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1 | INTRODUCTION
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Abstract

Thermally stimulated interactions between silver and glass, that is, silver disso-
lution as Ag* and precipitation as Ag® were studied in two glass series of molar
target composition xAg,0-(19 — x)Na,0-28Zn0-53B,03 with x = 0, 0.1, 0.5, 5
and (19Na,0-28Zn0-53B,03)+yAg,0 with y = 0.01, 0.05. These act as model
for low-melting borate glasses being part of metallization pastes. The occurrence
of metallic silver precipitates in melt-quenched glass ingots demonstrated that
silver dissolved only in traces (< 0.01 mol%) in the glasses. The dissolved sil-
ver was detected by means of Raman spectroscopy and energy-dispersive X-ray
spectroscopy. Increasing x in the batch could not lead to a significant increase of
the silver ion fraction in the glass as possible in binary silver borate glasses. In
situ observation of heated AgNO; mixed with the base glass frit in a hot stage
microscope showed that Ag® precipitation occurs already at the solid state. At
higher temperatures, small droplets of liquid silver were found to move freely
within the melt, whereas coalescence caused a stepwise increase of their size.
These results contribute to the understanding of formation of silver precipitates
in metallization pastes described in the literature.

KEYWORDS
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to overcome environmental pollution and impairment of
health.®* Most studies were focused on the overall paste

Silver/glass metallization pastes are used for printed
electrical wiring in photovoltaics, thick film technology
and micro systems."* To ensure superior electrical con-
ductivity, liquid phase sintering>® of silver metallization
pastes containing small amounts of low melting glasses
is assumed to proceed during firing. Although lead-
containing paste glasses are still frequently used for this
purpose,’ lead-free alternatives attract growing interest

performance rather than on the basic understanding of
silver-glass interaction. Independent of the designated
use, composition of glasses, morphological properties of
silver powders, and applied heat treatments, nano to micro
sized silver precipitates were reported in glasses being in
contact to metallic silver at enhanced temperatures.”'#'8
Their formation was explained by dissolution of silver
from the powder as ion, stabilization of these ions as
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part of the glass melt, and final reduction of the ions
enabling formation of metallic precipitates. Details of
these processes were not studied.

In the overarching scope and previous work,'* low melt-
ing alkali (Me) zinc borate glasses were derived from
lead-free industrial paste glasses as models for the study of
sintering. Among them, the sodium containing glass stood
out of that 19Me,0-28Zn0-53B,0; paste glass series due
to its best performance with respect to silver silicon contact
formation."

In the light of the previous description, the present
paper is focused on silver dissolution and precipitation
in 19Na,0-28Zn0-53B,05 glasses. The experiments were
designed to keep the heat treatments shorter than nec-
essary for approaching equilibrium states, because dwell
times during technical applications using rapid thermal
processing (RTP) are rather short, that is, in the range of
seconds.!”!?

Aswell known from silicate glasses, a higher concentra-
tion of silver in the glass can be achieved by ion exchange,
because the silver solubility is limited using conventional
melting technique.’’ However, to incorporate the maxi-
mum silver ion concentration is not possible due to the
process conditions starting with metallic silver and using
short RTP times.

Silver dissolution requires the presence of oxygen in
the melt and stabilization of the Ag" ions in the melt
and glass network, respectively. In borate glasses, Ag* can
behave like Me™, that is, compensate the negative charges
of either fourfold coordinated boron or of nonbridging
oxygen (NBO).?*> Additionally, the charge compensation
of [Zn0,]*~ by pairs of Ag*-ions was discussed by Chen
et al.?®> With the aim to get information on the Ag disso-
lution and possible incorporation into the glass network
up to one-quarter of the total sodium was replaced by sil-
ver in the series xAg,0-(19 — x)Na,0-28Zn0-53B,0; with
x =0, 0.1, 0.5, 5 mol%. It will be shown by study of the
glasses with Raman spectroscopy that only minor amounts
of silver dissolve as Ag* and become constituents of the
glass network. Additionally, energy-dispersive X-ray spec-
troscopy (EDX) analyses revealed that the percentage of
dissolved silver depends on the sodium content in the sam-
ples. Hence, one part of the discussion will be related to
the glass forming limit of silver containing borate systems,
which is strongly influenced by the tendency of silver to
form Ag® atoms instead of Ag* ions in sodium containing
borate glass melts.?*

A second part of the work is directed to the in situ
observation and thus phenomenological description of
formation and growth of silver particles and droplets devel-
oping in the result of reduction of Ag" ions during heat
treatments. Thus, in a second series, silver was added as
nitrate to the base glass according to (19Na,0-28ZnO-
53B,053)+yAg,0 with y = 0.01, 0.05 mol%.

