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B,0; and Na,O are key components of fluorine-free mold fluxes for continuous casting, but both are
highly volatile, which affects the flux stability. This paper investigated the evaporation of the
Si0,-Ca0-Al,03-B,03-Na,O fluxes (Na,O: 6 to 10 wt pct, CaO/SiO, ratio: 0.8 to 1.3) in the
temperatures ranging from 1573 K to 1673 K (1300 °C to 1400 °C) using thermogravimetric
analysis. The weight loss as a result of the flux evaporation increased with the increasing temperature
for all fluxes. The rate of evaporation was found to be very small for the Na,O-free flux but
significantly increased with the addition of Na,O. The high evaporation rate of fluxes in the presence
of B,O3 and Na»O was attributed to the formation of highly volatile NaBO,. Changing the ratio of
CaO/Si0O,, however, did not affect the rate of evaporation. Kinetic analysis of the evaporation
processes demonstrated that external mass transfer contributed to the rate of evaporation.
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I. INTRODUCTION

THE development of fluorine-free mold fluxes is
important for decreasing environmental impact, equip-
ment corrosion, and health hazards brought about by
the presence of fluorine in the conventional mold
fluxes.' ¥ Many trials have been conducted to replace
fluorides with other components.' >>% It was suggested
that the combination of B,O3 and Na,O is an appro-
priate substitute for CaF,, providing low viscosity and
melting temperature, and acce_})table crystallization and
heat transfer of mold fluxes.'*"* However, high volatil-
ity of sodium- and boron-containing compounds can be
a limitation in the industrial use of the Na,O-containing
boracic fluxes.” '?! The Ca0/SiO, ratio is an important
characteristic of mold fluxes used in industry, because it
is correlated with flux thermophysical groperties such as
crystallization,!'* ' heat transfer,l'*'® melting proper-
ties, and viscosity.l">1%2% Tt was also reported that
CaOQ/SiO, ratio affects the flux evaporation because of
the alteration of flux viscosity and the diffusion process
in the molten flux.["®" The evaporation of high-volatile
components changes the chemical compositions of mold
fluxes, and thus their physicochemical properties. The
changes of mold flux properties can lead to unstable heat
transfer and insufficient lubrication, resulting in severe
surface defects, e.g., cracks and depressions.”!) Thus,
knowledge of kinetics and mechanism of evaporation of
mold fluxes containing both B,O; and Na,O is
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important for the development of the fluorine-free mold
fluxes. However, limited publications in this area
showed that the evaporation is very complex, depending
on the flux composition and temperature, and the
mechanism of the evaporation has not been established.

The purpose of this work is to study the evaporation
of Ca0-Si0,-Al,03-B,03-Na,O mold fluxes using ther-
mogravimetric analysis (TGA), focusing on the effects of
the Na,O content and CaO/SiO, ratio.

II. EXPERIMENTAL PROCEDURE

A. Flux Preparation

Flux samples were prepared using chemical reagents
of CaCO3, Na2CO3, SiOz, A1203, MgO, and B203
powders. The mixture of components was ground in an
agate mortar for 20 minutes, and then placed in a
high-purity graphite crucible. After heating and melting
at 1673 K (1400 °C), and holding at this temperature for
20 minutes, the flux was poured onto a steel plate and
cooled to room temperature. Subsequently, the flux
samples were crushed and ground to fine powders.
Compositions of fluxes were analyzed by inductively
coupled plasma (ICP) for B,O3 and X-ray fluorescence
(XRF) for other oxides; the results are listed in Table I.
This table also includes the liquidus temperatures (7%q)
of fluxes calculated using thermochemical software
FactSage 7.0 and their viscosity values (1) reported
elsewhere.”” Fluxes 1, 4, 5, and 6 have varied Na,O
contents from 0 to 9.1 wt pct at a fixed CaO/SiO, ratio
of 1.3, while Fluxes 2, 3, and 5 have varied CaO/SiO,
ratios from 0.8 to 1.3 at Na,O contents close to 8§ wt pct.
A typical industrial fluorine-containing flux (C) for
continuous casting of low-carbon steel was also mea-
sured for a comparison.
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B. Thermogravimetric Measurement

The evaporation experiments were conducted using a
STA449-F1 calorimeter (NETZSCH Instruments, Ger-
many) in the isothermal mode at 1573 K, 1598 K,
1623 K, and 1673 K (1300 °C, 1325 °C, 1350 °C, and
1400 °C) in Ar atmosphere. Not all temperatures were
applied for all samples due to the limitation on using the
apparatus for high-temperature experiments. The Pt/Rh
crucible with 6-mm inner diameter and a volume of
84 ul. was employed as the container for the flux. The
flux sample for each measurement was approximately 30
mg.

