Available online at www.sciencedirect.com

ScienceDirect CERAMICS

INTERNATIONAL

ELSEVIER

Ceramics International 33 (2007) 1341-1347

www.elsevier.com/locate/ceramint

Structure and crystallization kinetics of PbO-B,05 glasses

. a . s o 3D : b T b
Yin Cheng “, Hanning Xiao , Wenming Guo °, Weiming Guo
*College of Materials Science and Engineering, Changsha University of Science & Technology, Changsha 410076, China
® College of Materials Science and Engineering, Hunan University, Changsha 410082, China

Received 17 January 2006; received in revised form 13 March 2006; accepted 15 April 2006
Available online 26 September 2006

Abstract

Structure and crystallization kinetics of PbO-B,0; glasses containing 10-80 mol% PbO were investigated. The analyses of IR spectra reveal
that PbO causes a change in the short-range order structure of the borate matrix. Between 10 < PbO < 20 mol%, PbO only acts as a network
modifier. With the increase of PbO content, a progressive conversion of [BO3z] to [BO4] units occurs and this promotes the formation of
boron—oxygen rings, composed of the connection of bridge oxygen between [BO3] and [BO,4] units. When the content is over 60 mol%, PbO plays
the role of glass former. Four possible structure models have been suggested to explain the effects of PbO on glass network: (a) three coordinated
boroxol rings modified by Pb*; (b) formation of Pb—O-B covalent bands; (c) bridge networks between [BO3] and [BO,] units; (d) complex
structures of Pb>* modified boron—oxygen rings and chains. Moreover, The crystallization kinetics of PbO-B,05 glasses was characterized by DSC
analyses. When PbO > 50 mol%, the increase of PbO leads to a decrease of thermal stabilities of the glasses. The increase of B,O3 contributes to

the increase trends to crystallization of glasses.
© 2006 Published by Elsevier Ltd and Techna Group S.r.I.
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1. Introduction

Lead borate glasses are of technological interests owing to
their unique properties such as their low melting temperatures,
wide glass formation regions and good radiation shielding
properties, etc. [1-4]. During the past two decades, many
efforts have been taken to help realize the roles of PbO in glass
networks using different techniques [5—7]. Bray et al. [8] have
carried out NMR investigations of lead borate glasses and their
study indicates that N, (the fraction of the four coordinated
boron atoms in the glass) increases with the PbO content up to
50 mol%, then decreases with the content of PbO. Raman
spectroscopy investigations of PbO-B,0; glasses [9] show that,
above 50 mol% PbO, four coordinated boron ions convert into
three coordinated boron ions. Not much IR spectroscopic work
has been carried out in lead borate glasses with the exception of
the preliminary work of Trate and Pottier [10], in which the low
frequency IR peaks involving PbO vibrations were observed,
indicating the appearance of new bands characteristic of
covalent PbO bonds with the increased content of PbO.
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However, the role of PbO in different glasses does not
understand clearly. The purpose of this work is to identify the
network structure of PbO-B,0; glasses and analyse the effects
of PbO on modified borate glasses.

2. Theoretical basis

Differential scanning calorimetry (DSC) is very suitable for
determinating the kinetic parameters of glass crystallization
under non-isothermal conditions [11-13]. The modified John-
son—Mehl-Avrami (JMA) equation is well-known to describe
the behaviour of non-isothermal glass crystallization [14]:

E
In[-In(1 — «)] = —nlnd — 1.052% + constant (1)

where « is the volume fraction of crystals precipitated in glass.
It can be estimated by the area of crystallization exothermal
peak [15], as shown in Fig. 1. « is the ratio of S,/S. n and m are
numerical factors depending on the nucleation process and
growth morphology. When nuclei formed during the heating
process at constant rate b are dominant, n is equal to (m + 1) and
when nuclei formed in the previous heat treatment before
thermal analysis run are dominant, » is equal to m. The values
of n and m are listed in Table 1 [12]. R is the universal gas
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Fig. 1. Estimation of the volume fraction of crystals. 7 and 7 are the onset
temperature and end temperature of exothermic peak, respectively; S is the total
area of crystallization exothermal peak; S,, is partial area between Ty and 7. « is
the ratio of S,/S.

constant. Eg is the activation energies for crystal growth. The
effective activation energy of the crystallization process E can
be defined by E = (m/n)Eg.

At the basis of Eq. (1), simple determination of Eg and n can
be given by Satava method [16]:

din[—In(1 — )]
/) |,
and modified Ozawa—Chen method [17,18]:

d(Inb)
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DSC is also helpful to determine the glass characteristic
temperatures, such as glass transition temperature 7,, onset
crystallization temperature Ty, and liquidus temperature 7).
These thermal parameters are suitable for a qualitative
estimation of the thermal stability of glasses and the glass
forming ability.

