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Abstract 

Glass samples with the formular composition: 
M’tc.37 Sic.53 Alo.to OI._W_~~/J N,, (M”= Mg, Ca or 
Ba) and iI4’0.~~ S&e Aloos O1.27-3X/2 N, (MI= Li) 
have been studied by infra-red absorption spectro- 
scopy. The nitrogen-free alkaline-earth glass struc- 
ture is built up with SiOl and AlO linked units as in 
the metasilicate glasses. The A4” cations are net- 
work modifiers, except Mg, which participate in the 

formative network inducing a certain part of the A3+ 
cations in six-fold co-ordination which play the role 
of network modifiers. The lithium glass presents a 
silicate layer structure formed with (Si205)2- units 
and A13+ ions in four and/orJive-fold co-ordination; 
the Li+ cations are located between the layers. 
The presence of nitrogen leads to very high cross- 
linkage of aluminosilicate chain or layer. The M” 
cations are inserted into increasingly large sites 
(Mg- to Ba- glasses). The structural change could 
be correlated with the physical properties: the net- 
work rigidity increases from Ba- to Mg- glasses and 
with the amount of nitrogen, and the disorder was 
emphasized with an increasing amount of nitrogen, 
but especially from Mg- to Ba- glasses. These eflects 
are less perceptible for the lithium glasses with a 
layer structure. 0 1997 Elsevier Science Limited. 

1 Introduction 

The partial substitution of oxygen by nitrogen in 
anionic vitreous networks, especially in alumino- 
silicates, involves profound modifications in the 
physico-chemical properties of these materials. ‘-’ 
These changes, including hardness, transition tem- 
peratures, elastic moduli, brittleness and viscosity 
have their origin in the number, nature, and force 
of the bonds generated by the partial replacement 

of oxygen by nitrogen. Partial structural studies 
have been previously reported.*-lo To describe the 
change of average chemical bonding and structural 
arrangement, information about the evolution of 
the infra-red spectra may be useful, on the one 
hand, as a function of the nature of cations and, 
on the other hand, as a function of the nitrogen 
content. The structural change will correlate with 
the physical properties. 

2 Experiment 

The series of vitreous compositions in the 
Mg-Si-Al-&N, Ca-Si-Al-O-N, Ba-Si-Al-O-N 
and Li-Si-Al-O-N systems were prepared as 
described in Refs 1, 3, 5 and 7 respectively. 

The systems studied were chosen corresponding 
to M**0.37Si0.53A10.1001.5s_3x,2Nx, for M” = Mg, 
Ca or Ba, and M1~.~Si~.~~A1~.~s0~.~7-3x,~Nx for 
M’ = Li. The nitrogen content (x) and the values 
of the N/(N + 0) percentage for each M cation are 
reported in Table 1. 

The vitreous compositions listed in Table 1 were 
studied between 200 and 1300 cm-’ using a Perkin 
Elmer 983 spectrophotometer. Starting from a 
suspension in nujol, samples as thin film were 
inserted between the two faces of two Csl mono- 
crystal windows. 

The compactness x = *‘> (A = the number of 
anions, C = the number of cations and M = the 
molar mass) values are derived from the density 
measurements (peXp), determined using the hydro- 
static pressure concept by immersing the samples in 
the CC14. The uncertainty of the measurements is 
estimated to be f 0.01 gcrn3. 

The measurements of the microhardness (Hv) 
have been made in the Vickers scale of hardness 
with a Leitz apparatus. The pyramidal stamp is 
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Table 1. Composition and nitrogen percentage of the 
M110.37Si0.53A10.1001.5s _ 3r,~~,(Mn = Mg, Ca or Ba) and 
M10.4&o.aAlo.osOl. 27_ sx,2~,(Mr = Li) studied glass samples 

M” M' 

x N/(N+U) (%) x N/(N+ 0) (%) 

MI 0 0 0 0 
Mz 0.033 2.11 0.027 2.00 
M3 0.066 4.27 0.054 4.11 
M4 0.100 6.53 0.080 6.28 

obtained with the weight of 200 g after 20 s on the 
polished surface of the glass sample. The accuracy 
is & 10 daNmmP2. 