2 | EXPERIMENTAL PROCEDURES

2.1 | Glass preparation

All glasses were prepared from Na,CO; (Ensure ISO
>99.9, Merck KGaA, Darmstadt, Germany), ZnO (>99%,
Carl Roth GmbH, Karlsruhe, Germany), AgNO; (99%,
Chempur, Karlsruhe, Germany), and B,0; (99%, Alfa
Aesar/Thermo Fisher (Kandel) GmbH, Kandel, Ger-
many). Glasses of molar target compositions xAg,0-
(19 — x)Na,0-28Zn0-53B,0; with x = 0, 0.1, 0.5, 5 (series
1) and (19Na,0-28Zn0-53B,03)+yAg,0 with y = 0.01,
0.05 (series 2) were obtained by different melt-quenching
routines. Table 1 lists all details.

The silver-free base glass, 19Na,0-28Zn0-53B,0;
(NZB), was melted from a 3500 g batch in an inductively
heated furnace (Ema Tec 2002, EMA Tec GmbH, Sonder-
shausen, Germany) at 1100°C for 1 h in a Pt/Rh crucible.
For homogenization and due to strong crystallization
tendency, the glass melt was first fritted in water and then
remelted. The melt was casted onto steel molds, heated
to 490°C, and cooled to room temperature without dwell
time in the switched-off muffle. Thus, a bulk sample for
Raman spectroscopy and a frit for preparation of samples
of series 2 were obtained. The glasses Ag0.5NZB and
Ag5NZB were produced from 15 g batches in a high-
temperature laboratory furnace VMKI1800 (Linn High
Therm GmbH, Eschenfelden, Germany) at 1100°C for 1 h
in Al,O3-crucibles. These melts were immediately casted
and cooled as explained for NZB. The glasses, Ag0.01NZB-
H, Ag0.05NZB-H, and Ag0.1INZB-H, and a second charge
of Ag5NZB (i.e., Ag5NZB-H) were directly melted in the
hot-stage microscope (HSM) used for the in situ observa-
tion of silver precipitation. Small Al,O5-crucibles (~outer
diameter = 5 mm, height = 2.5 mm) were used for these
experiments. For Ag0.INZB-H and Ag5NZB-H glasses,
batches of 10 g were mixed from AgNOs;, Na,COj3, ZnO,
and B,0; and homogenized. About 0.01 g of these batches
were poured into Al,Os-crucibles. Prior to melting and
HSM, the glass batches were heated to 710°C about 30 min
to enable decarbonization of Na,CO; and thus prevent
foaming in the HSM. For Ag0.01NZB-H and Ag0.05NZB-
H, NZB-frits and water-based 0.05% AgNOs; solution were
mixed in Al,Os-crucibles and dried. This technique was
used to enable a homogeneous silver distribution at these
low concentrations.

The chemical compositions of NZB, Ag0.5NZB, and
Ag5NZB were analyzed by inductively coupled plasma-
optical emission spectrometry (ICP-OES 5100, Agilent
Technologies, Waldbronn, Germany) on the basis of DIN
51086-2.>° The analyzed glass composition (mol%) of
NZB amounts to 19.9Na,0-26.4Zn0-53.7B,0; being thus
close to the target composition.”® Parts of Ag0.5NZB
and Ag5NZB samples were analyzed where no metallic
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TABLE 1 Target glass composition (mol%), batch size (g), crucible material, and the experiments made on each glass
Glass Ag,0 Na,O ZnO B,0; Batch size Crucible material Experiments
Series 1, furnace
NZB 0.00 19.00 28.00 53.00 3500 Pt/Rh ICP-OES, Raman
Ag0.5NZB 0.50 18.50 28.00 53.00 15 Al,O4 ICP-OES, Raman, EDX
Ag5NZB 5.00 14.00 28.00 53.00 15 Al,O4 ICP-OES, Raman, EDX
Series 1, hot-stage microscope
Ag0.INZB-H 0.10 18.90 28.00 53.00 0.01 Al,O4 In situ observation
Ag5NZB-H 5.00 14.00 28.00 53.00 .01 Al,O4 In situ observation
Series 2, hot-stage microscope
Ag0.0INZB-H 0.01 19.00 28.00 52.99 0.01 Al 04 In situ observation
Ag0.05NZB-H 0.05 18.99 27.99 52.97 0.01 Al,O4 In situ observation

