or water, physically or chemically adsorbed to the glass powder
surface during manufacturing and storage, has been supposed to
be potential foaming sources. However, neither dry quenching
of the molten glass nor using vacuum-dried B,Os for glass melt-
ing could reduce foaming. Lara et al. (2004) observed foaming
during sintering and crystallization treatments of Ca, Mg, and
Zn alumosilicate glass powders for SOFC sealing to be most pro-
nounced in Ca alumosilicate glass powders (up to 30% silhouette
area increase in heating microscopy experiments). The authors
discussed the formation of crystals of lower density and/or gas
evolution during crystallization for causing the observed foam-
ing. More recently, foaming was mainly attributed to pore coales-
cence during over-firing (Lim et al., 2006), obviously assuming an
encapsulated sintering atmosphere as the major foaming source.
Due to the decreased sintering pressure of larger pores, less gas
is forced to dissolve into the glass melt, and low viscosity allows
easy bubble growth. An analogous explanation was given by Kim
et al. (2007) for foaming of lead-free Bi2O3-B203-SiO2 solder
glass powders and by Miiller et al. (2009) for LTCC model glass
powders. Undesired porosity was also observed during sintering
ashes for porcelain tile production, which was attributed to “some
boiling and trapped gas effects” (Fernandes and Ferreira, 2007).

The aim of this paper was to study the effect of glass powder
milling on foaming of barium disilicate glass powder compacts.
The glass powders under study have been dry-milled for differ-
ent times in different atmospheres, including argon, nitrogen,
air, and carbon dioxide, or wet-milled in water and 10 wt% HCI,
uniaxially pressed and sintered in air. Densification and foam-
ing was studied by means of heating microscopy backed up by
XRD, Differential thermal analysis (DTA), vacuum hot extraction
(VHE), and microscopy.

EXPERIMENTAL

Materials

The present study was undertaken on a commercial barium dis-
ilicate glass with minor additions of B,Os, AL,Os, and ZnO used
for SOFC sealing (Kerafol, 2010). The maximum particle size of
the as-received commercial glass frit was limited to <2 mm by
manual crushing in a metal mortar and sieving.

In order to reach an appropriate offset particle size for the
milling experiments, pre-milling was performed in air using
a planetary ball mill (Fritsch Pulverisette 5, Fritsch, Idar-
Oberstein, Germany) loaded with two 500-ml corundum jars
(@in = 102 mm, h =78 mm). Each jar was filled with six corundum
balls (@ ~ 20 mm) and about 250 g of the glass frit. Milling was
done for 15 min at 320 rpm (maximum speed of supporting disk)
(FRITSCH GmbH, 1987). No milling aids were used. Afterwards,
a mechanical sieve (Analysette 3 PRO, Fritsch, Idar-Oberstein,
Germany) was used to reduce the particle size distribution to
40-250 pm (“p0” in Table 1).

Milling was performed in a planetary ball mill equipped with
two 25-ml corundum grinding jars (@i ~ 33 mm, & = 45 mmy;
Planetary micro mill Pulverisette 7, Fritsch, Idar-Oberstein,
Germany) (FRITSCH GmbH, 1995). The jars were filled with
four corundum balls (@ ~ 12 mm) and &8 g of glass powder. In

TABLE 1 | Particle size of glass powders after different milling
(pO: pre-milled).

Powder Milling  Atmosphere Milling aid D+ Dso Deo  Do7

time (min) (um)  (pm) (pm) (um)
pO - Air - 3 41 140 210
pt 5 Air - 2 25 72 99
p2 10 Air - 1 13 47 67
p3 15 Air - 1 8 33 47
p4 2x 15 Air - 1 4 20 33
p5 3x15 Air - 1 4 19 31
p6 4x15 Air - 1 4 25 39
p7 15 Air - 1 11 40 58
p8 15 CO; - 1 12 37 53
p9 15 N2 - 2 14 42 61
p10 15 Ar - 1 13 40 58
pt1 15 Air - 1 11 73 108
pi12 4x15 COs - 1 7 25 37
p13 - Air - 18 223 538 688
p14 30 Air - 1 6 32 62
p15 30 Air H.0 1 5 15 22
p16 30 Air 10 wt% HCI 1 9 22 30

order to provide a controlled milling atmosphere within these
grinding jars, special ring seals were used. These rings were made
of steel equipped with top and bottom silicone seals and a gas inlet
capillary, which could be closed by a shuttle valve mounted on top
of the rotating jar holder.

Milling progress was studied in air starting from glass powder
pO (Table 1). Glass powders were milled for 5-60 min at 766 rpm
(maximum speed of supporting disk) (FRITSCH GmbH, 1995).
Milling was temporarily stopped for 30 min after 15 min of mill-
ing to prevent overheating. Starting with a large decrease of Dso
during the first milling stage, the decrease in particle size progres-
sively slowed down to level out at ~4 pm. At 60-min dry-milling,
slightly increased Dy, and Ds; values indicate progressive particle
agglomeration (p1-p6).