The thermal expansion (a) measurements have 
been determined on small bars (10-20 mm of 
length) with ADAMEL Dl 24-1600°C apparatus. 
The heating rate was 6’Cmn-l in the 20400°C 
range. The uncertainty of the measurements is 
estimated to be O-25 lOA ‘Cl. 

Glass transition (Ts), cristallization (T,) and 
melting (Tf) temperatures have been accurately 
determined (deviation < 5°C) with the assistance of 
a DTA TG92 Setaram apparatus on glass powders 
in nitrogen atmosphere. The heating rate was 
5°C rnn-l . The glass forming ability is given 
according to Hruby’s criterion : CH = M.’ 1 
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Fig. 1. IR absorption spectra of glass samples with the com- 
position Mgo.~-ISio.s~Alo.loOr.58-3x,2Nx (for x value see Table 1). 

3 Infrared Absorption Study 

The IR absorption spectra obtained for M = Mg, 
Ca, Ba and Li are represented, respectively, in 
Figs 1-4. 

3.1 Nitrogen-free glasses 
These glasses correspond to the x = 0 composition 
in Table 1. IR spectra (Mgl in Fig. 1, Cal in Fig. 2, 
Bal in Fig. 3 and Lil in Fig. 4) present three 
absorption regions whose assignments are reported 
in Table 2. 

The wide band located at high frequency is 
characteristic of asymmetrical stretching vibration 
modes of Si-O-Si bonds in the metasilicates.12 The 
shift of the maximum of absorption of this band to 
the lower frequencies with the presence of double 
absorption in the 700-8OO~m-~ region seems to 
indicate the presence of aluminum in four-fold 
co-ordination in these glasses, in agreement with 
many authors. 13v14 AlO tetrahedra inserted into 
the silicate network form Si-&Al bonds giving 
birth to v(Si-O-(Si, Al)) (1000-1050 cm-‘; 780 cm-‘) 
and u(A11v-O) (72&740 cm-‘) vibration modes. 
The band shift of the uas(Si-O-(Si, Al)) vibrations 
towards the low frequencies (reverse effect for the 
shoulder of v(Si-O-) vibrations) with the size of 
Mu could be linked to an antagonistic bonding 

t 
0 

.- 
c 
n 
c 
0 
VI 

n 
m 

QI 
> 

.- 
c 
m 
xi 
u 

I 

800 600 

Fig. 2. IR absorption spectra of glass samples with the com- 
position Cao.s,Sio.s~Alo.lo0,.ss-~xi2Nx (for x value see Table 1). 
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1200 1000 800 600 400 V(cld) 
Fig. 3. IR absorption spectra of glass samples with the com- 
position Bao.37Si~,5~Al~,~~01.5s-~x~~N~ (for x value see Table 1). 

effect. The decrease of the electronegativity of the 
M” causes a strengthening of the Si-O- bond 
(u (Si-O-), 90&940cm-1) and thus leads to a 
weakening of the Si-O-(Si, Al) bridging bond. This 
effect has already been observed in aluminosilicate 
glasses containing alkalines and alkaline earths.14 

The broad band located at low frequencies 
(N 5OOcm-‘) is characteristic of O-%-O bond 
deformational vibration modes.12 For spectrum 
Mgr (Fig. I), the shoulders at 550cm-’ and 
350cm-‘, absent on the Cal and Bal spectra, are 
probably due to u(Mgrv-O) vibrations of Mg04 

Table 2. Positions and assignments of the absorption bands 
of the nitrogen-free glasses (s: shoulder, S: strong, m: medium, 

t: thin) 

Mgl Cal Bal Lil Assignment 

1lOOsm 
1050 s 
920 sS 
780 st 
720 t 

550 ss 

480 S 

350 st 

1lOOsm 1100s uas Sk-O-Si 
1030 s 1000s 1040s uas Si-G(Si,Al) 
930 ss 940s 920 SS u Si* 
780 t 780 sm 780 st us Si-U(Si, Al) 
720 t 740m 740 m u Ah-0 

