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Undoped lead borate glass of the composition PbO 70%-B,03 30% together with samples of the same
composition and doped with varying V,05 contents were prepared. UV-visible absorption spectra were
measured out in the range 200-1500 nm before and after successive gamma irradiation. Infrared absorp-
tion measurements within the range 4000-400 cm~! were carried out for the undoped and V,05 doped
samples before gamma irradiation and after being irradiated with a dose of 6 Mrad. All the glass samples
are observed to absorb strongly in the UV region due to the combined contributions of absorption due
to trace iron impurities and that from the divalent lead Pb%* ions. The V,0s-doped glasses reveal extra
visible absorption bands which are attributed to the existence of V3* ions in measurable content but not
neglecting the other valence states of vanadium ions (V4*, V°*). Infrared absorption spectra indicate the
presence of both triangular and tetrahedral borate groups besides the sharing of lead ions in network
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1. Introduction

Lead glasses are extensively used for various applications
including crystal glass and optical glasses, low-melting solder
glasses and glass—ceramics, numerous optical and electronic appli-
cations, radiation protection and in immobilization of hazardous
radioactive wastes [1-4].

Lead oxide is well known to show interesting physical and
chemical properties upon glass formation with many systems such
as silicates, borates and phosphates. The structural role of Pb2* ions
in the glass network has already been the subject of numerous stud-
ies [5-12]. In binary lead glasses, lead atoms are often described as
glass former at high lead oxide content and as network modifier
at low lead oxide content. Such differences in the structural role of
Pb2* ions would imply significant modifications of their local envi-
ronments and of their coordination. Earlier studies [5-7] consider
that the glass forming groups are the [PbO4] units while recent
studies [12] claim that PbO3 units or a mixture of the two struc-
tural units (PbOy4, PbO3) are the basic building units in high PbO
content glasses.

The optical absorption spectra of vanadiumions in cabal, silicate,
phosphate and borate glasses before and after gamma irradiation
have been reported by several investigators [13-18]. Vanadium
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ions are accepted to exist in glasses in three possible valencies,
namely, the trivalent, tetravalent and pentavalent states. The triva-
lent vanadium (V3*) ions exist in distorted octahedral coordination
with oxygens and show two characteristic absorption bands at
350-400nm(3.54-2.69eV),580-680 nm (2.13-1.82 eV)and a third
possible band in the UV region originating from electron trans-
fer within the vanadium ion itself. The tetravalent vanadium (V4*)
ions seem to exist normally as vanadyl ions (VO2*) and exhibit four
characteristic weak bands at about 420 nm (2.95eV), 760-860 nm
(1.63-1.44eV) and ~1000nm (1.239eV) in addition to a possible
UV band. The pentavalent vanadium (V°*) ions correspond to the
d° configuration and thus will not give rise to d-d transitions but
give a charge transfer band at ~380 nm. In a series of recent stud-
ies on gamma irradiation of 3d-doped soda lime phosphate [19],
cabal [20], bioglass [21], borosilicate [22] and lithium diborate [23]
glasses, it is established that transition metal ions compete with
both trace impurities and host glass in producing induced radia-
tion defects. While intrinsic defects arise after irradiation from the
glass matrix itself, extrinsic defects are due to dopants or impurities
[24-26]. Some of the transition metal dopants within the glasses
capture negative electrons or positive holes causing changes in
their valencies through photochemical reactions during the expo-
sure of the glasses to successive gamma irradiation.

The main objective of this present work is to study the
UV-visible and infrared absorption spectra of some undoped
and V,05 doped lead borate glasses before and after successive
gamma irradiation. This work will enable us to specify the existing
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Table 1
Chemical composition of the studied glasses.
Glass no. PbO B,03 V,05 added
(wt%) (wt%) (dopant)
GO 70 30 0
G1 70 30 0.5
G2 70 30 15
G3 70 30 2
G4 70 30 3
G5 70 30 4

valencies of vanadium ions in such glass system. Also, this study
aims to justify the effect of gamma irradiation on the base lead
borate glass and V505 containing samples and deduce the radiation
induced defects generated upon gamma irradiation.