Abbreviations: EDX, energy-dispersive X-ray spectroscopy; ICP-OES, inductively coupled plasma-optical emission spectrometry.

silver precipitates were visible. Their chemical analyses
were not representative due to the formation of fulig-
inous depositions during the digestion of the samples.
These can be explained by the presence of small amounts
of silver as clusters or precipitates inhomogeneously dis-
tributed in the glass samples not visible with the naked
eye. Due to the small amounts, the chemical composi-
tions of the samples prepared in the HSM could not be
measured.

2.2 | Raman spectroscopy

To study the effect of dissolved silver on glass structure,
Raman spectroscopy was performed on fire polished bulk
NZB, Ag0.5NZB, and Ag5NZB glass samples. Spectra were
taken from sites where no visible silver droplets were
precipitated. Raman spectra were measured from 59 to
2360 cm™! with a LabRAM HR 800 instrument (Horibal32
Jobin Yvon, Bensheim, Germany) coupled to an optical
microscope (BX41, Olympus, Tokyo, Japan). The spec-
tral resolution was 2 cm~!. A quartz standard was used
for wave number calibration. The laser wavelength was
633 nm with ~9 mW laser power, and a grating with 300
grooves per mm was utilized. A 50x/N.A. = 0.55 long work-
ing distance objective lens was employed for excitation and
collection. For each sample, spectra were gathered from
five different sites. At each site, two spectra were recorded
with a measuring time of 30 s averaged to one spectrum.
The spectra were baseline corrected with the software Ori-
gin 2020”7 using a Bspline baseline according to Wang
et al.”® After baseline correction, the spectra were normal-
ized in intensity. In the range between 580 and 1050 cm !,
the peaks were fitted with Lorentz alignment according to
Schmid et al.*

2.3 | Energy-dispersive X-ray
spectroscopy (EDX)

A scanning electron microscope (Tescan Vega 3 XLH,
Brno, Czech Republic) operated at 20 keV (tungsten
emitter) and equipped with EDX analyzer (X-Max 80
SDD-detector, Oxford Instruments, Abingdon, UK) was
used to estimate the actual amount of dissolved sil-
ver in Ag0.5NZB and Ag5NZB glasses. For normaliza-
tion, the silver-to-zinc peak area ratio of the Zn-peak at
8.63 keV and the Ag-peak at 2.98 keV was analyzed by
software Origin 2020.>” EDX intensities were collected
at three different positions of fire-polished and carbon-
coated sample surfaces, where no silver droplets were
detectable.

2.4 | Hot-stage microscopy (HSM)
Reflected light in situ observations of glass melting and
silver precipitation were made with an HSM Metallux 3
combined with a chilled heating stage 1173 (both Leitz,
Wetzlar, Germany) and a camera ProgRes Gryphax Kapella
(Jenoptik, Jena, Germany). Temperature calibration was
performed using 99.999% gold wires with melting tem-
perature 1064°C. Temperatures were measured at three
points in two height levels inside the Al,O5-crucible. The
maximum temperature deviation was about +20 K in the
vertical direction and about +5 K in the horizontal direc-
tion. The view field of the lens covered about one fifth of
the 5 mm crucible diameter.

The samples were heated at 10 K/min up to 650°C and
then at 5 K/min up to the observation temperatures indi-
cated in Figure 1. The observation time was about 1 h,
and the samples were cooled with 45 K/min to 440°C and
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FIGURE 1 Temperature-time diagram of the hot-stage
microscopy experiments. Numbers refer to Figures 4-7. Arrows
indicate characteristic temperatures. Data of decomposition of
AgNO; and melting of silver were taken from Refs. [30-32]

5 K/min to room temperature. All experiments were doc-
umented by taking videos during heating, dwelling, and
cooling. Figure 1 shows the applied annealing procedure,
characteristic temperatures, and the time from which the
photographs shown in Figures 4-7 were taken. Tempera-
tures of the decomposition of AgNO; and melting of silver
were taken from Refs. [30-32]. Experiments were repeated
several times to enable suitable images of the characteris-
tic processes. All experiments were recorded with the video
camera mentioned before.