The chamber was evacuated and purged with Ar gas
for 300 seconds to ensure a steady gas flow. The sample
was then heated to a preset temperature with a heating
rate of 50 K/minute, the maximum heating rate for the
apparatus. The gas-flow rate was kept constant at 70
mL/minute for the duration of the experiment, which
was maximum gas flow rate possible in the measure-
ment. The sample was kept at the experimental temper-
ature for 60 minutes. During the experiment, the weight
change of the sample was recorded every 0.1 seconds.
Repeated experiments for some selected fluxes demon-
strated a good reproducibility of the measurements
(Figure 1).

III. RESULTS

A. Weight Loss Measurement

Figures 2 and 3 show the influences of temperature and
Na,O content on weight losses of the fluxes (CaO/SiO,
ratio fixed at 1.3), respectively. The weight loss was
characterized by Am/m,, where Am is the weight change,
g; and my is the initial sample weight, g. The evaporation
of the industrial fluorine-containing Flux C at 1623 K
(1350 °C) was also measured and compared with the
fluorine-free mold fluxes in Figure 3(c). The fluorine-con-
taining flux showed much higher weight loss than
fluorine-free fluxes at 1623 K (1350 °C) (Figure 3(c)).

In general, the weight loss increased with the increas-
ing temperature (Figure 2). For the Na,O-free mold
flux, the weight loss was much smaller than that for the
Na,O-containing fluxes, less than 0.005 pct at all
temperatures for 1 h (Figures 2(a), 3(a), 3(c), and
3(d)). Adding 6.2 wt pct Na,O significantly increased
the rate of flux evaporation (Figures 3(a) and 3(c)).

Table 1.

Increasing the Na,O content from 6.2 to 7.9 wt pct only
slightly increased the rate of evaporation (Figures 3(a)
through 3(c)). When the content of Na,O was increased
from 7.9 to 9.1 wt pct, there was almost no change in the
evaporation rate at 1573 K (1300 °C) (Figure 3(a)), a
slightly increased rate at 1350°C (Figure 3(c)), and an
early increase but obvious slowdown after 1000 seconds
at 1673 K (1400 °C) (Figures 2(d) and 3(d)). As a result,
the weight loss at 1673 K (1400 °C) for the flux with 9.1
wt pct Na,O was even smaller than that at 1623 K
(1350 °C) after 1 h of isothermal process (Figure 2(d)).

Figure 4 shows the weight loss of fluxes with a fixed
Na,O content at approximately 8§ wt pct but varied
CaQ/SiO, ratios from 0.8 to 1.3 at 1300 °C. An increase
in the CaO/SiO, ratio from 0.8 to 1.3 had a minor
influence on the weight loss.

B. Evaporation Rate and Activation Energy

Evaporation changed the slag chemical composition
and as a result affected the evaporation rate in the
process of measurements. To mitigate this effect, the
evaporation rates were analyzed in the first 10 minutes
of the TGA measurements. Evaporation rate k, s7! was
calculated as:

Am;/myg
ti

k= (1]

AWZ[ =m; —my [2]

where Am;/my is the flux mass change, and m,, g, is the
flux mass at time ¢;, s. Table II shows the calculated
evaporation rates of different fluxes. The evaporation
rate changed only slightly with the increasing CaO/
SiO, ratio at the fixed Na,O content (Fluxes 2, 3, 95),
while it increased with increasing the Na,O content at
the fixed CaO/SiO, ratio of 1.3 (Fluxes 1, 4 to 6). The
apparent activation energies for the evaporation pro-
cess were estimated from the Arrhenius plots using
data on k obtained at different temperatures:

E,
Ink =Ind + — 3
n nd + - [3]
where A is the preexponential factor; E, is the appar-
ent activation energy, kJ/mol; R is the gas constant,
8.314 J/(mol'K); and T is the absolute temperature, K.

