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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)Li,0-(25— x/2)NgO-xPbO50R,0s (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 th
particular composition, takes place once the glass viscosity has decreased enough to allow oxygen diffusion inside the glass particles.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction oxide glasses. The consequence is that nitrogen incorporation
produces an increase in the glass density, glass transition and

Phosphate glasses have specific properties such as lovsoftening temperatures, viscosity, hardness and mechanical
glass transition and dilatometric softening temperatures, properties, refractive index, electrical resistivity, as well as in
a high thermal expansion coefficient or UV transparency. the chemical durability®=22In addition, nitrided glasses are
These properties make them interesting for applications asmore stable towards crystallization than corresponding oxide
low-temperature sealing materidi$ vitrification of nuclear glasses.
wastes’ 8as well as laser host matrices when doped withrare- ~ Oxynitride phosphate glasses are commonly prepared by
earth element¥:12However, their low chemical durabilityis  thermal ammonolysis of parent oxide glasses at temperatures
a drawback which can limit their practical use. ranging from 600 to 800C. Nitrogen atoms substitute for

Partial substitution of nitrogen for oxygen is one of the both bridging and non-bridging oxygens of the Ptetra-
most effective ways to improve the chemical resistance of hedra network. Nuclear magnetic resonance has evidenced
phosphate glasses. Since the first nitridation experiments reformation of two new structural units, the B®@and PQN>
ported by Marchant® and Wilder et al* as early as 1983, tetrahedr&3-26in which the nitrogen atoms are coordinated
many compositions have been studied from both fundamentalto two phosphorous;N=(Ng), or to three phosphorous<
and application viewpoints. (N¢), as shown by X-ray photoelectron spectroscéipf/

The higher bonding density generated by nitrogen rather  The presence of glassy phases in the grain boundaries of
than oxygen atoms along with the greater covalent charactersilicon nitride-based ceramics has led to study the formation
of P-N bonds compared to+ bonds result in a greater conditions of such glass compositions and their properties as
toughness of the glass network with respect to correspondinga function of the nitrogen content. At the same time, owing to

a context of high temperature applications, systematic studies
* Corresponding author. Tel.: +34 91 735 58 56; fax: +34 91 73558 43, Of the oxidation resistance of these SIAION glasses have been
E-mail address: |pascual@icv.csic.es (L. Pascual). carried out®29
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On the other hand, even though the structure and proper-the atomic N/P ratio according to the glass formulation
ties of oxynitride phosphate glasses have been widely studied (LiNaPb)PQ_3,/2N,.
no references concern their oxidation behaviour. The appli-  The coefficient of thermal expansion (CTE), glass transi-
cation of oxynitride phosphate glasses as sealing materialstion (7y) and dilatometric softeningl§) temperatures were
requires the stability of the glass during the sealing process.determined from the thermal expansion curves obtained in
The present work constitutes a first study of the behaviour of air with aNetzsch Gerdtebau dilatometer, model 402 EP, at a
such glasses in an oxygenated environment. The oxidationheating rate of 2 K minl. For measurements, prismatic sam-
behaviour in air of Li-Na—Pb—P—-O-N oxynitride glasses has ples, of around 10 mm length between the two parallel faces
been studied by thermo gravimetric analysis (TG) and differ- in contact with the dilatometer, were prepared by cutting and
ential scanning calorimetry (DSC). The influence of the ni- polishing from the base and nitrided glasses.
trogen content, the composition of the oxide base glass, and The oxidation studies were carried out in a TA instru-
the particle size of the powdered glass samples have beemtments SDT 2960 simultaneous DSC-TGA analyzer, using
particularly investigated. powdered glass samples with three particle size distributions
ranging from 38 to 63.m, 63 to 10Qum and 100 to 20Q.m.
Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) experiments were performed under static
air in platinum crucibles with a constant weight sample