Milling in controlled atmospheres (p7-p10) was carried out for
15 min also at 766 rpm (FRITSCH GmbH, 1995). In this case,
the sealed milling jars were evacuated to <20 mbar and re-filled
with CO,, N, and Ar (99.99% purity, Air Liquide™, Germany)
to 10° Pa (1 bar). Evacuation and re-filling was repeated five times
to minimize the amount of residual air. A liquid nitrogen trap
was used to increase N, purity. For studying the effect of powder
storage in air after milling, the glass frit was crushed to <1000 pm
(Jaw Crusher, Retsch BB51), sieved to 200-1000 pm, and milled
in air (p11) and CO; (p12) as described.

Wet-milling started from a glass frit crushed using the same
jaw-crusher: about 400 g of starting glass frit was repeatedly
crushed using a gap width decreasing from 1000 to 200 pm in
200-pm steps. The last crushing step (200 pm gap width) was
repeated three times (p13). Milling jars were filled with 8 g of this
powder (p13) and milled for 30 min as for milling in controlled
atmospheres. For powder p14, dry-milling was carried out in
ambient air as a reference. Powders p15 and p16 were wet-milled
in 8-g pure water and 10 wt% HCI (diluted from fuming HCI
37 wt%, Merck, Germany), respectively. Pure water was supplied
by a MilliQ® device (Merck, Germany). Wet-milled powders were
dried for 2 days at 120°C in air before sintering.
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For the study of sintering and microstructural evolution, cylin-
drical powder compacts were uniaxially pressed in air at 60 MPa
(green dimensions: @ ~ 5 mm, h = 2 mm, and m = 0.1 g) without
organic aids. After milling, the powder was stored in a closed
HDPE box for between 2 and 4 days before uniaxial pressing.
During that time, no significant effect on sintering and foaming
could be observed.

For the study of gas release from the powder surface and foamed
porosity, powder compacts of cylindrical shape were uniaxially
pressed at 105 MPa (@ =~ 5 mm, h & 1 mm, and m ~ 0.050 g)
without binders or other aids and then cut down using a scalpel
to pieces of ~9-10 mg. These pieces had been stored in a HDPE
container before being studied by VHE.

Methods

Glass viscosity, N, was measured by means of rotational concen-
tric cylinder viscometry (VT550, Haake, Erlangen, Germany) for
1n < 10° Pas. The glass transition temperature T, = 649 + 3°C and
the coefficient of thermal expansion CTE;s-s0c = 7.6 X 107¢ K™
were determined with a horizontal dilatometer (402 E, Netzsch,
Selb, Germany; bulk glass bars, 25 mm X 5 mm X 5 mm). The
viscosity data obtained in pascal second and degree Celsius could
be approximated with logn = —2.77 4+ 2644/(T — 480) within A
logn = +0.02 accuracy.

Glass density, pc = 3.61 g/cm?, was measured from glass bars
by means of Archimedes’ principle. A Mastersizer 2000 (Malvern
Instruments, Wocestershire, UK.) was used for particle size
measurement. Particle agglomeration was minimized by dispers-
ing ~10 mg of glass powder in a 0.003M Na,P,O; solution and
subsequent ultra-sonic treatments (1-5 min). The bulk density
of green and sintered specimens was obtained from their sample
geometry (heating microscope) and weight.

The microstructure of powder compacts heated to selected
temperatures and quenched in air was studied from polished
cross-sections by means of environmental scanning electron
microscopy (ESEM-FEG, Philips-XL 30, Eindhoven, Netherlands)
or by an optical microscope (JENAPOL, Carl Zeiss Jena, Jena,
Germany). Green powder compacts were embedded in synthetic
resin for preparing cross-sections. Porosity was measured by
image analysis of optical micrographs using the software Image C
(Aquinto AG, Berlin, Germany).

Crystallization was studied by means of X-ray diffraction
(Philips PW 1710, Eindhoven, Netherlands) using copper K
with A = 1.5418 A, in Bragg-Brentano symmetry. Data were
collected for 20 = 5-80° in steps of 0.02°/s. Diffraction patterns
were analyzed using EVA 15.1 software (Bruker-AXS, Karlsruhe,
Germany) and compared to the JCPDS database (JCPDS, 2009,
International Center for Diffraction Data). DTA-MS runs were
performed in air at 5 K/min (15 K/min below 500°C) using
~25-mg pieces of powder compacts and Pt crucibles (TAG 24,
Setaram, Caluire, France). The DTA device was coupled with a
mass spectrometer (Balzers Quadstar 421, Balzers, Liechtenstein)
by a heated (180°C) quartz glass capillary. In this way, evolved
gases were simultaneously recorded in multiple ion detection
(MID) modus.