3 | RESULTS

3.1 | Imaging and EDX spectroscopy
Visible silver droplet precipitation in casted Ag0.5NZB and
Ag5NZB ingots clearly indicated that much less silver than
batched was dissolvable into the paste glass (Figure 2).
Consistently, silver droplets were found to be larger in
Ag5NZB than in Ag0.5NZB.

EDX spectra of the glass matrix comprised only a
weak silver peak at ~3 keV (Figure 3), which confirmed
the shortage of dissolved Ag" in both glasses. However,
judging from the intensity ratio, dissolution was more
pronounced in Ag5NZB. As boron cannot be detected
with standard window-based EDX analyzers, the rela-
tive amount of dissolved silver was approximated from
the Ag/Zn peak area ratio. This ratio was two to three
times larger for Ag5NZB (~0.19) than for Ag0.5NZB
(~0.08).

3.2 | Hot-stage microscopy (HSM)

Mixtures of glass frits with silver nitrate solution yielded
irregularly shaped Ag-particles upon heating to 960°C
(Figure 4). Due to convection and suitable viscosity (see
Section 4.2) of the matrix, the Ag-particles changed their
position and liquified when exceeding the melting point at
961.9°C.32

Larger particles were found in compositions with higher
silver concentrations. Heating the Ag5NZB-H glass batch
led to the complete liquification of the borate melt above
~975°C. Silver aggregates melted into droplets with no
change of its size, shape, and position during further
dwelling for 40 min (Figure 5).

A similar observation was made in the case of the
Ag0.INZB-H composition when melted from a raw mate-
rial batch in the HSM crucible. Droplets of liquid silver
with size in the range 30-100 um did not change their
lateral and horizontal positions after soaking for 1 h at
1046°C and subsequent cooling to 436°C. In addition,
no steady growth of the droplet diameter was detectable
during dwelling (Figure 6).

It is assumed that larger silver droplets formed stepwise
through coalescence of smaller droplets during heating at
temperatures > 975°C. Figure 7 shows three single frames
of a video sequence (Supporting Information section) cap-
turing this process in the Ag0.01INZB-H melt. Two silver
droplets (orange arrows) moved independently within the
melt, came close to each other, and finally merged to a sin-
gle silver drop. The drop diameter hereby increased from
~10 um (Figure 7 (9) and (10)) to 12 um (Figure 7 (11)).

To sum up these results, it can be stated that metal-
lic silver was precipitated in all samples (batch or frit)
in the solid state, even for the glasses with the lowest
nominal silver contents, Ag0.01NZB-H and Ag0.05NZB-H.
The precipitated Ag® droplets are larger in AgSNZB-H and
Ag0.1INZB-H than in Ag0.05NZB-H and in Ag0.01NZB-H
due to higher fractions of silver nitrate added to the glass
batch and probable more frequent coalescence of smaller
droplets.

3.3 | Raman spectroscopy

Although Raman spectra appear similar at a first glance,
Figure 8 indicates structural differences among NZB,
Ag0.5NZB, and Ag5NZB. The band at 937 cm ™! decreases
from NZB to Ag5NZB, and a new shoulder appears
for AgSNZB at 796 cm~! (cyan arrow). These differ-
ences mainly result from the reduced network mod-
ifier content, as Na* in the batch was replaced by
Ag", mostly precipitating as metallic silver. Only the
very weak band at 235 cm™' (gray arrow) in Ag5NZB,
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Casted and cooled ingots (size ~ 40 X 20 x 5 mm?) contained clearly visible silver droplets within the red ellipse (A) AgSNZB

glass (Ag droplet size > 3 mm); (B) Ag0.5NZB glass (Ag droplet size ~ 1 mm)
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FIGURE 3 Energy-dispersive X-ray spectroscopy (EDX)

spectra of (A) AgSNZB and (B) Ag0.5NZB glasses. Note that the
aluminum (Al) signal originated from a contamination of the
crucible material (Al,O5) used for glass preparation

attributed to Ag-O vibrations,® proves minimum Ag*
dissolution.