Metaphosphate glass compositions {2§2)Li,O- (30_i 0.1 mg) and a constant heating rate of°@min—1,
(25— x/2)NaO-xPbO50R0s  (0<x<50), in  mol%, which was prpved to be appropriate for such a study. Temper-
were prepared from stoichiometric amounts of reagent af[ure ca!lbratlon \(vas.carrled outoveralarge range employmg
grade LpCOs, NaCOs, PlyOs and HPOy (85wt.%, high purity materials |mproved by the International Commit-
d=1.71gcntd) in a gas furnace. The batches were first te_e for Therma_l Analysis (ICTA). The overall accuracy of
calcined up to 450C in porcelain crucibles for 1 week, and  this instrument is expected to be better than”C.5
then melted at 1100C for 1 h. The melts were poured in
air over brass plates, after that the glasses were annealed
for 30 min in an electrical furnace slightly above their glass 3. Results and discussion
transition temperatures. All the base glasses were clear,
colourless and bubble-free. Table 1gathers the main thermal properties of some of the

Nitridation was carried out by thermal treatment of the oxide and oxynitride glass compositions considered in this
base glasses under anhydrous ammonia flow (<400 ppmstudy, which are crucial information for their application as
H>0). The base glasses were crushed in dry conditions us-sealing glasses: the glass transition and dilatometric soften-
ing an agate mortar up to glass particle size of about 1 mm.ing temperatures, and the thermal expansion coefficient. The
The powdered glass samples were heated between 600 anthaximum temperature to be used during the sealing process
750°C for times between 1 and 30h in a gas-tight@4 can be estimated reasonably as not higher fan100°C.
tube furnace of 120 cm in length and 7.5 cm in diameter. A So, using oxynitride compositions, the temperature would
constant heating rate oP& min—1 under N atmospherewas  not reach a limit of 500C.
applied up to the treatment temperature, at this point nitrogen  When heated in an oxygenated atmosphere, nitride-type
was replaced by a constant ammonia flow of 508 orin—1, compounds are systematically transformed, at relatively
and finally the cooling stage down to room temperature was high temperature, into oxides — or a mixture of oxides —
again under M. All the oxide and oxynitride glass samples with release of molecular nitrogen. In the present case, the
were examined and confirmed to be X-ray amorphous. thermal treatment of oxynitride phosphate glasses in an

The nitrogen determination was carried out in g/®p oxygen-containing atmosphere should finally result in their
analyzer LECO TC-436. At least three analyses were transformation into the corresponding initial base glasses.
done for each sample using identical condition with an So, considering the initial and final stages, the oxidation is
averageo,_1=0.02. The nitrogen content is given as the opposite of the ammonolysis. For a glass composition

2. Experimental

Table 1
Glass transition temperaturgg, dilatometric softening temperaturgs} and coefficient of thermal expansion (CTE), measured in the 30:2@@mperature
range obtained from the dilatometric curves of some base and oxynitride glasses

Nominal glass composition Ty (£1°C) Ts (£1°C) CTEx 1078 (K™ D3p_000c (£1x 10°8K1)
Lio.40Nag.40Pkn.10POs (10 mol% PbO) 231 247 23

Lio.25Nag 25Phy 25P O3 (25 mol% PbO) 244 264 18

Lio.10N@0.10Pkn.40P O3 (40 mol% PbO) 278 300 17

Lio.2sN@g. 25Pn.25P 02 82No.12 273 291 17

Lio.25Nag 25Pk 25P Oz, 64N0 24 286 310 16

Lio.2sN@g. 25Pn.25P O2.40N0.40 310 336 14
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Lips_xNap s PbPOs_3,2N,, a progressive oxidation is athighertemperature is related to the major part of oxidation,

