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The present work is a review of the numerous nitridation experiments which have been carried out in different glass forming Systems. 
After a brief introduction to the topic of the solubility of nitrogen in glass melts, the nitridation procedures and the different ways 
of incorporating nitrogen into the glass network are described. Also considered is the increasing cross-linking structure due to the 
incoφOΓation of nitrogen. This involves a rise of the transition temperature, a decrease of the thermal expansion coefficient, and 
an improvement of the mechanical properties as well as of the chemical durability of the oxynitride glasses, depending closely on 
the nitrogen content. Some experiments on preparation of oxynitride glasses via the sol-gel procedure are also described. 

Due to their properdes the oxynitride glasses have been employed in several specific technical fields. 

Oxynitridgläser 

Die voriiegende Arbeit stellt in einem Überblick die vielfältigen Nitridierungsversuche dar, die an unterschiedlichen Glassystemen 
durchgeführt worden sind. Nach einer kurzen Einführung in die Thematik der Sdckstofflöslichkeit in Glasschmelzen werden die 
Nitridierungsverfahren und die möglichen Einbauarten des Sdckstoffs in das Netzwerk verschiedener Gläser betrachtet. Desgleichen 
wird auf die zunehmende Vernetzung eingegangen, die der strukturelle Stickstoffeinbau bewirkt. Dies führt wiederum zu einer 
Erhöhung der Transformationstemperatur, einer Erniedrigung des thermischen Ausdehnungskoeffizienten und einer Verbesserung 
der mechanischen Eigenschaften sowie der chemischen Beständigkeit der nitridierten Gläser, die stark vom Stickstoffgehalt abhän­
gen. Einige Versuche, stickstoffhaltige Gläser nach dem Sol-Gel Verfahren herzustellen, werden ebenfalls beschrieben. 

Aufgrund ihrer Eigenschaften finden die Oyxnidridgläser Anwendung in einigen besonderen technischen Bereichen. 

1. Introduction 
The interest in the solubility of nitrogen in glass melts 
has varied dur ing the course of time. First , this interest 
was focused on the influence which nitrogen might have 
on bubble formation, in order to throw light on the 
mechanisms of refining. Later, it was widely directed 
towards improving the propert ies of glasses by incor­
porat ing nitrogen into the structure of glasses. 

Mulfmger and Meyer [1], the first invesdgators, 
showed that nitrogen can no t only be dissolved physi­
cally in melted glasses, bu t also chemically by a factor 
of 10000 times larger. This explained why bubble forma­
d o n in glass melts is no t attr ibutable to gases dissolved 
physically under n o r m a l pressure, because their satu­
r adon pressure is t oo low to create new internal surfaces. 

The purely physical solubility of nitrogen in glass 
melts of binary alkaline Silicates and of calcium sodium 
Silicate is of the same order of magni tude as that of 
noble gases (between 4 and 12 per lO"'* cm^ of nitrogen 
per cm^ glass at 1 ba r and at 1480 °C) and changes only 
slightly with the alkaline content of the glass, while the 
solubility of the noble gases helium and neon depends 
on composi t ion to a larger extent [2]. 
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M o r e in -depth studies of the chemical solubil i ty of 
n i t rogen in glass mel ts [3 a n d 4] have led t o the fact 
tha t , when glasses are mel ted u n d e r reducing cond i t ions , 
n i t rogen can be in t roduced in to the glass s t ruc tu re in 
the fo rm of g roups - N H 2 or = N H in the presence of 
hydrogen, where = N - g roups can be formed only in the 
absence of water v a p o u r a n d of —OH groups . 

Somewha t later E lmer a n d N o r d b e r g [5] n i t r ided a 
Vycor p o r o u s glass, us ing a m m o n i a , a n d i n t r o d u c e d 
a b o u t 3 w t % N2 which was incorpora ted by fo rming 
B - N - S i a n d B - N H - S i g roups replacing the B - O - S i 
groups . Mulf inger a n d Kelen [6] used S i l i con n i t r ide as 
a n al ternat ive to the use of a m m o n i a for dissolving 
n i t rogen in glass melts. 

In the seventies the studies on the i n c o r p o r a t i o n of 
n i t rogen seemed to be forgotten. However , at t he begin­
n ing of the eighties, interest in the subject was renewed 
a n d since then research in this field has mul t ip l ied. T h e 
m a i n reasons why interest in oxyni t r ide glasses increased 
so m u c h are as follows: 
- t he increasing deve lopment of oxyni t r ide ce ramic 

mater ia l s (Si3N4, AIN) ; 
- t o learn m o r e ab o u t the in te rgranula r v i t reous phases 

of S i - A l - O - N ceramics ( S I A L O N ) a n d S i l i c o n 
n i t r ide [7 a n d 8] in order to enhance their mechan i ca l 
proper t ies with respect t o their possible use in s t ruc­
tu ra l appl icat ions [9 a n d 10]; 

- t o increase the availability of glasses for j o in i ng 
ni t r ides wi th o the r mater ia ls [11, 12 a n d 13]; a n d 



— to develop new families of glasses wi th more favour­
able proper t ies to p repare v i t roceramic materials 
based o n ni t r ides a n d oxynitr ides [14]. 

C om ple t e sintering of siHcon ni t r ide requires the ad­
di t ion of oxides which lead to the f o r m a d o n of an eutec­
tic in te rgranula r vi t reous phase tha t favours the dif­
fusion of the ni t rogen. W h e n an oxidic glass is used as 
a b ind ing agent for sintering part icles of Silicon nitride 
at high tempera tures , the ni t rogen diffuses in the vitreous 
phase forming a n oxynitr ide glass on which the mechan­
ical proper t ies of the mater ia l depend largely. Dur ing the 
sintering process pa r t of the Silicon n i t r ide is dissolved 
in the v i t reous phase in a relatively large p ropor t ion and 
the genera t ion of in ternal stresses is reduced. The ad­
ditives m o s t c o m m o n l y used in the s inter ing of Silicon 
ni t r ide are M g O , Y2O3 a n d AI2O3 + Y2O3. 

