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Abstract

The oxidation behaviour of different oxynitride phosphate glasses, elaborated by thermal ammonolysis of oxide base glasses with composition
(25− x/2)Li2O·(25− x/2)Na2O·xPbO·50P2O5 (0 <x < 50), has been studied in air by thermogravimetric analysis and differential scanning
calorimetry. The oxidation of the nitrided powders proceeds first from a surface oxidation, followed by a bulk oxidation controlled by diffusion.
As the nitrogen content increases, the sintering becomes slower and the surface oxidation is greater. The second step, which depends on the
p ticles.
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articular composition, takes place once the glass viscosity has decreased enough to allow oxygen diffusion inside the glass par
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Phosphate glasses have specific properties such as low
lass transition and dilatometric softening temperatures,
high thermal expansion coefficient or UV transparency.

hese properties make them interesting for applications as
ow-temperature sealing materials,1–6 vitrification of nuclear
astes,7,8as well as laser host matrices when doped with rare-
arth elements.9–12However, their low chemical durability is
drawback which can limit their practical use.
Partial substitution of nitrogen for oxygen is one of the

ost effective ways to improve the chemical resistance of
hosphate glasses. Since the first nitridation experiments re-
orted by Marchand13 and Wilder et al.14 as early as 1983,
any compositions have been studied from both fundamental
nd application viewpoints.

The higher bonding density generated by nitrogen rather
han oxygen atoms along with the greater covalent character
f P N bonds compared to PO bonds result in a greater

oughness of the glass network with respect to corresponding

oxide glasses. The consequence is that nitrogen incorpo
produces an increase in the glass density, glass transitio
softening temperatures, viscosity, hardness and mech
properties, refractive index, electrical resistivity, as well a
the chemical durability.15–22In addition, nitrided glasses a
more stable towards crystallization than corresponding o
glasses.

Oxynitride phosphate glasses are commonly prepare
thermal ammonolysis of parent oxide glasses at tempera
ranging from 600 to 800◦C. Nitrogen atoms substitute f
both bridging and non-bridging oxygens of the PO4 tetra-
hedra network. Nuclear magnetic resonance has evide
formation of two new structural units, the PO3N and PO2N2
tetrahedra,23–26in which the nitrogen atoms are coordina
to two phosphorous,N (Nd), or to three phosphorous,N
(Nt), as shown by X-ray photoelectron spectroscopy.26,27

The presence of glassy phases in the grain boundar
silicon nitride-based ceramics has led to study the forma
conditions of such glass compositions and their properti
a function of the nitrogen content. At the same time, owin
a context of high temperature applications, systematic st
∗ Corresponding author. Tel.: +34 91 735 58 56; fax: +34 91 735 58 43.
E-mail address: lpascual@icv.csic.es (L. Pascual).

of the oxidation resistance of these SiAlON glasses have been
carried out.28,29
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On the other hand, even though the structure and proper-
ties of oxynitride phosphate glasses have been widely studied,
no references concern their oxidation behaviour. The appli-
cation of oxynitride phosphate glasses as sealing materials
requires the stability of the glass during the sealing process.
The present work constitutes a first study of the behaviour of
such glasses in an oxygenated environment. The oxidation
behaviour in air of Li–Na–Pb–P–O–N oxynitride glasses has
been studied by thermo gravimetric analysis (TG) and differ-
ential scanning calorimetry (DSC). The influence of the ni-
trogen content, the composition of the oxide base glass, and
the particle size of the powdered glass samples have been
particularly investigated.

2. Experimental

Metaphosphate glass compositions (25− x/2)Li2O·
(25− x/2)Na2O·xPbO·50P2O5 (0 <x < 50), in mol%,
were prepared from stoichiometric amounts of reagent
grade Li2CO3, Na2CO3, Pb3O4 and H3PO4 (85 wt.%,
d = 1.71 g cm−3) in a gas furnace. The batches were first
calcined up to 450◦C in porcelain crucibles for 1 week, and
then melted at 1100◦C for 1 h. The melts were poured in
air over brass plates, after that the glasses were annealed
f lass
t clear,
c
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b ppm
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the atomic N/P ratio according to the glass formulation
(LiNaPb)PO3−3x/2Nx.