Gas release from green and sintered powder compacts was
studied by means of VHE with mass spectrometer evolved

gas detection (QMA4005, Balzers Instruments, Balzers,
Liechtenstein). VHE analysis was performed in vacuum (107*-
10~ mbar) during heating at 20 K/min using the MID mode
(Mtller et al., 2005).

Shrinkage of cylinder-shaped powder compacts during
heating at 5 K/min (<500°C, 15 K/min) was examined using a
heating microscope (Leitz, Wetzlar, Germany) with optical data
acquisition (Hesse Priiftechnik, Osterode, Germany). Shrinkage
and foaming are presented in terms of the silhouette area change,
sa = AA/A,, where A, is the initial sample silhouette area of the
green compact.

RESULTS

Shrinkage and Foaming

Figure 1 shows the silhouette area change, sa, for powders milled
in air for different milling times (p1-p6). Sintering of the pre-
milled powder (p0) starts at ~710°C, and final densification
is attained at ~800°C. With increasing milling time, i.e., with
decreasing particle size, the onset and saturation stage of sintering
shift to a lower temperature by 20 and ~30 K, respectively, while
the attainable maximum densification tends to increase. Beyond
maximum densification, progressive foaming is evident, which is
strongly promoted by prolonged milling.

Figure 2 illustrates the shrinkage and foaming behavior of
glass powders milled for 15 min in controlled atmospheres (p7-
p10). Sintering starts at £700°C for all powders and undergoes an
initial deceleration at £760°C. The weak shrinkage between 760
and 800°C, best visible for the N, milled powder, might be caused
by viscous settling of the sample to the substrate under the effect
of gravity. Except for milling in CO,, the shrinkage maximum
occurs at 800°C beyond which a progressive increase of s due to
foaming occurs. This foaming is most pronounced for milling in
CO,, where it already starts at ~770°C. This finding gives clear
evidence that foaming can be affected by the milling atmosphere
and that CO, is most efficient in this context.

Figure 3 shows shrinkage and foaming of glass powders
milled for 15 min in air (p11) and stored for different exposure

60 min

[ Air milling

40 45 min 1
= 30 min
c
.;{ 20 -

0] 15 min
10 min
5 min
-20 . . 0 min 7
700 800 900 1000
Tin°C

FIGURE 1 | Silhouette area change, s, versus temperature for glass
powders milled in air during heating at 5 K/min (p1-p6). Curve labels:
milling time in minutes, O min indicates the pre-milled powder (p0). Adapted
from Agea Blanco et al. (2015).
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15 min milling

700 800 900
Tin°C

FIGURE 2 | Silhouette area change, sa, versus temperature for glass
powders milled for 15 min in different atmospheres (p7-p10) during
heating at 5 K/min. Two experiments are shown for each condition in order
to illustrate reproducibility. Adapted from Agea Blanco et al. (2015).

15 min milling in air

in O
s,in %

-30

600 700 800 900
Tin°C

FIGURE 3 | Silhouette area change, sx, versus temperature for glass
powders milled for 15 min in air (p11) and subsequently stored in air
for different times (curve labels) before sintering at 5 K/min. Arrow:
Ty = 649°C. Adapted from Agea Blanco et al. (2015).

time in air before uniaxial pressing and sintering. It is clearly seen
that even short storage (1 day) substantially promoted foaming.
This result indicates that gas uptake during storage in the ambient
atmosphere can promote foaming.

Figure 4 illustrates the evolution of porosity during sintering
for the powder milled for 15 min in N,. The minimum porosity
occurs at 795°C, corresponding to a maximum densification stage
in Figure 2. At 875°C, foaming is clearly detectable. The foaming
maximum in Figure 2 occurred at ~#940°C. Conformingly, the
largest porosity in Figure 4 is seen for the cross-section of the
sample heated to 950 and 1000°C. No crystals could be observed
even for the sample heated to 1000°C. Conformingly, X-ray
diffraction patterns of the powder milled for 15 min in N, (p9),
heated to 940°C, and quenched in air did not reveal the presence
of crystalline phases (not shown).

Figure 5 illustrates the VHE-MS degassing behavior of green
powder compacts milled for 15 min in different atmospheres.
Below the onset of gas bubble bursting (<800°C), water (rm/e=18)
is the most prominent degassing species. Degassing of surface-
adsorbed water occurs between 50 and 350°C, as previously seen
for other silicate glass powders (Miiller et al., 2005). This effect

FIGURE 4 | Optical micrographs of powder compacts (15 min milling
in N2, p9) heated at 5 K/min to the temperatures indicated and
quenched in air. Diamond polished cross-sections. Bars = 100 pm
(700-875°C) and 500 pm (950, 1000°C). Porosity: 48% (700°C), 12%
(745°C), 4% (795°C), 20% (875°C), 52% (950°C), and 53% (1000°C).

causes a broad weakly structured degassing peak, which is similar
for all powders. The flat degassing curve between 400 and 600°C
mainly reflects the VHE blank value of water. Water degassing is
newly accelerated when the temperature approaches T, (649°C,
arrows) and then decreases due to sintering >700°C, indicating
that the water degassing mechanism is not exhausted but delayed
by sintering. The second most intensive degassing below the
onset of bubble bursting is that of CO, (m/e = 44) followed by
CO (m/e = 28). The related mass number is probably not caused
by N, because of the quite different degassing characteristics of
N (m/e = 14).