2. Preparation procedures 
Ni t rogen can be incorpora ted in to glasses by means of 
several p rocedures : 

- by bubbl ing dry a m m o n i a o r a tomic nitrogen 
t h r o u g h the glass mel t in reducing condi t ions, 

- by dissolving ni tr ides in the glass mel t , 
- by the sol-gel process, 
- by imp lan t ing ni t rogen ions. 

T h e first procedure , which was used in the first 
n i t r id ing exper iments , is n o t efficient for incorporat ing 
ni t rogen for the following reasons: 
- the n i t rogen reacts slowly wi th the mel ted glass, 
- the a m m o n i a dissociates at h igh temperatures , 
- the mel ted glass ha s insufficient r educ ing power to 

m a i n t a i n the ni t rogen in the form of nitride. 

Fo r these reasons, this n i t r id ing p rocedure is fairly 
l imited, for example to easily fusible glasses (borate and, 
above all, p h o s p h a t e glasses), to highly reactive materials 
(such as those p repa red by the sol-gel procedure) or for 
ni t r id ing very finely powdered mater ia ls . 

T h e m o s t c o m m o n l y used p rocedure is based on the 
reac t ion of the glass mel t wi th ni t r ides (Si3N4, BN, AIN, 
C a 3 N 2 ) . D u r i n g mel t ing, u p to 5 0 % of the nitrogen ad­
ded can be lost . H igher concen t ra t ions c an be attained in 
the glasses by us ing Silicon ni t r ide ins tead of a luminium 
nitr ide. In general , oxyni t r ide glasses a re prepared in two 
successive stages: first, the oxidic glasses a re obtained by 
m e a n s of the convent ional mel t ing process, and later 
they are finely powdered , mixed wi th the nitride and 
mel ted once m o r e at h igh t empera tu res of u p to 1750°C 
in an a rgon or — even bet ter — in a n i t rogen atmosphere. 
Graph i t e , m o l y b d e n u m or b o r o n n i t r ide crucibles and 
T a m m a n n or high-frequency furnaces a re generally 
used. A s a result of the t he rma l decompos i t ion of the 
ni t r ides a tomic ni t rogen is formed. 

T h e glasses ob ta ined in this m a n n e r often present a 
greyish co lour p roduced by the fine par t ic les of Silicon 
which de te r iora te the opt ical qual i ty of the glass. The 

nitrogen content p roduced can be determined by the 
well-known Kjeldahl me thod or by using L E C O equip­
ment . 

3. Stability of nitridation 
The Si l icon nitride is oxidized at high temperatures by 
the Si02, and SiO and N2 is formed. The reaction 

Si3N4 + Si02(l) + 02(g) ^ 4SiO(g) + 2N2(g) 

is exothermic (AG (%8OK) = -335.7 kJ) . 

When the part ia l pressure of O2 is increased, it 
favours the breaking of the S i - O - N bonds. Hence, the 
nitriding reactions have to be carried out under high 
part ial N2 pressure and in highly reducing condit ions. 
The nitrides are no t compatible with all glass melts. Only 
those oxides which are no t reduced by the nitrides make 
it possible to obta in stable glasses. 

The water which is structurally incorporated dimin­
ishes the formation of Si l icon nitride: 

6H2O + Si3N4 ̂  2N2 + 6H2 + 3Si02 . 

The thermal decomposi t ion of the Silicon nitride can be 
prevented by mainta in ing modera te pressure of SiO(g) 
in the a tmosphere of the furnace. However, an increase 
of the pa rda l pressure of the nitrogen is ineffective [15]. 

4. Systems studied 
Table 1 summarizes the principal oxynitride glass Sys­
tems which have been studied by various authors . 

4.1 Silica and Silicate glasses 

Few experiments have been made for nitriding Si02 
glasses. Wusir ika [16] incorporated up to 2 4 w t % nitro­
gen through t rea tment in an ammon ia a tmosphere at 
temperatures between 600 and 1200°C, and found that 
the quant i ty of ni trogen dissolved was p r o p o r d o n a l to 
the Square root of t ime and to the part ial a m m o n i a 
pressure. When less t han 1 wt% nitrogen is incorporated, 
the glass devitrifies to crystobalite; at contents between 
2 and 10 wt% nitrogen it is stable, and between 12 and 
29 wt% Si2N20 crystalhzes. 

As the oxides of magnesium, calcium and yt t r ium 
and those of rare ear ths are most frequently used as ad­
ditives for sintering the Silicon nitride, the nitr iding 
ability of the corresponding Silicate and silicoaluminate 
Systems has been studied more widely. Silicoaluminate 
glasses are mos t suitable for nitr idation no t only because 
the te t rahedra (AIO4) are coupled well with those of 
(Si04), but also because the oxygen ions in b o t h groups 
can be replaced by nitr ide ions. Moreover, in glasses con­
taining AI2O3 the solubility of the nitrogen is larger, the 
melting temperature decreases slightly, the area of glass 
formation is larger [31] and the tendency towards phase 



Separation diminishes [44]. Amongs t the a lkahne oxides 
the most compatible one to the formation of nitrides is 
U2O [30]. 

4.2 Borate g lasses 

When a current of a m m o n i a is passed th rough a borate 
glass melt a small quant i ty of nitrogen is incorporated 
into its structure, principally in the form of groups 
- N H 2 or = N H [4]. However, the finely powdered alka­
line borate glasses begin to react with the ammon ia at 
300 °C and this is the more intensive the lower the 
basicity of the alkaline cation. First , = N H groups are 
formed in a concentrat ion about three times larger than 
that obtained by bubbling this gas th rough the glass melt 
at 1000°C, but at 600 °C B N Starts to be formed. A t 
about 1200 °C, the l i thium borate glasses are t rans­
formed almost quantitatively into B N [61]. 

