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ABSTRACT 

Thermal conductivity of some complex silicate glasses was measured at 25°C by the 
steady-state method. 

The conductivity values decreased progressively with increasing ZnO content (instead of 
CaO) in the glass composition. However, this replacement caused an increase of some 

physical properties like density and refractive index. The same trend was also obtained on 
Li,O additions. Fair agreement was observed between the experimental conductivity and 
theoretical values calculated by the least-squares method as well as those obtained using the 
density values. 

The dependence of thermal conductivity on the role played by Zn2+ or Li+ in the glass 
structure are discussed. 

INTRODUCTION 

Thermal conductivity is a fundamental material property [l]. Many of the 
practical applications of glasses, e.g., glass solders, require accurate knowl- 
edge of the thermal conductivity. This property has a considerable practical 
and theoretical importance, especially in glass forming, working and anneal- 
ing. 

In general, glass is a poor heat conductor; its thermal conductivity is one 
fifth that of iron [2]. The low heat conductivity of glass is useful in many 
respects, such as the working of tubes into complex apparatus and instru- 
ments. 

Various studies of the thermal conductivity of glass and its dependence on 
the glass composition have been reported in the literature [3-81. The thermal 
conductivity of glasses, usually considered to have additive property, and the 
empirical factors representing the specific contribution of the various oxides 
commonly used in glass making are given. 
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Several authors [3-91 assumed that this property could be considered a 
structure-sensitive property that responds strongly to variation in chemical 
composition of the glass. The availability of accurate data help to develop a 
theory for determining the thermal conductivity of complex glasses from 
their composition. 

It was assumed that the thermal conductivity decreased when the com- 
position of the glass was made more complex as a result of the shortening of 
phonon mean-free-path due to the increase of the disorder in the glass 
structure [9]. 

The present study was conducted to obtain accurate thermal conductivity 
data of some complex silicate glasses of variable composition. This work 
comprises the study of the effect of CaO/ZnO replacement on the thermal 
conductivity, density and refractive index of the glasses. In some 
manganese-containing glasses, the effect of Li,O addition was also investi- 
gated. The validity of the additive property assumption was checked, and 
factors representing the specific contributions of the individual oxides to 
thermal conductivity were determined. 

EXPERIMENTAL 

Glass preparation 

The glass compositions are given in Table 1. 
The batch was prepared from materials of AnalaR and reagent grade 

TABLE 1 

Chemical compositions of the glasses investigated 

Glass 
No. 

Mel% 

CaO zno MnO A’,O, SiO, CaF, FeS Li ,O 

Group I 

1 17 _ _ 9 63 8 _ 3 
2 13 4 _ 9 63 8 _ 3 
3 9 8 _ 9 63 8 _ 3 
4 1 16 _ 9 63 8 - 3 

Group -7 

5 25 _ 8.5 61.5 _ 2 3 

6 21 4 - 8.5 61.5 _ 2 3 

7 17 8 - 8.5 61.5 _ 2 3 

Group 3 
8 13.38 _ 4.19 9.02 65.07 8.34 - _a 

9 13.38 _ 4.19 9.02 65.07 8.34 _ 0.05 

10 13.38 _ 4.19 9.02 65.07 8.34 _ 0.10 

.’ Liz0 in glasses of group 3 was added over 100 g glass oxides. 
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quality. Silica was introduced as pulverized and purified quartz. 
The batches were melted in an electric furnace with SIC heating rods at 

1450°C. Melting was continued for 4 h. To ensure homogenization, the 
crucible was removed from the furnace at intervals and stirred to promote 
complete mixing. The melt was cast into discs which were annealed, ground 
and polished to smooth flat parallel surfaces. The discs were - 18 mm in 
diameter and 5 mm thick. 

Thermal conductivity measurements 

The thermal conductivity of glass samples was measured at room tempera- 
ture (25°C) by the steady-state method using an apparatus described by 
Haacke and Spitzer [lo]; details are given elsewhere [5]. Heat flows through 
the glass sample to a heat sink and is then transferred by thermal radiation 
to the surrounding evacuated chamber, which is kept at a uniform tempera- 
ture. After thermal equilibrium is reached, the temperatures of the heat 
source, heat sink, and outer chamber are determined by the attached 
thermocouples using a Pye precision decade potentiometer to measure the 
thermo-electromotive force to within 0.2 PV, i.e., the 
measured to within 0.005”C. 