A parameter usually employed to estimate the glass stability
is the thermal stability, which is defined by AT =T, — T, [19].
Another parameter introduced by Hruby [20,21] is the glass
forming ability (k) which is defined by the relation:

Ty T,

ko1 =
& T,

“)

Both an increasing difference AT = T, — T, or a decreasing
temperature interval 7; — Ty indicate an increasing glass
stability and a lower tendency toward crystallization.

Table 1
The values of n and m for various crystallization mechanisms [12]

Mechanism n m

Bulk crystallization
Three-dimensional growth
Two-dimensional growth
One-dimensional growth
Surface crystallization

—_ N W A
—_— N W

3. Experiments

The PbO-B,0; glasses, in the content of PbO from 10 to
80 mol%, were prepared by the conventional melting-quench-
ing method with AR grade PbO and B,0; as raw materials.
After homogenization, the batches were melted in the
temperature range of 700-1000 °C and the resulting liquid
cooled in graphite mould, then crystallized at crystallization
peak temperatures for 1 h. The compositions of glasses are
shown in Table 2. When the content of PbO > 30 mol%,
transparent and homogeneous glasses were obtained. Bulk
crystallization and surface crystallization were observed upon
cooling in samples of PbO content equal to 10 and 20 mol%,
respectively.

The infrared spectra of the glasses were recorded at room
temperature, immediately after glass preparation, using KBr
disc technique. A Rayleigh WQF-410 FTIR spectrometer was
used to obtain the spectra in the wave number range between
400 and 2000 cm™' with a resolution of 2cm~'. DSC
measurements were performed by NETZSCH STA449C
calorimeter at different heating rates (5, 10, and 20 °C minfl).
1). SEM investigations were carried out with surface corrosion
using JEOL JSM-5610LV electron microscope, operating in the
secondary electron emission mode.

4. Results

The infrared absorption spectra of PbO-B,0; glasses are
shown in Fig. 2, including the IR spectra of pure B,0O5 glasses.
Tables 3 and 4 summarized the major observed absorption
bands in the investigated glasses and their vibration types,
respectively. It is clear from Fig. 2 and Table 3 that spectras of
PB-1 and PB-2 samples are similar to that of pure B,0O; glasses,
having two broad absorption bands at 1300-1700 and
720 cm™ . Other glasses have three main absorption bands at
870945, 680-702 and 1167-1360 cm~'. When the content of
PbO exceeds 60 mol%, several absorption bands below
600 cm ™" are also observed. Increasing the PbO content from
30 to 80 mol%, the 945 and 1360 cm ™! bands shift to lower

frequency, while 681 cm ™' band changes to 702 cm™".

Table 2

The molar compositions of PbO-B,0; glasses

No. PB-1 PB-2 PB-3 PB-4 PB-5 PB-6 PB-7 PB-8

Compositions 0.1PbO* 0.2PbO* 0.3PbO° 0.4PbO°* 0.5PbO°* 0.6PbO°* 0.7PbO°* 0.8PbO*
0.9B,03 0.8B,05 0.7B,03 0.6B,03 0.5B,03 0.4B,03 0.3B,03 0.2B,05
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Fig. 2. Infrared absorption spectra of PbO-B,03 glasses.
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Table 3
Observed IR absorption bands in PbO-B,0j; glass system (from Fig. 2)
No. IR absorption bands (cm™")
B,0; glass 1645 1460 1370 721
PB-1 1641 1463 1356 717
PB-2 1587 1452 1350 696
PB-3 1361 945 681
PB-4 1338 943 683
PB-5 1315 931 690
PB-6 1284 1016 916 696 424
PB-7 1234 1020 903 702 617 424
PB-8 1167 876 702 617 415
Table 4

Vibration types of different IR wave numbers

Range of wave numbers (cm™") Vibration types

<620
680-720

Characteristic vibration of PbO [24]
Bending vibration of B-O-B in
[BO;3] triangles [22,23]

Stretching vibration of

[BO,] units [26]

900-950, 1000-1020

About 1300 Vibration of boron—oxygen
rings [29]
1300-1600 Stretching vibration of B—-O-B in

[BO;3] triangles [22,23]

The DSC curves from the different stoichiometries were
indicated in Fig. 3. Values of characteristic temperatures
summarized in Table 5 were extracted using the Proteus
software installed in the DSC instrument. 7,; was the inflection
temperature of glass transition, 7y was the onset temperature of
exothermic peak, and 7} was the peak point of endothermic
peak for melting. When the content of PbO < 30 mol%, both
exothermic and endothermic peaks are not observed, which is
due to the crystallization during cooling process. It is well-
known that crystallized glasses, relatively stabilized, have no
exothermal and endothermal changes during heating treat-
ments. In the region of 50 < PbO < 60 mol%, there is no any
exothermic peak observed, indicating that glasses in this
composition region are stable on heating against crystallization;
Therefore, calculations of crystallization kinetics are carried
out only at the compositions of PB-3, PB-4, PB-7, PB-8
samples.