Frischat et al. [62] found that the final nitrogen con­
tent in sodium bora te glass melts ( 1 5 N a 2 0 · 8 5 B 2 O 3 ) , 
nitrided in a nitrogen atmosphere, was larger than that 
when B N was introduced. This implies that under the 
reducing condidons of the meldng process add idona l ni­
trogen is incorporated from the a tmosphere of the fur­
nace, which is possible in the absence of water vapour. 

4.3 Borosi l icate g lasses 

The nitriding of borosilicate glasses has been studied to 
a less extent. The first investigadon which should be 
ment ioned is that of Elmer and Nordbe rg [5]. These 
au thors nitrided a porous Vycor glass with a m m o n i a at 
500 to 1100°C, with care to prevent devitrification to 
crystobahte induced by the a lkah ions in an electric 
field, and achieved the incorporat ion of about 3 wt% ni­
trogen under these condit ions. As a result of this treat­
ment , the transit ion temperature and the electrical 
resistivity rose above the corresponding values for a pure 
silica glass. 

Fernandez Navar ro and Oteo [37] treated powdered 
alkaline borosilicate glasses in an ammon ia current and 
observed that above 1000°C hexagonal B N Starts to 
form. Jankowski et al. [38] incorporated 2.13 wt% nitro­
gen by melting a sodium borosilicate glass (in wt%: 
14 N a 2 0 , 16 B 2 O 3 , 70 Si02) at 1600°C mixed with pow­
dered Si3N4, which produced a 45 °C increase in its t ran­
sition temperature. 

4.4 Phosphate g lasses 

The ability of phospha te glasses to be nitr ided was inves­
tigated later. While the main object of nitr iding Silicate 
glass melts is to enhance their mechanical properties, in 
phospha te glasses the a im is to improve their chemical 
durability without excessively increasing their relatively 
lower softening tempera ture or reducing their high ther­
mal expansion coefficient to any extent. In this way, it 
was possible to reduce the solubility of phosphate 
glasses in water three- or fourfold. Mos t nitr iding experi­
ments have been carried out with metaphospha te glasses 

Table 1. Systems of oxynitride glasses investigated by several 
authors 

System references 

Si02 [16] 
R 2 0 - S i 0 2 [4, 6, 17 to 25] 
M 0 - S i 0 2 [23, 26 to 29] 
M e 2 0 3 - S i 0 2 [26, 27, 30 to 32] 
N a 2 0 - C a O - S i 0 2 [4, 6, 17 to 20, 33 to 36] 
R 2 0 - B 2 0 3 - S i 0 2 [5, 17, 37 to 39] 
R 2 0 - A l 2 0 3 - S i 0 2 [22, 23, 30, 40 to 42] 
M O - A l 2 0 3 - S i 0 2 [23, 30, 31, 42 to 51] 
M O - M O - A l 2 0 3 - S i 0 2 [48] 
M e 2 0 3 - A l 2 0 3 - S i 0 2 [15, 23, 26, 27, 30, 31, 42, 43, 

45, 47, 48, 52 to 59] 
R 2 0 - T i 0 2 - S i 0 2 [23] 
MO - Me203 - AI2O3 - Si02 [43] 
R2O - B2O3 - AI2O3 - Si02 [38] 
M O - A l 2 0 3 - Z r 0 2 - S i 0 2 [60] 
Me203 - AI2O3 - Ti02 - Si02 [53] 
R 2 0 - M O - A l 2 0 3 - T i 0 2 [23] 
R2O-B2O3 [3, 6, 61 to 63] 
T e 0 2 -B203 [64] 
T e 0 2 -A l203 [64] 
R2O-P2O5 [65 to 68] 
MO-P2O5 [69] 
R2O-MO-P2O5 [70 to 73] 
R 2 0 - R ^ O - M O - P 2 0 5 [72 and 73] 
R2O-MO-AI2O3-P2O5 [73 to 75] 
R 2 0 - S i 0 2 - P 2 0 5 [39] 
R2O - B2O3 - Si02 - P2O5 [39] 

Explanadon: 
a) R, R' = Li, Na, K, Cs 
b) M, M' = Be, Mg, Ca, Ba, Pb, Mn 
c) Me = Y, La, Nd, Od 

[19, 65, 66, 68, 70 and 71] as the chemically m o s t s table 
ones. 

D u e to their low m e l d n g tempera tures , p h o s p h a t e 
glasses can be directly n i t r ided wi th a m m o n i a . However , 
the a m m o n i a should n o t be bubbled t h r o u g h the glass 
mel t , because the t empera tu re required for this w o u l d be 
t o o high a n d the glass could decompose . To speed u p 
the ni t r id ing react ion, it is necessary to increase the a rea 
of the glass melt in con tac t wi th the a m m o n i a to a m a x i ­
m u m . For this pu rpose Heiberger a n d Pye [65] t rea ted 
the glass melt wi th a m m o n i a in an inclined ro ta t ing cru­
cible. Powdered glass can also be t reated wi th a cu r r en t 
of a m m o n i a for several h o u r s a n d immediate ly me l t ed 
u n d e r the same a tmosphere [71, 73 a n d 75]. 

T h e solubility of the ni t rogen in the glass me l t in­
creases with t empera ture u p to a cer ta in limit, since the 
viscosity decreases and favours diffusion a n d d e c o m p o ­
sit ion. A t tempera tures below 650 °C very low n i t rogen 
con ten t s are ob ta ined and above 750 to 780 °C the p h o s ­
p h a t e can be reduced to e lementary p h o s p h o r u s a n d 
even to phosph ine [66]. T h e highest n i t rogen concen -
t r a d o n s are ob ta ined by t r e a ü n g the glass p o w d e r in a n 
a m m o n i a a tmosphere at 700 to 725 °C. 

