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The role of B,O; as a fluxing agent for developing fluoride free fluxes has
been accentuated in the recent years. Therefore, knowledge about thermo-
physical properties of the oxide are essential to find the optimal chemical
composition of the mold fluxes. In the present study, the density and ther-
mal conductivity of B,O; were measured by means of the buoyancy
method, the maximal bubble pressure (MBP) method and the hot-wire
method in the temperature range of 295-1573 K. The results are discussed
in the context of the chemical stability of the B,O; as well as the effect of
glass transition on the thermal conductivity. The density of the B,O;
decreases non-linearly with increasing temperature in the temperature
range of 973-1573 K. The MBP method was successfully applied for the
density measurements with a viscosity up to 91 Pa.s. The thermal conduc-
tivity of the B,O; in the solid and molten states increases with increasing
temperature. Based on the Kittel’s equation, the temperature dependence of
the thermal conductivity through the glass transition temperature of B,0O;
was discussed.
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1 INTRODUCTION

Appropriate viscosity and thermal conductivity of mold fluxes are necessary
to ensure optimal continuous steel casting conditions. These properties
support the increase of productivity of steel plants without surface defects,
such as sticker breakouts as well as longitudinal cracking [1-3]. In order to
minimize these defect formations, commercial mold fluxes are based on the
Ca0-SiO,-AL0; ternary system with addition of fluorite and sodium
carbonate. The additivities are responsible for the reduction of both melting
temperature and viscosity as well as for the reduction of the heat transfer by
forming cuspidine (3Ca0.2Si0,.CaF,) [4]. Thereby, the rapid crystallization
of a flux film brings a stable mild cooling effect of the mold [4].

On the other hand, these fluorides cause environmental hazards, the safety
issue and the plant corrosion [2]. It is necessary to find slag compositions,
which have the same properties (e.g. viscosity, melting temperature and thermal
conductivity) as fluxes containing fluorides. The importance of B,O; together
with these components as a fluxing agent for the development of fluoride free
fluxes has been acknowledged in the recent years. The influence of B,O; on the
viscosity of slags has been widely investigated [2,5-11]. Generally, addition of
B,0O; leads to a decrease in the slag viscosity. On the other hand, B,O; can
inhibit the mold flux crystallization [2,9,11,12]. Due to increasing the incuba-
tion time, the structure of mold fluxes tends to be predominantly glassy [11],
suggesting that the mold flux exists as molten and glassy solid states between
the steel shell and the mold. Therefore, knowledge about thermal conductivity
is required for both molten and glassy solid state of the mold flux containing
B,0;. However, the effect of B,O; on the thermal conductivity of fluxes has
been studied only in few investigations [13—17] and all of which have been
conducted only for the molten systems. Furthermore, the temperature depen-
dence of the thermal conductivity has not been reported even for solid B,O;.
Shurygin et al. [18] and Kim et al. [19] reported the thermal conductivity of
molten B,0; in temperature ranges of 1200-1400 K and 873-1373 K, respec-
tively. However, there is a large discrepancy. Nilsson et al. [20] measured the
thermal conductivity of B,O; at 300-1000 K under high pressure of 0.1 and 0.2
GPa. Thus, there has been no report for thermal conductivity of B,O; under
normal pressure in the temperature range from 298 to 873 K, including the
glass transition temperature of B,O; (around 580 K [21]). It is known that tem-
perature coefficients of the volume and enthalpy change around the glass tran-
sition temperature, the temperature coefficient of the thermal conductivity
would also change [22,23]. It is essential for the basic understanding of thermal
conductivity of B,O; for further investigation of systematic measurement of the
thermal conductivity of B,O; containing system.

Thus, the present work aims to measure the thermal conductivity of B,O;
both in glassy and molten state and to investigate the effect of glass transition
on the thermal conductivity.
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2 EXPERIMENTAL

In this study, the thermal conductivity was measured by the transient hot-wire
method. The thermal diffusivity also provides thermal conductivity as a
product of density and heat capacity. Ogura et al. [24] reported the thermal
diffusivity of molten B,O; measured by the laser flash method. Thus, to
compare the measured data with reported values, the density of B,O; was also
measured.