The weak bands at 280-350 cm™~! comprise the region of
vibrations of Zn-0 in tetrahedral ZnO,,**** metaborate,*°
and fourfold coordinated [B@,0,]*~ units,”’ where @
and O denote bridging oxygens and NBOs, respectively.
The broad band at 445 cm™! reveals metaborate units*’-*
or “loose” [B@,]” tetrahedral.’’** Bands observed here
at ~540 cm~! can be assigned to [B@,] -groups®®3:4°
and will be shown to belong to pentaborate later. The
bands at 640, 730 cm~! (NZB) or 721 cm~! (Ag5NZB),
and 970 cm™! can be attributed to metaborate units in
rings or chains.’’ %% The band at 796 cm™! in Ag5NZB
can be assigned to boroxol rings and only appears in
Ag5NZB.7*4 The band at 852 cm™ (Ag5NZB) or
843 cm~! (NZB) indicates pyroborate.*”-3%4!

The most intense band at 771-774 cm™' is known
to be caused by six-membered B@;-rings with one
BO; replaced by a [BQ,| -tetrahedron.”’* The bands
at 770 and 890 cm™! are assigned to rings with one

[BA,] -tetrahedron as parts of penta-, tri-, and tetrab-
orate groups.*”** A band at 667 cm™' was interpreted
as clear indication of rings with one [BQ,]™-tetrahedron
as part of pentaborate groups.*> Due to the presence of
bands at 676 or 679 and 873 or 889 cm~! for NZB or
Ag5NZB, respectively, the presence of [B@4]-units as part
of pentaborate can be concluded. These can also explain
the band at 540 cm~! mentioned earlier. The band at
937 cm~! indicates [B@,] -groups that cannot be further
specified.%3740

The broad band >1000 cm™ is assigned to NBOs in
a large borate network as described previously.*>*> B-
O~ stretching vibrations in metaborate [B@,0]~-triangles
in chains and rings should contribute to the band at
1421 cm~1.373%41 pyroborate units are related to the band
at ~1246 cm™1.%

4 | DISCUSSION
4.1 | Silver dissolution and glass
structure

In general, silver dissolution is linked with the formation of
Ag™ ions balancing the charge of tetrahedral boron and/or
saturating the charge of NBOs in the glass structure.
Figure 9 indicates compositional trends of glass formation
in the pseudoternary Ag,0-(Na,0+Zn0)-B,0; system,
which raised undue expectations of a high silver content
(up to 10 mol%) in the AgNZB glasses studied.

In the pioneer work of Boulous and Kreidl“', binary
Ag,0-B,0; glasses with up to 35 mol% Ag,0 in the batch
were prepared. They showed that the precipitation of
nanosized silver, leading to coloration of the glasses, limits
glass formation on the Ag,O-rich side. Under the condi-
tion of the applied melt-quenching method (heating rate,
glass volume), this limit was found close to 25 mol% Ag,O.
Piguet and Shelby*® confirmed glass formation of silver
borate glasses up to 30 mol% and coloration due to less than
50 ppm silver colloids.

121
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FIGURE 4 Ag0.05NZB-H glass melt observed in a hot-stage microscope during heating at 5 K/min between 960°C (1) and 962°C (2). A
longish silver particle (red arrow) showing two light reflections melts into a spherical drop (single reflection) and moves to a lateral position at
the bottom of the figure, whereas other particles (green, orange, and blue arrows) became more diffuse. This is due to keeping the focus on
the particle marked by red arrow and relative motion of the particles to each other

(6)
1055 °C + 40 min

FIGURE 5 Residues of the batch with partially liquified borate melt (3) and short before complete liquification of the matrix (4) as well
as development of a liquid silver droplet during ramping (5) of Ag5NZB-H glass batch at 5 K/min to 1055°C and dwelling at this temperature
for 40 min (6). In contrast to the smaller droplets of Figure 4, the droplet (diameter ~ 53 pum) of part (5) stayed at its position during dwelling

1046 °C+1h

FIGURE 6 Liquid silver droplets in the Ag0.INZB-H glass melt at 1046°C after 1 h dwell time (7) and after cooling down to 436°C with
45 K/min in the hot-stage microscope (HSM) (8)
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FIGURE 7

Coalescence of two silver drops (orange arrows) in the Ag0.01INZB-H melt. The silver drops, moving within the glass melt