Exper iments for n i t r id ing in N 2 - H 2 , N 2 - C O a n d 
C H 3 — N H 2 a tmospheres have also been car r ied ou t , 
a l t h o u g h in n o case were such high ni t rogen levels o b -
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Figure 1. Infrared spectra of oxynitride glasses with different 
nitrogen contents after Brow and Pantano [18]. 
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Figures 2a and b. Structure of ^^-silicon nitride (figure a) and of 
S i l i c o n oxynitride (figure b) after Sakka et al. [46]. 

t a ined as in an a m m o n i a a tmosphere . D u r i n g very long 
t r ea tments or at t empera tures above 780 °C [65], the 
weight losses measured in these exper iments are larger 
t h a n the theoret ical losses, which is par t ly due to the 
volati l ization of the glass mel t itself a n d part ly to the 
r e d u c d o n of the phospha te . If the s o d i u m oxide is 
replaced by a n alkal ine-ear th oxide, the solubility of ni­
t rogen is reduced [70], which may be at t r ibutable to the 
doub le electrostatic b o n d of the a lka l ine-ear th ions with 
two nonb r idg ing oxygen ions from two adjacent phos­
pha t e chains. 

4 .5 Tellurite g lasses 

Tellurite glasses a n d vi t roceramic mater ia l s have also 
been p repa red from b inary compos i t ions of the 
Τ ο θ 2 - Β 2 θ 3 a n d Τ ο θ 2 - Α ΐ 2 θ 3 Systems mixed with AIN 
[64] a n d mel ted at 800 to 1200 °C. 

5. Structure 
When glass melts are bubbled with nitrogen in a reduc­
ing a tmosphere of nitrogen in the presence of water 
vapour, - N H 2 or = N H groups are formed, which can 
be identified by the wide absorpdon band , situated at 
2.95 pm, due to valency v ibradon. The lower the p a r d a l 
water vapour pressure, the more is the quant i ty of the 
nitrogen favoured as nitride groups. Thus, nitrogen can 
be incorporated in the glass structure in three different 
ways. 

The notable densificadon and reinforcement of oxy­
nitride glasses, which is the result of the creation of a 
more rigid and more cross-linked structure, suggested 
that the nitrogen is incorporated preferably in the form 
of nitride groups, with three oxygen ions being replaced 
by every two nitr ide ions incorporated and with each 
nitride ion jo in ing three Silicons. This replacement in­
volves a weight loss dur ing the nitriding process. The 
values calculated theoretically agree very well with those 
determined experimentally [65]. 

5.1 Sil icate g lasses 

The infrared spectra (figure 1) of nitrided Silicate glasses 
with different nitrogen contents show that the character­
istic absorpt ion b a n d at 1050 cm~^ shifts towards lower 
wave numbers . A t the same time this band becomes 
more asymmetrical [18, 19, 27, 35, 40 and 49]. For the 
majority of the glasses this band appears at about 
930 c m " ^ i.e. at the same pos idon as in the Silicon ni­
tride, which means that it can be at tr ibuted to the forma­
tion of S i - N - S i bonds . The broadening of this b a n d 
can be explained by the angular deformation of the 
S i - O - S i bonds provoked by the incorporadon of the 
nitrogen. 

There are two crystalline Compounds with a similar 
structure: Silicon nitride and Silicon oxynitride [46] 
(figures 2a and b). In the Silicon nitride, each Silicon is 
tetrahedrally coordinated with nitride ions, while in the 
Silicon oxynitride it is surrounded by three nitrogens and 
one oxygen. The distance between the Silicon and the 
nitrogen is 0.174 n m in the Silicon nitride and 0.172 n m 
in the oxynitride, in b o t h cases larger than the S i - O 
distance, which is 0.162 nm. However, a round the nitr ide 
ions the structure may be more compact , because each 
nitrogen is bonded to three Silicon te t rahedra . Sakka [46] 
compared the experimentally measured density values of 
nitrided calcium silicoaluminate glasses with the values 
calculated theoretically on the basis of molar volumes 
and found that they agree very well with the proposed 
structures based on R a m a n spectra [58]. 

As the cri terion for establishing the most hkely 
means of incorporat ing nitrogen into the structure of 
sodium-calcium Silicate glasses, Schrimpf and Frischat 
[35] used the values of the Young's modulus , since it 
changes to a great extent with the concentrat ion of ni t ro­
gen in the glass. For this purpose they calculated the 
theoretical values of the Young's modulus , E, for the 



three possible ways of incorporat ing nitrogen AND com­
pared them with the experimental values. The most 
acute slope which corresponds to the linking of three 
nitride ions to one Silicon is that which agrees doses t 
with the experimental values. 

Investigations using nuclear magnet ic resonance 
( N M R ) technique in ni tr ided sodium Silicate binary 
glasses [20] showed that there are three different types of 
nitrogen in all composit ions. The addi t ion of nitrogen 
produces the increasing replacement of bridging oxygen 
ions by nitrogen ions, which can b o n d with up to three 
Silicon tetrahedra. The same conclusions were reached 
by molecular dynamics calculations [21 and 25] and by 
neu t ron diffracdon [24]. All of these investigadons con­
firm that nitrogen can be bonded to three, two or single 
a toms of SILICON. According to the values calculated for 
sodium sihcate binary glasses [21 and 25], each nitrogen 
is bonded to 2 to 2.3 a toms of sihcon on average. Sakka 
[22] found that 58 % of nitrogen ions are bonded to two 
Silicons and 4 2 % to three Silicons. In yt t r ium silico­
aluminate glasses [SiOaN] and [Si02N2] groups are 
formed. The XPS spectra of the nitr ided glasses are 
similar to those of Si3N4 [19]. 