2.1 Thermal conductivity measurement

Figure 1 a) shows the schematic diagram of a measuring cell, which was applied
for the thermal conductivity measurements. A Pt-13%Rh wire with a diameter
of 0.15 mm was used for a heater. A constant heat flux is generated from the
heater by applying a constant current. The temperature rise (A7) of the hot-wire
was recorded continuously by two potential leads. On the basis of the solution
for the continuous source of heat by Carslaw and Jaeger [25], the thermal con-
ductivity of the sample was calculated from Eq. (1):

A—Q dAT
T 4r din(t) (1

where Q is the heat generation rate per unit length of the hot-wire and ¢ is the
measurement time.

It is essential for calculating the thermal conductivity to determine two
parameters: (i) slope between the temperature change and the natural
logarithm of time (dAT /dIn(?)) and (ii) heat flux density (0). In the technique,
the heater in Figure 1 a) is used not only as a heating element but also for
temperature measurements. The temperature change (AT) is determined as
the resistance change of the heater, which was recorded as the voltage change
(AU) on the basis of four-terminal method. As aresult, the thermal conductivity
can be calculated using Eq. (2):

2

= e, ~X~R298/dAU
4 dint

R,y
X — 298 (3)

hot—wire

where I is the supplied current, R, is the resistance of the hot-wire between
potential leads at room temperature, ... is the length of the hot-wire, rr and
R; are the temperature coefficient of electrical resistivity and the resistances
of the hot-wire between potential leads at the temperature of interest 7,
respectively.
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FIGURE 1
Schematic drawings of a) the hot-wire for determination of thermal conductivity and b) geo-
metrical parameters of platinum crucible in mm used for hot-wire method.

The B,0; sample in a platinum crucible (Figure 1 b) was heated in a resistance
furnace up to 973 K with the heating rate of 3—5 K/min and held around 1 h.
The furnace temperature was controlled by a protected thermocouple (type K),
which was directly immersed into the sample. Afterwards, the measuring cell
was gently immersed into the molten B,O; due to the high viscosity of the melt
(91 Pa.s [26]). Subsequently, the system was additionally held for 30 min and
cooled down to 298 K during 12 h. The thermal conductivity measurements
were conducted from 298 to 973 K. The holding time at each temperature was
30 min after reaching the measurement temperature. Then, the thermal con-
ductivity measurements were started by applying a current of 1.0 A. The volt-
age change of the heater was recorded by a digital multimeter, which was
controlled by a PC software, as a function of time. Measurements were con-
ducted 3 to 5 times in order to ensure the reproducibility of the results. The
accuracy of this technique was confirmed by the measurement of water. The
deviation from the recommended values in [27,28] was lower than 2%.

2.2 Density measurements

2.2.1 Buoyancy method

Density measurements of the molten B,O; were conducted by means of the
buoyancy method (Archimedes’ Principle) and the maximum bubble pressure
method (MBP) in the temperature range of 973—1573 K. Figure 2 shows the
schematic diagram of the induction furnace for density measurements by means
of the buoyancy method. According to Archimedes’ principle (direct method),
the density of the molten B,O; (p,,, ) can be calculated using Eq. (4):
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where AW is the change of the weight before (W) and after immersion
(W) of the bob into the molten B,Os, Vi, is the volume of the bob.

Figure 3 a) shows the geometrical parameters of bobs used in the present
work.

Two molybdenum bobs with volumes of 0.582 and 0.223 cm?® (V,,, and
V0o TE€SPEctively) were immersed into the molten B,O; in order to reduce the
effect of the surface tension on the buoyancy forces. The weight change
before and after the immersion was measured by the analytical balance with
the readability of 0.01 mg. Before the immersion, the weight of bodies above
the melt was set to a new zero. After this procedure, the bodies were immersed
into the melt. The average weight change used for calculating the density at
the temperature 7 ( pgzoi) was become from the values recorded during 5 min.
As a result, the density of the B,O; was calculated using following equation:

analytical balance
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FIGURE 2
Schematic diagram of the induction furnace for the determination of density.