represented by the following reaction: which proceeds faster in melts with lower viscosities.
. However, oxynitride glasses are not adequate for applica-
Lios—vNaos—PhPOs_3y/2N, +202 tion in this temperature range because of too low viscosity
— Lips—yNags5_Pb.PO3_3y/242:Ny_4:/3+ 22/3N2% values — and a clear lack of stability — that is why this work is
preferentially focused on the oxidation process below%D0
@) An important parameter affecting the oxidation is the
z=3y/4 means that a total transformation into oxide has glass viscosity and its change with temperature. Rheological
been reached, according to: measurements of the oxide base glassNap. 25Py 25703
) (25 mol% PbO) have been reported recently by the auttfors,
Lios—xNaos PbPOs_3y/2N, +3y/40; showing that viscosity decreases rapidly when temperature
— Lios_¢Nags_PbPOs + y/2Not 1) increases in the 300-50Q range (log;=8.48, at 300C;

logn=2.01, at 475C). There are no results about the

As each nitrogen is replaced by 3/2 oxygens, the oxidation yjscosity—temperature relationship of the studied oxynitride
reaction gives rise to a weight gain. glasses, however a quite similar viscosity—temperature de-

Apartial lead reduction could be Supposed apriori tooccur pendency may be assumed while Considering anyway that
during ammonolysis because of the strong reducing charac-yiscosity increases as the nitrogen content increases in the
ter of ammonia. However, it is worth mentioning that there glasses. In all cases the sintering taking place during heating,
was no indication of metallic lead in any of the OXynitride which comes under a viscous flow mechanism’ and the con-
glass samples, as confirmed by X-ray diffraction and scan- sequent change in the specific surface area of the powders are
ning electron microscopy. Consequently, the weight gain of clearly affected by the viscosity—temperature behaviour. At
the oxynitride glasses is only attributed to a progressive re- temperatures near 306G, sintering take place still at a very
placement of nitrogen by oxygen. slow rate and the glass particles keep their integrity. Then,

The DSC and TG graphs in air of the oxynitride glass the oxidation proceeds over the surface of the glass particles,
composition Ly 25Nag 25Pky.25PO2.33N0.45 (25 mol% PbO)  andthe oxidized layer formed limits further progression of the
for a particle size distribution of 63—1Qm are shown in  oxjdation towards the bulk particles. When the temperature
Fig. 1 The endothermic effect at 31C corresponds to  increases the sintering rate of the glass particles also does so.
the glass transition temperature. Two exothermic peaks areThis reduces the specific surface area and gives progressively
centered at-385 (I'1-may) and~467°C (T2-may, €ach one  rise to a melt whose surface is renewed from the inner melt,
being associated with a weight gain, thus evidencing two as a consequence of the decreasing viscosity which favours
different oxidation StepS of the OXynitride glaSS. Then, at diffusion, and therefore Continuous|y re-oxidized.

higher temperature (>50C), the weight starts again to Then, the observed phenomenon can be interpreted as pro-

Increase. cesses involving successively the surface of the glass particles
The total weight gain calculated —and confirmed ex- and the surface of the melt, both cases by oxygen diffusion.

perimentally — for the transformation of d_3sNao.25Phy 25 The second step takes place once the viscosity has decreased

PQ,.33No.45int0 Lig.25Nag 25Pky.25P Oz is 3.3%. By compar-  enough to allow a faster sintering between the glass particles
ison, the percentages deduced friéi. 1for each oxidation  and, finally, the melting of the glass. So, an important role is
step are 0.34 and 0.36%, respectively, i.e., a total of 0.7% of pjayed by the viscosity—temperature relationship, as it deter-
the initial sample weight, which only corresponds-20% mines the beginning of the second oxidation step. The very
of that assumed for complete oxidation. So, the weight gain small weight gains observed after the two first oxidation steps
cannot be associated with any inhomogeneous character of