Chemical Compositions of Fluxes (wt pct), Their Liquidus Temperatures (K (°C)) Calculated using FactSage

and Viscosity (Pa's) Measured at 1673 K (1400 °C).”**

Flux No.  CaO/SiO, CaO  SiO, ALO; B,0; Na,0O MgO Li,0 CaF, Ty, K(°C) 1, Pas
1 1.3 511 392 32 6.4 0 0 0 0 1644 (1371) 0.38
2 0.8 36.8 449 3.5 6.6 8.2 0 0 0 1565 (1292) 0.29
3 1.0 405 408 3.6 6.7 8.4 0 0 0 1529 (1256) 0.20
4 1.3 472 364 3.6 6.6 6.2 0 0 0 1535 (1262) 0.15
5 1.3 462 357 3.5 6.7 7.9 0 0 0 1514 (1241) 0.17
6 13 453 353 3.8 6.5 9.1 0 0 0 1500 (1227) 0.13
C 0. 345 375 3 0 12.5 2.5 0.5 8.5 — —

—No data available.
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Values of E, are obtained from the slope of Ink vs 1/T IV. DISCUSSION
(shown in Figure 5) and listed in Table III. Addition
of 6.2 wt pct Na,O to the CaO-SiO,-Al,03-B,0;3 sys-
tem significantly decreased E,. A further increase in
the Na,O content from 6.2 to 9.1 wt pct had a minor
effect on E,.

Vaporization of fluorine-free fluxes observed in this
work was also reported in other works.['®*?# Evapo-
ration rate of B,Oj-containing fluorine-free fluxes
depended on the temperature and the flux composition.
Increasing the reaction temperature enhanced the flux
1400 °C, Flux 6 evaporation. Adding Na,O into the B,Os-containing

.00k mold flux significantly increased the rate of flux evap-
: oration. However, varied CaO/SiO, ratios at the fixed
Na,O content had no significant effect on the vaporiza-
tion. The mechanisms, kinetics of evaporation, and the
-0.02 - . . . .
rate-controlling steps are discussed in this paper.
go
g -0.04 A. Evaporation Process
Experimental temperatures in a study of Na,O-con-
taining fluxes in this work were higher than the liquidus
-0.06 temperatures calculated using FactSage (shown in
Table I). The calculated liquidus temperature for the
0.08 1 1 1 1 1 1 1 Na,O-free flux (Flux 1) was higher than 1300 °C, but

" L 1 " " " " " 1 n . . . .
500 0 500 1000 1500 2000 2500 3000 3500 4000 mn S‘t[‘fig%’sew"‘“on using a hot thermocouple tech-
nique showed that, at 1300 °C, this flux was in the
liquid state. Therefore, all fluxes were liquid at the
experimental temperatures. The silicate-based mold
fluxes have complex network structures. In the molten

Time (s)

Fig. —Repeated weight loss measurements of Flux 6 at 1673 K

(1400 °C).
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Fig. 2—The weight losses of fluxes with varied Na,O contents of (a) 0 wt pct, (b) 6.2 wt pct, (c¢) 7.9 wt pct, and (d) 9.1 wt pct, as a function of
time at different temperatures with CaO/SiO, ratio of 1.3.
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Fig. 3—The influence of Na,O content on the weijght losses of fluxes at different temperatures of (a) 1573 K (1300 °C),*! () 1598 K (1325 °C),

(¢) 1623 K (1350 °C), and (d) 1673 K (1400 °C).1**
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Fig. 4—The influence of CaO/SiO, ratio on the weight loss of fluxes
at 1573 K (1300 °C).) (Copyright 2016 by The Minerals, Metals &
Materials Society).

state, oxides form anionic and cationic species. Si-re-
lated structures are in the form of different types of
anionic tetrahedral units (SiO,, Si,Os>~, Si,Os'",
Si,0,°7, and SiO,*") in the melt.”® Cations of AI**
substitute for Si** to form tetrahedral AlO,’~, with
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electric charge compensation by cations of Na® or
Ca’* 1?2 B,0s is partially incorporated into the Si-O-Si
network resulting in the Si-O-B structure; it also forms
trigonal BO5>~ units.'>*”?*) Na,O and CaO are typical
network-modifying oxides, leading to the breakdown of
the network structure.