2. Experimental details
2.1. Preparation of glasses

The studied glasses were prepared using reagent grade chemical materials.
Pb3;04 was used for PbO and H3BO3 for B,03 and vanadium pentoxide (V20s5) was
added as such with different successive percents. All the weighed batches were
melted in platinum crucibles at 1000°C for 2 h. The crucibles were covered with
platinum lids during melting to avoid loss of the constituents at high temperature.

The melts after homogenizing with stirring at fixed time intervals were cast in
slightly preheated stainless steel molds to the required dimensions and the prepared
specimens were immediately transferred for annealing in a muffle furnace adjusted
at 380°C. The muffle was left to cool after 1h to room temperature at a rate of
20°Ch1,

The melts after homogenizing with stirring at fixed time intervals were cast in
slightly preheated stainless steel molds to the required dimensions and the prepared
specimens were immediately transferred for annealing in a muffle furnace adjusted
at 380°C. The muffle was left to cool after 1h to room temperature at a rate of
20°Ch-1 (Table 1).

2.2. UV-visible absorption spectra measurements

The optical absorption spectra before and after gamma irradiation were mea-
sured at room temperature in the range from 200 to 1500 nm using a computerized
recording spectrophotometer (type JASCO corp., V-570, Rel-00, Japan). Polished
samples of equal thickness (2 + 0.1 mm) were used in these measurements.

2.3. Infrared absorption measurements

The infrared absorption spectra of the prepared samples were measured at room
temperature in the range 4000-400 cm~! by an infrared spectrometer (type Mattson
5000, USA) using the KBr disc technique. The samples were pulverized into fine
powder, and then mixed with potassium bromide powder with a weight ratio of
1:100 (0.002 g sample: 0.2 g KBr). The mixture was subjected to a load of 5 tons cm—2
in an evocable die for 2 min to produce clear homogenous discs. The IR absorption
spectra were measured immediately after preparing the discs.

2.4. Irradiation facility

A 60Co gamma cell (2000 Ci) was used as a gamma ray source with a dose rate
of 1.5Gys ! (150rads™1) at a temperature of 30°C. The investigated glasses were
subjected to the same required gamma dose every time.

3. Results
3.1. Infrared absorption spectra

Fig. 1 illustrates the infrared absorption spectrum of the
undoped and V,05 doped lead borate glasses. The infrared spec-
trum of the base undoped lead borate glass is seen to possess the
following spectral characteristics:

(a) A sharp small peak at about 472 cm~1.

(b) A broad band at about 966 cm™1.

(c) A sharp band with a peak at about 1349 cm~1.
(d) A sharp band with a peak at about 1475 cm~".
(e) A sharp band peaks at about 1578 cm~!.

(f) A sharp band peaks at about 1758 cm™1,
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Fig. 1. IR absorption spectra of the prepared glasses.

(g) Two successive small kinks at about 2362 and 2925 cm™1.
(h) Two broad medium bands at about 3434 and 3399 cm~1.

The main characteristic absorption bands due to borate network
groups are identified as four intense IR bands at about 650, 966,
1349 and 1578 cm™1,

The effects of introducing different concentrations of V5,05
(0.5g,1.5g,2.0g,3.0g and 4.0 g) on the IR spectra are shown also
in Fig. 1 and can be summarized as follows:

All glasses containing varying concentrations of V,05 reveal in
general the following spectral characteristics;

a. The depression of the band at about 684cm~1.

b. Resolution of three far-infrared kinks at about 422, 543 and
686cm1.

c. The other IR absorption characteristic bands observed in the
undoped sample remain almost unchanged.

3.2. Effect of gamma irradiation on the IR spectra

Figs. 2-4 illustrate the IR spectra of the undoped and V-doped
glasses after gamma irradiation with 2 Mrad and 8 Mrad. The results
indicate the following variations.
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Fig. 2. Infrared spectra of undoped lead borate glass after successive gamma irra-
diation.
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Fig. 3. Infrared spectra of 0.5% V,05 doped glass before and after successive gamma
irradiation.

a. The IR bands of the undoped glass remain unchanged in their
number and intensity with progressive irradiation.

b. The IR absorption bands of the 0.5% V,05 doped glass show the
maintenance of the bands in their number and position but with
slight decrease with progressive gamma irradiations.

c. The IR absorption bands of the 1.5% V,05 doped glass show
the maintenance of the bands in their position and num-
ber but the intensities reveal obvious increase with gamma
irradiations.