Another issue to be clarified was whether the nitro­
gen could also directly be bonded to a luminium ions in 
silicoaluminate glasses, since the presence of a luminium 
favours the nitriding process. However, it has been 
shown that the incorpora t ion of nitrogen does not 
change either the te trahedric or the octahedric alu­
min ium coordinations, and the results achieved in [20 
and 44] exclude the existence of N - A l bonds. 

5.2 Borate glasses 

A m i n e and imido groups are formed from 300 °C on 
when borate glasses are ni tr ided with a m m o n i a and 
nitride groups are formed addit ionally at temperatures 
exceeding 600 °C. However, when nitrides are used, the 
nitrogen is incorporated in the structure exclusively as 
nitride (figures 3a and b). 

5.3 Phosphate g lasses 

The structure of ni tr ided phospha te glasses presents a 
more complicated feature since these glasses have several 
possibilities of incorporat ing nitrogen. Figures 4a and b 
show the different groups which can be formed. When 
nitrogen is incorporated into the structure of a meta­
phosphate glass, P ( 0 , N ) 4 groups are formed. The tri­
valent nitride ions can replace bo th , the bridging and 
nonbr idging oxygens. In the second case, they give rise 
to the formation of a cross-linked structure (figures 5a 
to c). Wi th low nitrogen content PO4 groups and linear 
chains of metaphospha te predominate . When the con­
centrat ion of nitrogen is increased, pyrophosphate 
chains begin to be formed, together with [PO3N] and 
[PO2N2] groups at the expense of the PO4 groups. 

The study on the structure of nitrided phosphate 
glasses has been approached th rough several procedures. 

a) In 0 H ~ free glasses treated with ammonia 

Prem 300°C 

= B - 0 - B = + NH3 Τ=Ι = B - O H + = B - N H 2 

= B - O H + NH3 = = B -NH2 + H2O 

= B -NH2 + H 0 - B = : = = Β - Ν Η - Β = + Η 2 θ 

= B G H + NH3 + H O - Β = = = Β - NH - B = + 2 H2O 

From EOO'C 

= B - N H - B = + H O - B = 

Β 
I 
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b) In O H " free glasses by addition of BN or other nitrides 
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Figures 3a and b. Structural incorporation of nitrogen in borate 
glasses [61 and 62]; a) in 0 H ~ free glasses treated with am­
monia, b) in OH~ free glasses by addition of BN or other 
nitrides. 

N M R a n d R a m a n spectroscopy [68] conf i rm tha t the 
n i t rogen, n o ma t t e r wha t its con ten t , can be b o n d e d to 
t w o or three phospha tes . T h e oxygen b o n d s in n i t r ided 
l i th ium a n d sod ium m e t a p h o s p h a t e glasses were s tudied 
a n d it was found tha t the rat io of the n u m b e r of b r idg ing 
oxygens to nonbr idg ing oxygens decreases when the 
n i t rogen con ten t is increased. This implies tha t the 
a m m o n i a reacts with b o t h types of ions, wi th n o prefer-
ence for ei ther of them. This p rocedure m a k e s it possible 
t o calculate the m a x i m u m ni t rogen con ten t which can 
be incorpora ted in to a m e t a p h o s p h a t e glass. This va lue 
agrees very well wi th the PO1.67N0.89 rat io which cor ­
r e sponds t o 13.4 w t % ni t rogen, consis tent wi th the t o p 



value ob t a ined in exper iments [71]. M a r c h a n d [66] ob - 3) 
t a ined the following values for a lkal ine metaphospha te n 
glasses: LiPO2.15N0.57, NaP02No.67, KPO2N0.67. - Ρ - NH2 
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6. Properties 
T h e increasing cross-linked s t ructure p r o d u c e d by the in­
co rpo ra t i on of ni t rogen leads to a n improvement of the 
proper t ies of the glasses, which h a s a n impor t an t effect 
on their technical appl icat ion. M a n y physical properties 
change linearly wi th the weight pe rcen tage of nitrogen. 
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Ο 6.1 Transi t ion t empe ra tu re 

T h e t r a n s i d o n t empera tu re increases for all the glasses 
wi th the ni t rogen concen t ra t ion as can be seen from the 
results ob t a ined by many a u t h o r s [5, 27, 32, 34, 40, 44, 
46, 51 a n d 80]. Fo r m e t a p h o s p h a t e glasses this tempera­ture rises by a r o u n d 100°C. However, the increase in the nitrogen con ten t produces a reduction in the tempera­tures of the eutetics in b inary Silicate glasses [31 and 71]. 

6.2 V iscos i ty 

As a result of cross-hnking a n d s t rengthening of the 
structure , the viscosity also increases usual ly with ni tro­
gen con ten t . For this reason, however, t he tendency of 
p h o s p h a t e glasses t o crystallize d iminishes this effect as 
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Figures 4a and b. Different possibilities of bonding nitrogen to 
phosphorus (figure a) and P ( 0 , N ) 4 groups that theoretically can 
be formed (figure b)). 
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Figures 5a to c. Structural incorporation of nitro­
gen in phosphate glasses after Bunker et al. [68]; 
a) P - N = P bonds formed by replacing the non­
bridging oxygens, b) P -N==P bonds formed by 
replacing the bridging oxygens, c) incorporations 
of increased concentration of nitrogen ions. 
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Figure 6. Viscosity curves of nitrided N a 2 0 - C a O - S i 0 2 glasses 
versus nitrogen content after Schrimpf and Frischat [34]. 

the propor t ion of nitrogen incorporated is increased. 
The activation energy of the viscous flow does not 
depend on the nitrogen content and remains constant 
[35] (figure 6). 