Thermodynamic analysis using FactSage showed that
major components of the gas phase in the equilibrium
with fluxes under examination were gaseous NaBO,,
Na, O,, and B,05. Formation of these gaseous species
can be Presented by the following evaporation
reactions:! %1%

Na,O + B,0O5; = 2NaB02(g) [4]
2Na,O = 4Na (g) + O1(g) 5]
B,O3 = B»0s(g) [6]

The evaporated species were transported from the
molten flux surface out of the crucible to the main gas
stream of Ar. Therefore, as schematically shown in
Figure 6, the evaporation process included three main
steps:

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table II.  Evaporation Rates k (s™') of Fluxes

Flux No. 1573 K (1300 °C) 1598 K (1325 °C) 1623 K (1350 °C) 1673 K (1400 °C)
1 3.08x1077 — 8.21x1077 1.90x10~¢

2 1.93x107° — — —

3 1.93x107° — — —

4 1.54x107° 1.90x107° 2.43x107° —

5 1.81x107° 2.20%x107° 2.89%x107° —

6 1.87x107° — 3.34x107° 491x107°

C — — 6.53x107° —

—No evaporation rates measured under these conditions.

CaO/SiO, ratio = 1.3

>

-1+ Na,0wt% =9.1%
i Na,O wt% = 7.9%

< 2y Na,O wt% = 6.2%
£
13 Na,O wt% = 0%
14
15 " 1 N 1 N 1 N | A
5.9 6.0 6.1 6.2 6.3 6.4

10T (K™)

Fig. 5—Arrhenius plots for fluxes with varying Na,O contents.?’!

(Copyright 2016 by The Minerals, Metals & Materials Society).

Table III. Calculated E, for Fluxes with Different Na,O

Contents
Flux No. Na,O, wt pct E,, kJ/mol R**
1 0 365 0.99
4 6.2 193 0.99
5 7.9 198 0.98
6 9.1 211 0.98

* R? is a statistical measure of how close the data are to the fitted
regression line.

Stream of gas

External mass T
transfer >

Surface of the
molten flux N

Internal mass
transfer

<2 Dissolved
= species

Crucible—>

Fig. 6—Schematic of the evaporation process.
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(1) Evaporation reactions following Egs. [4] through
[6];

(2) Internal mass transfer of dissolved species to the
surface of the molten flux; and

(3) External mass transfer of gaseous species from the
flux/gas interface out of the crucible.

B. Rate-Controlling Steps of Evaporation

1. Chemical reaction

The maximum possible rate of evaporation (free
evaporation, s~ ') of gaseous species can be calculated
using the Hertz—Knudsen equation:®

Lo M3Px  M,S 7
T (MAT)™ 10.1325my

where P, is partial pressure of A (A: NaBO,, Na, O,,
or B,O;), Pa; S is the surface area of interface, m?; T
is temperature in K; and M4 is molecular weight of A,
g/mol.

Table IV shows the equilibrium vapor pressures of
major gaseous species for Na,O-containing fluxes cal-
culated using FactSage. The vapor pressure of NaBO; is
the highest for the Na,O-containing fluxes, indicating
that it is a dominant volatile species. The reaction
presented by Eq. [4] is therefore the major reaction for
the evaporation in the presence of both Na,O and B,Os.

The maximum rates of evaporation calculated using
Eq. [7] are shown in Table V. Calculated k,,,, are three
orders of magnitude higher than the measured evapo-
ration rates k. Therefore, contribution of the chemical
reactions to the rate control of the evaporation of the
fluxes can be ignored.