The coefficient of thermal expansion (CTE), glass transi-
tion (Tg) and dilatometric softening (Ts) temperatures were
determined from the thermal expansion curves obtained in
air with aNetzsch Gerätebau dilatometer, model 402 EP, at a
heating rate of 2 K min−1. For measurements, prismatic sam-
ples, of around 10 mm length between the two parallel faces
in contact with the dilatometer, were prepared by cutting and
polishing from the base and nitrided glasses.

The oxidation studies were carried out in a TA instru-
ments SDT 2960 simultaneous DSC-TGA analyzer, using
powdered glass samples with three particle size distributions
ranging from 38 to 63�m, 63 to 100�m and 100 to 200�m.
Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) experiments were performed under static
air in platinum crucibles with a constant weight sample
(30± 0.1 mg) and a constant heating rate of 10◦C min−1,
which was proved to be appropriate for such a study. Temper-
ature calibration was carried out over a large range employing
high purity materials improved by the International Commit-
tee for Thermal Analysis (ICTA). The overall accuracy of
this instrument is expected to be better than 1.5◦C.
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or 30 min in an electrical furnace slightly above their g
ransition temperatures. All the base glasses were
olourless and bubble-free.

Nitridation was carried out by thermal treatment of
ase glasses under anhydrous ammonia flow (<400
2O). The base glasses were crushed in dry condition

ng an agate mortar up to glass particle size of about 1
he powdered glass samples were heated between 60
50◦C for times between 1 and 30 h in a gas-tight Al2O3

ube furnace of 120 cm in length and 7.5 cm in diamete
onstant heating rate of 5◦C min−1 under N2 atmosphere wa
pplied up to the treatment temperature, at this point nitr
as replaced by a constant ammonia flow of 500 cm3 min−1,
nd finally the cooling stage down to room temperature
gain under N2. All the oxide and oxynitride glass samp
ere examined and confirmed to be X-ray amorphous.
The nitrogen determination was carried out in a N2/O2

nalyzer LECO TC-436. At least three analyses we
one for each sample using identical condition with
verageσn−1 = 0.02. The nitrogen content is given

able 1
lass transition temperature (Tg), dilatometric softening temperature (Ts) an

ange obtained from the dilatometric curves of some base and oxynit

ominal glass composition Tg (±1◦C)

i0.40Na0.40Pb0.10PO3 (10 mol% PbO) 231
i0.25Na0.25Pb0.25PO3 (25 mol% PbO) 244
i0.10Na0.10Pb0.40PO3 (40 mol% PbO) 278
i0.25Na0.25Pb0.25PO2.82N0.12 273
i0.25Na0.25Pb0.25PO2.64N0.24 286
i0.25Na0.25Pb0.25PO2.40N0.40 310
. Results and discussion

Table 1gathers the main thermal properties of some o
xide and oxynitride glass compositions considered in
tudy, which are crucial information for their application
ealing glasses: the glass transition and dilatometric so
ng temperatures, and the thermal expansion coefficient

aximum temperature to be used during the sealing pr
an be estimated reasonably as not higher thanTs + 100◦C.
o, using oxynitride compositions, the temperature w
ot reach a limit of 500◦C.

When heated in an oxygenated atmosphere, nitride
ompounds are systematically transformed, at relat
igh temperature, into oxides – or a mixture of oxide
ith release of molecular nitrogen. In the present case

hermal treatment of oxynitride phosphate glasses i
xygen-containing atmosphere should finally result in t

ransformation into the corresponding initial base glas
o, considering the initial and final stages, the oxidatio

he opposite of the ammonolysis. For a glass compos

ficient of thermal expansion (CTE), measured in the 30–200◦C temperatur
sses

Ts (±1◦C) CTE× 10−6 (K−1)30–200◦C (±1× 10−6 K−1)

247 23
264 18
300 17

291 17
310 16
336 14
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Li0.5−xNa0.5−xPbxPO3−3y/2Ny, a progressive oxidation is
represented by the following reaction:

Li0.5−xNa0.5−xPbxPO3−3y/2Ny + zO2

→ Li0.5−xNa0.5−xPbxPO3−3y/2+2zNy−4z/3 + 2z/3N2↑
(1)

z = 3y/4 means that a total transformation into oxide has
been reached, according to:

Li0.5−xNa0.5−xPbxPO3−3y/2Ny + 3y/4O2

→ Li0.5−xNa0.5−xPbxPO3 + y/2N2↑ (1’)

As each nitrogen is replaced by 3/2 oxygens, the oxidation
reaction gives rise to a weight gain.

