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Evaporation of Boron from aluminoborosilicate melt

Flemetakis, S., Renggli, C., Pangritz, P., Berndt, J., Klemme, S.

Institut fiir Mineralogie, Westfdlische-Wilhelms-Universitidt Miinster, Corrensstrasse

24, 48149 Miinster, Germany

Abstract

We present the results of B,O3 evaporation experiments from Ca- and Mg-
bearing aluminoborosilicate melts. Our experiments were conducted at 1250 and 1350
°C for different run times (60-1020h), and at oxygen fugacities (logfO,) relative to the
fayalite-magnetite-quartz buffer (FMQ) of FMQ-6 to FMQ+1.5, and in air. Our results
show that with increasing fO, evaporation of B from the melt increases by an order of
magnitude compared to reducing conditions. Using Gibbs free energy minimization
calculations, we suggest two possible evaporation reactions for B,O3; which constrain
its speciation in the gas phase to be either 3+ or 4+ (B,03(g), and BOy()). The measured
B,O; contents of the final glasses were used to calculate evaporation rate constants (;)
for B,0; at oxidizing (air, k; = 2.2x10~ ¢cm/min at 1350 °C) and reducing conditions
(FMQ-4, k; = 3.5x10° cm/min at 1350 °C). The absence of diffusion profiles in the
experimental glasses suggest, that the evaporation rates are slower than B,0O; diffusion
rates, and therefore the rate limiting process. Overall, the rate of B evaporation in air is
approximately an order of magnitude higher compared to reducing conditions at

FMQ-4.

1. Introduction
Boron is an integral component in many industrial glasses, because of its

enhancing effect on the thermal, mechanical, and optical glass properties. Borosilicate
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glasses find wide applications in cook- and labware, fiberglass, displays, and optical
components because of their high thermal shock resistance and chemical inertness ([1]).
The usage of B benefits the glass making process in several ways, for example by
lowering the melting/liquidus temperature and viscosity of the melt or allowing the
dissolution of refractory oxides (for a review refer to [1]; [2]; [3]). The reduction of the
liquidus temperature by the addition of B has also proven useful in petrological
experimental studies and enabled the synthesis of large quantities of volatile bearing
glasses at atmospheric pressures (e.g., [4], [5]).

Boron is considered a network former in both silicate and aluminosilicate
glasses ([6], [7], [8], [9], [10]). Additionally, B is classified as a volatile species in both
the glass-manufacturing industry and in cosmochemistry (classified as volatile
lithophile element, with a 50% condensation temperature (T5;) from a solar nebula gas
at 10 bar, at 635 °C, [11]; 467 °C, [12]). The most abundant B species in glasses and
melts are three-fold and four-fold coordinated by O?-. In borosilicate glasses, speciation
of B changes mostly as a function of the composition (e.g., SiO, and alkali element
content, [1], [13], [14], [15] and references therein) and it controls the molecular
structure of the glass/melt and the interconnectivity of B,O; and SiO, networks. The
arrangement of this network will in turn govern the extent of B degassing from the melt.
But fO, is known to affect the speciation of elements in melts, which raises the question
to what degree B is lost to a gas phase from a borosilicate melt at high temperatures,
(such as during glass synthesis) and what is the effect of fO, on the evaporation process.

Here, we present a novel dataset on the evaporation behavior of B from B-, Ca-,
and Mg-bearing aluminosilicate melt at 1250 and 1350 °C, over 60, 120, 240, and 1020
minutes, in air and at logfO, relative to the fayalite-magnetite-quartz buffer (FMQ), of

AFMQ = +1.5 (hereafter written as FMQ+1.5), FMQ, FMQ-2, FMQ-4, and FMQ-6.
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2. Materials and Methods

