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Martin Deckwerth? and Christian Rissel
Otto-Schott-Institut fur Glaschemie, Friedrich-Schiller-Universitat Jena (Germany)

Oxynitride glasses in the system Mg—Ca—Si—Al—-O—N were prepared with the aid of a polymeric preceramic aluminum nitride
precursor as nitrogen source and transformed into glass-ceramics at temperatures in the range of 950 to 1350°C. To support the
devitrification process, TiO,, Cr,03, MgF, and ZrO, were added to the batches as potentially nucleating agents. Under the reducing
melting conditions applied. TiO, led to undesired reactions in the glass melt and was rejected as nucleating agent. Cr,O; could only
be dissolved in the glasses to a maximum content of 1 wt% and did not lead to obvious effects concerning nucleation and crystal
growth. The addition of fluorine results in the formation of a fine-grained microstructure but by analogy to Cr,0O;, did not lead to
phase separation. Adding ZrO,, provoked phase separation in the oxynitride glasses, which was even promoted by the presence of
nitrogen. These glass-ceramics possessed an extremely fine-grained microstructure containing nonstabilized tetragonal ZrO,, which
results in an additional nitrogen content independent improvement of the mechanical properties. By comparison to TiO,, Cr,0O5
and MgF,, zirconia has a twofold effect: it is not only an efficient nucleating agent in the case of oxynitride glasses but also an
efficient toughening agent for the resulting glass-ceramics.

EinfluB von Keimbildnern auf das Kristallisationsverhalten von Mg-Ca-Si-Al-O-N-Oxinitridglasern

Oxinitridglaser im System Mg—Ca—Si—Al-O—N wurden unter Verwendung einer polymeren Aluminiumnitridvorstufe als Stick-
stoffquelle hergestellt und bei Temperaturen zwischen 950 bis 1350 °C in polykristalline Glaskeramiken umgewandelt. Die Wirkung
von Titandioxid (TiO,), Chromoxid (Cr,03), Magnesiumfluorid (MgF,) oder Zirkonoxid (ZrO,) auf die Kristallisation der Oxi-
nitridgldser wurde untersucht, um mogliche Keimbildner fiir Oxinitridgldser zu identifizieren. Unter reduzierenden Bedingungen
fithrte die Zugabe von TiO, zur Bildung von TiN und aufgeschdumten Glasern, so dall von einer weiteren Verwendung von TiO,
Abstand genommen wurde. Bei einem maximal im Glas einbaubaren Massenanteil von 1% Cr,05 lieBen sich weder Phasentrennung
noch ein verdndertes Kristallisationsverhalten beobachten. MgF, dagegen forderte die Bildung eines feinkornigeren Gefiiges im
Vergleich zur Oxinitridbasisglaskeramik. Erst durch die Zugabe von ZrO, konnte eine Phasentrennung in den Sialonglasern ausgelost
werden, die durch steigenden Stickstoffgehalt noch verstiarkt wurde; dadurch besaBen die Glaskeramiken ein sehr feinkorniges
Geflige. Als eine der kristallinen Phasen lag nicht stabilisiertes tetragonales ZrO, vor, das zu einer zusitzlichen Steigerung der
mechanischen Eigenschaften fiihrte, unabhéngig vom Stickstoffgehalt. ZrO, bewirkt somit zweierlei Effekte: Zum einen scheint es
einen wirkungsvollen Keimbildner fiir Oxinitridgldser darzustellen, zum anderen erh6ht es die Zahigkeit der Oxinitridglaskeramik.

formation temperature increase, whereas the diffusivity
and mobility of the ions decrease. As a consequence,
nucleation and growth of crystal phases are severely
slowed down.

During the crystallization of these oxynitride glasses,
several crystalline phases may be formed, both oxidic
and nitridic phases. The initial crystallization of (oxy-)
nitride crystalline phases results in better mechanical
properties and higher refractoriness caused by the high
degree of covalency of the phases formed. Otherwise, the
precipitation of oxidic crystalline phases leads to a grow-
ing concentration of nitrogen in the residual glassy
phase, which on the one hand results in better physical
and chemical properties of this glassy phase, on the
other hand may trigger the additional crystallization of
nitrogen-containing crystalline phases leading to effects
described above [1 and 4].

1. Introduction

The nitridation of aluminosilicate glasses provokes
notable changes of the chemical and physical properties.
Incorporation of nitrogen into the glass network causes
an increase in viscosity and hence in softening point and
glass transformation temperature as well as a decrease
in the thermal expansion. A further consequence of the
introduction of nitrogen is the improvement of the
mechanical strength, fracture toughness and hardness
[1 to 3]. Another effect of nitrogen in the silicate glass
structure is the deceleration of the crystallization
process. Since the glass network is strengthened by the
introduction of threefold-coordinated nitrogen instead
of twofold-coordinated oxygen, viscosity and trans-
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The most studies on nitrogen-containing glass-ce-
ramics have been carried out in the M—Si—Al-O—-N
system (M = lithium, magnesium, yttrium) [1 and 5
to 7). In principle, crystallization can always be carried
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out and the glass-ceramics obtained offer better mechan-
ical properties and greater refractoriness than both the
parent oxynitride glasses and the equivalent oxidic glass-
ceramics. In the past, especially glass systems were
studied which are relevant to nonoxide ceramics, i.e.
glasses possessing compositions similar to those of grain
boundaries of Si;Ny-based structural ceramics [4 and 8§].

