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The preparation of glasses in the system PbO—PbCl, is described. The behaviour of the
glass transition temperatures, heat capacities and microhardnesses as a function of glass
composition has been investigated. The variations are discussed in terms of the structural

features of the glasses.

1. Introduction

Lead oxide has been used [1] as a constituent in
several borate, silicate, phosphate and other glasses
in order to achieve useful mechanical and optical
properties. Though it is not a glass-forming oxide,
it can be incorporated in large percentages into
other glass-forming oxide systems such as silicates
and borates. There are, however, very few reports
on the inclusion of lead chloride as a constituent
in glasses. Lead chloride has been used [2] in small
amounts in some lead oxide based multi-compon-
ent glasses to study the effect of chloride jons on
different properties of the glass. However, there is
no report to our knowledge of any study of glasses
made from the binary system PbO—-PbCl,. A num-
ber of oxychlorides of lead occur in nature [3],
notable examples being mendipite (2PbO-PbCl,),
matlockite (PbO-PbCl,) and perfieldite
(PbO-2PbCl;).  Several  other  oxychloro-
compounds have been reported to form in the
binary phase field of PbO—PbCl;, but structures of
only very few oxychlorides are known with
certainty [4, 5]. lonic binary systems with such
complex phase diagrams are often found to be
good glass-formers [6, 71.

We have thus been motivated by two important
and related considerations in investigating PbO—
PbCl, glasses, besides the fact that such a simple
ionic glass-forming system has not been reported

in the literature. The first is that the Pb—O bond
is more ionic in lead silicate glasses than in PbO,
as revealed by ultraviolet reflectance studies [8]
and also the ionic nature of the Pb—O bond
changes with lead oxide content in lead borate
glasses [9]. Therefore, it is of interest to find out
the nature of the bonding of lead in PbO—PbCl,
glasses in which one of the components (PbCl,) is
a typically ionic compound of lead. Also of inter-
est is the role of the —O—Pb—O type of covalent
linkage. Such linkages may be crucial to sustain
amorphicity in PbO—PbCl, glasses, because the
constituent jons are expected to be simple spheres.
Finally, it would be interesting to study the struc-
ture and properties of such glasses as a function
of composition.

In this communication we report and discuss
the glass-forming region, molar volumes, micro-
hardnesses, and the glass-transition and crystalliza-
tion temperatures.

2. Experimental procedure

The starting materials used in the preparation of
the glasses were analytical grade Ph,04 and PbCl,.
It was first confirmed that Pb30,4 decomposes to
yellow PbO completely around 850K. Appropri-
ately weighed quantities of Pb304 and PbCl, were
mixed thoroughly, and melted in short fused
quartz tubes using an oxyacetylene flame till a
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TABLE I Molar volume, Vickers microhardness and thermal characterization data for various compositions.

Composition  Molar volume Vickers Ty Terys Cpat20K ACy gl Ty/Ty
PbO:PbCl, (cm?) microhardness (K) (K) below Ty (J deg™ (K)
(kgmm™?) (Jdeg™! mol™)
mol™)

90:10 31.72 200 + 10 600 655 76 37 1123 0.534
80:20 33.65 175+ 10 582 665 75 36 1023 0.567
70:30 35.66 21010 590 663 76 32 1023 0.577
60:40 37.72 200 + 10 554 647 77 44 973 0.569
50:50 39.78 185+ 10 525 588 70 43 923 0.569
40:60 40.60 16510 490 538 78 - 823 0.595

uniformly clear melt was obtained. The melt was
kept at that temperature (900—1200K) for a short
while (2—3 min) and then poured on to a polished
steel plate and pressed quickly with another pol-
ished steel block. The thin disks of glass thus
obtained generally shatter into pieces unless they
are small in area. However, small drops of melt
were found to quench easily into shiny, slightly
yellow transparent beads which were used for
density measurements.

There was no noticeable reaction of the melt
with the walls of the quartz tube. However, the
infrared spectra of these glasses show a peak at
860cm™" which may be attributed [10] to Si—O
stretching in PbO-xSi0O, systems when x is
extremely small. We have measured the loss in
weight of the quartz tube used in the preparation.
A maximum of 2 to 4mol% of SiO, is likely to
enter into the resulting glass. Attempts to obtain
these glasses by melting the batch in a platinum
crucible were not successful, as part of the melt
was reduced to metallic lead when heated in an
electric furnace. We have treated the SiO, as prim-
arily an impurity and given the compositions of
glasses in terms of PbO and PbCl, only.