2. Mass transfer in molten flux

Experimental results showed that the rate of evapo-
ration was not affected by the change of the CaO/SiO,
ratio at the fixed B,O5; and Na,O contents. As shown in
Table I, increasing the CaO/SiO, ratio decreases the
viscosity of the flux as a result of the flux depolymer-
ization. It can be expected in accordance with
Stokes—Einstein equation that diffusion coefficients of
flux constituents increase with the increasing CaO/SiO,
ratio.®!) If the mass transfer in the liquid flux con-
tributed to the evaporation rate control, the evaporation
rate would have been affected by the depolymerization
of the flux caused by the increasing CaO/SiO, ratio.
Therefore, it can be concluded that the internal mass
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transfer in the liquid phase is not the rate-controlling
step in the flux vaporization under experimental condi-
tions in this work. Zhang er al!'' also observed a
negligible effect of CaO/SiO, ratio from 0.77 to 1.18 on
the evaporation of CaO-SiO,-Al,03-B,05-Na,O-TiO,
mold fluxes. For CaO-SiO,-Al,05 flux with high Na,O
content (20 wt pct), Li er all'” found that the mass
transfer in the liquid flux gradually became a rate-con-
trolling step after a long time of the evaporation
reaction (from 3500 to 7000 seconds) resulting in the
significant decrease of Na,O concentration. Measure-
ments in this work lasted less than 3600 seconds.

3. External mass transfer in the gas phase

In the analysis of the external mass transfer, it is
assumed that the evaporation reaction reaches equilib-
rium and the flux composition remains unchanged.
Concentration gradients in the flux are neglected based
on the above analysis of the internal mass transfer.

In the measurements, once the evaporation starts,
gaseous species evaporate from the interface and leave
the system with the carrier Ar gas. After a certain period
of time, a steady state is established in which the
concentrations of gaseous species in the bulk Ar gas
become constant.”? The fluxes of gaseous species

diffusing from the flux/gas interface to the top of a
platinum crucible can be obtained by calculating the flux
of each gaseous component J, mol/second, which is
defined as

. AmA

A s

N
where Am, is the mass loss of component A.

In order to simplify the problem, it is assumed that
there is no convection occurring inside the crucible. Then
the flux of the component A can be calculated ast'”!

JA o (PfA - Pg)DA—AT [9]

s LRT
where i and b indicate the interface and bulk, respec-
tively; and L is a boundary-layer thickness which is
assumed to be the distance between the surface of lig-
uid flux and the crucible top, m. L is estimated by
assuming that the density of the fluorine-free fluxes is
p = 3.05g/cm’. P, and PZ are the partial pressures at
the interface (equilibrium partial pressure, P,) and in
the bulk gas, respectively. PZ in the flowing Ar gas
atmosphere is assumed to be zero. Da_a; is the diffu-
sion coefficient of gaseous species A through Ar gas,

Table IV. Calculated Vapor Pressures P, (Pa) for Major Gaseous Species

Flux No. Gaseous Species 1573 K (1300 °C) 1598 K (1325 °C) 1623 K (1350 °C) 1673 K (1400 °C)
2 NaBO (g) 56.45 76.57 102.61 178.13

Na (g) 0.52 0.76 1.10 2.24

0, (g) 0.13 0.18 0.27 0.55

B,O5 (g) 6.42x1073 1.07x1072 1.73x 1072 4.33%x1072
3 NaBO; (g) 60.86 82.25 109.83 189.46

Na (g) 0.82 1.19 1.71 3.42

0, (g) 0.20 0.30 0.42 0.85

B,O; (2) 2.87x1073 4.79%1073 7.82x1073 1.98x 1072
4 NaBO, (g) 46.85 62.98 83.67 143.03

Na (g) 0.97 1.41 2.01 3.99

0, (g) 0.24 0.35 0.50 0.99

B,O; (g) 1.36x107° 2.27x1073 3.71x1073 9.43x107°
5 NaBO, (g) 58.37 78.42 104.16 177.96

Na (g) 1.38 1.99 2.84 5.60

0, (g) 0.34 0.50 0.71 1.39

B,O; (2) 1.02x1073 1.72x1073 2.82x1073 7.24x1073
6 NaBO, (g) 61.89 83.15 110.43 188.66

Na (g) 1.72 2.48 3.53 6.93

0, (g) 0.43 0.62 0.88 1.72

B,O; (2) 7.74x107% 1.30x 1073 2.14x1073 5.54x1073

Table V. Maximum Evaporation Rates k,,,,, (s_l) for Fluxes

Flux No. 1573 K (1300 °C) 1598 K (1325 °C) 1623 K (1350 °C) 1673 K (1400 °C)
2 0.048 0.064 0.086 0.147
3 0.051 0.070 0.092 0.157
4 0.039 0.054 0.070 0.120
5 0.050 0.067 0.087 0.149
6 0.053 0.071 0.095 0.158
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cm?/second, which was calculated by Chapman—
Enskog equation:®%