During bubble bursting (spikes >800°C), CO, is the dominant
species followed by C (m/e = 12), which is expected to occur as a
fragment of CO.. This finding indicates that CO, degassing is less
exhausted below sintering than that of other volatiles. In contrast
to CO,, Ar (m/e = 40) and N, (m/e = 14) did not significantly
contribute to bubble bursting even for the powders milled in
these atmospheres. The CO,-milled powder shows the most
intensive CO, degassing during bubble bursting confirming the
observed ordering of foaming activity in Figure 2. Confirmingly,
integrating the CO, ion currents (m/e = 44) for each of the 9-mg
samples over the temperature range of foaming (800-1000°C)
yields 6.0, 3.8, 3.1, 2.9, and 0.2 pA min g™ for milling in CO,, Air,
Ar, N, and the pre-milled powder, respectively. Furthermore,
bubble bursting starts at ~800°C (logn/Pas = 5.4) when milled
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Agea Blanco et al. (2015).

Pre-milled

0 200 400 600 800
Tin°C
<
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FIGURE 5 | Degassing of green powder compacts during heating at 20 K/min for pre-milling (p0), milling in air (p7), in CO: (p8), in N (p9), and in Ar
(p10). Degassing activity is presented in terms of respective ion currents, /, versus temperature, T. Sample mass: ~9 mg. Arrows: Ty = 649°C. Adapted from

Air milling

0 200 400 600 800
Tin°C

N2 milling

0 200 400 600 800
Tin°C

in CO,, while for milling in Ar, N, and air, bubble bursting starts
at ~840°C (logn/Pas = 4.6). This effect resembles the similar
trend in onset temperatures of foaming in Figure 2. The onset
temperature of bubble bursting is controlled by viscosity and
bubble pressure. The almost identical sintering observed among
all samples in Figure 2 indicates that the milling atmosphere has
a negligible effect on glass viscosity. The early onset of foaming
for milling in CO, should, therefore, mainly reflect increased
bubble pressure.

Enhanced CO,, CO, and C degassing is evident around 300°C,
at &500-650°C, and at ~650-800°C below the onset of foam-
ing. Since it is obviously delayed by sintering, the latter peak at
~650-800°C is the most likely source of foaming. It is worth

noting that the onset of this degassing peak nicely correlates with
the glass transition temperature (arrows in Figure 5). Similar
degassing patterns were observed for the diffusion-limited
release of water dissolved during glass melting at ambient pres-
sure (Miller et al., 2005). However, it is seen from the much less
intensive bubble bursting of pre-milled powders that this effect
should have minor impact on the extensive bubble bursting of
milled powders. Instead, because of the large effect of particle size
on foaming (Figure 1), this observation might indicate diffusive
degassing from the near-surface region of the powder.

Figure 6 compares CO, degassing, silhouette area change,
and DTA curves of a glass powder milled for 1 h in CO, (p12).
The prolonged milling time was required in order to overcome
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the lower gas detection limit of the DTA-MS device used here.
Besides CO,, no other volatiles were detectable. Figure 6 gives
clear evidence that CO; is the dominant foaming source even
during heating in air and ambient pressure. The broad struc-
tureless degassing peak (Tm. at ~300°C) further indicates a
pronounced continuous release of CO, during heating and that
sintering only traps a rather small fraction of its initial amount.
Nevertheless, this small amount obviously causes substantial
foaming until the foamed sample starts to collapse at >880°C
via gas bubble bursting (spikes). In contrast to Figure 5, no
pronounced increase of degassing activity is seen just above Ty
The DTA curve reveals a weak endothermic shoulder at Ty, a
distinct endothermic shoulder within the temperature range of
shrinkage and a broad pronounced peak nicely correlating with
foaming.

Figure 7 compares sintering and foaming when milled for
30 min in air (p13), water (p14), and 10 wt% HCI (p15). Sintering
starts at £700°C in all cases. Wet-milled powders exhibit slightly
increased area shrinkage, which may at least partially reflect dif-
ferent powder compact green densities due to possibly altered
glass surface properties (po = 62, 55, and 55% for p14, p15, and

100/ 4h milinginCO, A L 1015
X
£ Tg re
&° | LS g
- 2 Jotog
[ ®©

IC02

0,05

.,

200 400 600 800 1000
Tin°C

FIGURE 6 | Silhouette area change (s»), MS degassing current for CO>
(1o, )» and DTA of a glass powder milled for 1 h in CO; (p12) during
heating in ambient air at 5 K/min.