600 sm u (Si205)2- 
u Mgrv-0 
u AlvrO 

SOOS 480 s 450 s S O--S&-O 
v Lirv-O 

v Mgrv-0 

1200 1000 800 600 coo v(c 

Fig. 4. IR absorption spectra of glass samples with the com- 
position Lio.46Sio.46Alo.os0,,~,_~~,~Nx (for x value see Table 1). 

tetrahedra as in vitreous13 or crystallized15 magne- 
sium silicates. However, it is possible that the 
vibrations of Al06 are superimposed on those of 
the u(Mgrv--O) for 55Ocrn’. For Lil (Fig. I), the 
shoulder located around 600 cm’ could be assigned 
either to the Al atoms in six-fold coordination or, 
more probably, to the vibration mode of (Si205)2- 
units as in the silicate layers.“j The comparison of 
the spectrum Lil with those of obtained by 
TARTE13 for 6Li2 Si2Os and 7Li2Si205 glasses have 
allowed to explain that the strong absorption at the 
low frequencies may be due to the overlap of the 
Li04 tetraedron and 6(0-%-O) vibrational modes. 

3.2 Oxynitride glasses 
Generally speaking, an increase of the nitrogen 
content leads to the broadening of the band in the 
800-1000 cm-’ absorption range with, simulta- 
neously, an occurrence of two maxima at around 
1050 and 1000crnl for M2 to M4 (except for Li) 
and an increase of the intensity and a shift towards 
the low frequencies of the absorption band attrib- 
uted to Si-0 (M2’) bond vibrations for Mt. All 
of these modifications are due to the insertion of 
nitrogen into the silicate formative network with 
formation of the Si-N bonds which involves the 
weakening of neighbouring Si-O-(Si, Al) bonds 
with the appearance of u(Si-N): around 105Ocm-‘, 
u(N-Silo. . (Si)): between 970 and 1000 cm-‘, 
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u(Si-N-Si): between 850 and 95Ocm-’ vibration 
modes17 and/or u(Si-N) vibrations: around 950 cm- 
l, in (N$i)-O-(SiN,) molecular entities.” The 
corresponding vibrations would become overlap- 
ped on those of the Si-O-(M*+) non-bridging 
bond vibrations. 

At the same time, in the 650-800 cm-’ absorption 
range, the characteristic band of the A104 tetra- 
hedra (730cm-‘) disappears in Mg-glasses when 
nitrogen is introduced. This modification could be 
linked to the disappearance of the aluminium in a 
four-fold co-ordination, and to the partial replace- 
ment of oxygen atoms by nitrogen atoms around 
the aluminum in a four-fold coordination. Con- 
versely, for the Ca-glasses, the band at 770cm-i 
slowly decreases up to x = 0.1. For the Ba-glasses, 
the absorption band greatly widens and its maxi- 
mum (720cm-’ for Bai) is displaced towards the 
lower frequencies with the increasing nitrogen 
content. In this case, the mixed environment 
around aluminium leads to the appearance of new 
vibration modes responsible for the widening of 
the absorption band. For the L&glasses, the split- 
ting at 740 and 780cm-’ is always observed. 