The experimental thermal conductivity is determined 

temperature can be 

using the equation 

wt% 

CaO ZnO MnO *l,O, SiO, CaF, FeS Li 2O 

14.97 _ _ 14.40 59.41 9.81 _ 1.41 
11.27 5.03 - 14.18 58.48 9.65 _ 1.39 

7.68 9.91 - 13.96 57.58 9.51 _ 1.36 
0.83 19.22 - 13.55 55.86 9.22 - 1.32 

22.51 _ _ 13.91 59.32 - 2.82 1.44 
18.61 5.14 - 13.69 58.36 - 2.78 1.42 
14.82 10.13 - 13.48 57.44 - 2.73 1.41 

11.37 - 5.53 13.95 59.27 9.88 _ _a 

11.37 _ 5.53 13.95 59.27 9.88 _ 1.50 
11.37 _ 5.53 13.95 59.27 9.88 - 3.00 
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where X is the thermal conductivity of the sample (W cm-’ K-r), c the net 
emissivity, u the Stefan-Boltzmann constant (equal to 5.67 x lo-l2 W cm-’ 
KP4), S the surface area of heat sink (cm2), d the sample thickness (cm), A 
the sample cross-section (cm2), TX the temperature of the heat sink (K), Tl 

the temperature of the sample (K), and To the temperature of the evacuated 
chamber (K). 

Density and refractive index measurements 

The density of glass samples under investigation was measured by the 
Archimedes method using xylene at 25°C as the immersion liquid. 

The refractive index was measured using a Carl Zeiss refractometer 
(model G Abbe). The measuring range of the apparatus covered refractive 
indices, n D, from 1.3000 to 1.7000 with a measuring accuracy of 0.0002. A 
thin film of monobromonaphthalene liquid was used as a contact layer 
between the prism of the refractometer and the test glass sample. 

RESULTS 

In the present work the effect of CaO/ZnO replacement on the thermal 
conductivity (h), density (d) and refractive index (n,) of the glasses was 
investigated. This was carried out in two groups of glasses (groups 1 and 2). 
The effect of Li,O additions on these properties is also investigated for 
glasses of group 3. The results obtained are listed in Table 2 and represented 

graphically in Figs. l-7. 

8 12 16 ZhOImol %I 

Fig. 1. The effect of CaO/ZnO replacement on the thermal conductivity of glasses of groups 
1 and 2. 
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0.81 - 

0 
I, I I I I 

0.05 0.10 v 
Liz0 added (in mol.gm 

Fig. 2. The effect of Li,O addition on the thermal conductivity of glasses of group 3. 

The values of thermal conductivity quoted represent the mean of five 
separate determinations for the glass specimen. The reproducibility of the 
results is greater than 2%. The accuracy of the data is limited by the accuracy 
(5%) claimed for the thermal conductivity of the standard borosilicate glass 
sample used to calibrate the apparatus. 

The thermal conductivity values obtained experimentally were used to 
calculate the factors representing the specific contribution of CaF,, FeS and 

2.82 

’ 1 ” 8 
L 8 I? 16 ZnO( mol%l 

Fig. 3. The effect of GaO/ZnO replacement on the density values of glasses of groups 1 and 
2. 
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0 05 010 t 
Liz0 added (in mol.gml 

Fig. 4. The effeci of Liz0 addition on the density values of glasses of group 3. 

MnO (present in the glasses studied) to thermal conductivity by the least- 
squares method. The factors representing the specific contribution of Li,O, 
SiO,, CaO and Al,O, were taken from the literature [3,5-7,111 (see Table 3). 

The factors obtained were used to calculate the thermal conductivity of 
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x 

Fig. 5. The thermal conductivity-density relationship of the glasses 
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I I I t I I I I 

L 8 x? 16 ZtiO(mol %I 

Fig. 6. The effect of CaO/ZnO replacement on the refractive index of glasses of groups 1 and 
2. 

1.530. 
I 
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Liz0 addPd(in.gm I 

Fig. 7. The effect of Li,O addition on the refractive index of glasses of group 3. 
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the glasses studied using the following empirical equation 

lo3 X,,,.(W m-r K-‘) = c f,X, 

where A talc. is the thermal conductivity of the glass, f, the thermal conductiv- 
ity factor for the component oxide and X, the wt% of the component oxide. 
The calculated thermal conductivities (A_,,,) and AX, differ from the experi- 
mental values as shown in Table 2 (columns 3 and 4). The discrepancy 
between measured and calculated values is generally around 2.2%. 