30 min milling

0 ]
«-10 ]
£ Air
w(

H,0
10wt%HCI
1000

700 800 900
Tin°C
FIGURE 7 | Silhouette area change, sa, versus temperature for 30 min

milled in air (p14), water (p15), and 10 wt% HCI (p16) during heating at
5 K/min.

p16, respectively). Furthermore, shrinkage was slightly deceler-
ated for the powder milled in HCl, although its particle size does
not significantly differ from powders p14 and p15 (Table 1). This
effect is accompanied by a shift of the foaming onset by 30 K to
820°C. Both observations hint of a possible increase of viscosity.
The latter effect could be caused by increased glass viscosity (e.g.,
related to aqueous Ba dissolution from the glass surface), the
presence of rigid inclusions (e.g., BaCl, precipitates), or by both
phenomena.

Most notably, however, Figure 7 gives clear evidence that
foaming has been substantially reduced by means of wet-milling.
Thus, foaming caused a silhouette area increase of Asx = 35%
for the 30 min dry-milled powder (p14), whereas Asx = 7% and
even 4% were evident for the powders milled in water (p15) and
HCI (p16), respectively. Table 1 indicates that this effect is not
just feigned by a deviating particle size distribution as Do and
Ds, values are quite similar. Decreased Dy and Dy, data for water
milling may reflect a reduced agglomeration tendency.

Water- versus dry-milling experiments, similar to that pre-
sented in Figure 7, have also been conducted repeatedly using
various milling materials including Cr-Ni steel, SisNy, and WC.
In all cases, a substantial reduction of foaming was observed.
The use of steel milling jars in wet-milling could reduce foam-
ing from Asx = 48% (dry-milling) to Asx = 9%. Similar ratios
(Asa = 52-34% versus Asy = 5-8%) occurred for Al,Os, SizNy,
and WC. Furthermore, it was found that for milling in corundum
jars and 10 wt% HCI, prolonged storage up to 12 days did not
significantly influence As,, which scattered between 5 and 6% for
all applied storage times.

DISCUSSION

As discussed in previous literature, different sources may con-
tribute to foaming: gases encapsulated within the closed pore
volume of the powder compact (Lim et al., 2006; Kim et al., 2007;
Miiller et al., 2009), gases adsorbed onto the glass powder surface
(Hwang et al., 2002), glass volatilization (Lucchini et al., 1983), or
effusing oxygen from the glass bulk (Hwang et al., 2002). Due to
the strong effect of particle size on foaming activity (Figures 1
and 5), the latter two mechanisms should not dominate foaming
in the present study.

Gas Trapped in the Foaming Sample

In order to reveal to what extent encapsulated and adsorbed
gases may contribute to foaming in the present study, the
amount of gas trapped in the maximal foamed sample, 7y,
was estimated first. The 15-min N,-milled powder was used
for this estimation as an optimum between detectable foam-
ing and minor bubble bursting activity below the foaming
maximum. Nevertheless, #y.x can only provide a lower limit
of this amount.

(i) As an initial approach for estimating #.y, the porosity, P, of
foamed samples was measured from cross-section micro-
graphs of powder compacts heated to different temperatures
and quenched in air, by means of image analysis. Respective
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. . . . underwent substantial rounding resembling more a hemi-
10f 5 K/min ] sphere (not shown). The volume of a hemisphere can be related
o °| 50 to its sample silhouette according to Eq. 4 (Sieber, 1980)
3 1 xR 3 2
X 2
c O 40-5 VH:4—n d) _4n(24 (4)
- ] 6\ 2 6\ m
-5 30
1 20 where d refers to the diameter of the hemisphere and
L 110 A = (1/8)nd’ to its silhouette. Above 920°C, the sample shape
15} lo rather resembles a spherical cap. Its volume is given by Eq. 5
' s s : as follows (Sieber, 1980):
700 800 900 1000
Tin°C 2
nh( 3d
VP:_[_wj 5
FIGURE 8 | Linear isotropic shrinkage, s; (open circles, left ordinate) 6 4
and respective porosity, P (gray circles, right ordinate) versus
temperature for the powder milled for 15 min in nitrogen (p9). For In this case, d denotes the base radius of the cap.
calculating s; from sa, a different sample shape has been adopted: cylinder
(T < 840°C), hemisphere (840-930°C), and spherical cap (930-980°C). Gray The linear isotropic shrinkage calculated in this way is shown
triangles: silhouette area shrinkage (see Figure 1), sa, rescaled by 1/2. Gray in Fi 8 ircl . £ left ordi dp
circles: porosity measured from cross-sectional micrographs. In Figure (Op en cre es) In terms of s; ( elt or 1nate) an