Table 5
Glass transition temperature 7, onset crystallization temperature T, liquidus
temperature T, and glass thermal stability parameters AT, ky

200 300
Temp. (°C)

Fig. 3. DSC curves for PbO-B,0; glasses.

400 500 600 700

No. T, (°C) T, (°C) T, (°C) AT (°C) kg1
PB-1 656.0

PB-2 673.2

PB-3 466.1 626.3 7172 160.2 1.76
PB-4 449.6 647.5 703.6 197.9 3.53
PB-5 360.4 537.0

PB-6 327.6 522.1

PB-7 297.6 364.5 469.1 66.9 0.64
PB-8 291.8 3553 499.7 63.5 0.44
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Fig. 4. Determination of mEg according tothe Satava method by plotting In[—In(1 — «)] vs.1/T at heating rate b = 10 °C min™~

linear fitting.

Satava method (Eq. (2)) was used to evaluate the values of
mEg and a constant heating rates at 10 °C min~' was assumed,
as shown in Fig. 4. The volume fraction of crystals « of each
sample in Fig. 4 was the same and lied in the range of 0.1-0.9.
The correlation coefficients r of the plots are all greater than
0.99 indicating good linear relationships. The values of E = (m/

n)Eg were calculated by Ozawa—Chen method (Eq. (3)) at the

range of o =0.3-0.6, as shown in Fig. 5. The mean value at

different values of « was chosen as the effective energy E for

each sample, which was listed in Table 6. The values of n were
evaluated by the ratio of mEg/E, while m was the round number
of n — 1 assuming that nucleation rate is constant (n =m + 1).
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Fig. 5. Ozawa—Chen plot (In b vs. 1/T,) for determination of E = (m/n)Eg at different values of a: (a) PB-3; (b) PB-4; (c) PB-7; (d) PB-8.

1

Eg was estimated by combined the results above. Table 6
summarized all values of the kinetic parameters above.

SEM micrographs of crystallized samples are shown in
Fig. 6. It is clear that different compositions lead to different
types of crystals: PB-3 is spherical, PB-4 is lamellar, while
PB-7 and PB-8 are columnar and needle-like, respectively.

5. Discussion
As seen from Fig. 2, the IR spectrums of the glasses

containing 10-20 mol% PbO resemble that of pure B,O3. Two
main absorption bands are included: a weak one at about
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. r is the correlative coefficient of
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Table 6
Kinetic parameters of crystallization of the binary PbO-B,0; glass system
calculated by different methods

No. n m  mEg (kJ/mol)  Eg (kl/mol) E=(m/n)Eg (kJ/mol)
PB-3 38 3 809.16 269.72 208.01
PB-4 306 2  839.55 365.91 274.35
PB-7 368 3 787.55 262.52 213.98
PB-8 198 1 352.39 352.39 177.98

720 cm ™' and a broad one between 1300 and 1600 cm ™. These
two bands are attributed to the bending vibration and stretching
vibration of B-O-B in [BOjs] triangles [22,23], respectively.
However, the band between 1300 and 1600 cm~' of the
modified glasses seem to be broader than that of pure B,Os;.
This suggests that the borate network is not modified by the
addition of 10-20 mol% PbO, since only three-coordinated
boron atoms can be identified. Further more, there is no
evidence of absorption bands below 620 cm™', which are the
characteristic vibration frequency of PbO [24]. Therefore, in
this case PbO can be considered as a network participant filled
in the interspaces of [BOjz] units in the form of Pb** ion (see
Fig. 7a).

When the content of PbO exceeds 30 mol%, an increasing
trend (from 680 to 702 cm™') is observed in the bending
vibration frequency of B-O-B in [BOj;] units with the
increasing PbO content. This behaviour may be attributed to
the electrostatic field of the strongly polarizing Pb** ions, which
might serve to increase the wave number of B-O-B bending

vibration [25]. On the other hand, a new broad band between
900 and 950 cm ™! is observed, which is due to the stretching
vibration of [BO4] units [26]. This indicates that the addition of
PbO leads to the conversion of [BOs] units to [BO4] units in
borate glass, which is also discovered in glass of CeO,—B,03,
La,03-B,0O5 [27,28]. Moreover, with the increase of the
content of PbO from 30 to 50 mol%, the frequency of [BOy]
unit shifts from 945 cm™' to a lower wave number 931 cm™".
This may be due to the formation of bridging bond of Pb—O-B,
as seen in Fig. 7b. Since the stretching force constant of Pb—O
bonding is substantially lower than that of the B-O, the
stretching frequency of Pb—O-B might trend to be lower.

