
1. Introduction

Most of processes in iron- and steelmaking at high tem-
perature involve heat transfer phenomena, and thermal
properties such as thermal conductivities of slags and fluxes
are very important to improve each process and the product
quality. Accordingly, accurate thermal conductivity data of
silicate melts have been strongly required. For instance,
thermal conductivity of mould powders has been intensive-
ly investigated, because the surface quality of final product
may be governed by heat transfer through mould flux.1)

Nagata et al.2–5) have measured the thermal conductivity of
the Na2O–SiO2 binary system the using non-stationary hot
wire method, and they showed that the thermal conductivity
of alkali silicate had the linear relationship with the recipro-
cal of absolute temperature.4)

While many environmental issues become more notewor-
thy, most of the blast furnace slag is recycled for various
applications among which more than 60% is BF slag ce-
ment.6) Morphology of BF slags, such as degree of crystal-
lization, granular size, etc., affect the properties of the recy-
cled products and it can be attained only under well-con-
trolled heat transfer.7) Also, utilization of intrinsic heat of
molten slag has been proposed by Akiyama et al.,8) which
would lead to a significant reduction of CO2 generation
even by applying to the calcination of limestone for BF slag
cement.

However, thermal conductivity data of the CaO–
Al2O3–SiO2 system, a typical system of BF slags, have 
not been clarified enough over a wide range of composition.
As shown in Table 1, there are several data measured at

temperatures lower than 1 773 K. Recently, thermal diffu-
sivity of the CaO–Al2O3–SiO2 system has been investigated
using laser flash method by Seetharaman et al.15) They have
studied the effect of composition on the thermal diffusivity
and the structure of the CaO–Al2O3–SiO2 system, but the
effect of temperature on thermal properties and structure
was not considered. Difficulties on thermal conductivity
measurement are often caused by convection and radiation
at high temperature above melting point. Non-steady meth-
ods may be advantageous rather than steady ones due to the
shorter measurement periods.16) Furthermore, it is well
known that the thermal conductivity measured by laser
flash method may involve larger contribution of radiation,17)

compared with the hot wire method.
In the present study, measurements of the thermal con-

ductivity with respect to various compositions of the
CaO–Al2O3–SiO2 system were carried out at temperature
ranging from 1 673 to 1 873 K using the hot wire method.
Another objective is to clarify the relationship between
thermal conductivity and structure of silicate melts based
on the investigation of their composition and temperature
dependencies of the thermal conductivity.

2. Experimental

2.1. Theory and Measurement Procedures

In the present study, non-stationary hot wire method is
employed for the measurement of thermal conductivity of
silicate melts. From the one solution of heat transfer equa-
tion, thermal conductivity, l (W/m K), can be obtained as
Eq. (1).18)
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.............................(1)

Here, Q (W/m) denotes the heat generation rate of hot wire
per unit length. The thermal conductivity of sample can be
obtained from Q and the slope of DT (K) versus ln t.

Figure 1 shows the schematic diagram of apparatus for
the hot wire method, where 0.15 mmf Pt–13%Rh wire
plays a role of thermocouple as well as heating element.
The circuit for thermal conductivity measurement consists
of hot wire, Galvanostat, 10 mΩ standard resistor and
0.5 mmf Pt wire. Supplying a constant electric power with
about 1.5 A to hot wire immerged into the center of sample,
the voltage change of hot wire between 2 terminals was
monitored for no longer than 30 s. From stored data in PC,
a curve of DV versus ln t was plotted. Since the voltage
change deviates from linearity presumably due to the con-
vection, the linear range should be determined by differen-
tiating the curve and the slope of the straight line was eval-
uated. Obtained slope can be converted to that of DT versus
ln t using the following relationships.