(right ordinate). Below 840°C, s; clearly resembles the measured
silhouette area shrinkage rescaled by 1/2. Above 800°C, silhouette
area shrinkage significantly deviates from s;. The discontinuities
in s; at 840 and 930°C represent a rough measure of the calcula-
tion errors caused by the incorrect, sample-shape assumptions.
Among the large variety of error sources, the loss of rotational
symmetry of the sample during foaming seems to be most
important. Nevertheless, estimating #v.c from shrinkage data
p(V-P)=n, RT (1) indicates similar volumes of the maximal foamed sample and the
green powder compact, i.e., similarity of the respective porosity
p was assumed to be ~10° Pa (1 bar) due to the low viscosity P & 0.39. Thus, as a rough measure, nya. &~ 12 X 107® mol could
expected at the foaming maximum and because the major-  be estimated from Eq. 1.
ity of pore radii, r, were much greater than 50 pm. For such
condition and a surface energy of y ~ 0.3 ] m™ (estimated Encapsulated Gas
with SciGlass 6.5 software), the Laplace pressure Py ~ 2y/r
(German, 1996) should be small (<0.12 X 10° Pa) and was
therefore neglected. Based on P & 0.52, #iyu & 16 X 107% mol
was found.

(ii) A more average value of P can be calculated from the linear
isotropic shrinkage, s; = (AV/V,)~3, where V is the initial
sample volume. s; is related to P according to Eq. 2 (Winkel
etal., 2012)

values are shown in Figure 8 (right ordinate, gray circles).
Maximal porosity scatters around 52% (0.52). myux can be
estimated from this value with Eq. 1, where P is the porosity,
V the sample volume, P-V the pore volume, R the ideal gas
constant, T the temperature, and p the internal pressure:

The amount of gas encapsulated within the closing porosity dur-

ing sintering, g, was roughly estimated assuming that porosity

suddenly closes at p = 0.8 (German, 1996). The number of gas

moles encapsulated therein was approximated from Eq. 1, esti-

mating V from the measured sample weight (94 mg), the relative

compact density (p = 0.8) and the glass density (pc = 3.61 g/cm’).

This estimation results in #1g.. & 8 X 10~® mol.

Comparing #g, & 8 X 107* mol with nyu. & 12-16 X 107* mol

P=l-p=1- Py 2) syggests that gases physically encapsu}ated within the porosity of

1- Si)3 sintered compacts may actually contribute to foaming. However,

since mainly CO, is released during bubble bursting and only

where p and p, denote the relative density and the relative  traces of N, and Ar were detected even for the powders milled in

green density, respectively. In order to calculate s; from the  these atmospheres (Figure 5), the powder atmosphere must have
measured silhouette area change data, sa, the current sample  changed after milling.

volume, V, has to be inferred from the sample silhouette area, Moreover, this estimation was done for the sample milled

A. In that case, a regular sample shape must be adopted. Upto  for 15 min in N,. As seen from Figure 1, prolonged milling

800°C, the sample shape could be reasonably approximated as  significantly increases foaming activity. Since the amount of

acylinder. Its volume is given by Eq. 3 as follows (Sieber, 1980):  encapsulated gas, i.e., the volume of 20% porosity, should

T, T, not be affected by particle size and keeping in mind that

Ve :Zd h :EA GO . provides only a lower limit, this observation gives clear

evidence that the encapsulated sintering atmosphere does

where d, h, and A (where A = d-h) represents the diameterand ~ not significantly contribute to foaming in this case. Instead,

the height of the cylinder and its silhouette area, respectively. ~ foaming seems to be clearly caused by species located at the
Above 850°C, heating microscopy data showed that samples  glass powder surface.
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Adsorbed Gases

In order to check the potential effect of adsorbed gases on foam-
ing, the respective amount of adsorbed gas, n,, was roughly
estimated assuming a mono-atomic layer of nitrogen molecules
remaining stable until sintering. The specific powder surface area,
as = 0.42 m?*/g, was taken from PSD analysis as the average from
all 15 min milling experiments. The diameter of the nitrogen
molecule, sz’ was set at 0.34 nm (Doremus, 1973). The total
powder surface area, S = 3.7 X 1072 m? was then obtained from
the measured sample mass, m =~ 9.4 X 10 g. Assuming that one
nitrogen molecule occupies an area of = Tc(dNZ /2)* %0.11 nm’,
na & 70 X 1078 mol of nitrogen molecules can be adsorbed onto
the total sample surface area. It is interesting to note that n, is
about 10 times larger than nu.. emphasizing the potentially
strong effect of surface desorption on foaming. Taking into
account that multiple physisorbed layers or multilayers grown
from chemisorption and reorganization or chemical reaction
processes can occur (Bhushan, 2013), this conclusion seems even
more reasonable.