3.3. UV-visible absorption spectra before gamma irradiation

Fig. 5 reveals the optical absorption spectra of undoped lead
borate glasses together with samples containing increasing V,0s5
contents. The undoped glass reveals strong ultraviolet absorp-
tion comprising four successive peaks at about 250, 275, 310 and
350 nm and no visible bands could be identified: With the introduc-
tion of increasing V,05 contents, the first three UV peaks remain
unchanged while the last fourth peak is slightly decreased and new
visible bands are identified at about 400 and 440 nm and followed
by a small broad band centered at about 580 nm. The visible absorp-
tion bands are observed to be more intensified with the increase of
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Fig. 4. Infrared spectra of 1.5% V,05 doped glass before and after successive gamma
irradiation.
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Fig. 5. UV-visible absorption spectra of undoped and V,0s doped glasses before
irradiation.

V5,05 content and with a resolution of a new broad band centered
at about 850 nm.

3.4. Effect of gamma irradiation on UV-visible spectra

Figs. 6-9 illustrate the optical absorption of the undoped and
V,05 doped lead borate glasses after gamma irradiation with 2 and
8 Mrad. The undoped lead borate glass shows upon gamma irradia-
tion the resolution of an induced high intense UV absorption band
at about 225 nm which attains saturation on prolonged irradiation
from 2 Mrad to 8 Mrad. The absorption band at about 340 nm attains
constancy with 2 Mrad but with increasing the dose to 8 Mrad a
marked decrease in the intensity and with the resolution of two
peaks, at 285 and 380 nm. It is evident that the spectrum extending
from about 400 nm to the rest of measurement shows no induced
bands and with continuous irradiation the spectral curves reveal
no variations but remain very close to each other.

The vanadium doped glasses show similar behavior irrespective
of the V,05 content. All the studied glasses reveal a continuous
decrease of the intensities with progressive irradiation in the UV
region of the spectrum while within the rest visible region; the
spectral curves show no variations and remain very close with
irradiation.
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Fig. 6. UV-visible spectra of undoped lead borate glass before and after successive
gamma irradiation.
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Fig. 7. UV-visible spectra of 1.5% V,05 doped lead borate glass before and after
successive gamma irradiation.
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Fig. 8. UV-visible spectra of 3% V,0s doped lead borate glass before and after suc-
cessive gamma irradiation.
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Fig. 9. UV-visible spectra of 4% V,0s doped lead borate glass before and after suc-
cessive gamma irradiation.

4. Discussion
4.1. Interpretation of the infrared absorption spectra

Infrared spectroscopic data of the studied lead borate glasses
have been used as a basis for the qualitative identification of glass
forming structural units in this type of glass [24-28]. Lead borate
glass belongs to an interesting system because PbO unlike alkali and
alkaline earth oxides can enter the glass network in dual situation
both as network modifier and network former. Hence, the network
structure of the lead borate glasses is expected to be different from
that of alkali borate glasses. Bray and co-workers [5,29] have carried
out NMR investigations of lead borate glasses and related crys-
talline compounds and their studies indicate that N4 (the fraction
of the four coordinated boron atoms in the glass) increases with the
PbO content up to 50%. Further increase of PbO decreases the value
of Ny4 (ratio of BO4/total boron content). The lead oxide enters the
glass network originally at (0 <R < 0.33), where Ris the ratio of PbO,
it does so as a modifier [5]. In the case of lead (II) ions, each ion acts
as a dual charge balance providing the positive charge necessary
for the formation of the two tetrahedral (BO4)~! units. The bond-
ing of lead is strongly ionic and the cations enter the network in an
interstitial manner. The change in coordination number of boron
from three to four leading to an obvious compacting of the glass
network structure. The glass network remains fairly open at low
PbO concentration, thus allowing void filling. Beginning at R=0.33,
however, the role of lead cations begins to change. The lead ions
are likely to form compact structural PbO3; and/or PbO4 pyramidal
units assuming on a more covalent arrangement. The participation
of lead cations (and their associated oxygens) in these pyramidal
units reduces the availability of such ions for ionic charge balance,
thus reducing the formation rate of the four coordinated tetrahe-
dral boron units. The typical back conversion to three coordination
by boron must be to a (BOq 5) units bridging to an even increasing
number of lead cations [8-11].