V�I ·R�I ·R273 · f(T)�I ·R273·{a(T�273)2�b(T�273)�1)}
...........................................(2)

Here, R273 denotes the resistance of wire at 273 K and f(T)
does the temperature coefficient of resistance.19) In case of
Pt–13%Rh wire, the constants a and b were estimated from
the curve of the wire resistance against temperature as

�1.44�10�7 and 1.56�10�3.
The apparatus used in the measurement are illustrated in

Fig. 2. The CaO–Al2O3–SiO2 oxide sample was held in an
alumina tanmann tube or a manufactured Pt–10%Rh cru-
cible with inner diameter of 32 mm to avoid significant
composition change by Al2O3 dissolution. Sample filled in
a holder was set in an electric resistance furnace with the
heating element of MoSi2. The upper level of sample was
adjusted to the highest temperature zone in order to elimi-
nate free convection during the measurement. The thermal
conductivity measurement was carried out at every 50 K in
the temperature range from 1 573 K (or around each liq-
uidus temperature) to 1 873 K.

After each measurement, samples for chemical analysis
were taken and the chemical compositions were determined
by gravimetric analysis for Si and ICP-AES for Al and Ca.
For some samples, the structure of selected silicate melt
was investigated by IR absorption spectroscopy. Selected
samples were quenched in air, and 0.2 mg of each sample
was well-ground and mixed with 200 mg of KBr, and then
pressed into a pellet with the diameter of 8 mm. A spectral
resolution was set as 4 cm�1, and data of 64 scans were av-
eraged.

2.2. Sample Preparation 

Samples for measurement were prepared by mixing
reagent grade SiO2, Al2O3 and CaO calcined from CaCO3.
Measurement compositions are represented in Table 2 and
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Fig. 1. Schematic diagram of measurement setup of the hot wire
method.

Fig. 2. Schematic representation of the experimental apparatus.

Table 1. Reported values of thermal conductivity for the CaO–Al2O3–SiO2 system.



in the ternary isothermal cross section of the CaO–
Al2O3–SiO2 system20) as shown Fig. 3. And CaO/Al2O3

ratio was fixed to several values. Powder mixture filled 
in platinum crucible was premelted in the kanthal furnace
at 1 773 K for 20 min. After quenching, pre-melted samples
were prepared by crushing finely.

3. Result and Discussion

Measured thermal conductivities of the CaO–Al2O3–SiO2

system with various compositions are plotted as a function
of temperature in Fig. 4. Each composition is expressed in
weight percent and distinguished by different symbols. All
results were obtained from the measurements above respec-
tive liquidus temperatures. They show a good agreement
with reported thermal conductivity data of similar composi-
tions.2)
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Table 2. Result of chemical analysis and measurement conditions.

Fig. 3. Liquid region and measurement compositions in the iso-thermal cross section of the CaO–Al2O3–SiO2 ternary
system at 1 873 K.

Fig. 4. Temperature dependence of thermal conductivity of the
CaO–Al2O3–SiO2 system.



Although these temperature dependences show slightly
different behavior, a drastic decrease appears just above the
liquidus temperature of every oxide composition. Thermal
conductivity of the oxide shows higher values with increas-
ing silica content at a certain temperature.

3.1. Composition Dependence

Thermal conductivities of the CaO–Al2O3–SiO2 system
are represented in its iso-thermal sections at 1 673 K,
1 773 K and 1 873 K as shown in Figs. 5(a), 5(b) and 5(c).
As was previously mentioned, they show smaller values at
the higher temperature and increase with basicity decrease.
Composition dependence of the thermal conductivity mea-
sured in the present was explicitly clarified.

As is well known, heat is transferred mainly by lattice
conduction, and this conduction is carried out through lat-

tice vibration with a specific mode, so-called phonon. The
thermal conduction in silicate melt is considered to depend
strongly on this structure. Since acidic oxide, such as SiO2,
forms network with strong covalent bond in the silicate
melt, while basic oxide breaks Si–O covalent bond to form
ionic bond with cations, the present result indicates that the
thermal conduction in silicate melt would occur effectively
through covalent bond rather than ionic bond. This result is
consistent with those by previous researchers.5,21)

Effect of basicity, the CaO/SiO2 ratio, on the thermal
conductivity of silicate melt is represented in Fig. 6. As ba-
sicity increases, thermal conductivity shows a drastic de-
crease, which is caused by the reduction in the number of
covalent bonds in the melt. At CaO/SiO2�4.5, however,
thermal conductivity did not show such a small value as ex-
pected from the decrease in acidic region. This may be due
to the saturation of non-bridging oxygen as well as the ef-
fect of amphoteric oxide Al2O3. The effect of Al2O3 was in-
vestigated at fixed CaO/SiO2 ratios of 0.4, 0.6, 0.9 and 4.5.
Figure 7 shows the dependences of thermal conductivity on
alumina content at CaO/SiO2 ratios of 0.39 and 0.90. At
low Al2O3 content region, the thermal conductivity in-
creased as Al2O3 content increased. On the other hand, fur-
ther addition of Al2O3 reduced the thermal conductivity,
and the maximum value appeared at around 15–20 mass%
Al2O3.