Da_ar = 0.0018583 x re x ( ! ! )1/
AcAr =T Pa2 -Q Ma ' Ma

A—Ar A-Ar

[10]

where P is the pressure, atm; Ma and M, are the
molecular weights of gaseous species A and Ar, respec-
tively; and Qa_a, is the collision integral for diffusion,
which is a function of the dimensionless temperature
(or reduced temperature) kT, Jeanr L2

Parameters 6a_a;, A, and ea_a,, J, are the parameters
of the Lennard-Jones potential which can be estimated
from the following equations:™*)

1
OA—Ar 25(0A+0Ar) (11]

éa_ar = (eagar)’? [12]

The values “eand o, taken fromP®¥ are 122.4 K and
3.432 A, respectively. The values of ¢y and o, were
estimated by the following empirical equations:©**!

€A

—1.92T, 13

B A (13]
1

oA =1.222V}, [14]

where k is Boltzmann constant, 1.38x10723 JJK; T, is
the melting temperature, K; and V,, o is the molar

volume at melting temperature, cm?®/mol. Table VI
shows the calculated % and o using Egs. [13] and
[14]. V,, of B>O5; was regressed from the temperature
dependence of molar volume in Mackenzie’s work.**

Values of Qa_4, for different species, and calculated
KT /ea.ar and Da_a, values are shown in Table VII.

The rate of total weight loss of the molten flux can be
calculated using the following equation:

Am;
7 =Y Mada [15]

By combining Eqgs. [9] and [15], evaporation rate can
be estimated from the following equation:

3 Ami/my S
t;  RTLmy

The calculated evaporation rates for different fluxes,
compared with the experimental results, are shown in
Figure 7. In general, the measured values are lower than
the calculated ones, although the difference between
them is small. The measured values are close to the
calculated ones when the evaporation rate is low. It can
be suggested that the diffusion of gaseous phase from
the flux surface to the main gas stream contributed to
the rate control. For the fluxes with low rate of
evaporation, the external mass transfer played a more
important role in the rate control than for those with
high rate of evaporation. Zhang ez al.'" and Li er al.I"”
in a similar analysis obtained much larger calculated
values than the experimental data. Under conditions in
their works, vapor pressures of the gaseous species were
much higher than those obtained in this work. The
gas-phase mass transfer was also reported to contribute

ZMADA—ArPA [16]

Table VI. Parameters % and 6, for Different Gaseous Species

Gaseous Species M 4, g/mol Pligs g/em? Vs cm®/mol T,, K 2K oA, A
NaBO, 65.80 2.46 26.70 1239 2378.88 3.653
Na 22.99 0.93 24.72 371 712.32 3.560
0, 32.00 — — — 11363 3.43363%
B,O; 69.62 2.46 42.20834 723 1388.16 4.254

Table VII. Values of k7/¢4_4,» Qa_ar and Estimated Diffusion Coefficients of Gaseous Species in Ar Gas (10™* m?/s)
Parameter 1573 K (1300 °C) 1598 K (1325 °C) 1623 K (1350 °C) 1673 K (1400 °C)
KT/€NaBO,—Ar 2915 2.962 3.008 3.101
QNaBO,—Ar 0.9588 0.9500 0.9500 0.9418
DNaBo,—Ar 1.933 1.951 2.045 2.159
KT/eNa—Ar 5.328 5.412 5.497 5.666
ONa-Ar 0.8428 0.8428 0.8428 0.8129
Dna-Ar 2.947 2.947 3.089 3.351
kT/€0,—Ar 13.376 13.589 13.802 14.227
Q0,-Ar 0.7025 0.7025 0.7025 0.7025
Do, _ar 2.435 3.323 3.483 3.645
kT/eB,0,—Ar 3.816 3.877 3.938 4.059
Q8,05 Ar 0.8952 0.8897 0.8897 0.8845
Dg,0,-Ar 1.741 1.751 1.835 1.932
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to the rate of evaporation of CaO-SiO,-Al,O3-Na,O-
M¢gO-CaF, mold fluxes at temperatures in the range from
1623 K to 1793 K (1350 °C to 1520 °C),B* although the
major evaporated species from the fluorine-containing
fluxes are different from those in the fluorine-free fluxes
considered in this work. At a given temperature, the
evaporation rate is directly proportional to Pnapo,.
With the increasing Na,O content, Pnpo, increases,
while the increase in CaO/SiO, ratio does not signifi-
cantly affect Pnapo,(Table 1V). The acceleration effect
of Na,O on the evaporation of B,Os-containing fluxes
was also reported by others.??:3