In the 400-6OO~m-~ absorption range, the band 
characteristic in the oxide glasses of S(O-Si-0) 
deformational vibrations widen towards the lower 
frequencies (42Ocm-’ for Mg-glasses), with the 
appearance of a shoulder at 400 cm-’ for Ca-glasses 
and a new maximum at 430 cm-’ for Ba-glasses which 
can be assigned to new deformational vibration 
modes of the 0-Si-N bonds, in agreement with the 
assignments made for the absorption bands in the 
high frequency region. The simultaneous increase 
of the shoulder at 55Ocm-’ due to the presence of 
Mg04 entities (Mg2-Mg4) with the disappearance 
of the band at 730cm-’ (AlO entities), while the 
Mg/Si relationship remains constant, could be attri- 
buted to the change of aluminum from four-fold to 
probably six-fold coordination in the presence of 
nitrogen. For the Li-glasses, we note always the 
presence of the vibration mode of (Si20=J2- units. 
The comparison of the Lid spectrum (Li/Si = 1) 
with the one of Lio.54Si0.39A10.0701.04NO.07 glass 
composition (Li/Si = 1.4) allows one to observe an 
increase of the intensity of the band in the low fre- 
quencies (Fig. 5). This confirms that the lithium 
atoms are in four fold coordination. 

4 Interpretation and Structure-Physical Property 
Correlation 

The structural evolution of glasses as function of 
the nitrogen content closely depends on the struc- 
ture of the oxide glasses, i.e. on the nature of M, 
according to the spectroscopic analysis. 

800 600 

Fig. 5. IR absorption spectra of glass with the composition 
Lio.54Sio.39Alo.o701.04N0.07. 

4.1 Nitrogen-free glasses 
The Mnl glasses (O/$x3) probably have a meta- 
silicate structure close to MSiOs crystallized com- 
pounds. l9 In the Mgi glass, the Mg*+ ions would 
be in four-fold coordination and located in the 
silicate formative network like a part of the A13+ 
ions. The other A13+ ions could be located in 
octahedral sites. All of the Mg04, A104 and SiO4 
entities constitute the glass formative network with 
a few octacoordinated A13+ ions playing the role 
of network modifier. This structure would present 
a high degree of compactness (Fig. 6) with a high 
degree of rigidity (Fig. 7) leading to the low 
thermal expansin value (Fig. 8) for Mgi glass. 
Furthermore, it gives rise to an oxide glass with 
high thermal stability illustrated by a high glass 
transition tempeature (Tg) (Fig. 5). In the Cal and 
Bai glasses, the AP+ ions in four-fold co-ordina- 
tion are inserted in tbe silicate chains. The Ca*+ 
and Ba*+ ions play the role of glass network 
modifiers within large coordination polyhedra. 
These large sites, spreading out randomly in a 
relatively covalent formative network, induce a 
decreasing of compactness (xca, and xBa,) and an 
increase in the vitrifying capacity (CHc,, and 
C&ma,), as shown in Figs 6 and 10, respectively. 

The Lii glass with a composition close to 
Li2Si205 probably has a layer structure built up 
with (Si205)*- entities. The A13+ cations would be 
either in tetrahedral environment and located in 
the silicate formative network (but different with 
this one of silicium in agreement with the ROY’s 
hypothesis (splitting of the 740cm-’ band)14 or in 
pentahedral environment as observed by 27A1 NMR 
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Fig. 6. Evolution of the compactness ,y in relation to 
N/(N + 0) (%). 

in the calcium aluminosilicate glasses20 The Li+ 
cations, in the four-fold coordination, are interca- 
lated between these layers. Consequently, this glass 
structure is built up with AlO and/or AlO and 
Si04 units forming layers between which are inser- 
ted the lithium cations in four-fold coordination 
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Fig. 7. Evolution of the Vickers microhardness Hv in relation 
to N/(N + 0) (%). 
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Fig. 8. Evolution of the thermal expansion CI(~MOOT) in 
relation to N/(N + 0) (%). 

showing a better compacity than the one of Mg- 
glasses (Fig. 6) but a greater brittleness (Fig. 7) and 
a weaker thermal stability (Fig. 10). These two latter 
properties are probably linked to a soft cross-linkage 
between the layers with the Li+ cations explaining 
the high thermal expansion value (Fig. 8). 

4.2 Oxynitride glasses 
The addition of nitrogen into these four families of 
glasses leads, in a general way, to the formation of 
Si-N bonds, thus tending to strengthen the silicate 
formative network. 