6.3 Mechanica l propert ies 

For the same reasons as ment ioned above and in section 
5, an increase in the nitrogen content produces an in­
crease in the density, Young's modulus , microhardness 
and toughness (figures 7a to c). The improvement of the 
mechanical properties can be explained by the more 
covalent S i - N bonds t han those of the S i - O bonds and 
by the larger cross-hnking effect of N^~ . Thus, it is 
unders tandable that the S i - N - S i bonds produce larger 
resistance to bending. The reduct ion in the thermal 
expansion coefficient can be explained in a similar way 
[27, 36, 4 3 , 4 4 , 4 7 , 5 1 , 6 4 and 73]. 

It should be noted that small concent radons of ni tro­
gen produce more p ronounced effects on borate glasses 
than on Silicate glasses. Phospha te glasses also show the 
same trends in their properties as those of Silicates or bo­
rates. 

6.4 Electrical propert ies 

Although one of the objectives of the first nitriding 
experiments [5] was to increase the electrical resistivity 
of glasses, the electrical propert ies of oxynitride glasses 
belong to those which have been scarcely studied. The 
majority of oxynitride glasses show an increase in their 

Figures 7a to c. Variation of some mechanical properties of • 
different glasses as function of the nitrogen content after Coon 
et al. [17]; a) Young's elastic modulus, b) fracture toughness, 
c) Vicker's microhardness. 
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Figure 8. Alkali resistance behaviour of two nitrided Silicate 
glasses as function of their nitrogen content after Sakka [22]. 

the q u a n d t y of nitrogen incorporated. However, in 
mixed alkali phospha te glasses the electrical resistivity 
increases with nitrogen content. 

6.5 Opt ica l propert ies 

The optical propert ies of oxynitride glasses d o no t 
generally play a significant role. Thus , only secondary 
at tent ion has been paid to them. The refraction index 
increases with the nitrogen content [34]. Transmit tance 
in the ultraviolet region diminishes as the absorpt ion 
edge shifts towards longer wavelengths. However, the 
t ransmit tance increases in the infrared region because 
the concentra t ion of - O H groups decreases with the 
incorpora t ion of nitrogen. 
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Figures 9a and b. Linear chain structure of a metaphosphate 
glass (figure a), and cross-linked structure established by 
bridging nitrogen atoms (figure b) after Heuberger and Pye [65]. 

electrical resistivity wi th ni t rogen con ten t [27, 30, 34 and 
55]. However, S a k k a [22] found a decrease of the elec­
tr ical resistivity in b ina ry a lkal i Silicate glasses, whereas 

the act ivat ion energy increased w i t h ni trogen content . 

In p h o s p h a t e glasses it has been p roved [72 and 73] 
tha t the value of the electrical conduct iv i ty remains con­
s tan t if only one type of alkali ions is present , whatever 

6.6 Chemica l propert ies 

The effects p roduced by the incorporat ion o f nitrogen 
on the chemical properties o f glasses depend on their 
c o m p o s i t i o n . In binary a l k a h Sil icate g l a s s e s t h e in­

co rpo radon o f nitrogen produces a considerable im­
provement in c h e m i c a l d u r a b i l i t y [29 and 41]. Α glass 
with a composi t ion of 3 0 N A 2 O · 7 0 S I O 2 with nitrogen 
contents of more than 1 wt% behaves better t han a cal­
c i u m s i l i c o a l u m i n a t e g l a s s a g a i n s t an N a O H S o l u t i o n o f 

c ( N a O H ) = 0.1 val/1 ( = 0 . 1 N) (figure 8 ) [22]. The chemi­
cal resistance o f this glass does no t change with its ni t ro­
gen content . In contrast , nitriding o f magnes ium silicoal­
uminate glasses increases their N a O H resistance [50] 
with increasing nitrogen. Yt t r ium silicoaluminate glasses 
[27 and 42] behave extraordinarily well and show a bet­
ter hydrolytic resistance than that o f a pure silica glass. 

The improvement o f the resistance against acids can 
be explained by slowing down the kinetics o f the ionic 
change due to the increase o f its density, while the in­
crease in alkali resistance must be at tr ibuted to the larger 
covalency o f the S i - N bonds, which are more resistant 
to - O H groups. 

The improvement o f the chemical durabili ty o f the 
phospha te glasses by the incorporadon o f nitrogen is 
due to the increase o f cross-linking o f the phosphate 
chains [71 a n d 7 3 ] (figures 9a and b). Hydra t ion o f the 
phospha te chains takes place first dur ing its chemical 
a t tack [ 7 5 ] ; these later dissolve in the water wi thout 
breaking and are subsequently hydrolyzed leading to the 
fo rmadon o f o r thophospha te groups. 

According to this model the kinetics o f the dis­
solution takes place in two successive stages (figures 10a 
and b). For the first o f the two relations (figure 10a) the 
rate o f d isso ludon is determined by the diffusion o f 
water in to the glass and its kinetics adjusts to the S q u a r e 
root o f the time. The second stage evolves propor t ional 
to the t ime (figure 1 0 B ) . 

While in non-ni t r ided phosphate glasses the dissolu­
tion kinetics depends on the concentra t ion and on the 



radius of the alkaUne-earth ions, these d o no t play an 
impor t an t role in nitr ided glasses, since the influence of 
trivalent nitride ions predominates [70]. 

Figures I I a and b show the change of the hydrolydc 
resistance of some phosphate glasses according to their 
ni trogen content . The phosphate groups dissolve fastest 
a n d the a luminium groups slowest. The fact that the 
speed of dissoludon of the phospha te groups decreases 
sharply when the nitrogen content is increased is the 
result of the larger strength of the P = N - P or P - N - P 
b o n d s as compared to the P - O - P bonds. The dissolu­
t ion kinedcs of the a luminium groups is independent of 
the concentrat ion of nitrogen, which proves that there 
are n o A l - Ν bonds formed as had been confirmed by 
nuclear magnetic resonance. 
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Figures 10a and b. Model of dissolution kinetics of phosphate 
glasses in two successive stages: a) the rate of dissolution adjusts 
to the Square root of time (determined by the diffusion of water 
into the glass), b) the rate of dissolution evolves proportional 
to time. 