130 D. CHEBYKIN et al.

20
a) b)
[
[
]
X 13
p— L o
~ ~
(=] — Z
- Y
,. / a
LA .r' s
8 32
. 8
Bob 1 Bob 2
FIGURE 3

Geometrical parameters of a) molybdenum bobs for the density measurements by the buoyancy
method and b) molybdenum crucible (> 99.97% Mo) in mm.
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where AVr is the volume difference between the molybdenum bobs at the
temperature 7, subscripts Bob; and Bob, represent large and small bobs,
respectively.

The volume difference at each temperature can be expressed using Eq. (6):

AV, = AV, -(1+3-a-(T —T,,)) (6)

where a is the linear thermal expansion coefficient. The volume difference
of the bodies at the room temperature (AV,y;) was measured using distilled
water. According to the technical data, the coefficient of the linear thermal
expansion for the molybdenum amounts 5.2-10° K- at 293 K [29]. This
value was considered as a constant in the measurement temperature
range [30].

Before the measurement, 25 g of B,O; sample was melt in a molybdenum
crucible as shown in Figure 3 b) at 1023 K in Ar (99.999 vol.% Ar, < 2 ppm
0,) and cooled. The heating rate was 5 K/min, holding time was 1 h. In the
measurement, the sample in the molybdenum crucible was heated to 1573 K
with a heating rate of 30 K/min and Ar flow rate of 250 I/h (200 I/h from
bottom and 50 I/h from top of the crucible). As shown in Figure 2, the
temperature field in the molybdenum crucible was controlled using a
thermocouple type B (bottom). In order to ensure a correct temperature
control, a thermocouple type K was directly immersed into the melt before
the experiment. After holding for 1 h, the measurement was started. During
the experiment with the melt, a flow rate of Ar was set to the level of 0 I/h in
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order to exclude an additional buoyancy force and obstructions to the
movement of the rod. Each measurement took at least 5 min and was repeated
3 times with a time interval of 10 min. The measurements were carried out in
temperature range of 1073 to 1573 K in the cooling cycle after holding longer
than 30 min at each temperature.

2.2.2 MBP method
In addition to the investigation of the density by means of the buoyancy
method, the density was measured by the maximum bubble pressure method
(MBP). The technique was described elsewhere [31] in detail. In the method,
the density was calculated by applying Eq. (7):
R,Z,M:R,+p-g~h:%+p-g-h @)
where P,.., P., g, h, 7y and d represent the maximum bubble pressure, pressure
in the bubble, density, gravitational acceleration, immersion depth, surface
tension and diameter of the capillary tube, respectively.

For these measurements, a molybdenum capillary with the inner diameter
of 2.5 mm was used. The capillary tube in the molten sample was flushed by
Ar with a flow rate of 0.2 ml/min (1-2 bubbles per a minute). Using a pressure
transmitter, the total pressure was measured. Herewith, the maximal bubble
pressure was determined. The measurements were carried out at the
immersion depth (/) of 10 to 20 mm with the step of 2 mm. The capillary was
immersed up to 21 mm and then lifted up to 10 mm with a step of 2 mm. The
position of the capillary in the melt was controlled by a hydraulic sensor. The
resolution of the sensor was 0.001 mm. The crucible and experimental
conditions were almost same as those for the buoyancy method. The
measurements were carried out in the cooling cycle in the temperature range
of 973 to 1573 K.

2.3 Analysis of B,O; sample
The chemical composition of the B,O; sample after the thermal conductivity
experiments was analyzed by X-ray fluorescence (XRF) spectroscopy.

Differential scanning calorimetry measurement (DSC) was performed
from RT up to 673 K to confirm the glass transition temperature. The B,Os
sample was heated up in dried Ar atmosphere in Pt/Rh crucible with heating
rate of 10 K/min.

X-ray powder diffraction (XRD) has been performed using a diffractometer
with the graphite monochromator and the CuKa radiation (o = 1.5418 A).
The goniometer of the diffractometer had the Bragg-Brentano geometry.
During measurement, powder samples were placed on the monocrystalline
silicon substrate with (510) orientation. In this case, the orientation of the
substrate does not show any peak on the XRD pattern in the range of 15-110°
of 20.