In silicate melts, Al2O3 is known to exist in the two dif-
ferent forms, depending on the properties of the melt. It ex-
ists as [AlO4]

5� ion with 4 coordinated oxygen and forms
tetrahedra network structure in basic melts, while in acid
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Fig. 5. Iso-thermal conductivity contours for the CaO–
Al2O3–SiO2 system at (a) 1 673 K, (b) 1 773 K and (c)
1 873 K.

Fig. 6. Relationship between thermal conductivity and CaO/SiO2

ratio.

Fig. 7. Dependence of thermal conductivity of the CaO–
Al2O3–SiO2 system on Al2O3 content at constant CaO/
SiO2 ratios of 0.4 and 0.9.



melts it decomposes into O2� and Al3�, which break Si–O
covalent bond as a network modifier. From the measure-
ment result of thermal conductivity, therefore, it can be
qualitatively inferred that the changes in Al2O3 form and
role have occurred, and subsequently dependence of ther-
mal conductivity on Al2O3 content has changed around
Al2O3 15–20 mass%.

3.2. Relationship between Thermal Conductivity and
Temperature and Structural Interpretation of
Thermal Conductivity

Thermal conduction in silicate melts is carried out main-
ly by phonon vibration, and the phonon conduction in crys-
talline materials can be figured out by Debye’s expression
for thermal conductivity based on the kinetic theory of
gases, as following Eq. (3).22)

...................................(3)

Here, C, v , and l denote the heat capacity, the sound veloci-
ty, and the phonon mean free path of the sample, respec-
tively. Also, the mean free path becomes shorter in propor-
tion to the number of phonon increases. Therefore, thermal
conductivity is considered to be inversely proportional to

absolute temperature assuming heat capacity and sound ve-
locity of silicate melt are almost constant.23) As a matter of
fact, Nagata and Hayashi4) have studied the thermal con-
duction in simple binary silicate melts and found the linear
relationship between thermal conductivity and the recipro-
cal of absolute temperature. 

The thermal conductivities of the 30mass%CaO–18
mass%Al2O3–52mass%SiO2 and 38mass%CaO–20mass%
Al2O3–42mass%SiO2 oxide melts were plotted versus re-
ciprocal of the absolute temperature in Figs. 8 and 9. Ac-
cording to phonon conduction theory, the straight line
which is approaching the origin at higher temperature from
the full network structure was expected. The measurement
results, however, show negative deviation from the linearity.
Comparing Figs. 8 and 9, the negative deviation at higher
temperatures becomes more remarkable with higher SiO2

content. This disagreement can be explained by the change
of network structure.

In order to consider a temperature effect on the network
structure, the samples quenched from 1 673 K, 1 773 K, and
1 873 K were subjected to infrared absorption analysis. 
The IR absorption patterns of 30mass%CaO–18mass%
Al2O3–52 mass%SiO2 and 38mass%CaO–20mass%Al2O3–
42mass%SiO2 are shown in Figs. 10 and 11, respectively.
Wide band appeared at the range from 1 200–800 cm�1,
showing the summation of IR absorptions of [SiO4]-
tetrahedra with various non-bridging oxygen per silicon

λ �
C lv

3
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Fig. 8. Dependence of the thermal conductivity of 30mass%
CaO–18mass%Al2O3–52mass%SiO2 melt on the recipro-
cal of absolute temperature.

Fig. 9. Dependence of the thermal conductivity of 38mass%
CaO–20mass%Al2O3–42mass%SiO2 melt on the recipro-
cal of absolute temperature.

Fig. 10. IR transmittance of 30mass%CaO–18mass%Al2O3–
52mass%SiO2 as a function of wave number.