7. Sol-gel preparation 
The preparat ion of oxynitride glasses by the conven­
t ional melting procedure requires very high tempera­
tures, generally above 1700°C, to obta in homogeneous 
glasses. This disadvantage can be avoided by using the 
sol-gel process as an alternative; the possibihties of this 
process have been investigated by many au thors [39, 63, 
76 to 79]. The large specific surface area which the gels 
offer before being densified due to their porosity is the 
origin of their reactivity with a m m o n i a and its Com­
pounds . For this reason, the higher the degree of sinter­
ing the lower is the quant i ty of nitrogen that can be in­
corpora ted into their structure. 

The first experiments on nitr iding gels were effected 
by Brinker [80], who treated borosilicate gels with dry 
a m m o n i a at 460 °C. In this way, he succeeded in incor­
pora t ing a round 3 w t % nitrogen in the form of - N H 2 
groups, which favour the elimination of - O H groups 
and of organic rests and increase the t ransi t ion tempera­
ture. When porous gels are heated in a current of 
ammonia , first physical adsorp t ion of the ammon ia on 
the - O H groups takes place, followed by water conden­
sation and the formation of amino groups (figure 12) [76 to 77]. At temperatures between 400 and 600 °C 
B - N bonds start to be formed (as is indicated by the Shoulder at 1510 c m " ^ observed in the infrared absorp­
t ion spectra) at the expense of B - O - S i groups. Above 
750 °C the incorporat ion of ni trogen into the gel in­
creases, and is directly bonded to the network former 
ions Μ (Si, Al) due to the d iminut ion of the oxygen ions. 
At this temperature - N H 2 and = N H groups can still 
be identified. The formation of M - N bonds increases 
with temperature and concentra t ion of the network-
forming ions. The es tabhshment of = N - linkages is Op­
t imum near the transi t ion temperature . 

The nitriding conditions of a finely dispersed xero-
gel of Si02 in an a m m o n i a a tmosphere were studied 
by Sjöberg [81]. The nitrogen Starts to be incorporated 
at a round 800 °C, which approximately coincides with 
the temperature of the decomposi t ion of the ammonia . 

100 

2 3 4 
- Nitrogen content in wt % -

4 5 
-Nitrogen content in w t % -

Figures I Ia and b. Water solubility of the components of 
two nitrided phosphate glasses after Pascual [73]; a) 25Na20 · 
• 20BaO · 3AI2O3 · 52P2O5, b) 25Li20 · 20PbO · 55P2O5 . 
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Figure 12. Nitriding reactions of gels [76 and 77]. 

T h e m a x i m u m quan t i ty of n i t rogen incorporated is 
reached at 1050 °C which co r r e sponds t o the Si2N20 
relat ion. 

Villegas et al. [39 a n d 79] carr ied o u t nitr iding experi­
m e n t s o n gels of different compos i t ions in an ammonia 
a tmosphere . In b inary Silicate gels the p ropor t ion and 
na tu re of the alkali ions play a n i m p o r t a n t role. Potas­
s ium Silicate a n d sod ium Silicate gels incorporate less 
than 1.5 w t % of nitrogen, while lithium Silicate gels ad-
mit larger quanti t ies . 

Silicate glasses are the m o s t difficult ones to nitrid-
ate. In cont ras t , bo ra te a n d p h o s p h a t e glasses react more 
easily wi th the ni t rogen a n d this at tempera tures below 
1000°C [39]. In b inary 6 2 0 3 - 8 1 0 2 a n d sodium boro­
silicate gels ni t r iding is favoured when the propor t ion of 
B2O3 is increased [79]. 

T h e influence of some ne twork former oxides on 
ni t r id ing ability has been s tudied in l i th ium borosilicate, 
phosphosi l ica te a n d bo rophosphos ihca t e gels [39], since 
accord ing to t h e r m o d y n a m i c cons idera t ions the pres­
ence of h t h i u m oxide favours the inco rpora t ion of ni tro­
gen. In all cases, the ni t r id ing of the gels is more intense 
t h a n tha t of the cor respond ing glasses of the same com-

pos idon . In borosilicate gels (figures 13a and b) the 
highest incorporat ion of nitrogen (12 wt%) was achieved 
at 1100°C. The reactivity of the li thium phosphosil icate 
samples is lower than that of the l i thium borosilicate 
samples. Figures 13c and d show that the highest nitro­
gen content (3.9 wt%) is obtained after a three-hour 
t reatment in an ammonia a tmosphere at 1100°C. In 
these samples the formation of S i20N was identified. 
W h e n the t reatment t ime is prolonged, the nitrogen con­
tent will be reduced to below 0.4 wt%. This may be ex­
plained by the fact that the phosphorus nitride, which is 
formed at a round 700 °C, induces the nitr iding of the 
Silicon at higher temperatures. Thus, it may be assumed 
that the larger por t ion of the incorporated nitrogen is 
found to be forming par t of the oxynitride phase. In 
other words, the nitrogen content is higher at lower tem­
peratures, where the nitrided phosphors are still stable. 
Glasses of the same composi t ion obta ined by melting 
behave in a similar fashion. However, in the melted 
glasses no crystalline oxynitride is formed. 

Li th ium borophosphosihcate gels are those which in­
corpora te the largest quantit ies of nitrogen (24wt%) 
after 10 h of t reatment with ammonia at 1100°C (figures 
13e and f)- However, the nitrogen content decreases 
dur ing long periods, which can be at t r ibuted to the in-
stability of the phosphorus nitride. 

