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ABSTRACT

The thermal conductivity of some ternary silicate glasses was measured by the steady-state
method at 25°C. Experimental results show that introducing B,0, to replace Na,O or
increasing the SiO, contenl of the glass increased the thermal conductivity. The results are
discussed in terms of the possible varation in network structure with the change in glass
composition, which may virtually affect the phonon mean-[ree-path.

INTRODUCTION

Silicate glasses containing boric oxide have special physical and chemical
properties which make them useful for certain applications, such as for
laboratory equipment, ovenware, piping and sealed-beam headlights. Coor-
dination changes of boron usually shown at 15-30 mol% modifier (boron
anomaly) are detected by NMR, IR, Raman, and ESR techniques. This
anomaly significantly alters certain properties of glass, but has little effect on
others. The thermal conductivity is considered as one of the properties which
are sensitive to structural changes of the glass [1-4]. The thermal conductiv-
ity is an important property of glass and its measurement and use is of great
technological interest. It affects the design features of a glass melting
furnace, glass forming, working and annealing. The thermal conductivity of
glass increases with temperature and is also influenced by composition. The
influence of composition is considerable whereas that of temperature is
moderate [5].

Various studies on the thermal conductivity of glass and its dependence
on chemical composition have been reported in the literature [6—15]. Ther-
mal conductivity is usually considered to be an additive effect af the oxides
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making up the glass, but only few attempts have been made [6,8.11-15] to
determine the thermal conductivity of glasses from their compositions using
empirical equations.

The present study was conducted to obtain accurate thermal conductivity
data for S10,-Na,O glasses to which B,O; was added to replace Na,O. The
validity of the additivity assumptions was checked.

EXPERIMENTAL PROCEDURE
Preparation of glusses

The glasses” compositions are given in Table 1. The glasses were prepared
from chemically pure orthoboric acid (H,BO,;), Analar grade sodium
carbonate, and acid-washed, pulverized quartz. The batches were melted in
platinum-2% rhodium crucibles in electrically heated SiC furnaces at
1400°C. Melting was continued for 3 h. To ensure homogenization, the melt
was stirred several times. The melt was cast into discs which were annealed,
ground and polished to smooth flat parallel surfaces. The discs’” dimensions
were 18 mm diameter and 5 mm thickness.

Thermal conductivity measurements
Thermal conductivity was measured using an apparatus installed to be

similar to that described by Haacke and Spitzer [16]. The details are given
elsewhere [4.8]. The reproducibility of the published results obtained from

TABLE 1
Thermal conductivity of S10,-Na,0-B,0; glasses

Glass Composition (molar ratio) Composition (wt%) Thermal conductivity
No. S0, MNa,0 B0, S0, Na0 Bo, (Wm K™
Amlc )\t‘(p
1 1 0.8 0.2 48.5 40.1 11.3 0.548 0.557
2 1 0.6 04 48.0 29.7 223 0.680 0.697
3 1 04 0.6 474 19.6 33.0 0.809 0.828
4 1 0.2 0.8 46.9 9.7 434 0.835 0.849
5 2 0.8 0.2 65.4 27.0 7.6 0.705 0.713
6 2 0.6 04 64.9 20.1 15.0 0.892 0.906
7 2 0.4 0.6 64.3 13.3 224 0.977 0.989
8 2 02 0.8 63.8 6.6 29.6 1.062 1.084
9 3 0.8 0.2 73.9 20.4 5.7 0.534 0.950
10 3 0.6 0.4 73.5 15.2 11.3 1.000 1.027
11 3 0.4 0.6 73.0 10.1 16.9 1.063 1.090
12 3 0.2 08 72.6 5.0 22.4 1.127 1.153
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this apparatus is better than 2%. Heat flows through the glass specimen to a
sink which transfers it by thermal radiation to the surrounding evacuated
chamber which is kept at a uniform temperature. After thermal equilibrium
is reached, the temperature of the heaier, heat sink. and outer chamber are
measured by means of attached thermocouples. A Pye precision decade
potentiometer measures the thermal EMF with a precision of 0.2 pV, i.e., the
temperature can be measured to 0.005°C.