Another dominant shift in the glass (30 < PbO < 50 mol%)
is the sharp decreasing trend from 1360 to 1315 cm™'. Boulos
and Kreidl [29] attributes the broad bond of about 1300 cm ™' to
the vibration of boron—oxygen rings composed by [BO3] and
[BO4] units. Therefore, the presumption that boron—oxygen
rings are formed in the glasses by the connection of the bridge
oxygen ions between [BOj3] triangles and [BOy4] tetrahedrons
can be made (see Fig. 7c), due to the decreasing frequency of
the stretching vibration of B—-O-B.

Subsequent additions of PbO (60-80 mol%) have the same
effect on the structure of glasses. The biggest shift of 916—
876 Cmfl, observed in PB-8 sample, indicates that when the
content of PbO is up to 80 mol%, the content of Pb—O-B
becomes dominant in the glass network structure. It can be
presumed that the increasing polarization of Pb** with the
increase content of PbO contributes to the formation of Pb**
modified boron—oxygen rings and chains. New bands at 1016

Fig. 6. SEM micrographs of crystallized samples (a) PB-3; (b) PB-4; (c) PB-7; (d) PB-8.
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Fig. 7. Possible structural units of PbO-B,0j3 glasses: (a) three coordinated boroxol rings modified by Pb>*; (b) formation of Pb—O-B covalent bands; (c) bridge
networks between [BO;] and [BOy4] units; (d) complex structures of Pb** modified boron—oxygen rings and chains.

and 1020 cm ™! of PB-6 and PB-7 glasses can be attributed to
the absorption vibration of [BO4] units [26], indicating the
increasing content of [BO4] units in glass networks. The
absorptions of PbO (below 620 cm ™) show that PbO is one of
the network former of glasses in this region. In light of the
above discussions, it can be concluded that as PbO content
exceeds 60 mol%, five bridging oxygens may be involved in
glass networks: B—O-B in [BOs] and [BO4] units, the bridging
oxygen ions between [BO3] and [BO,] units, Pb—O-B in bridge
connection of [BOs] and [BO,] units, and Pb—O in covalent
bonds, as seen in Fig. 7d.

From the obtained data of the kinetic criteria AT, kg
(Table 5) and the activation energies (Table 6), it is possible to
make some conclusions for the competitive role of PbO and
B,0; as a potential network former. It can be seen (Table 3)
that an increase content of PbO leads to a decrease of T, and
the change of glass thermal stabilities can be divided into four
regions: (1) when PbO is below 20 mol%, surface crystal-
lization and bulk crystallization are emerging, respectively,
during cooling processes, indicating the most unstable
glass compositions; (2) for 30 < PbO <40 mol%, first
exothermal peaks of glasses appear at 600-650 °C, and
increasing PbO content helps to decrease the trend to
crystallization and improve stabilities of glasses, as seen from
the increase of kinetic parameters and the activation energies
E; (3) glasses in the composition region of 50 < PbO <
60 mol%, are stabilized glasses against crystallization, since
there are no exothermal peaks during heat treatments; (4)
PbO > 70 mol%, Ty appear at a relatively lower range of
350-360 °C and the values of E decrease, indicating that a
further increase of PbO causes a decrease of thermal
stabilities of the glasses.

The different values of n and m indicate the different
crystallization mechanisms. Following the results in Tables 1
and 6, both PB-3 and PB-7 belong to the three-dimensional
growth mechanisms, PB-4 corresponds to two-dimensional

growth, the crystal growth of PB-8 glass is controlled by one-
dimensional growth mechanism, which are consistent with the
results of SEM observations (Fig. 6).

6. Conclusions

The content of PbO is responsible for the variation of
the structure and crystallization kinetics of PbO-B,0;
(10 £ PbO < 80 mol%) glasses. For 10 < PbO < 20 mol%,
the structure of glasses resemble that of pure B,O3, PbO only
acts as a network modifier in the form of Pb2+, and the glass
compositional region is unstable; between 30 < PbO <
60 mol%, the increase of PbO causes a progressive conversion
of [BOs3] units to [BO4] units, impairs the trend to crystal-
lization and improves stability of glasses; with the further
increase of PbO, the thermal stabilities of glasses decrease, and
PbO plays the role of a glass former.
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