30 1008 the nitrided sample nor with a specific behaviour of the two
63-100 um B different nitrogen species above mentioned.
20| [~ 1988 This study first reveals a significantly different behaviour
s 004 © towards oxidatioq of these alkali lead o>_<ynitride phosphate
E i ' ‘.’é glasses fromthatis c_ommonly obser.ved. in crystalline nitride-
&) = type powders for which a regular oxidation takes place from
D I — 1002 O o
a] / = the oxidation threshold.
0— B — Fig. 2 depicts two isothermal TG curves obtained with
i | the glass Lg.25Nag.25Ply 25P0r 49N 34 With particle size
g . | : ‘ — 63-100um at temperatures _chosen a little bit _Igwer than
500 400 500 600 T1-max and T-max corresponding to this composition. Both

graphs show an asymptotic behaviour as a function of time,
with aweight gain higher at 48 than at 350C as expected

Fig. 1. DSC and TG analyses of theoliNao 25Pky 25P0s 33No 45 glass from thermally activated phenomertag. 3plo_ts the TG of
composition with a particle size distribution between 63 andli60 the isothermal treatment at 480 as a function of*/2. A

Temperature (°C)
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Fig. 2. TG isothermal analyses at 350 and 480for the Li2sN2o2s Fig. 4. TG analyses of bizsNag 25Phy 25POs_av2N, 0Xynitride glasses for
Ply. 25P 02,490 34 glass composition. x=0.24, 0.34 and 0.45.

linear behaviour is observed, thus confirming that the secondalso starts later since the sintering of the glass particles will
oxidation step is a diffusion controlled process. be delayed due to the higher viscosity. Then, it gives rise to

a first oxidation step of higher amplitude.
3.1. Influence of an increasing nitrogen content

3.2. Influence of the base glass composition

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-  Fig. 5depicts the TG curves of three oxynitride glass sam-
bution between 63 and 1Q0n, are represented iig. 4. The ples with the same nitrogen to phosphorous ratio (N/P = 0.45)
three curves show a weight increase frol800°C inatwo-  and different PbO contents, 10, 25 and 40 mol%. The particle
step process, with a higher amplitude of the first step as thesize distribution was between 63 and 10 for all the three
nitrogen content increases. It has been mentioned above thagamples.
the viscosity of the oxynitride glasses increases as the nitro- |t appears that the two-step oxidation process closely de-
gen content increases, as a consequence, in particular, of th@ends on the PbO content. Whereas the first step begins ap-
higher glass network cross-linking produced by the nitrogen proximately at~300°C in all cases, the temperature from
incorporation?? So, the higher the temperature correspond- which the second step takes place increases when the PbO
ing to a given viscosity value, the slower the sintering rate at content increases. As a consequence, the region of constant
a given temperature, i.e., the change in the specific surfaceweight between both steps, which the largest for the 40 mol%
area. Consequently, the higher nitrogen content the surfaceppQ glass, is quite difficult to observe for 10 mol% PbO in the
oxidation lasts later and the bulk oxidation of the second step conditions studied. FurtheEig. 6 displays the DSC curves

of the same three oxynitride compositions. An endothermic

101.0 effect corresponding to the glass transition temperature, and
101.0
100.9 — 7 10mol % PbQ—"
100.8
3 __ 1006
2 1008 — 2 -
© . qad—| 25 mol % PbO
i & ]
= /,_
100.2
100.7 —| i 40 mol % PbO
- 1000 —
100.6 ‘ 99.8 ‘ | |
5 10 15 20 200 300 400 500 600
square root of time (mint2) Temperature (°C)

Fig. 3. TG isothermal analysis at 480 as a function of the square rootof ~ Fig. 5. TG analyses of bis_yNag5-,Pb,PO;_as2N. glasses foy=0.1,
time. 0.25 and 0.4, ang=0.45.
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Fig. 7. TG analyses of the §.iNag 1Py 4P 36No.43 glass composition

Fig. 6. DSC analyses of ‘}-E*-YN%-?YP@PQ*?”"ZN” glasses foy=0.1, with particle size distributions of 38—a@n, 63-10Q.m and 100-20Q.m.
0.25 and 0.4, and=0.45 (particle size 38—63m).