132 D. CHEBYKIN et al.
3 RESULTS

3.1 Thermal conductivity

The typical voltage change (see in Figure 4) represents the thermal
conductivity measurement at 973 K with a current supply of 1.0 A. The origin
of the time is the timing of the issue a command to supply the current and to
start the data acquisition. However, it takes 60 ms for a power operational
amplifier to achieve the current to the objective value of 1.0 A. Thus, Eq. (2)
was modified into following equation:

A

:I3-aT-X-RT/ dAU @)

4rr dln(t

corr )

t,,=1t—0.06 C))
where t,,,, s the corrected time.

Figure 5 shows the schematic voltage change (AU) as a function of the
logarithmic time In(#). The curve in Figure 5 can be divided into three differ-
ent regions: a first unstable region caused by the initial current supply or by
the heat capacity of the hot-wire; a second stable region; a third region —
where natural convection already occurs [32—34]. Only the linear slope in the
second stable region can be used for calculating the thermal conductivity. In
Figure 4, the linear slope can been seen between AU and In(?) in the range of
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FIGURE 4
Typical voltage change during the experiment at the temperature of 973 K.
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FIGURE 5
Schematic diagram of the voltage change as a function of logarithmic time.

—1.0 < In(#) < 1.0. This region can be used for the determination of the ther-
mal conductivity.

Figure 6 shows the temperature dependence of the thermal conductivity
for B,O; measured in this study. The comparison with other reported data and
the temperature dependence will be discussed later.

3.2 Density

The density of the molten B,O; measured by the buoyancy method and the MBP
method is presented in Figure 7 and in Table 1. It was found that the density of
the B,0; decreases non-linearly with increasing temperature. The results from
two different methods show good agreement. Also, no significant difference
was found between the present results and Napolitano et al. [26] as well as
Riebling [35].

3.3 Sample analysis

Botta et al. [21] reported that the glass transition temperature was around 580 K
for B,0;. To confirm the glass transition temperature for the B,O; sample used
in this study, DSC and XRD analysis were conducted. Figure 8 and Figure 9
show the obtained DSC and XRD profiles, respectively. The DSC result shows
an endothermic reaction at 537 K, which is the glass transition temperature for
the sample [21]. The data are good related with the temperature reported by
Botta et al. [21]. Figure 9 shows that both samples are considered to be glassy
and no obvious change was found by the heat treatment up to 523 K.
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Thermal conductivity of B,O; compared with values reported by Kim et al. [19], Nilsson et al.
[20] and calculated from thermal diffusivity of B,O; and B,05-P,0s5 (0.06 wt. %) [24].
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Temperature dependence of density for the molten B,O; measured by buoyancy method and
MBP method compared with values reported by Napolitano et al. [26], Riebling [35] and
Mackenzie [36].
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TABLE 1
Density of the B,O;.
Temperature/K buoyancy method/gem™ MBP method/gem™
1573 1.507 1.506
1373 1.527 1.518
1173 1.551 1.540
1073 1.568 -
973 - 1.587

Table 2 shows the chemical composition of the B,O; sample after the
measurement. The sample contains other oxides with the total amount of 0.5
mass%.

4 DISCUSSION

4.1 Density measurements

In this study, the density of the B,O; was measured by the buoyancy and the
MBP methods. The measured data by these techniques are in good agreement
in the temperature range of 1173-1573 K. At 973 K, the density measurement
by means of the MBP method was complicated due to the high viscosity of
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FIGURE 8

DSC measurement of B,O; sample.
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XRD-profiles for samples: (a) after heated up to 523 K and (b) as-obtained.

TABLE 2
Chemical composition of the B,O; after the thermal conductivity measurements in mass%.

B,O; Sio, P,0; CaO MnO Fe,0; WO,
99.5 0.14 0.09 0.02 0.05 0.01 0.13

the molten B,O; [26]. The measured signal was very unstable at different flow
rates of Ar in the range of 0.150 to 0.500 ml/min.