RESULTS AND DISCUSSION

The thermal conductivities were measured at a mean sample temperature
of 25°C. The values given in Table 1 represent the mean of at least five
determinations for each specimen. The accuracy of the experimental results
was checked against the thermal conductivity of a standard borosilicate glass
sample (Corning Glass Works, Corning, New York) which was frequently
used to calibrate the apparatus.

Table 1 shows that the thermal conductivity increases with increasing
B, content. The conductivity also increases with increasing Si0Q, content in
the glass.

It is generally known that the thermal conductivity of solids and glasses in
particular is affected by different factors such as [3]:

(a) the environmental effects, including temperature, atmosphere, electro-
magnetic fields, pressure and stress;

(b) effect of composition and structure, including molecular structure,
impurities, crystallinity and microstructure.

The conduction of heat in a non-metallic solid is assumed to be due to
[2,17.18]} the propagation of mechanical waves through the material. Heat is
transmitted by phonons, which are the quanta of energy in each mode of
variation, and the mean-free-path is a measure of the rate at which energy is
exchanged between different phonon modes. The propagation of heat in
crystalline solids is governed by the crystal symmetry in very much the same
way as the propagation of light. In general, the simpler structure will have
the higher lattice thermal conductivity. This comes from the consideration
that with the increase in the ordering of the glass network structure, it is
expected that the phonon mean-free-path will be lengthened.

The structure of binary sodium silicate glass consists of SiQ, tetrahedra
linked to at least three other tetrahedra. The addition of sodium oxide to
vitreous silica alters the structure by cleaving the Si—-O-S8i bonds to form
Si—-O-Na linkages together with the presence of nonbridging oxygen ions.
The replacement of sodium oxide by boric oxide is expected to cause a
marked alteration in the molecular structure of this glass [19]. Some of the
boron ions can be present as BO, triangles (or boroxol groups) or as BO,
tetrahedra (as either tetraborate, diborate and /or metaborate groups). When
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the proportion of Na,O is greater than that of B,0,, nonbridging oxygen
ions connected to SiO, tetrahedra are formed beside the boron present,
mainly as BO, groups.

Below an alkali/boron ratio of 0.5, nearly all the alkali ions are used to
form primarily ring-type, six-membered borate groups with one or two BO,
groups, these rings being ordered to form tetraborate or diborate groups.

Our results can be understood when it is considered that tetrahedrally
coordinated boron is energetically more stable than a nonbridging oxygen
[20-22]. Tt would be expected that the network would become more compact
or exhibit a rigid structure. Thus, the phonon mean-free-path becomes
longer, causing an increase in the thermal conductivity. The same reasoning
holds for the observed increase in thermal conductivity with increasing SiO,
content in the glass, and hence a compact structure. The experimental results
reflect no anomaly in behaviour with the change in glass composition. Not
all physical properties could reveal the limiting factor for the change in
boron coordination from three to four with alkali.

Calculation of the thermal conductivity from composition

The thermal conductivity of such borosilicate glasses shows no anomaly in
behaviour (i.e., no maximum or minimum) as a function of composition,
regardless of the presence of boron oxide. Accordingly, it seems reasonable
to calculate the thermal conductivity values of the system under investigation
by summing up the contributions of the constituent oxides to the overall
thermal conductivity. Therefore, the additivity rule can be applied to such
borosilicate glasses.

Calculated thermal conductivities. A ., are given in Table 1. These values
were calculated from the following equation

)\calc = aX5102 + bXNaZO + CXBZO]

where A . is the thermal conductivity (W m ! K '); X0, Anayo0- and
Xpy,o, are the amounts of Si0;, Na,0 and B,0;, respectively, and a, b and ¢
are the thermal conductivity factors, which were taken from literature [6,15].
The discrepancy between the calculated and experimental values lies within
the order of experimental error.
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