2.1 Starting Material

Evaporation experiments were performed using a CaO-MgO-Si0,-Al,05-B,0;
glass as the starting material. The composition was at the anorthite (CaAl,Si,0g) —
diopside (CaMg,Si1,04) eutectic at Anz¢Dig4 (in mol%), to which ~ 10wt.% B,0; were
added. The starting material was prepared using analytical grade oxides (MgO, SiO,,
Al,O3; Sigma-Aldrich, GmbH, Germany), carbonate (CaCO; Alfa; Aesar GmbH,
Germany) while B was added as boric acid (H;BO;; ABCR-GmbH, Germany). To
release any adsorbed water or hydroxides, MgO was fired at 1000 °C for more than
12 h and subsequently stored at 110 °C in a drying cabinet. The starting material
mixture was then fired at 1000 °C for 3 h to decarbonate the CaCO; and to convert the
H;BO; to B,0; ([16]). The resulting mixture was reground under ethanol, vitrified at
1200 °C in a Pt-Au crucible for 30 minutes and quenched in cold water. For the
vitrification we used a Linn HighTherm VMKI1800 (Linn GmbH, Germany) box

furnace. A detailed description of the starting material glass synthesis is given in [4].
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The resulting glass (PPG14) was crushed into shards in an agate mortar and was

investigated texturally using a JEOL scanning electron microscope (SEM) ([4]). The
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chemical composition and homogeneity of the glass was confirmed by electron
microprobe analysis (EMPA) profile analyses across random shards (Fig. 1).

Fig. 1 Homogeneity of the starting material verified by profile analyses of different shards.
Three profile analyses were made, from center to rim, in three random glass shards. All these
profiles show no diffusional zonation (analyses # 20).

A sum of 60 analyses (n=60, 20 in each shard) testify to the homogeneity of the
starting glass (Table A.1). We determined an initial B,O; concentration of
10.78 £0.27 wt.% (SD). The composition of the starting mixtures and the median

composition of the synthesized glass are given in Table 1.
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Table 1 Starting mixture compositions and EPMA analyses of synthesized glass
Analyses (Wt.%) Anze-Digy  Normalized Start. Mix.  Synth. Glass (PPG14)

Median SD
Si0, 50.33 35.58 46.23 0.17
Al,O5 15.37 10.87 13.83 0.06
MgO 10.80 7.64 9.57 0.04
CaO 23.49 29.64 20.99 0.07
B,03 - 16.27 10.78 0.27
Total 100.00 100.00 101.40 0.36

Table 1 the first two columns show the calculated composition of the anorthite-diopside eutectic and the
normalized starting mixture respectively. The last column shows the EPMA data of the synthesized glass.
Errors reported are SD.

3. Experimental techniques

Glass shards with diameters of ~2 mm were singled out for the experiments.
The shards were hooked on Pt-wire loops with a diameter of 0.1 mm. For each
experimental condition, the sample was suspended on a Pt-chandelier on an alumina
rod. The experiments were conducted in a vertical gas-mixing tube furnace (Gero
GmbH, Germany) and oxygen fugacity was controlled by mixing CO and CO, gases
using a Tylan mass flow controller. Temperatures within the furnace were monitored
and controlled by a Pt;gRh3o—PtosRh¢ (type B) thermocouple connected to a Eurotherm
2416 (Schneider Electric Systems, Germany) controller. The furnace was pre-heated to
the given temperature at least 30 min before the experiments to ensure that it was
thermally equilibrated and that temperature variations within the furnace’s hot zone
were negligible. Gases were introduced at the top of the tube furnace with an outflow
at the lower end of the furnace. Oxygen fugacity varied between air and -13.3 logfO,
units relative to the Fayalite-Magnetite-Quartz (FMQ) buffer system (Table 2). The

samples were initially placed in the cold zone of the furnace to allow the CO-CO, gas
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mixture to equilibrate for ~ 2 minutes. The samples were then lowered into the hot zone
of the furnace where they degassed for different time durations (60-1020 minutes, Table
2). The runtime of each experiment was considered from the time of introducing the
sample into the hot zone of the furnace. During the experiments, temperature was
monitored and controlled by an external Type B thermocouple connected to a
Eurotherm controller. During the run, temperature variations were less than +1 °C.
Experiments were stopped by turning off the gas flow ~40 seconds before opening the
furnace lid and quenching the sample in a cold-water bath. Each sample was then used
for characterization by SEM, EMPA, and LA-ICP-MS (Laser-Ablation Inductively
Coupled Mass Spectrometry).