Careful inspection of the infrared absorption bands which are
observed in the region 1200-1600 cm~! reveals distinct compara-
ble intensities which indicate that the ratios of BO3 and BO4 groups
are approximately reaching constancy or equality. The base studied
composition of PbO 70 wt% and B, 03 30 wt% equivalent to 42.1 and
57.9 mol%, respectively, supports this IR result. It is expected that
the studied base host glass contains BO3 groups in sufficient quan-
tity to be easily identified in equivalent to the formed BO,4 groups.
It is also expected that PbO behaves in dual functions assuming
the role of modifier and former in such studied high lead borate
glass [24]. In accordance with the interpretation of most authors
[20,24-28], the infrared absorption in the region 800-1200 cm™!
can be assigned to BO4 groups while the absorption extending
from 1200 to 1600 cm~! can be related to BO3 groups. The infrared
bands in the wavenumber region 530-630cm~! and 690-770 cm™!
are assumed to be due to bending vibrations of various borates
including isolated BO33~ groups. The near-infrared bands in the
wavenumber range 3000-4000 cm~! are related to vibrations due
to water, OH or BOH groups [20,28].

The small far-infrared peak at about 472 cm~! observed in the
undoped and V,05 doped glasses seems to be related to vibra-
tions of Pb2* ions, Extensive studies of Witke et al. [11,30] on IR
and Raman spectra of lead borate glasses have reached the conclu-
sion that at low PbO content, PbO predominantly acts as modifier
(ionic Pb-O bond with IR band in the region at 10-150cm™1).
With increasing PbO content, it behaves as network modifier as
well as glass former (covalent Pb-O bonds, with IR band at about
300cm~1). By careful examination of the published figures of
Witke et al. [11,30], some peaks could be identified in the region
400-500 cm~! which are very close to the observed peak at about
472 cm~! in this study.
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Table 2
IR vibrational absorption bands wavenumber (cm~') and their corresponding vibrational mode assignment in undoped and V,0s doped lead borate glasses.
Band position (cm~!) Associated vibrational mode Ref.
467,491, 563, 498, 567 Loose BO4 units, Pb-O vibrations [11,30,32]
704, 744 B-0-B bending vibrations [11,30]
912, 960, 972 B-0 bond stretching of BO4 units with PbO [28]
bonds overlapping
1284, 1288 B-O stretching vibrations of (BO3)*~ units in [28]
meta, orthoborate chains.
1300 Vibrations of boron-oxygen rings [28,33]
1505, 1559,1611 Asymmetric stretching relaxation of the B-O [28,30,32]
bond of trigonal BO3 units
1640, 3446, 3565, 3747 Molecular water groups [30,40,46,48]

Recent studies by Pisarski et al. [31] have shown that the IR spec-
tra of lead borate glasses in the range 400-1400 cm~! are connected
with vibrations of the network of different borate units together
with the sharing of Pb-0O groups. They assumed that the IR spectra
consist of four characteristic groups at 400-650 cm~! identified as
B-0-B and Pb-0-B bending vibrations and borate ring deforma-
tion, at 650-700cm~! due to BO3 bending, at 950-1050cm~! due
to stretching vibration of tetrahedral BO4 groups and the fourth
main broad IR absorption region existing at about 1200-1400 cm™~!
reveals two absorption bands due to stretching of trigonal BO3
(~1200cm~1) and tetrahedral BO4 (~1320cm™1) groups, respec-
tively.

Table 2 gives the experimental IR bands and their assignments
with related References

4.2. Interpretation of the UV-visible absorption spectra

4.2.1. Origin of UV absorption in base undoped lead borate glass

It was previously assumed [34,35] that the charge transfer
ultraviolet bands generally observed in some commercial glasses
originated from the presence of unavoidable trace iron impuri-
ties within the raw materials used for the preparation of such
glasses.