The density values are given in Table 2 (column 5) from which another set 
of thermal conductivity values was calculated by applying the following 
emperical equation 

X=++A 

where A and B are constants calculated by the least-squares method, their 
values are listed in Table 2 (columns 6 and 7). 

The experimental and calculated thermal conductivity data, and the 
correlations with the density values revealed the following outlines. 

(1) The experimental thermal conductivity values, Xexp, (Table 2, column 
2) progressively decrease with increasing ZnO concentration in glasses of 
either group 1 or 2 (Fig. 1). 

(2) The thermal conductivity of glasses of group 3 also decreased on the 
addition of Li *O (Fig. 2). 

The correlation between the glass composition and the calculated X values 
(column 3) gave similar results. 

Table 2 (columns 2, 3 and 8) clearly shows that both the experimental and 
calculated data of the glasses studied agree fairly well. 

(3) The densities steadily increased with the substantial replacement of 
Cao by ZnO in glasses of both group 1 and 2 (Fig. 3). The addition of Li 2O 

TABLE 3 

Factors for calculating thermal conductivity 
oxides in glass 

at 25°C from amounts (wt%) of constituent 

Oxides 

Li,O 
CaO 
ZnO 
A1203 

SiO, 
MnO 
CaF, 
FeS 

Factors (F) 

(Wm -I K-’ x 103) 

- 9.29 
13.06 

8.00 
13.61 
13.33 

- 14.80 
- 21.70 

- 139.90 

References 

3, 11 

3, 5 
3, 5 
3, 576 
5-7 
Present work 
Present work 
Present work 
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also increased the densities of glasses of group 3 (Fig. 4). 
The correlation between this property and the experimental h values of 

the glasses investigated revealed that as the density of the glass increased the 
value of thermal conductivity decreased (Fig. 5). 

(4) With respect to the refractive indices measured, the results obtained 
(column 9) indicate that the replacement of CaO by ZnO progressively 
increases the refractive index of the glass (Fig. 6). Similar results were 
obtained on the addition of Li,O to glasses of group 3 (Fig. 7). 

DISCUSSION 

The conduction of heat in a non-metallic solid is assumed to be due to the 
propagation of mechanical waves through the material [l]. However, it takes 
a long time for heat energy to be conducted from one part of a solid to 
another. The process of thermal energy transfer is considered to be a random 
process [12]. The energy does not simply enter one end of the specimen and 
proceed directly in a straight path to the other end. In fact [13], these 
mechanical waves are not purely harmonic oscillations and, because of their 
anharmonicity, they will mutually scatter. Accordingly, thermal vibrations 
undergo attenuation and the intensity of the thermal waves decreases quickly 
with a solid, so that a thermal gradient is established. 

Heat is considered to be transmitted by phonons, which are the quanta of 
energy in each mode of vibration, and the mean-free-path is a measure of the 
rate at which energy is exchanged between different phonon modes. Heat 
conduction may be assumed to take place through a stream of phonons 
flowing from a heat reservoir through a solid to the colder part of the 
system. 

The phonons mean-free-path is determined principally by two processes 
[12]: geometrical scattering, and scattering by other phonons. If the forces 
between atoms are purely harmonic, there will be no mechanism for colli- 
sions between different phonons, and the mean-free-path will be limited 
solely by collisions of a phonon with the crystal boundary and by lattice 
imperfections. With anharmonic lattice interactions there is a coupling 
between different phonons which limits the value of the mean-free-path. 

The propagation of heat in crystalline solids is governed by the crystal 
symmetry in very much the same way as the propagation of light. Thermal 
conductivity is also significantly affected by foreign atoms and impurities 
incorporated in the lattice of crystalline materials [9]. In general, the simpler 
structure will have the higher lattice thermal conductivity. For similar 
molecular structures the material having the lowest molecular weight will 
generally have the highest thermal conductivity. 