For physically adsorbed gases, as is expected for N, and Ar,
this conclusion however, is questionable because of low thermal
stability (Bhushan, 2013). Thus, Figure 5 shows that N, and Ar
do not significantly contribute to foaming even for milling in
these atmospheres and that the respective broad degassing peak
is exhausted at around 500°C. Low desorption temperatures
are also known for CO,. Thus, complete degassing of physically
adsorbed CO, was found <250°C for silica surfaces (Antonini
and Hochstra, 1972) and <120°C for n-ALO; (Morterra et al.,
1977).

Much higher desorption temperatures can be expected for
chemisorbed gases. Water is known to strongly interact with
silicate glass surfaces. Thus, a significant concentration of 1.2
OH groups per square nanometer was found even after high
vacuum annealing at 700°C (5.2 OH/nm? at 23°C) (Dunken,
1981). Conformingly, Figure 5 shows that water is the dominant
degassing species below the onset temperature of foaming at
~800°C.

Nevertheless, bubble bursting, i.e., foaming, is dominated by
CO.. This gives clear evidence that CO, adsorption results in
carbonaceous species being thermally stable at least up to the
temperature at which the open porosity of sintering powder
compacts is closed (~750°C). It is reasonable to assume that
the carbonaceous species, most likely carbonates, may provide
sufficient thermal stability. Thus, the decomposition temperature
of BaCO; in air is found at £900°C (Liptay, 1976), BaCOs spe-
cies at Pt/BaO/y-ALO; surfaces remain stable up to 500°C in
vacuum (Epling et al., 2008), and pronounced CO, degassing
from silica glass-fiber surfaces between 500 and 700°C has been
attributed to =Si-O-C(0O)-0-Si= (Eremenko et al., 1991).
Further, Cerruti and Morterra (2004) reported carbonate species
stable up to 800°C at the surface of bioactive glass powders. It is
also known that intensive milling of alkaline earth metasilicates
can yield remarkable CO, uptake (Kalinkin and Kalinkina,
2010) and that even grinding of Na,Si,Os glass in air can cause
detectable amounts of NaCO; at the surface (Baker et al., 1995).
Conclusions on the nature of the dominant carbonaceous species,

however, cannot be drawn from the present study. Due to the
expected small concentration (260 ppm CO, would result from
fvax = 12 X 1078 mol, Msampie & 92 mg, and palass & 3.61 g/cm® as
discussed above for Figure 8), XRD, DTA, and ATR-FTIR studies
conducted so far have not yet revealed any reliable hint of the
nature of the carbonaceous species responsible for foaming found
in the present study.

Dissolved Gases

The detection of these carbonaceous species might be even more
complicated as adsorbed carbonaceous species could partially
diffuse into the glass forming a layer of near-surface dissolved
carbonates during heating. Such an effect seems reasonable as
Figure 6 indicates a large amount of carbonaceous surface species
even during progressive heating. In this way, desorption of these
species can be accompanied by simultaneous inward diffusion.
Once desorption is complete, the dissolved carbonaceous species
may provide a further source of CO, degassing. Such a possibility
might be indicated by Figure 5 in as much as the onset of the
degassing activity at ~650-800°C nicely correlates with glass
transition temperature (7). This latter mechanism is most likely
responsible for foaming as it is obviously retarded by sintering.
Similar VHE degassing patterns could be attributed to the dif-
fusive release of bulk water (Miiller et al., 2005). CO, dissolution
in oxide glasses was comprehensively studied by Brooker et al.
(2001) who detected CO;’ like species in different local environ-
ments, albeit at higher pressure and temperature (0.2-2.7 GPa,
1175-1700°C) and not for boron-containing glasses. CO,
solubility of 0.11 and 0.28 wt% was reported for natural rhyolytic
melts at 1100°C for 200 and 500 MPa, respectively (Tamic et al.,
2001). Although much lower solubility should be expected for
1 bar, increased local pressure can be expected during sintering
and healing of the mechanically damaged near-surface region of
milled glass powders.

Foaming Mitigation Strategies

As shown above, encapsulated gas can contribute to the foaming
of coarse glass powders. In this case, vacuum sintering seems to
be the only foaming mitigation strategy. On the other hand, gases
with better mobility could help to enhance diffusive degassing
from closed porosity below the onset of foaming.

As clearly shown in the present study and known from
common experience, gases trapped on the powder surface can
essentially contribute to foaming. Hence, the use of coarser glass
particles is the most obvious and probably the most frequently
applied strategy in reducing sinter foaming.

Beyond this, however, the present study (sintering at ~700-
800°C) indicates that foaming is dominated by carbon gases, even
when organic aids have not been used in powder processing, and
that foaming can be affected by the milling atmosphere, milling
aids, and powder storage. These observations can be reasonably
explained assuming that gas uptake occurs at the freshly fractured
and highly damaged glass powder surface as a relaxation mecha-
nism and that carbonaceous species are preferentially adsorbed
as a result of adsorption-desorption phenomena during milling
or later storage.