In spite of that, this method show an excellent agreement with the values
reported by Napolitano et al. [26] and Riebling [35]. The density measure-
ment by the buoyancy method could not be conducted at 973 K due to the
high viscosity of the sample. The results achieved by the buoyancy method
slightly exceed the published values. However, they are in consistency with
other works [26,35,36]. The discrepancy between the measured by the buoy-
ancy method and the recommended values can be explained by the insuffi-
cient holding time (10 min). The experiments were conducted using two
bodies during two days. In spite of the fact, these results show higher discrep-
ancy than the MBP method. Furthermore, the values of the density, which
were measured by means of only one body with the volume of 0.582 cm?, are
better related with the recommended values than with two bodies. On the
basis of above results, the MBP data were taken for calculating the thermal
conductivity of the B,0O; from the thermal diffusivity [24].
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4.2 Thermal conductivity
4.2.1 Thermal conductivity measurements
This paper firstly focuses on measuring the thermal conductivity of B,Os
under normal pressure in the temperature range of 298 K to 973 K. Based on
different slopes, the measured values can be divided into three regions: (I)
298473 K, (II) 473-573 K and (IIT) over 573 K. In the first and the third
regions, the thermal conductivity shows positive temperature dependence;
while in the second region, the thermal conductivity tends to become constant
values.

In the first temperature range, the thermal conductivity can be calculated
by Eq. (10) after a linear fit:

A=0.1314+1.39-10°-T (10)

In the third temperature range, the thermal conductivity is expressed by
following equation:

A=0.558+0.396-10-T (11)

The difference between the measured and published values in Figure 6 can be
caused by the use of different experimental apparatus and different
experimental parameters. Nilsson et al. [20] measured the thermal conductivity
of B,O; under pressure up to 1.7 GPa using a hot-wire technique. These
experiments were carried out in alumina crucibles with nickel hot-wires with
a diameter of 0.1 mm. In the temperature range of 298 K to 473 K, results
presented by Nilsson et al. [20] and the measured values in the present study
are good related. This suggests that even such a high pressure of 0.2 GPa up
to 473 K does not play any significant role on the thermal conductivity of
solid B,0O;. Kim et al. [19] used the hot-wire method for determining the
thermal conductivity of molten B,0O;. Experiments were carried out in
alumina crucibles using the hot-wire (Pt-13%Rh) with a diameter of 0.15 mm.
Hence, the experimental apparatus of the hot-wire method in the present
study is similar to that in Kim’s work [19]. The difference between the results
at the temperature of 873 K amounts 8.7%. The difference in the results with
other works [18,20] might be caused by different factors such as different
holding time for ensuring the thermal equilibrium of the system at each
temperature, the temperature control, the measurement step, the resolution of
the equipment and the change in the chemical composition due to the dissolu-
tion of the alumina crucible.

As mentioned in 3.3, the sample had 0.13 mass% of WO; and 0.14 mass%
of SiO, after the thermal conductivity measurement. The existence of the
oxides in the sample was caused by the sample preparation for the chemical
analysis. On the other hand, the sample has a relative high content of P,Os
(0.09 mass%), which cannot be explained by the sample preparation.
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Therefore, the thermal conductivity was calculated according to Eq. (12)
from the thermal diffusivity reported by Ogura et al. [24] for B,O; and for
B,05-P,0; (0.06 mass%) samples to evaluate the effect of the contamination,
which values are also included in Figure 6.

A=a-p-C, (12)

where a, p and C, represent the thermal diffusivity, density, heat capacity,
respectively.

In this calculation, the used density was measured in this study and the
heat capacity for B,O; was taken from a literature [37]. The calculated thermal
conductivity is in good agreement with the calculated values for the B,O;
with 0.06 mass % of P,0s. Thus, the contamination of other oxides is
considered not to effect to the thermal conductivity measurement.

4.2.2 Influence of glass transition on thermal conductivity
Kim et al. [19] reported that the thermal conductivity of molten B,O; can be
understood by following equation [38]:

1
)\:S.CV.V.I (13)

where Cv is the heat capacity at constant volume, v is the speed of sound and
[ is the mean free path of phonon. Kim et al. [19] calculated the phonon mean
free path of the B,O; from references [22,26,39] using Eq. (13). In the
temperature range of 873—-1273 K, the mean free path of phonon increases
from 0.87 to 1.20 nm with increasing temperature. It was concluded that the
parameter is responsible for increasing the thermal conductivity in this
temperature range. It is expected that the mean free path of phonon can be
related with the structure change [19].