A partial lead reduction could be supposed a priori to occur
during ammonolysis because of the strong reducing charac-
ter of ammonia. However, it is worth mentioning that there
was no indication of metallic lead in any of the oxynitride
glass samples, as confirmed by X-ray diffraction and scan-
ning electron microscopy. Consequently, the weight gain of
the oxynitride glasses is only attributed to a progressive re-
placement of nitrogen by oxygen.

The DSC and TG graphs in air of the oxynitride glass
composition Li0.25Na0.25Pb0.25PO2.33N0.45 (25 mol% PbO)
for a particle size distribution of 63–100�m are shown in
F o
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i
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F
c

at higher temperature is related to the major part of oxidation,
which proceeds faster in melts with lower viscosities.

However, oxynitride glasses are not adequate for applica-
tion in this temperature range because of too low viscosity
values – and a clear lack of stability – that is why this work is
preferentially focused on the oxidation process below 500◦C.

An important parameter affecting the oxidation is the
glass viscosity and its change with temperature. Rheological
measurements of the oxide base glass Li0.25Na0.25Pb0.25PO3
(25 mol% PbO) have been reported recently by the authors,30

showing that viscosity decreases rapidly when temperature
increases in the 300–500◦C range (logη = 8.48, at 300◦C;
logη = 2.01, at 475◦C). There are no results about the
viscosity–temperature relationship of the studied oxynitride
glasses, however a quite similar viscosity–temperature de-
pendency may be assumed while considering anyway that
viscosity increases as the nitrogen content increases in the
glasses. In all cases the sintering taking place during heating,
which comes under a viscous flow mechanism, and the con-
sequent change in the specific surface area of the powders are
clearly affected by the viscosity–temperature behaviour. At
temperatures near 300◦C, sintering take place still at a very
slow rate and the glass particles keep their integrity. Then,
the oxidation proceeds over the surface of the glass particles,
and the oxidized layer formed limits further progression of the
oxidation towards the bulk particles. When the temperature
i es so.
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ig. 1. The endothermic effect at 311◦C corresponds t
he glass transition temperature. Two exothermic peak
entered at∼385 (T1-max) and∼467◦C (T2-max), each on
eing associated with a weight gain, thus evidencing
ifferent oxidation steps of the oxynitride glass. Then
igher temperature (>500◦C), the weight starts again

ncrease.
The total weight gain calculated –and confirmed

erimentally – for the transformation of Li0.25Na0.25Pb0.25
O2.33N0.45 into Li0.25Na0.25Pb0.25PO3 is 3.3%. By compar

son, the percentages deduced fromFig. 1for each oxidation
tep are 0.34 and 0.36%, respectively, i.e., a total of 0.7
he initial sample weight, which only corresponds to∼20%
f that assumed for complete oxidation. So, the weight

ig. 1. DSC and TG analyses of the Li0.25Na0.25Pb0.25PO2.33N0.45 glass
omposition with a particle size distribution between 63 and 100�m.
ncreases the sintering rate of the glass particles also do
his reduces the specific surface area and gives progres
ise to a melt whose surface is renewed from the inner
s a consequence of the decreasing viscosity which fa
iffusion, and therefore continuously re-oxidized.

Then, the observed phenomenon can be interpreted a
esses involving successively the surface of the glass pa
nd the surface of the melt, both cases by oxygen diffu
he second step takes place once the viscosity has dec
nough to allow a faster sintering between the glass par
nd, finally, the melting of the glass. So, an important ro
layed by the viscosity–temperature relationship, as it d
ines the beginning of the second oxidation step. The

mall weight gains observed after the two first oxidation s
annot be associated with any inhomogeneous charac
he nitrided sample nor with a specific behaviour of the
ifferent nitrogen species above mentioned.