Duffy and Ingram [36] and Duffy [37] have classified differently
originated ultraviolet absorption bands in glasses. Some transition
metal ions (e.g. Fe3*, Cr®*) exhibit characteristic charge transfer UV
absorption in glasses even if present in the ppm level. Such metal
ions in glass owe their UV absorption to an electron transfer mech-
anism. But certain other metal ions including Ce3* and V#* as well
as d19 s2 jons (e.g. Pb2* and Bi3*) absorbed radiation through elec-
tronic transition involving orbital essentially of the metal ion only,
and the name “Rydberg” has been suggested for such spectra to
distinguish them from the common electron transfer spectra.

Ehrt et al. [22,23,38,39] have postulated that small amounts
of transition metal ions (especially trace iron impurities even in
the ppm level) cause deterioration of the UV transmission of opti-
cal glasses. They have claimed the need of ultrapure chemicals
for the preparation of special optical glasses for specific recent
diverse applications. They also assumed that the UV bands iden-
tified by the deconvolution of the spectra are related to trace iron
impurities.

Recently, EIBatal et al. [15-20,40-42] have specified experimen-
tally that the charge transfer UV absorption bands observed in
undoped varieties from phosphate, silicate and borate glasses are
related to trace iron impurities present within the raw materials
used for the preparation of such various glasses.

On the basis of previous arguments, it is suggested that the
observed UV absorption bands obtained from undoped lead borate
glass are due to trace iron impurities present within the raw chem-
icals used for preparation of such glasses beside the contribution
from absorption due to Pb2* ions as previously mentioned by Duffy
etal. [36,37].

4.2.2. Contribution of the effect of vanadium ions on the optical
spectra

The base lead borate host glass seems to favor the high oxidation
state of vanadium, viz. pentavalent ions [2,13-16]. V>* ions belong
to the d° configuration and thus possess only UV absorption and
without visible bands [13-20]. The visible bands around 400, 440
and 580 nm seems to indicate the existence of V3* ions in measur-
able amount. The existence of V4* ions are not clearly identified
as their visible spectra are known to be forbidden with low inten-
sities and the absorption spectrum of trivalent vanadium ions are
expected to mask them except when high concentrations V,05 are
added. The same situation is to be expected for the spectra of V°>*
ions in the UV region which includes also spectra due to trace iron
impurities and Pb2* jons.

Fig. 5 shows a band near 850 nm is resolved at high concentra-
tion of V,05. Previous study of vanadium doped alkali silicate, alkali
borate, and alkali phosphate glasses [13] indicated the appear-
ance of a band at 850 nm in phosphate glass and it was attributed
to tetragonally distorted octahedral V#* ions. It is assumed that
the studied lead borate glass contains the three vanadium species
V3* V4 and V°* with ratio depending on the type, composi-
tion of glass, condition of melting and concentration of vanadium
ions.

4.2.3. Interpretation of gamma irradiation on UV-visible spectra

It is accepted that [43,44] radiation can induce numerous
changes in the physical properties of glass, one of the most obvious
is visible coloration, and for this reason the defect centers causing
this are often referred to as “color centers”. The nature of radia-
tion damage in glass depends on the type (i.e. ionizing radiation
vs. particle) and energy of radiation impinging on the material. The
resultant effects may be divided into three categories:

(1) atomic displacement by momentum and energy transfer.
(2) ionization and charge trapping, and
(3) radiolysis or photochemical effects.

The irradiation of glass usually results in the occurrence of all
three processes (or at least in the second and third); the relative
contributions to the net damage depend on the type and energy of
the radiation, as well as the total dose.

When ionizing radiation such as gamma rays, X-rays, electrons,
UV-radiation, and so on impinges on the glass, electrons are ini-
tially excited from the valence band if the incident energy is greater
than the band if the incident energy is greater than the band gap.
If E>1KkeV, the electrons are excited by the Compton effect. The
excess energy is converted to kinetic energy and, as these electrons
travel through the material, they will either recombine with posi-
tively charged holes, become trapped to form color centers, or if the
energy is sufficiently high produce a secondary electron cascade by
knock-on collisions with other bound electrons.
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Additional bound electrons are ionized by the secondary
electrons through Coulombs interactions, the secondaries losing
approximately 20eV for each ionization. Finally, when the elec-
trons energy become too low to ionize other electrons, they will
either be trapped or recombine with holes.

It is accepted that when a glass that contains transition metal
ions is irradiated, these TM ions are available as potential traps
for the released electrons and formed holes during the irradiation
process [43,46].