Two types of experimental series have been conducted at 1245 °C and 1361 °C
namely “fO, series” and “t series”. In the former, fO, varies between oxidizing and
reducing conditions (air to FMQ-6), while the run duration remains constant (60 min).
In the latter, it is fO, that remains constant, while run durations vary from 60 to 1020
minutes. This approach allows us to examine the effects of both fO, and time on the
evaporation of B. Importantly, these experiments are run in an open system with
constant flow of CO and CO, gas, allowing efficient evaporative loss of B from the

melt.

4. Analytical Methods
For each experimental run one sample was characterized in cross-section with
a JEOL 6510 LA scanning electron microscopy (SEM), and the chemical homogeneity
was investigated with a 5-spectrometer JEOL JXA 8530F electron microprobe analyzer
(EMPA) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS) at the Institut fiir Mineralogie, Westfdlische Wilhelms-Universitdt Miinster. The
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SEM back-scattered electron images were taken at an acceleration voltage of 20 kV
and a working distance of 10 mm.

The EMPA measurements were made at an acceleration voltage of 15 kV, 60
nA beam current, and a 10 um beam size. Boron was measured for 120 s on the peak
and 60 s on the background. The Astimex BN has been used a standard for the EMPA
measurements. The other elements (Ca, Mg, Si, Al) were measured for 20 s on the peak
and 10 s on the background.

For the LA-ICP-MS measurements, the polished samples were ablated in a dual-
volume Helex cell (He gas flux of 1 L/min in the large cell and 0.33 L/min in the small
cell). We used a Photon Machines Analyte G2 193 nm ArF excimer laser system at a
pulse rate of 10 Hz and a spot size of 50 um. The ablated material was analyzed in a
Thermo Fisher Element II, measuring 20 s background and 40 s sample counting time.
The isotopes measured were 2°Si, and !'B, where >°Si was used as the internal standard.
The primary standard analyzed was NIST610 (350 £ 7 ppm B, [17]), and NIST612

(34.6 +0.78 ppm B, [18]).

5. Results

5.1 Boron evaporation and concentrations of residual glasses
All our experimental run conditions and results are given in Table 2. Boron data
were obtained using EMPA and LA-ICP-MS profiles (step size and profile lengths in
Table A.2) on the cross-sectioned samples of all experiments. The relative loss of B,O;
in the final glass compared to the initial content in the starting material is reported as
X/ Xp and In(X/Xy) in Table 2.
Before assessing the role of fO,, T and run time in our experiments we need to

consider whether the changing B contents of the glasses were controlled by the
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evaporation reaction, or diffusion from the melt interior to the evaporation surface. To
that end we measured diffusion profiles in both the “fO, series” and “t series” (Fig. 2)
experiments. At all experimental conditions, the investigated samples showed no
indication of zoning and concentrations are constant within error for all the samples.
Therefore, these profiles rule out any effect of diffusion on the B contents of the glasses,
which implies that the evaporation rate is lower than the diffusion rate of B in the glass.
Hence, diffusion is not the rate limiting factor of B evaporation at high temperatures

(1245 — 1361 °C).
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a) Blc - 1249°C, AFMQ

¢) B3a - 1361°C, air (60 min.)

b) B2f - 1249°C, AFMQ -4

d) Bdb - 1350°C, air (240 min,)
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Fig. 2 Scanning electron (SE) and backscattered electron images (BSE) (a-d), and profile
analyses of the “fO, series” and “t series” experiments. a) and b) show SE images of glass

shards from the

,”” series experiments at 1249 °C in FMQ and FMQ-4 respectively. Time

duration of both the experimental runs was 60 minutes. c) BSE image and d) SE image, of runs
from the “t series” experiments in air at 1350 °C and 1361 °C respectively. Time duration of
these experimental runs varied from 60 to 1020 minutes (here the 60 and 240 min runs). e)
EPMA and LA-ICP-MS measurement profiles from the center of the experimental beads. The
profiles show no diffusional zonation from the center to the rim (analyses # 14).



Table 2 Experimental runs and conditions. Boron concentrations in wt%. Errors reported are SD.