This study first reveals a significantly different behavi
owards oxidation of these alkali lead oxynitride phosp
lasses from that is commonly observed in crystalline nitr

ype powders for which a regular oxidation takes place f
he oxidation threshold.

Fig. 2 depicts two isothermal TG curves obtained w
he glass Li0.25Na0.25Pb0.25PO2.49N0.34 with particle size
3–100�m at temperatures chosen a little bit lower t
1-max and T2-max corresponding to this composition. Bo
raphs show an asymptotic behaviour as a function of
ith a weight gain higher at 480◦C than at 350◦C as expecte

rom thermally activated phenomena.Fig. 3plots the TG o
he isothermal treatment at 480◦C as a function oft1/2. A
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Fig. 2. TG isothermal analyses at 350 and 480◦C for the Li0.25Na0.25

Pb0.25PO2.49N0.34 glass composition.

linear behaviour is observed, thus confirming that the second
oxidation step is a diffusion controlled process.

3.1. Influence of an increasing nitrogen content

TG analyses of oxynitride glass samples with N/P atomic
ratios equal to 0.24, 0.34 and 0.45, and a particle size distri-
bution between 63 and 100�m, are represented inFig. 4. The
three curves show a weight increase from∼300◦C in a two-
step process, with a higher amplitude of the first step as the
nitrogen content increases. It has been mentioned above that
the viscosity of the oxynitride glasses increases as the nitro-
gen content increases, as a consequence, in particular, of the
higher glass network cross-linking produced by the nitrogen
incorporation.22 So, the higher the temperature correspond-
ing to a given viscosity value, the slower the sintering rate at
a given temperature, i.e., the change in the specific surface
area. Consequently, the higher nitrogen content the surface
oxidation lasts later and the bulk oxidation of the second step

F of
t

Fig. 4. TG analyses of Li0.25Na0.25Pb0.25PO3−3x/2Nx oxynitride glasses for
x = 0.24, 0.34 and 0.45.

also starts later since the sintering of the glass particles will
be delayed due to the higher viscosity. Then, it gives rise to
a first oxidation step of higher amplitude.

3.2. Influence of the base glass composition

Fig. 5depicts the TG curves of three oxynitride glass sam-
ples with the same nitrogen to phosphorous ratio (N/P = 0.45)
and different PbO contents, 10, 25 and 40 mol%. The particle
size distribution was between 63 and 100�m for all the three
samples.

It appears that the two-step oxidation process closely de-
pends on the PbO content. Whereas the first step begins ap-
proximately at∼300◦C in all cases, the temperature from
which the second step takes place increases when the PbO
content increases. As a consequence, the region of constant
weight between both steps, which the largest for the 40 mol%
PbO glass, is quite difficult to observe for 10 mol% PbO in the
conditions studied. Further,Fig. 6 displays the DSC curves
of the same three oxynitride compositions. An endothermic
effect corresponding to the glass transition temperature, and

F
0

ig. 3. TG isothermal analysis at 480◦C as a function of the square root
ime.
ig. 5. TG analyses of Li0.5−yNa0.5−yPbyPO3−3x/2Nx glasses fory = 0.1,
.25 and 0.4, andx = 0.45.
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Fig. 6. DSC analyses of Li0.5−yNa0.5−yPbyPO3−3x/2Nx glasses fory = 0.1,
0.25 and 0.4, andx = 0.45 (particle size 38–63�m).

two clear exothermic ones related to the two oxidation steps
can be observed in all cases. The 10 mol% PbO glass shows an
important exothermic effect at 393◦C, with a small shoulder
at 445◦C, whereas the other glasses show two clearly dif-
ferentiated exothermic effects at 391 and 454◦C (25 mol%
PbO), and 404 and 486◦C (40 mol% PbO). So, it is confirmed
that both separate oxidation processes take place consecu-
tively whatever the PbO content is, even in the case of the
10 mol% glass where it is not possible to conclude at first
sight.