In the case of Mg-glasses, the presence of 
nitrogen maintains the Mg2+ ions in the four-fold 
coordination, highly favoured in a nitrided silicate 
medium. On the contrary, in the presence of mag- 
nesium, all the A13+ ions are six-fold coordinated 
as in the MgAlON spinel.21 The formation of Si-N 
bonds induces the formation of a majority of extra 
bridging bonds in relation to Si-0 bonds leading to 
cross-linkage of the magnesium silicate chains 
which insert the Al3 + network modifying ions in 
octahedral site. The enhancement of the covalence 
of this network involves an improvement of all 
properties, as illustrated in Figs 610. 

In Ca- and Ba-glasses, the AP+ ions mainly 
remain in a four-fold coordination that contributes 
to the formative network. The nitrogen serves 
always as a cross-linking agent for aluminosilicate 
chain linkage. For these two types of glass, 
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Fig. 9. Evolution of the glass transition temperature Tg in 
relation to N/(N + 0) (%). 

cross-linkage seems to be greater than for Mg- 
glasses. As a matter of fact, the bands relative to 
the Si-N bonds, particularly for Bad (890 and 
42Ocm-‘), are located at frequencies analogous to 

those found for highly nitrided crystallized or 
amorphous compounds, e.g. Si3N4, Si2N20i5 or 
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N/(N+O) (%) 

Fig. 10. Evolution of the Hruby factor CH in relation to N/ 
(N+O) (%). 

amorphous films with a composition SisN40422 
and the band, in the 800-6OO~m-~ region (Ba-ser- 
ies), can be attributed to Al&O, N) bond vibra- 
tions. In addition, the M*+ ions are surrounded by 
a large number of anions, with priority given to 

oxygen, then the number of bridging oxygens 
involved in the aluminosilicate formative network 
becomes small, leading to a greater concentration 
of nitrogen. The structural network of these glasses 
would be made up of a highly cross-linked nitrided 
aluminosilicate three-dimensional formative net- 
work randomly interrupted by many large cavities 
containing modifying cations, particulary barium. 
This interpretation can be correlated with the 
moderate evolution of the thermal expansion in 
relation to the nitrogen content (Fig. 8) in com- 
parison with the Ca- or Li-glasses. 

The introduction of the nitrogen in the Li-glasses 
leads to a similar evolution in most of the studied 
properties except for the compactness (Fig. 6) and 
the thermal expansion (Fig. 8). This means, prob- 
ably, that the nitrogen substitution for oxygen is 
mainly located in the aluminosilicate layers which 
results in a greater covalency in the glass network 
(strong improvement of the thermal expansion) but 
a weaker bond between Li+ cations and the glass 
forming network. This antagonistic bonding effect 
is liable for the weak evolution of the compactness 
with increasing nitrogen content, in contrast to the 
Mg-oxynitride glasses. This interpretation is in 
agreement with the enhancement of the electrical 
mobility of the Li+ cations observed by REAU 
et a1.23 

5 Conclusions 

The study by IR absorption spectroscopy of the 
oxygen-nitrogen substitution in M aluminosilicate 
glasses shows that: 

i) in the Mg, Ca, Ba metasilicate glasses, the Si- 
N bonds are formed and, in the specific case 
of Mg-glasses, all the A13+ ions migrate to 
octahedral sites. The presence of nitrogen 
leads to very high cross-linkage of the alumi- 
nosilicate chain forming a three-dimensional 
network into which the modifying ions (Ca2+, 
Ba2+ or A13+ for Mg-glasses) are inserted 
into increasingly larger sites (Mg- to Ba-glas- 
ses). The structural evolution of these glasss, 
depending on both M- size and nitrogen con- 
tent, can be correlated with their physical 
properties. Thus it is shown that the rigidity of 
the network decreases from Mg- to Ba-glasses 
but, in contrast, the disorder increases with 
the nitrogen content; 
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ii) in the Li-silicate layer glasses, the formation 
of Si-N bonds strengthens the covalency of 
the aluminosilicate layers network but weak- 
ens the bond between Li+ cations and the 
glass forming network. 
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