Densities were measured using a density bottle,
and xylene was used as the displacing liquid. Glass-
transition and crystallization temperatures (7Tg and
Terys) - were determined using a Perkin-Elmer
DSC—II scanning calorimeter. Heat capacities were
measured as a function of temperature. For this
measurement about 80 mg of the samples annealed
at a temperature 20° C below T, were used. The
heating rate used during these measurements was
10°Cmin™!,

Microhardnesses of the glasses were measured
using a Carl Zeiss (Jena) mhp—160 microhardness
tester. A uniform load of 100g was applied for
making the indentations. The diagonals of the
symmetrical indentations were measured and

Vickers microhardnesses of the samples were
determined. The results reported here are averages
of measurements using four to five distinct sym-
metrical indentations for each glass composition.

3. Results and discussion

Glass compositions, molar volumes, glass-transition
temperatures, crystallization temperatures and
Vickers microhardnesses are given in Table [.

Glasses in the PbO—PbCl, system could be
obtained containing very high percentages of PbO.
On the other hand, the upper limit of PbCl; in the
melt composition that could be quenched into a
glass was only 60mol%. Glasses having extreme
compositions were often not X-ray amorphous. We
have therefore restricted our discussion to the
relatively easily glass-forming compositions which
range from 90 down to 40 mol % PbO. :

The molar volumes of the glasses were, evalu-
ated from their densities. The variation of molar
volume with composition is shown in Fig. 1. The
extrapolated molar volumes give densities of hypo-
thetical PbCl, and PbO glasses as 5.7 gcm™ and
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Figure I Molar volume against mol % of PbO.

1679



(] 7'g
A ney
&6 OF x cohesive energy A
X |
a
£
2 580}
c
2
]
£ r
v 5.0f
S =
e Lo 5401
[
£
S
2 B
13
4.0
500}

! )

Figure 2 Glass transition temperature
(O), cohesive energy (X), and chlor-
ine coordination number ng (A)
against mol% of PbO. 1 kcal =41847J.
T
<]
£
—750 5
g
i >
2
&
C
aa
—730 ¢
‘w
>4
<
4 8
—710

|
40 60 80
PbO {mol %)

7.02gcm™ respectively, which are lower than the
densities of the corresponding crystalline com-
pounds (5.85gcm™ for PbCl, and 9.53 gem™ for
PbO). The molar volume variations are quite
linear, indicating ideal mixing of the corresponding
melts.

The variation of T, with composition is shown
in Fig. 2. It is interesting to note that T, values
are generally high, and increase rapidly with PbO
content in the glasses; indeed a rise of almost
110K in 7, is noted between the extreme compo-
sitions. The effect on the coulombic field of sub-
stitution of monovalent chloride ions by an equi-

valent proportion of oxide ions is not sufficient to

account for such a large increase in glass-transition
temperatures. We suspect that a large variation in
the nature of the bonding is responsible for such
an increase in T,. While in PbO-rich glasses the
nature of bonding is predominantly covalent, it
becomes largely ionic in glasses with a higher
percentage of PbCl,. We have shown elsewhere
[11] that X-ray absorption near-edge spectra
(XANES) are consistent with a large change in
the nature of the bonding. It is, however, note-
worthy that the molar cohesive energy, calculated
to a first approximation as a sum of the lattice
energies of the components weighted according to
their molar percentages, also varies sharply in the
same manner as Ty. Since the melting points
scale with the cohesive energies, the values of
7, should also scale roughly with the liquidus
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temperatures, 7;. The values of T,/T) are listed
in Table I. While they are uniformly less than 2/3,
they are essentially constant for all the glasses.

The conventional models for the glass transition
unfortunately do not provide a means of directly
correlating T, with any measurable physical quant-
ities. The problem of the glass transition has
recently been treated by using a cluster mode! for
glasses [12]. In this model, glass is considered to
be made up of clusters with a high degree of posi-
tional correlation and bounded by connective
disordered tissue of slightly lower density. The
configurational properties relevant to the glass
transition evolve rapidly over a narrow region of
temperature around 7T,. In ionic glasses the clust-
ers may be considered as quasi-crystalline (para-
or micro-crystallites) with typical dimensions of
5 to 10nm, and the parameter which determines
the glass transition is the vibrational frequency
of the most mobile ion in the tissue region of
the glass. The variation of vibrational frequency
or the related force constants would affect T,. In
the present system of glasses we assume that the
chloride ion is the most mobile, and hence its
vibrational frequency determines the transport
properties as well as 7.