On the other hand,Table 2gathers the glass transition
temperatures of these oxynitride glasses. Whereas theTg are
very similar for the glasses containing 10 and 25 mol% PbO,
the measuredTg for 40 mol% PbO is 20◦C higher. Such
analogous behaviour has already been observed in the varia-
tion of the glass transition temperatures of the corresponding
Li0.5−yNa0.5−yPbyPO3 oxide glasses.31 While low PbO con-
tents induce only a small increase inTg a major one takes
place between 25 and 50 mol% PbO. When PbO is substi-
tuted for alkali oxides, the glass viscosity is expected to raise.
According to this, the oxidation temperatures also increase
with PbO content, particularly above 25 mol% PbO. This is
related to the higher strengthening of the glass network due

Fig. 7. TG analyses of the Li0.1Na0.1Pb0.4PO2.36N0.43 glass composition
with particle size distributions of 38–63�m, 63–100�m and 100–200�m.

to the high ionic field strength of Pb2+ cations, which prevails
over those of Li+ and Na+ at high substitution rate.

Considering that the effect of lead is similar in both oxide
and oxynitride glasses we state that its increasingly content
affects the oxidation process as follows:

i. Lead reduces oxygen diffusion and the weight gain by
oxidation is quantitatively lower when PbO content in-
creases as seen inFig. 5.

ii. It increases glass viscosity shifting the beginning of both
oxidation steps to higher temperatures, as also seen in
Fig. 5.

iii. Lead produces an increase of the glass stiffness,
thus reducing the glass fragility by affecting the
viscosity–temperature dependency. So, start of the sec-
ond step may be delayed since the sintering of the glass
particles will take place later.

3.3. Influence of the particle size distribution

Fig. 7shows the TG curves obtained for the Li0.10Na0.10
Pb0.40PO2.36N0.43composition and different particle size dis-
tributions of the glass powders. The weight gain correspond-

Table 2
G a0.5−yP

y tion (�m

0

0

0

lass transition temperatures (Tg) obtained from DSC analyses of Li0.5−yN

in Li0.5−yNa0.5−yPbyPO3−3x/2Nx Particle size distribu

.10 38–63
63–100

100–200

.25 38–63
63–100

100–200

.40 38–63
63–100

100–200
byPO3−3x/2Nx glasses (y = 0.1, 0.25 and 0.4;x = 0.45)

) Tg values (◦C) Average value (◦C)

312.1 312.1
312.8
311.3

311.6 311.2
311.9
310.2

330.7 332.1
333.6
332.0
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ing to the first oxidation step increases logically as the parti-
cle size decreases, i.e., as the specific surface area is higher,
according to a surface oxidation mechanism. On the other
hand,Table 2shows that theTg values are not particle size
dependent as expected.

4. Conclusions

This study proves that oxynitride phosphate glasses (il-
lustrated here with alkali lead glasses) are promising seal-
ing materials, as low-melting materials with high ther-
mal expansion coefficients, even if used in an oxygenated
atmosphere.

From the recorded thermal curves, the other following
conclusions can be given. Oxidation of oxynitride glass
powders proceeds, in a first step, through a surface oxi-
dation and, in a second one, by the bulk glass oxidation
which is controlled by diffusion. This second step takes
place once the viscosity of the glass has decreased enough
to allow oxygen diffusion inside the glass and sintering of
the glass particles is reached to allow continuous surface
renewing.

As the nitrogen content increases, the sintering process of
the glass particles becomes slower and the surface oxidation
higher. A similar study, as a function of the glass composi-
t two
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a g the
t po-
s rate.
T d in-
t

A

ain
t In-
t

R

Ox-
prop-

sses
rties

hate

hate

5. He, Y. and Day, D. E., Development of a low temperature phosphate
sealing glass.Glass Technol., 1992,33(6), 214–219.

6. Donald, I. W., Review. Preparation, properties and chemistry of glass
and glass-ceramic-to-metal seals and coatings.J. Mater. Sci., 1993,
28, 2841–2886.

7. Day, D. E., Chemically durable phosphate glasses for waste vitrifica-
tion. Phys. Chem. Glasses, 2002,43C, 17–18.

8. Donald, I. W., Metcalfe, B. L. and Taylor, R. N. J., Review: the
immobilization of high level radioactive wastes using ceramics and
glasses.J. Mater. Sci., 1997,32, 5851–5887.