Fig. 11. IR transmittance of 38mass%CaO–20mass%Al2O3–
40mass%SiO2 as a function of wave number.



(NBO/Si�1, 2, 3, 4).
While IR absorptions of the samples quenched from

1 673 K and 1 773 K showed similar spectra for both com-
positions, that of 1 873 K demonstrated an increase in ab-
sorption at low wavenumber side of [SiO4]-tetrahedra band,
namely a shift to lower wavenumber with temperature in-
crease. Considering that [SiO4]-tetrahedra with NBO/Si�1,
2, 3, 4 have the specific peaks at 1 030, 980, 940 and
850 cm�1, this shift can be interpreted as a depolymerisa-
tion of silicate network structure. Moreover, this was ob-
served more significantly in case of the 30mass%CaO–
18mass%Al2O3–52mass%SiO2 melt compared with the
38mass%CaO–20mass%Al2O3–42mass%SiO2 melt, indi-
cating that the structure of silicate melt with higher SiO2

content might be more sensitive to temperature.
Based on the proportional relationship between thermal

conductivity and mean free path of phonon,22) it should be
noted that the mean free path may depends not only on tem-
perature but also on the network structure changes. The
mean free path is known to decrease proportionally as the
absolute temperature increases in case of crystalline solid,
because phonons have more chances to be scattered when
the thermal vibration produces the anharmonic lattice inter-
action. Kittel,24) however, predicted that the mean free path
in solid glasses would be geometrically determined owing
to the disorder of their structure. Since the depolymerisa-
tion takes place in the network structure of the silicate melt
above the liquidus temperature, the number of thermally-
broken bonds, nbroken, which limits the mean free path, is in-
versely proportional to the exponential of the reciprocal of
the absolute temperature. Hence, the relationship between
mean free path and the absolute temperature is obtained as
Eq. (4).

.......................(4)

Here, R and B denote the gas constant and the apparent ac-
tivation energy for bond breaking to make network pieces,
respectively.

The logarithms of thermal conductivities of 30mass%
CaO–18mass%Al2O3–52mass%SiO2 and 38mass%CaO–
20mass%Al2O3–42mass%SiO2 melts were plotted versus
1/T, and they show quite good linearity as shown 
in Figs. 12 and 13. Thus, thermal conductivities of these
melts can be expressed by the following relationship in the
present temperature range.

............................(5)

The constant A indicates the hypothetical thermal conduc-
tivity value at the infinite high temperature. These parame-
ters were evaluated with respect to various compositions
and tabulated in Table 3.

4. Conclusions

Thermal conductivity of the CaO–Al2O3–SiO2 system
was measured using non-stationary hot wire method in the
range from liquidus temperature to 1 873 K. Effects of the
composition and the temperature on thermal conductivity
were investigated and the following conclusions were with-
drawn.
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Fig. 12. Dependence of logarithm of thermal conductivity of
30mass%CaO–18mass%Al2O3–52mass%SiO2 on the
reciprocal of absolute temperature.

Fig. 13. Dependence of logarithm of thermal conductivity of
38mass%CaO–20mass%Al2O3–42mass%SiO2 on the
reciprocal of absolute temperature.

Table 3. Parameters derived from the relationship between thermal conductivity and 1/T.



(1) Iso-thermal conductivity contours for the CaO–
Al2O3–SiO2 system were drawn in the iso-thermal sections
at 1 773 K, 1 823 K, and 1 873 K, respectively. Thermal con-
ductivity decreased with increase in the ratio of CaO/SiO2.

(2) When CaO/SiO2�0.39 and 0.90, thermal conduc-
tivity showed the maximum value at around 15 mass%
Al2O3, and decreased with further Al2O3 addition, indicat-
ing that Al2O3 plays a role of network former at the Al2O3

content lower than 15 mass%, but a network modifier at
higher Al2O3.

(3) As for all compositions, thermal conductivity
sharply decreased as temperature rises from liquidus tem-
perature to 1 873 K. However, measured thermal conductiv-
ity showed a negative deviation from the expected linearity
with the reciprocal of absolute temperature presumably due
to the structure change of the silicate melts. 
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