(9), approached one another (10) and coalesced into a single silver drop (11)
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FIGURE 8 Raman spectra of NZB,*® Ag0.5NZB, and Ag5NZB
glasses (A). All curves were baseline corrected, normalized with
respect to their maximum intensity at ~ 770 cm~!, and staggered for
better clarity. Deconvoluted Lorentz profiles between 580 and

1050 cm™! for NZB (B) and Ag5NZB (C)

For the ternary borate system, glass formation was
received by Anavekar et al.¥’, as well as Gowda and
Anavekar*® for up to ~30 mol% (Na,O+ZnO) without sil-
ver. In the system xNa,0-(20—x)Ag,0-80B,03 with x =1,
10, 19 mol%, Boulos and Kreidl*’ also proved glass for-

mation. Later, van Gemert et al.’°, Matusita et al.’!, and
Sharma et al.>> reported about glass formation in Na,O-
Ag,0-B,0; up to 30 mol% (Ag,0+Na,0). The Ag,0O
solubility increases with decreasing Na,O content.’*>*
Wakasugi et al.>* could dissolve 5 mol% Ag,0 in 5Ag,0-
22Na,0-73B,0; (mol%) molten at 1150°C. Much higher
silver dissolution was possible without Na,O in 23Ag,0-
51B,05-26Al,05 (mol%) molten at 1150°C.>* The decrease
of silver dissolution with increasing sodium content is
explained by Maekawa et al.”> to be caused by the
lower basicity of silver oxide compared to that of sodium
oxide.

The trend that silver solubility decreases with increas-
ing sodium content is consistent with the Ag/Zn-peak
area ratios extracted from Figure 3 as AgS5NZB contains
~4.5 mol% less sodium than Ag0.5NZB. Presence of the
Ag-0 band at 235 cm™! of Figure 8 also supports this
result. Figures 2 and 5 clearly indicate limited silver
dissolution < 0.5 mol% in the paste glass under study.
Figure 7 reveals the precipitation of silver drops even
in the glass Ag0.01NZB-H indicating a dissolution limit
< 0.01 mol% Ag,0. Thus, dissolution of up to 5 mol%
Ag,0 into the Na,0-Zn0O-B,0; glasses, as expected from
consideration of the glass forming limit in the sys-
tems Na,0-B,05* and ZnO-B,0;> (Figure 9), was not
achieved.

The simultaneous presence of atomic and ionic silver
species is expected to be due to reactions (1) and (2) taking
place during heating of all batches studied. Metallic silver
is predicted as the decomposition of silver nitrate becomes
significant around 250°C>°® and is finished at 440°C.30->%%
Thus, solid nonregularly shaped metallic silver particles at
T < 962°C (see Figures 4 and 5) were traced back to the
following Equation (1):

2AgNO, = Ag’ +2NO, + O, (1)

1.58 1.59

Jiménez et al.”® and Simo et al.”” showed that metallic
silver has to be oxidized again to be incorporated as Ag*
into the glassy network. Then, for the presence of Agt in
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Pseudoternary Ag,0-(Na,0+Zn0)-B,0; system. Obtained composition of glasses prepared for this study (gray star) and

those of homogeneous glasses reported in the binary Ag,0-B,0; system (Boulos and Kreidl 1971%, Piguet and Shelby 1985%°), the ternary
Ag,0-Na,0-B,0; system (Boulos and Kreidl 1971b*, van Gemert et al. 1974°°, Matusita et al. 1976°!, Wakasugi et al. 1997°* and Sharma et al.
2012%%), -and the ternary Na,0-ZnO-B, 05 system (Anavekar et al. 1984*7, Gowda and Anavekar 2004**); expected glass formation includes
Na, O limit in the Na,0-B,0;* and ZnO limit in the ZnO-B,0;> systems, respectively

the studied glasses one has
nAg’ +0.50, = (n—2)Ag’ + (Ag,) + 0"
=mn-2)Ag" + Ag,0 )

Equation (2) points out that dissolution of silver as Ag*
depends on the availability of oxygen.>

Silver ions are expected to act in borate glasses as
network-modifying alkali ions.”"°C Thereby, Ag" similar
to Nat will balance the charge of [BQ,] -units according
to Equation (3) in binary borate glasses of up to 30 mol%
Ag,0 and saturate the charge of NBOs as per Equation (4)
for higher Ag,0 fractions.”’*