Frontiers in Materials | www.frontiersin.org

October 2016 | Volume 3 | Article 45


http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive

Agea-Blanco et al.

Sintering and Foaming

In this sense, further foaming mitigation strategies could be
based on minimizing the possible uptake of ambient CO, during
powder processing. Among these strategies, powder processing
in a controlled atmosphere or vacuum seems to be the most obvi-
ous but probably most expensive method. Alternatively, less CO,
uptake can be achieved by means of blocking active (i.e., the most
basic) glass surface sites, which are most likely related to BaO.

The significant decrease of foaming activity attained by water
milling presented in Figure 7 indicates that this blocking can be
made with water. Figure 5 shows that water does not contribute
much to foaming, although it is the most prominent degassing
species below the onset of sintering. This advantage probably
reflects its better diffusivity. It should be noted, however, that this
strategy relies on sufficiently high sintering temperatures. For
lower sintering temperatures, water and even less stable species
could also contribute to foaming. Additional BaCOs; formation
during water milling as a result of aqueous dissolution of Ba from
the glass surface and CO, from the ambient atmosphere does
not seem very likely since a pH value >12 is required for BaCOs
formation at 1 bar (Brookins, 1988) and pH <11 was measured
for milling in water in the present study.

Alternatively, foaming was substantially reduced by milling in
10 wt% HCI (Figure 7). The decreased shrinkage rate and the
simultaneously increased foaming onset temperature indicate
increased glass viscosity, at least near to the powder surface. Such
phenomenon could be caused by Ba dissolution from the glass
surface. It is reasonable to assume that this effect would allow the
formation of BaCl,, which is thermally stable up to 963°C (melt-
ing point) (Merck, 2015). In this sense, Ba dissolution from the
glass surface and the formation of thermally stable Ba salts may
provide another strategy for blocking active CO, adsorption sites.
In acidic aqueous solutions, CO, solubility is also very limited
(Acker et al., 1999).

Another foaming mitigation strategy could be utilizing
increased sintering temperatures. This is due to the fact that
foaming intensity is controlled by the temperature relationships
between densification (Ts), decomposition of foaming species
(Tp), and crystallization (Tc). Most pronounced foaming is
expected for Ts < Tp < Tc. For Tp < T's surface-adsorbed foaming
agents largely decompose and escape via open pores. For Tp = Ts,
this degassing process is retarded by closing porosity, which later
yields gas bubble formation and foaming. Due to this general rela-
tionship, foaming probability seems to increase with decreasing
sintering temperature as even less stable surface-adsorbed species
(e.g., water or less stable carbonaceous species as indicated by
Figure 5) may contribute to foaming. On the other hand, a higher
sintering temperature can, for example, affect redox equilibria of
the glass melt, increase oxygen mobility, and could cause oxygen
degassing as a new foaming source. For most practical cases, how-
ever, a substantial change of glass transition temperature does not
seem to be an applicable foaming mitigation strategy.

For a given glass, however, foaming of coarse powders is
expected to be less intense not only due to the fact that a less spe-
cific surface will adsorb less foaming species as discussed above
but also due to the more complete degassing, which can occur
until porosity is closed. On the other hand, sintering is controlled
by the effective viscosity of powder compacts. Hence, dispersed

rigid particles can also decrease the shrinkage rate (Miiller et al.,
2007; Miiller and Reinsch, 2012) and therefore provide more
complete surface desorption. In a similar sense, glasses with a less
temperature-dependent viscosity, causing a broader temperature
range of sintering, should be less prone to foaming.

For Tp > Tc, foaming can be retarded by the presence of
crystals, which hinder gas bubble coalescence and growth due
to the increased effective viscosity of the crystal bearing melt. If
full densification is not reached (Tc = Ts), the remaining open
porosity will allow full degassing without foaming even when
Ts < Tp.

However, our final conclusions on how to mitigate sinter
foaming, beyond the rather speculative discussion presented
here, require much deeper understanding of the potential foam-
ing mechanism and may largely depend on given experimental or
processing conditions.

CONCLUSION

Sintering and foaming of barium silicate glass powder compacts
were studied for different milling times and atmospheres. Foaming
was strongly promoted by progressive milling and was affected by
the milling atmosphere where foaming activity increased in the
order Ar ~ N, < air < CO,. For moderately milled glass powders,
subsequent storage in air could also promote foaming. Degassing
studies revealed that foaming is mainly driven by CO, even for
powders milled in Ar and N». Only traces of these species were
detected during bubble bursting of compacts for which glass
powder milling was performed within these atmospheres. This
observation, together with respective estimation of the possible
amount of gas encapsulated within the closing porosity during
densification, suggests that an encapsulated milling atmosphere
does not dominate foaming. Instead, a potentially large effect on
foaming of stable surface-adsorbed carbonaceous species was
indicated by enhanced CO, degassing during foaming. In this
sense, milling in water and weak HCI acid could substantially
reduce foaming.
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