Exp. Series Glass # Exp.# T(CC) fO,(AFMQ) log(fO,) t(@min) B,0; Error (Xt/Xy) Error In(Xt/Xy) Error(+) Error (-)
Bl Bla 1245 6.62 -0.68 60 8.74 0.76 0.81 0.07 -0.21 0.086 0.095
Bl Blb 1249 1.5 -6.3 60 1032 0.78 0.96 0.08 -0.04 0.076 0.083
/O, series Bl Blc 1249 0 -7.8 60 1033 0.78 0.96 0.08 -0.04 0.076 0.083
Bl Bld 1249 2 9.8 60 10.65  0.79 0.99 0.08 -0.01 0.075 0.081
B1 Ble 1249 -4 -11.8 60 10.56  0.78 0.98 0.08 -0.02 0.075 0.082
B1 B1f 1249 -6 -13.8 60 10.95  0.79 1.02 0.08 0.02 0.073 0.079
B3 B3a 1361 5.62 -0.68 60 3.95 0.69 0.37 0.06 -1.00 0.163 0.194
B3 B3b 1361 1.5 -5.3 60 8.24 0.75 0.76 0.07 -0.27 0.090 0.099
fO, series B3 B3c 1361 0 -6.8 60 8.84 0.76 0.82 0.07 -0.20 0.086 0.094
B3 B3d 1361 2 -8.8 60 9.03 0.75 0.84 0.07 -0.18 0.084 0.091
B3 B3e 1361 -4 -10.8 60 9.19 0.76 0.85 0.07 -0.16 0.083 0.090
B3 B3f 1361 -6 -12.8 60 1001  0.77 0.93 0.08 -0.07 0.078 0.084
Bl Bla 1245 6.62 -0.68 60 8.74 0.76 0.81 0.07 -0.21 0.086 0.095
. B2 B2a 1245 6.62 -0.68 120 6.78 0.73 0.63 0.07 -0.46 0.105 0.118
1 series
B2 B2b 1245 6.62 -0.68 240 5.22 0.71 0.48 0.07 -0.72 0.130 0.149
B2 B2c 1245 6.62 -0.68 1020 0.37 0.02 0.03 0.00 -3.37 0.052 0.055
Bl Ble 1249 -4 -11.8 60 10.56  0.78 0.98 0.08 -0.02 0.075 0.082
{ series B2 B2d 1249 -4 -11.8 120 9.76 0.77 0.91 0.08 -0.10 0.080 0.087
B2 B2e 1249 -4 -11.8 240 9.40  0.77 0.87 0.07 -0.14 0.082 0.089
B2 B2f 1249 -4 -11.8 1020 7.03 073 0.65 0.07 -0.43 0.102 0.113
B3 B3 136l 5.62 -0.68 60 395 069 037  0.06 -1.00 0.163 0.194
/ series B4 Bda 1350 5.62 -0.68 120 261 0.11 0.24 0.01 -1.42 0.048 0.050
B4 B4b 1350 5.62 -0.68 240 1.22 0.06 0.11 0.01 -2.18 0.050 0.053
B4 B4c 1350 5.62 -0.68 1020  0.006 0.000  0.001 0.00 -7.43 0.056 0.060
B3 B3e 1361 -4 -10.8 60 9.19 0.76 0.85 0.07 -0.16 0.083 0.090
. B4 B4d 1361 -4 -10.8 120 8.37 0.76 0.78 0.07 -0.25 0.090 0.099
t series
B4 B4e 1361 -4 -10.8 240 7.78 0.75 0.72 0.07 -0.33 0.095 0.105
B4 B4f 1361 -4 -10.8 1020 3.30 0.68 0.31 0.06 -1.18 0.190 0.235

10
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The experimental results in the “fO, series” runs are presented in Figure 3.
These experiments show that B degassing increases with increasing fO, (from FMQ-6
to air) and with increasing temperatures (from 1249 °C to 1361 °C).

At 1249 °C and from highly reducing to slightly oxidizing conditions (FMQ-6
to ~FMQ+1.5) B is degassed up to ~ 0.6 wt.% (0.02 to 0.04% is the relative loss). At
the same temperature and oxidizing conditions (in air), B is degassing to about ~ 2 wt.%
(20% relative loss) bringing the final B-concentration of the sample down to ~ 8.7 wt.%.

At 1361 °C and from FMQ-6 to ~ FMQ+1.5, around 2 wt.% of the initial B
content is lost (~ 20% relative loss) as the samples show a content of ~ 8.2 wt.%. At
the same temperature in air, the B-loss has increased by almost an order of magnitude,
resulting in a loss of around 6 wt.%, which attributes for the ~ 60% of the initial B

content leaving the final glass with ~ 4 wt.% B.