In most cases, the trapping of charges by TM ions seems to be
favored and the behavior of such glass depends primarily on the
type and concentration of these dopants (or impurities). It is impor-
tant to note that the presence of the dopants does not alter the
intrinsic trapping sites of the glass, they sometimes retard the for-
mation rate of color center (or cause annihilation) of the intrinsic
color center [43,46].

Some scientists [45-47] have remarked that glasses containing
heavy metal ions such as Pb2*, Bi3* shield gamma irradiation to
a measurable extent and such glasses can be used in windows in
nuclearreactors, hot cells or other radiation environments and even
in encapsulation of radioactive wastes.

The observed optical results in such high lead borate glasses
which indicate that gamma irradiation only affects UV absorption
and the visible absorption spectra remain unchanged which can be
realized and interpreted as follows;

a. The host high lead borate glass is expected to show resistance
or shielding towards successive gamma irradiation. This is due
to the presence of Pb%* ions in the glass in high percent because
these ions possess heavy mass and thus retard the passage and
ease of electron ionization [45,48].

b. The ultraviolet absorption is related to charge transfer bands due
to trace iron impurities and in the host base glass it is assumed
that gamma irradiation initiate the transformation of iron by
photochemical reactions to higher or lower valencies for the
iron species. Moncke and Ehrt [22,23] have assumed that the
iron states even when present as impurities in the glass, can
be affected. Fe%* ions can be photo-oxidized to (Fe*)* ions and
Fe3* ions can be photo-reduced to (Fe3*)~ ions. The experimental
optical spectra of the undoped glass after successive gamma irra-
diation, show first stabilization of the UV band at about 340 nm
withirradiation, whichis related to divalent lead (Pb2?*)ions indi-
cating the stability of these ions, then it shows a decrease with
high dose (8 Mrad). The UV absorption in the region 200-310 nm
related to iron impurities reveals increase in intensity with irra-
diation which can be related to the conversion of some Fe%* to
Fe3* by capturing holes during the irradiation process and the
high dose (8 Mrad) shows slight increase.

c. The V-doped samples show different behavior on the effect of
gamma irradiation within the UV absorption region revealing
continuous decrease with progressive irradiation and the visible
absorption curves show stability and obvious shielding effect. It
seems that in the presence of another extra transition metal ion
(vanadium ions) the decrease of the intensity of the UV absorp-
tion can be related to the conversion of some Fe?* to Fe3* by
photochemical reaction through capturing electrons. This comes
from the competition between transition metal ions (V ions)
and the trace iron impurities (Fe3* ions) have the direction to
be photo reduced to lower valence ions (Fe2*) which have its
preferred absorption in the near IR at about 1100 nm.

4.2.4. Interpretation of the effect of gamma irradiation on IR
spectra

The overall effects of gamma irradiation on the IR spectra are
visualized by the maintenance of the number and position of the

main IR bands observed in the glasses before irradiation and only
minor variations in the intensity of some bands are identified after
irradiation.

Some scientists have noticed the same observations in other
glasses [48,49], and they have related them to the weakening of the
already nonperiodic network structure or to changes in the bond
angles and/or bond lengths between the building structural units
as recently suggested by various authors [50,51].

The observed results can thus be interpreted by assuming that
gamma irradiation causes some variations in the bond angles
and/or bond lengths within the structural groups as suggested
before.

5. Conclusion

Lead borate glass of the composition PbO 70%-B,03 30% and
other samples with the same composition with added V,0s5
(0.5-4%) have been prepared and their optical absorption has
been examined before and after successive gamma irradiation. The
undoped sample shows strong UV absorption bands due to the
presence of Pb*2 ions and unavoidable trace iron impurities. V,0s-
doped samples reveal additional visible bands due to the presence
of various states of vanadium ions namely V3* and V4*,

The prepared samples have been examined by FTIR spectral
measurements which show characteristic IR bands due to trian-
gular and tetrahedral borate groups beside Pb-O vibrations. The
addition of V505 in the doping level produces minor variations
which are related to the depolymerization of the network. Gamma
irradiations produces induced optical bands which are related to
positive holes in the visible region and electron defects in the UV
region. Gamma irradiation causes minor changes in the IR spectral
bands which are related to variations of the bond lengthes and/or
bond angles within the structural groups.
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