9. Jiang, S., Myers, M. and Peyghambarian, N., Er3+ doped phosphate
glasses and lasers.J. Non-Cryst. Solids, 1998,239, 143–148.

10. Khan, R., Harani, M. N., Ahmed, M. M. and Hogarth, C. A., A
comparative study of the effects of rare earth oxides on the physical,
optical, electrical and structural properties of vanadium phosphate
glasses.J. Mater. Sci., 1985,20, 2207–2214.

11. Dai, S., Sugiyama, A., Hu, L., Liu, Z., Huang, G. and Jiang, Z., The
spectrum and laser properties of ytterbium doped phosphate glass at
low temperature.J. Non-Cryst. Solids, 2002,311, 138–144.

12. Chen, F., Wang, X. L., Li, X. S., Hu, L. L., Lu, Q. M., Wang, K.
M. et al., Ion implanted wave-guides in Nd3+ doped silicate glass
and Er3+/Yb3+ co-doped phosphate glass.Appl. Surf. Sci., 2002,193,
92–101.

13. Marchand, R., Nitrogen-containing phosphate glasses.J. Non-Cryst.
Solids, 1983,56, 173–178.

14. Wilder Jr., J. A., Day, D. E. and Bunker, B. C., Preparation and prop-
erties of phosphorus oxynitride glasses.Glastech. Ber., 1983, 56K,
845–849.

15. Bunker, B. C., Arnold, G. W., Rajaram, M. and Day, D. E., Corro-
sion of phosphorus oxynitride glasses in water and humid air.J. Am.
Ceram. Soc., 1987,70(6), 425–430.

1 line-

1 xyni-

1 n of

1 ed

2 a

2 hos-
PO

2 es.

2 .,
ses
ctron

2 er,
tride

2 and,
nance

2 teri-
elec-

2 ing
ion, i.e., varying the lead content, confirms that there are
eparate processes. For both of them, intensity and st
xidation temperature are greatly influenced by the stiff
f the glass network through the nature of the modifier ca
nd, indeed, the viscosity–temperature behaviour alon

emperature increasing during oxidation. The glass com
ition and, therefore, viscosity, determine the oxidation
hus, the faster the decrease in viscosity, the earlier an

ense the oxidation.

cknowledgements

This work has been sponsored by the CICYT of Sp
hrough the project MAT (2003-05902-C02-01) and the
egrated Action CSIC-CNRS (HF2001-124).

eferences

1. Ray, N. H., Lewis, C. J., Laycock, J. N. C. and Robinson, W. D.,
ide glasses of very low softening point. Part 1: preparation and
erties of some lead phosphate glasses.Glass Technol., 1973, 14(2),
50–55.

2. Ray, N. H., Laycock, J. N. C. and Robinson, W. D., Oxide gla
of very low softening point. Part 2: preparation and prope
of some zinc phosphate glasses.Glass Technol., 1973, 14(2), 55–
59.

3. Peng, Y. B. and Day, D. E., High thermal expansion phosp
glasses. Part 1.Glass Technol., 1991,32(5), 166–173.

4. Peng, Y. B. and Day, D. E., High thermal expansion phosp
glasses. Part 2.Glass Technol., 1991,32(6), 200–205.
6. Rajaram, M. and Day, D. E., Nitrogen dissolution in sodium alka
earth metaphosphate melts.J. Am. Ceram. Soc., 1987, 70(4), 203–
207.

7. Rajaram, M. and Day, D. E., Preparation and properties of o
tride glasses made from 27R2O·20BaO·3Al2O3·50P2O5 glass.J. Non-
Cryst. Solids, 1988,102, 173–180.

8. Reidmeyer, M. R., Rajaram, M. and Day, D. E., Preparatio
phosphorus oxynitride glasses.J. Non-Cryst. Solids, 1986,85, 186–
203.

9. Pascual, L. and Durán, A., Preparation and properties of nitrid
phosphate glasses.Glastech. Ber., 1991,64(2), 43–48.

0. Pascual, L. and Durán, A., Nitruracíon de vidrios del sistem
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