02 T

In(X,/X,)
)
(=

0.8
@ 1361 °C (60 min)
-1.0 -
0 ©1249 °C (60 min)
‘1.2
S S S S S S T S
-8 -6 4 2 0 2 4 6 8

AFMQ
Fig. 3 Experimental results of the “fO, series” runs. The natural logarithm of the ratio of the

final (X,) versus the initial (X,) B,O; concentration of the glasses is plotted against the fO,
(relative to the FMQ buffer) of the runs.

11
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The experimental results from the “t series” runs (Fig. 4) show that B degassing
increases with longer run times (60 to 1020 min), higher temperatures (1245 °C to 1361
°C), and with increasing fO, (from air to FMQ-4). The extent of degassing varies
between the different run durations, temperatures and fO, conditions.

At 1249 °C and reducing conditions (FMQ-4), and run durations between 60
and 240 minutes, ~ 1wt.% B is lost due to degassing or ~ 9% compared to its initial
concentration. In the 1020 minutes experiment (same T and fO, conditions) the amount
of degassed B has increased to an absolute value of ~ 3wt.% or ~ 25% relative. At the
same temperature (1245 °C) but at oxidizing conditions (i.e., air) B degasses more
strongly with an absolute loss of ~ 2 wt.% (20% relative) after 60 min, ~ 3wt.% (~ 30%
relative) after 120 min, and ~ Swt.% (50% relative) after 240 min. The 1020 min run
shows an almost complete loss of the initial B content i.e., from ~ 10 wt.% down to
0.37 wt.% (~ 96% relative loss).

At 1361 °C and reducing conditions (FMQ-4), and run durations between 60-
and 240 minutes, the B content of the degassed glass has decreased by ~ 2.2 wt.%, or
22% relative. At the same conditions in the 1020 minutes experiment, the sample has
lost more than half of its initial B concentration, ~ 6.7 wt.% (~ 70% relative). At 1350
°C in air B, degassing is extensive resulting in a loss of ~ 6 wt.% (60% relative) in the
60 minutes run, ~ 7.5 wt.% in the 120 minutes run, and 8.8 wt.% in the 240 minutes
run. In the 1020 minutes run B is almost completely lost from the glass, ~ 10.77 (~

99.9% relative loss) leaving but only 0.006 wt.% B in the final glass.

12
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Fig. 4 The results of the “t series” runs. The natural logarithm of the B,O3 concentration in the
glasses is plotted against different run durations. The error bars are only plotted when larger
than the symbols.

6. Discussion

6.1 Evaporation rate constant
To assess the effect of temperature and fO, on the evaporation of B we
calculated the evaporation rate constants &; from the time series experiments using the

equation of [19] as used by [20]:
X
In (70) = —3kit/r 1)

For these calculations we treat each sample as a liquid sphere with an average radius of
0.01 cm and assume that the activity coefficient of B,O; in each experiment remains
constant. X; and X, are the concentrations in the final and starting glass respectively, &;
is the evaporation rate constant, ¢ is the time of the run and r the radius of the liquid
sphere. Table 3 shows the evaporation rate constants of B,O; from the “t series” runs,

which were calculated by linear regression from the slopes (-3k;¢/r) of the trendlines in

13
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Figure 4. The calculated evaporation rate constants demonstrate that oxygen fugacity,
ranging from air (logfO, =-0.68) to FMQ-4, plays a key role in B evaporation. The
difference in evaporation rate constant of an order of magnitude between very oxidizing
(in air) and very reducing (FMQ-4) conditions requires a mechanistic explanation. In
the next section we discuss how the speciation of B in the gas phase and the respective
evaporation reactions differ at the two experimentally investigated redox conditions.