The rate of evaporation was calculated using data for
the first 10-minutes reaction. The rate of evaporation
slowed down with the increasing exposure time. As
mentioned before, flux evaporation leads to the change
of the flux composition, and thus the flux properties,
including the rate of evaporation. After a significant
decrease in the contents of volatile species, internal mass
transfer is expected to play a more significant role. The
change of the rate-limiting step for the flux evaporation

7
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e
— L7 L
) -,
L 3F .7 |
X 4
S R
-~ 7
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7] Pt
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Calculated 10%k (s™)

Fig. 7—A comparison of measured and estimated evaporation rates.
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0 1 1 1 1 L
0.00 -0.02  -0.04 -0.12

Liquidus temperature (°C)

with the increasing reaction time was reported by Li
et "

The effect of exposure time on the flux evaporation
becomes more significant at higher temperature. In this
work, the apparent descending trend in the weight loss
of Flux 6 was observed after 1000 seconds at 1673 K
(1400 °C) (Figures 2(d) and 3(d)); it can be attributed to
the compositional change by reducing the contents of
both boron and sodium in the flux, which may change
the flux melting and evaporation properties. Figure 8
shows the variations of the vapor pressure and liquidus
temperature as a function of weight loss of Flux 6
calculated using FactSage. In these calculations, only
evaporation of NaBO, was considered. With the
increasing flux weight loss, the vapor pressure reduces
(Figure 8(a)), and the liquidus temperature rises
(Figure 8(b)). Based on the above analysis, the external
mass transfer decreases according to Eq. [16], reducing
the evaporation rate. When the dimensionless weight
loss reached 0.08 pct, the calculated liquidus tempera-
ture approached 1673 K (1400 °C). It means that any
further weight loss will lead to the solid precipitation
which slows down the evaporation kinetics significantly.

V. CONCLUSIONS

The present study of stability of the fluorine-free mold
fluxes Si0,-Ca0-Al,05-B,05-Na,O demonstrated that
the evaporation of these fluxes was much slower in
comparison with industrial fluorine-containing flux. The
rate of the flux evaporation depended on the tempera-
ture and the flux composition. The weight loss as a result
of the flux evaporation increased with the increasing
temperature. The evaporation of the B,Os-containing
fluxes without Na,O at temperatures ranging from
1573 K to 1673 K (1300 °C to 1400 °C) was less than
0.005 pct. Significant evaporation was observed when
the fluxes contained both B,O3 and Na,O, which was
attributed to the formation of the highly volatile
NaBO,. The addition of 6.2 wt pct Na,O increased the
flux evaporation at 1623 K (1350 °C) to greater than

1600 Flux 6

1500

1400

1300

1200 -
" 1 1 1 i 1 n n 1 I
000 -002 -004 -006 -008 -0.10 -0.12
Am/m0
(b)

Fig. 8—The influences of weight loss on (a) vapor pressure and (b) liquidus temperature of Flux 6 calculated using FactSage.
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0.06 pct. The increase in the rate of the vaporization
slowed down with increasing the Na,O content further
to 9.1 wt pct. Variation of the CaO/SiO, ratio, however,
did not change the flux evaporation rate.

The flux evaporation process was analyzed by con-
sidering chemical reactions and internal and external
mass transfers. Major species in the gas phase in the
equilibrium with molten fluxes calculated using Fact-
Sage included NaBO,, Na, O,, and B,O3. The maximum
rate of evaporation reactions, calculated using
Hertz—Knudsen equation, was much higher than the
measured evaporation rate. The calculated rate of the
external mass transfer of the gaseous species from the
flux/gas interface to the main gas stream was in
reasonable agreement with the measured rate of evap-
oration. It was concluded that the external mass transfer
in the gas phase contributed to the rate control of the
flux evaporation.

The flux evaporation leads to the change in the flux
composition and flux properties, affecting the evapora-
tion rate.
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