Under thermal equilibrium, the flow of phonons in glass resembles, to 
some extent, that in crystals. With respect to the propagation of low energy 
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phonons, there is no major difference between glasses and crystals whereas 
high energy phonons are eliminated faster in glass than in crystals due to the 
lack of periodicity of the glass structure. Under conditions in which these 
solids are not in thermal equilibrium, the mean-free-path of a phonon in a 
glass is much smaller than that in a crystal because of the lack of long range 
order in glass; i.e., glasses have much lower conductivities than crystals. The 
mean-free-path for vitreous silica at - 190°C is 12 A whereas that of quartz 

parallel to the c-axis at the same temperature is of the order of 700 A. 
The thermal conductivity is influenced more by the structure than by the 

chemical nature of the solid and is, therefore, considered as a structure-sensi- 
tive property that responds strongly to defects and heterogeneities [13]. The 
thermal conductivity of a solid crystal is relatively high and decreases with 
increasing temperature. Non-crystalline solids or glasses can be regarded as 
highly disordered crystals. Therefore, the phonon mean-free-path, because of 
the random structure, is short, the thermal conductivity is very low and 
increases only slightly when the temperature rises [12,14,15]. Accordingly, 
the thermal conductivity of glass is a function of the short range order of its 
network structure; the thermal conductivity will decrease with the increasing 
disorder of the network and vice versa. This is in agreement with the 
conclusion drawn by Muratov and Chernyshov [16]. 

To understand and interpret the effect of introducing either mono- or 
divalent oxides on the thermal conductivity of glasses, the effect of such 
oxides on the geometrical arrangement of the building units of the glassy 
network are to be considered. 

When an alkali or alkaline-earth oxide reacts with silica to form a glass, 
the silica-oxygen network is broken up by the alkali or alkaline-earth ions as 
evidenced by the much lower viscosity of these glasses compared with fused 
silica [17,18]. So long as the ratio of A,0 or A0 units (where A is the 
metallic ion) to the number of SiO, units is less than 1 : 1, the silicon-oxygen 
tetrahedron is linked to at least three other tetrahedra and the glass-forming 
tendency of the mixture is retained. 

As more alkali or alkaline-earth oxide is added beyond a ratio of 1 : 2, the 
network becomes more and more disrupted, as more tetrahedra are bonded 
to only two other tetrahedra. Glass formation becomes progressively more 
difficult because the rates of nucleation and crystallization in the glass 
become much more rapid as alkali or alkaline-earth oxide is added. 

The divalent cations can be present in glasses as either network modifiers 
within interstices or in, some special oxides, as network-building tetrahedra 
groups. Various investigators have stated that the zinc cation could have an 
oxygen ligancy of four or six, or both in a glass [19-211. 

The CaO/ZnO substitution in the present glasses (groups 1 and 2) caused 
the thermal conductivity to decrease appreciably. The results obtained 
suggest that the zinc cations in such glass composition show a marked 
preference for the octahedral site. 
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Zinc oxide, on the other hand, is known to be capable of inducing 
liquid-liquid phase separation, specially in the presence of fluorine and 
sulphide [22,23] and it is usually introduced as a main component in 
glass-ceramics produced by the controlled crystallization of particular glass 
composition [24]. Such regions of phase separation, i.e., heterogeneities the 
concentration of which is a function of ZnO content, will decrease the 
phonon mean-free-path and thereby decrease the thermal conductivity. The 
effect of divalent substitution (CaO/ZnO), or monovalent addition (Li,O) 
on decreasing the thermal conductivity of the glass are in agreement with the 
previous discussion. 

The specific volume of ZnO is much smaller than that of CaO. Also the 
polarizing power of Zn2+ is greater than that of Ca2+. These facts gave rise 
to the expectation that Zn*+ ions will easily fill the holes between the SiO, 

tetrahedra and will have a greater tendency to compact the glass structure 
than Ca*+ . Hence, the density values will be increased. This effect was also 
reflected on the refractivity of the glass. 

The increase of density values of glasses of group 3 may be attributed to 
the introduction of an increasing amount of lithium ions in the glass 
structure. The small specific ionic volume of Li+ ions, which are most 
probably accommodated in the interstices of the glass structure without 
considerable change in the glass volume, may be reflected by an increase in 
the density of the glass. 

From the present results, it can be concluded that the CaO/ZnO substitu- 
tion or Li,O addition caused the thermal conductivity to decrease apprecia- 
bly while the density values increased. This is an advantage from the 
technical viewpoint, since most of the oxides which decrease the thermal 
conductivity appreciably increase the density of the glass. 
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