Table 3 Calculated evaporation rate constants, &;, for B in the “t series” experiments

Glass # Exp. # T(°C) AFMQ  k;(em/min) r (cm) Slope

BI1, B2 Bla,B2a,b, c 1245 in air 1.09 x 107 0.01 -3.28 x 103
B1, B2 Ble,B2d, e, f 1249 -4 1.31x 10¢ 0.01  -3.94x10*
B3, B4 B3a*, B4a, b, ¢ 1350, 1361%* in air 2.23x 107 0.01 -6.69x 103
B3, B4 B3e, B4d, e, f 1361 -4 3.54x 10°¢ 0.01 -1.06x 107

6.2 Evaporation reactions

1.E+00 A

1.E-01 A

1.E-02

1.E-03

mol fraction
fes]
o
g
1

1.E-05 A

1.E-06

1.E-07

1.E-08
1.E-22 1.E-18 1.E-14 1.E-10 1.E-06 1.E-02

f0,

Fig. 5 Boron gas-phase speciation at 1250 °C as a function of fO,. Gibbs free energy
minimization calculation results are shown as mol fractions. The dotted vertical lines show the
fO, of air, FMQ, and FMQ-4. Stippled lines show the mol fractions of CO and CO,, the gases
that were used to control fO, in the evaporation experiments. The relative amount of the
different B gas species are shown on solid lines. In the presented range of mol fractions and fO,
the stable gas species are B,O;, BO,, B,0O,, BO, and B,0. The full calculation results are
included in Table A.3.
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Boron shows a redox-sensitive behavior as its loss is more pronounced at highly
oxidizing conditions (Figs. 3, 4). The evaporation mechanism and rate depend on the
stoichiometry of the evaporation reactions which in turn are dictated by the speciation
and valence state of the element in the melt and in the gas phase (e.g., [21]). To
constrain the B gas-phase speciation we conducted Gibbs free energy minimization
calculations using the software package HSC Chemistry 9 ([22]). The thermodynamic
database of HSC is largely based on NIST-JANAF data ([23]). We conducted
calculations at 1250 and 1350 °C, including the gas species CO,, CO, O,, O;, B, B,,
BC, BC,, B,C, BCO, BO, BO,, B,0, B,0,, and B,03. The oxygen fugacity was varied
by step-wise adding O, to CO, and ranges from logfO, =-26 to logfO, =-0.5. The
detailed results of the calculations are provided in Table A.4. The dominant B gas-
species at logfO, > -18 conditions relevant for all our experiments, is B,O3. At even
more reducing conditions the primary gas species becomes B,0O,, with minor
abundances of BO, B,O, BC,, and B,C. At increasingly oxidized conditions BO,
becomes an important minor gas species, and it is most relevant at highly oxidizing
conditions, such as in our experiment in air. If we then assume that B occurs only as
B,0Os; in the melt phase, we can write the following two evaporation reactions for the
two most abundant gas species B,0O; and BO;:

a) By0;(£)=B10s(g)

b) B.O;() +72 0, (g)=2 B0, (g)
In reaction (a) B is in a trivalent state (B**) in both the melt and the gas phase. This
evaporation reaction is independent of the fO, and predominates in all our experiments.
The independence of reaction (a) from fO, is evident in Figure 3, where the data show
almost flat trends as fO, varies from FMQ-6 to FMQ+1.5. However, a minor increase

in volatility of B with increasing fO, can be observed in the data. We attribute this
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increase, as well as the high rate of B evaporation in air (Figure 3) to the increasing
stability of BO; at high fO, towards air. Reaction (b) thus describes the fO, dependent
evaporation of B in the oxidized tetravalent (B*") state. BO, is observed in high
temperature B combustion experiments, but it’s not stable as a solid ([24]).

In conclusion, at relatively reducing conditions (FMQ-4 to ~ FMQ+1) one
species of B predominates (B,0O3). On the other hand, at highly oxidizing conditions
(above FMQ+1.5 to air) two species of B are important in the gas phase i.e., B,O3 and

BO,, indicating the presence of two different valence states (B** and B*#).

6.3 Implications for evaporative B loss from large industrial volumes of melt

By conducting time series evaporation experiments we derived the kinetic
evaporation rates of B from aluminoborosilicate melts at 1250 and 1350 °C for two
different redox states, in FMQ-4 and in air (Table 3). Our experiments further
demonstrate that the evaporation is not rate limited by B diffusion in the melt. This
observation provides a lower limit on B diffusion estimates.