Minor amounts of NBOs were shown in binary alkali
and silver borate glasses already beginning with a content
of 15 mol% network modifier.%"

2BOs3,; + Ag,0 = 2[BOys| +2Ag" 3)

B-0-B+Ag,0= 2B—0"Ag") 4)

In Zn-borate glasses, Zn** similar to Mg?* preferably
compensates the negative charge of units with a high num-
ber of NBOs, such as pyroborate.®! Due to the sufficiently
high and constant amounts of zinc ions in the prepared
glasses, respective borate groups with NBOs are still found

in Ag5NZB. Additionally, the formation of ZnO, is pos-
sible, and respective Raman bands were observed in the
spectra for all samples under study here. The resulting
structural changes indicate a decrease of [B@,]~ units and
an increase of B@; units with decreasing Na* content
and metallic silver precipitation. If the silver would not
precipitate, the percentage of modifier ions would be com-
parable for all glasses under consideration here. As sodium
carbonate was replaced by silver nitrate in the batches
and silver precipitated, the total amount of network mod-
ifiers decreases from Ag0.5NZB to AgSNZB. Thus, less
Nat + Ag' is available for charge compensation to form
[BA,4]~ groups in Ag5NZB. This effect is seen in Figure 8,
where the band at 937 cm™! assigned to [B@,] -units
decreases in intensity from Ag0.5NZB to Ag5NZB. For the
same reason, the weak band of boroxol rings®’** newly
appears in AgSNZB at 796 cm™! (Figure 8C, cyan curve).
Boroxol rings were not detected in NZB and Ag0.5NZB due
to the higher amounts of Na*.

4.2 | Silver precipitation

Mobility of the Ag® particles or droplets depends on the
viscosity of the melt. In a separate study,®” viscosity data
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were determined for the sodium-zinc-borate glass under
consideration here. A MYEGA-fit of those data results
in an extrapolated viscosity range of log n (3 in Pa s)
~—0.5 to —0.9 in the temperature range between 950 and
1050°C.%% This allows the high convective motion of the
melt.

The observed coalescence of silver droplets is driven
by the reduction of the total free surface enthalpy of
the system® and is probably affected by an interplay of
the Stokes motion, convective flow, and the Marangoni
convection. Pronounced Stokes motion is expected due
to the three to four times higher density of liquid sil-
ver droplets, whereas convective flow of the liquid matrix
forces the embedded droplets to follow complex patterns
of motion. In the case of the Marangoni convection, the
motion of droplets is additionally affected by composi-
tional or temperature differences of interfacial energy.®® In
general, convection will accelerate the matter transport at
T > 962°C as both silver droplets and borate matrix are in
the liquid state. However, coarsening of the droplet popu-
lation was not observed, although a diffusive transport of
silver from smaller to larger droplets should proceed in the
samples. On the one hand, the lack of ripening probably
originates from the relative large distance between indi-
vidual droplets and their low number, which did not reach
statistical significance. On the other hand, repetitive size
measurements were hindered due to their relative fast lat-
eral movement but also due to rapid submerging out of the
focus area of the HSM. Moreover, due to the small amount
of dissolved silver in the borate liquid, re-precipitation of
Ag* during cooling down in the HSM was not observed
(see Figure 6).

5 | CONCLUSIONS
Most of the batched Ag* of AgNO; was reduced to metal-
lic silver and formed droplets (diameter < 3 mm) in glass
ingots after melt-quenching. A silver dissolution limit (<
0.01 mol% Ag,0) in the studied glasses was approximated
from HSM experiments. In turn, the precipitation of metal-
lic silver shifted the composition of the glass from the
target so that Raman spectra indicated an increase of BO;
units at the expense of [B@,]~ units in the glass matrix.
Using HSM, metallic Ag® precipitation was observed
in situ in heated raw material batches or mixtures
of glass frit and AgNO;. Before the borate glass fully
liquified, the used AgNOj; liberated metallic silver and
formed clustered aggregates, which in turn liquified to
droplets above the Ag melting point. Smaller droplets
of liquid silver (d < ~20 um) showed a stepwise
growth by coalescence with other ones in the low vis-
cous melt, whereas larger droplets remain constant in
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size during subsequent dwelling and cooling to glass
transition.
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