two clear exothermic ones related to the two oxidation steps to the high ionic field strength of Bbcations, which prevails

can be observedinall cases. The 10 mol% PbO glass shows anver those of LT and N& at high substitution rate.

important exothermic effect at 398, with a small shoulder Considering that the effect of lead is similar in both oxide

at 445°C, whereas the other glasses show two clearly dif- and oxynitride glasses we state that its increasingly content

ferentiated exothermic effects at 391 and 464(25 mol% affects the oxidation process as follows:

PbO), and 404 and 48€& (40 mol% PbO). So, itis confirmed ) o ) )

that both separate oxidation processes take place consecu-- L€ad reduces oxygen diffusion and the weight gain by

tively whatever the PbO content is, even in the case of the ~ ©Xidation is quantitatively lower when PbO content in-

10mol% glass where it is not possible to conclude at first _ Creases asseenfing. 5. o

sight. ii. Itincreases glass viscosity shifting the beginning of both
On the other handTable 2gathers the glass transition o?ddation steps to higher temperatures, as also seen in

temperatures of these oxynitride glasses. Wherea&gthee Fig. 5 ) )

very similar for the glasses containing 10 and 25 mol% PbO, iil- Lead produces an increase of the glass stiffness,

the measuredy for 40mol% PbO is 20C higher. Such thus reducing the glass fragility by affecting the

analogous behaviour has already been observed in the varia- ~ ViScosity—temperature dependency. So, start of the sec-

tion of the glass transition temperatures of the corresponding ~ ©Nnd step may be delayed since the sintering of the glass

Lio.s—yNag5-,Pb,PO; oxide glasses! While low PbO con- particles will take place later.

tents induce only a small increasedy a major one takes

place between 25 and 50 mol% PbO. When PbO is substi-3.3. Influence of the particle size distribution

tuted for alkali oxides, the glass viscosity is expected to raise.

According to this, the oxidation temperatures also increase Fig. 7 shows the TG curves obtained for the kiNag 10

with PbO content, particularly above 25 mol% PbO. This is Ply 40P O.36N0.43c0mposition and different particle size dis-

related to the higher strengthening of the glass network duetributions of the glass powders. The weight gain correspond-

Table 2
Glass transition temperaturefy) obtained from DSC analyses ofdd_,Nag 5-,Pb,POz_3,2N; glassesy=0.1, 0.25 and 0.4¢ = 0.45)
yinLigs_,Nags_,PbPO3_32N, Particle size distributionym) Ty values (C) Average value“C)
0.10 38-63 312.1 3121
63-100 312.8
100-200 311.3
0.25 38-63 311.6 311.2
63-100 3119
100-200 310.2
0.40 38-63 330.7 332.1
63-100 333.6

100-200 332.0
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ing to the first oxidation step increases logically as the parti- 5.
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 thdy values are not particle size
dependent as expected.

4. Conclusions
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immobilization of high level radioactive wastes using ceramics and
glassesJ. Mater. Sci., 1997,32, 5851-5887.

9. Jiang, S., Myers, M. and Peyghambarian, N3*Efoped phosphate

This study proves that oxynitride phosphate glasses (il-

lustrated here with alkali lead glasses) are promising seal-10.

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-12.

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 enoughs.

to allow oxygen diffusion inside the glass and sintering of

the glass particles is reached to allow continuous surfacel4

renewing.

As the nitrogen content increases, the sintering process of, o
the glass particles becomes slower and the surface oxidation
higher. A similar study, as a function of the glass composi-

tion, i.e., varying the lead content, confirms that there are two 16.

separate processes. For both of them, intensity and starting
oxidation temperature are greatly influenced by the stiffness
ofthe glass network through the nature of the modifier cations
and, indeed, the viscosity—temperature behaviour along the

temperature increasing during oxidation. The glass compo-18.

sition and, therefore, viscosity, determine the oxidation rate.
Thus, the faster the decrease in viscosity, the earlier and in-,4
tense the oxidation.
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