In the third temperature range of 573 K to 973 K, the sample was also
liquid. Hence, in this section, the discussion starts from the third temperature
region for molten B,0; to check whether the phonon mean free path is still
dominant factor of the temperature dependence for the thermal conductivity
at temperature lower than 873 K.

Figure 10 shows the temperature dependence of the thermal conductivity,
the heat capacity, the sound of velocity and the mean free path of phonon.
The heat capacity (C,) was calculated as a product of the density and the spe-
cific heat of B,0; from references [26,37,40,41]. The density at the glass
transition temperature was determined by the extrapolation of data reported
by Macedo et al. [40] and Napolitano et al. [26]. The average sound velocity
was derived from longitudinal and transverse waves [39,41]. As a result, the
mean free path of phonon was calculated using Eq. (13).

In the third region, the mean free path of phonon rises. Whereas, the speed
of sound in the molten B,O; and the heat capacity decreases (Figure 10). As
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Influence of the heat capacity (B) calculated from [26,37,40,41], the speed of sound (C) [39,41]
and the mean free path of phonon (D) on the thermal conductivity of the B,O; (A) at different
temperatures.

aresult, only the phonon mean free path can be responsible for increasing the
thermal conductivity in the temperature range of 573-973 K.

In the first region (below 473 K), Figure 10 shows that the significant
increase of the heat capacity determines the thermal conductivity slopes. In
the second region (between 473 and 573 K), the glass transition influences
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the results. As presented in Figure 10, the heat capacity increases sharply up
to the glass transition temperature and then starts to decrease. The sound of
velocity continuously decreases. The mean free path of phonon around 7,
was assumed as follows: the first value just below 7, was taken as 0.40 nm.
After overcoming the temperature, the mean free path of phonon was
extrapolated to the glass transition temperature from the linear slope of the
mean free path of phonon in the temperature range of 573-973 K. It was
found that the mean free path of phonon sharply decreases after overcoming
the glass transition temperature. The data (C,, v and /) were applied for calcu-
lating the thermal conductivity of B,O; in the second region. As a result, the
thermal conductivity of the B,O; just below the glass transition temperature
could increase sharply to the maximal value and after that decreases to the
value almost same as that before the glass transition.

Based on the above facts, it can be concluded that below the glass transition
temperature of the B,0O;, the thermal conductivity is mainly determined by a
change in the heat capacity. Over this temperature, the temperature
dependence of the thermal conductivity is affected by the mean free path of
phonon. Just above the glass transition temperature, all of these parameters
(C,, v and /) are responsible for decreasing the thermal conductivity.

5 CONCLUSIONS

In the present study, the density and thermal conductivity of B,O; were
measured by means of the buoyancy method, the maximal bubble pressure
method and the hot-wire method in the temperature range of 295-1573 K.
The results are discussed in the context of high temperature calibration errors
and the chemical stability of the B,Os as well as the difference in measurement
methods. The main results can be summarized as follows:

* Density of the B,O; was successfully measured by the MBP and the buoy-
ancy method. The experimental data are good related with each other and
the published values in literature

* Density of the B,O; decreases non-linearly with increasing temperature in
the temperature range of 973-1573 K

¢ The MBP method was successfully applied for the density measurements
with a viscosity up to 91 Pa.s

e Thermal conductivity of the B,O; was measured under normal pressure by
the transient hot-wire method in the temperature range of 298 K to 973 K

¢ Thermal conductivity of the B,O; in the solid and molten states increases
with increasing temperature

¢ Based on the Kittel’s equation, the theoretical temperature dependence of
the thermal conductivity of B,O; through the glass transition temperature
was discussed. Below the glass transition temperature of B,O;, a change in
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the heat capacity mainly influences the thermal conductivity. On the other
hand, just above the glass transition temperature, all of these parameters
(C,, v and [) account for decreasing the thermal conductivity. Over this
temperature, the temperature dependence of the thermal conductivity is

explained by that of the mean free path of phonon.
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