To assess the extent to which B is lost at industrial scale we use the determined
evaporation rate constants and apply them to a simple model (Fig. 6). In this model we
assume spherical samples with radii ranging from 0.01 cm to 1000 cm. We use the
evaporation rate constants (Table 3) from the “1350 °C — in air” and “1350 °C — FMQ-
4” experiments, i.e., 2.23 x 103 and 3.54 x 10-° (cm/min) and different sample radii, in
equation (1), to calculate degassing times (Table 4). In this way, we determine the time
needed for each sample, depending on its radius, to lose 5% and 50% of its initial B,O;

content by evaporation of B,O3() and BOy, (Fig. 6).
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292
293
294
Table 4 Evaporation rates of B,O; from samples with different radii at different fO, conditions
1350 °C - air 1350 °C -FMQ-4
r(cm) log(r) loss % days log (days) days log (days)
5 0.01 -2.27 0.03 -1.47
0.01 2 50 0.07 -1.14 0.45 -0.34
0.1 ) 5 0.05 -1.27 0.34 -0.47
’ ) 50 0.73 -0.14 4.54 0.66
! 0 5 0.54 -0.27 3.4 0.53
50 7.3 0.86 45 1.66
10 ! 5 5.4 0.73 33 1.53
50 73 1.86 453 2.66
5 54 1.73 335 2.53
100 2 50 729 2.86 4535 3.66
5 539 2.73 3356 3.53
1000 3 50 7293 3.86 45357 4.66
295
296 Even though evaporative B loss is significant at the small sample scale of our

297  experiments, the determined rate constants are very low. In small volume samples like
298  inthe present study (i.e., r = 0.1 cm), exposure at 1350 °C and oxidizing conditions (in
299  air), will result in a loss of 5% of B,O3 in only 8 minutes. At the same conditions, the
300 threshold of the 50% loss will be reached in 105 minutes. At reducing conditions
301  (FMQ-4), for the same sample size (r = 0.01 cm) and temperature, the time needed to
302 lose 5% and 50% of the initial B content is 48 and 653 minutes. What we observe here
303 is a 6-fold increase in the exposure times between oxidizing and reducing fO,
304 conditions, to reach the same amount of B loss. At industrial volumes of melt on the
305  order of cubic meters (in our model represented by the 100 cm and 1000 cm sample
306  radii) extensive exposure at 1350 °C and oxidizing conditions of ~ 2 to ~ 20 years
307  (Figure 6; Table 4; Table A.4) would be necessary to result in B loss of 50% of the
308 initial content). Importantly, our experiments are conducted in an open system where

309 the evaporated gas phase is efficiently transported away from the melt. In a closed large
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326

volume furnace typically used in industrial processes this condition is not met. Our

calculated rates of B loss are therefore upper limit estimates.

5

- 1350°C

41

-
-
-
-
-
Pid
Pid
P
-
-

log(t) (time - days)

T L LA A

2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
log (Radii of sample - cm)

Fig. 6 Evaporation rate models of aluminoborosilicate glasses with different radii at 1350 °C for
oxidizing and reducing fO, conditions (in air and FMQ-4 respectively). Continuous lines represent the
evaporation rate models for the experimental runs at oxidizing conditions (air). Dashed lines represent
the evaporation rate models for the experimental runs at reducing conditions (FMQ-4). Red lines show
the time it will take depending on the sample radii, for the melt to lose due to degassing 5% of its initial
B,0; content, while black lines represent the 50% loss of the initial B,O; content of the sample.

In summary, our study indicates that under oxidizing conditions B,O; degassing
will increase by an order of magnitude. During the synthesis of aluminoborosilcate
glasses, these losses might have important implications for the melt composition and
hence, the structure and the properties of the final glass. In large volume samples used
in industrial glass making, these losses are not so extensive, but they might generate
smaller degassing surfaces which in turn might create local deviations from the

intended glass composition and consequently its expected properties.
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7. Conclusions

At high temperatures of 1350 °C and very oxidizing conditions in air,
the alkaline-bearing aluminoborosilicate melt entirely loses its B content
by evaporation within 1020 minutes.

e Evaporation rate constants along with the sample size can be used to

determine the rate and amount of B loss

e Small scale samples are more prone to evaporation losses

e Large scale samples may generate local degassing surfaces that can
affect locally the composition and structure, and by that the properties

of the final glass.
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