In an earlier paper [13] we have discussed the
structure of these glasses based on X-ray diffrac-
tion studies, and we have suggested that one of
the structural characteristics of these glasses is that
the chloride ion coordination changes with glass



1.90 PbO:10PHCI,
— 2.80Pb0: 20PbCL,
3.70 PbO: 30 PbCl,
4 60 PbO: 40Pb Cl,
5 50 Pb0: 50PbCl,
6 40PbO: 60PBCI,

Figure 3 Heat capacity, Cp
against temperature for various
compositions.

= 140
°
E
‘T 120
)
2
[+
Q
100
80 F
60+
- { | { | 1 1 1 !
330 370 410 450 4% 530 570 610 650

temperature (K)

composition. While in low PbCl,-containing glasses
chloride ions are coordinated to as many as six
lead ions, this decreases to three in PbCl,-rich
compositions. This is dictated by the dominance
of a [PbO,Cl4] type of pseudo-octahedral unit
in the glass structure. Such a variation in the
coordination number would naturally entail a con-
comitant decrease in effective force constants and
associated vibrational energies. We should there-
fore expect that increasing the proportion of
PbCl, will decrease the glass transition tempera-
ture very sharply. In Fig. 2 we have also plotted
the coordination number of chloride ions, 7¢, cal-
culated from the model [13] with glass composi-
tion to demonstrate that T, varies in nearly the
same manner as Ay

Heat capacities obtained from calorimeter
measurements are shown in Fig. 3. The increase in
C, up to T is very marginal, suggesting that the
glasses attain Dulong—Petit heat capacities well
before Ty. Values of C, for the glasses 20 K below
their respective values of T, are plotted in Fig. 4.
It is interesting to note that C, varies very little
with composition. The expected variation of the
Dulong—Petit capacity with composition is also
shown in Fig. 4 for comparison. The heat-capacity
behaviour clearly brings out two points: (a) the
actual C,, of these glasses below T has a definite
component of configurational C, frozen into the
glasses at the respective Ty, and (b) the magnitude
of the frozen configurational C,, is much higher
in PbO-rich glasses than in PbCl,-rich glasses. We
consider the second observation as significant
because the PbO-rich glasses are highly covalent,

and they correspond to a larger magnitude of
frozen configurational heat capactities in keeping
with the observation made by Angell and Sichina
[14]. The ACp values at T, for various glass com-
positions are listed in Table I. The uncertainties
in AC, are unfortunately very large because
several compositions crystallize rapidly just above
Ty. However, the trend suggests that AC,, is larger
for the more ionic PbCl,-rich glasses.
Microhardnesses listed in Table I may be seen
to be almost the same for all the glasses. These
values are comparable to (and lower than) the
values reported for very high percentage PbO-
containing borate [15] and silicate [16] glasses.
PbO addition into these glasses is known to bring
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Figure 4 Heat capacity at 20 K below Ty against composi-
tion (X). The straight line in the lower part of the figure
indicates the variation of calculated Dulong—Petit heat
capacities with composition. Changes in heat capacity,
ACp, against temperature (A) are in the upper part of the
figure.
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down the microhardness [16]. However, it is very
difficult to provide a microscopic theory for the
hardness of glasses. In many glass systems the
microhardness generally ranges with the average
cohesive energy of the glass. We should therefore
like to think that the resistance to indentation is
determined by the binding energy of particular
bonds which are present in the entire composition
range. However, the structural model of these
glasses suggests that no such simple unmodified
bonds are present in the entire range of glass com-
positions. On the other hand the common pres-
ence of Pb0,Cl, units in the entire range of glass
composition may be responsible for the constancy
of microhardnesses. The indentation hardness may
therefore be related either to the deformation or
breaking strengths of these units.

4. Conclusions

PbO—PbCl, meits containing 40 to 90 mol % PbO
can be quenched to form glasses. The variation of
T, is consistent with the structural features of
these glasses and with a cluster model of the glass
transition. Heat capacities of these glasses prior to
T, are consistent with a higher degree of covalency

of bonding in PbO-rich glasses.
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