The sol-gel procedure also offers the possibihty of 
prepar ing very homogenous glasses for their subsequent 
nitr iding. Start ing from boron and h th ium methoxide, 
and from boric acid and lithium hydroxide. Krüne r and 
Frischat [63 and 78] prepared l i thium bora te gels, which 
they mixed, once powdered, with B N or with Li3N and 
melted at 1350°C in atmospheres of argon and am­
monia . The incorporated quant i ty of nitrogen was only 
0.2 to 0.3 wt%, similar to that obta ined in glasses 
prepared by conventional melting and, in any event, less 
than that obta ined in l i thium Silicate glasses. However, 
these small quanti t ies of nitrogen were sufficient to pro-
voke a notable increase of the transi t ion temperature, 
microhardness and chemical durability. 

Geyer and Rüssel [82] described an original pro­
cedure for nitr iding magnesium silicoaluminate glasses. 
On the one hand , they prepared by the sol-gel method 
a magnesium Silicate gel from magnesium acetate and 
tetraethoxisilane and on the other hand , they dissolved 
a lumin ium anodically in an electrolyte const i tuted by 
n-propylamine, acetonitrile and te t rabu ty lammonium 
bromide. This viscous Solution is mixed with the mag­
nesium Silicate powder, dried at 700 to 1000 °C, treated 
in a m m o n i a current and melted at 1500 to 1700°C. In 
this m a n n e r they prepared homogenous oxynitride 
glasses with 7.95 wt% nitrogen. 

8. Ionic Implantation 
The ionic Implantat ion procedure can be considered as 
a very special case in the incorporat ion of nitrogen in 
glasses. Ni t rogen ions have been incorporated in to a 
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glass of the P b O - Z n O - B 2 0 3 system a n d its influence 
o n the devitrification of the thermal ly treated samples 
was s tudied in [83]. 

9. Applications 
T h e apphca t ions of oxynitr ide glasses derive from their 
excellent chemical , t he rma l a n d mechan ica l properties, 
which have m a d e t h e m valuable for var ious purposes. 

and 140 G P a , and in yt t r ium silicoaluminate glasses this 
value can reach as much as 165 G P a . The first fiber 
experiments were conducted by Messier [42 and 57] 
and Minakuch i [48], who obtained glass fibres with a 
diameter of between 10 and 30 pm. Oxynitride glass 
fibres can be used to reinforce glass and aluminium 
plates. The incorporat ion of nitrogen diminishes the 
crystallization tendency of the glasses, but , on the other 
hand , it shortens the viscosity ränge for drawing the 
fibres. 

9.1 B ind ing agen ts for s inter ing 

A p a r t from the i m p o r t a n t role which the vitreous phases 
of oxynitr ides play in sintering s ihcon nitride, their 
general use as mater ia ls for b ind ing ni t r ides should be 
men t ioned . T h e r eacdons in the b ind ing interphase and 
the mechanica l resistance of t h e m depend on tempera­
ture a n d ni t rogen con ten t of the glass. 

T h e improvement in the chemical durabili ty of ni­
t r ided phospha t e glasses has favoured t h e m on the one 
h a n d as solder glasses for metal-glass seals [84 and 85] 
a n d on the o ther h a n d as opt ical glasses in the field of 
lasers. 

9.2 Crystal l izat ion 

T h e incorpora t ion of ni t rogen generally reduces the for­
m a t i o n of crystalline phases, due to the bridging ni tro­
gens. Thus , it was possible to prevent the devitrificadon 
of m agnes ium Silicate glasses [28]. C o n t e n t s of 2 w t % 
nitrogen are sufficient in magnesium a n d calcium Silicate 
glasses to prevent the crystal l izadon of cordierite, an­
or th i te a n d gehlenite phases [51]. However, in some 
cases control led crystall ization of oxyni t r ide glasses is 
desirable in order to ob ta in v i t roceramic materials. For 
this p u r p o s e the devitrification of different oxynitride 
glasses has been studied [30] especially in the 
Y 2 0 3 - S i 0 2 and Υ 2 θ 3 - Α ΐ 2 θ 3 - 8 ί θ 2 Systems [31 and 
55]. T h e crystaUine phases m o s t frequently obtained 
are y^-Si3N4, Si2N20 a n d S i4Al40 i iN2 . In the 
M g O — A l 2 0 3 - S i 0 2 System, Mg2SiA104N, which is iso-
s t ruc tura l with petahte, is formed, and in the 
B a O - A l 2 0 3 - S i 0 2 system b a r i u m feldspar crystals were 
idendfied [45], formed from a vi t reous phase containing 
8 to 10 a t o m % ni t rogen. 

9.3 Fibres 

T h e poss ibihty of ob ta in ing oxyni t r ide vi t reous fibres for 
p repa r ing compos i te mater ia ls has been considered as an 
i m p o r t a n t objective. I ts significance is based on the 
sha rp increase of the specific Young's m o d u l u s produced 
by the i n c o r p o r a d o n of ni t rogen. T h e mos t suitable 
glasses for this pu rpose are y t t r ium, ca lc ium and mag­
nes ium si l icoaluminate glasses. Whi le the highest tensile 
s t rength values of convent ional glass fibres are between 
440 a n d 490 M P a , ni t r ided calc ium a n d magnesium 
si l icoaluminate glasses reach levels of u p to between 135 

9.4 Layers 

The propert ies of glass surfaces can be modified by 
means of superficial nitr iding t reatment . Petrovskii et al. 
[69] treated calcium and bar ium metaphospha te glasses 
with mixtures of ammon ia and water vapour at 500 to 
550 °C, and thus managed to increase the density and 
the refracdon index of the glass on its surface. At the 
same time, the hydrophobicity was boosted and the 
chemical resistance increased by a factor between 8 and 
10. In this way it is possible to improve the chemical 
behaviour of the surface of phosphate glasses for their 
applications for lasers. 

The layers of oxynitride glasses can also be used as 
s u p e r f i c i a l c o v e r i n g s on metalhc S u b s t r a t e s of high m e l t ­

ing p o i n t . 
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