Since the introduction of nitrogen into the glass net-
work hinders the transformation of the oxynitride
glasses into glass-ceramics. low degrees of crystallinity
and inhomogeneous crystal growth may occur. Con-
sidering the properties and the performance of the glass-
ceramics, a reproducible fine-grained microstructure is
of crucial importance. To circumvent the problems of
insufficient crystallization in oxide glasses, titania (TiO,)
and zirconia (ZrO,) are commonly added to silicate
glasses as nucleating agents.

Nitrogen-containing silicate glasses are usually pre-
pared by melting a mixture of oxides and nitrides, com-
monly those of silicon or aluminum. The dissolution of
the nitrides present by the initially formed oxidic melt
requires high temperatures and long melting (dissolu-
tion) times. The consequences are an enhanced evapora-
tion of nitrogen compounds leading to a lower nitrogen
content in the glass, or the existence of residual nitride
particles which may act as nuclei and lead to an un-
desired devitrification. A method to avoid these disad-
vantages is the use of nitrides derived by pyrolysis from
preceramic polymeric precursors. Since the ceramic pow-
ders possess a high reactivity due to their low degree of
crystallinity and maximum grain sizes in the nanometer
range, a more homogeneous batch and a much faster
dissolution is achieved than with commercial crystalline
silicon or aluminum nitride as starting materials. The
oxynitride glasses used in the present study were pre-
pared with the aid of polymer-derived AIN. The pre-
ceramic precursor yielding AIN by pyrolysis was pre-
pared by an electrochemical route [9]; from similarly pre-
pared precursors, various transition metal nitrides and
carbides were produced [10]. The preparation route of
the oxynitride glasses has already been described in
detail as well as some of the physical properties obtained
[3 and 11]. By comparison to the conventional melting
route using crystalline nitrides, this route possesses the
great advantage of enabling the preparation of glasses
with nitrogen contents of up to 7.2 wt% within soak-
ing times of 1 to 10 min. In the present paper, the
crystallization of oxynitride glasses in the system
Mg—Ca—Si—Al-O—N is described. Furthermore, pos-
sible nucleating agents such as MgF,, Cr,03, TiO, and
ZrO, were added to study the effects on the crystalliza-
tion behaviour of the nitrogen-containing glasses.

2. Experimental

The oxynitride glasses used for the preparation of glass-
ceramics were prepared from purely oxidic silicate
glasses melted of oxides in a conventional manner and

subsequently milled to grain sizes lower than 100 pm.
The glass powders were mixed with appropriate amounts
of the liquid aluminum nitride precursor as nitrogen
source in five equimolar steps (nos. 1 to 5 next to the
glass series name; see section 3., table 2) to replace the
corresponding quantity of Al,O5 in the oxidic base glass
(to keep the aluminum content constant, the exchange
followed the molar ratio of 1 mol Al,03:2 mol AIN).
This polymeric precursor was prepared by the anodic
dissolution of metallic aluminum in an organic nitrogen-
containing electrolyte [9]. After drying in vacuo the pre-
cursor/glass mixture was calcined in an ammonia atmos-
phere. Melting was carried out in molybdenum crucibles
at temperatures in the range of 1500 to 1700°C [3]. The
chemical compositions of the oxidic base glasses (A, C,
F, T and Z) are given in table 1 together with the
amounts of Cr,03, MgF,, TiO, and ZrO, added as pos-
sible nucleating agents.

The transformation of the glasses into glass-ce-
ramics, i.e. the crystallization procedure, was carried out
at temperatures in the range of 950 to 1350°C under
nitrogen using heating rates of 5 K/min and soaking
times of 20 and 40 h. The glass samples were embedded
within aluminum nitride powder in aluminum oxide
crucibles to guarantee a low oxygen partial pressure.

The nitrogen content of the glasses was determined
by high-temperature extraction (N,O-Analyzer TC 136,
Leco Corp.). The crystallization process was studied in
a nitrogen atmosphere using differential thermal analysis
(DTA 50, Shimadzu Corp.), X-ray diffraction (Diffrac
5000, Siemens AG), scanning electron microscopy
(DSM 940A, Carl Zeiss) and transmission electron
microscopy (TEM) (H 8100, Hitachi Ltd.).

3. Results

The analyzed nitrogen contents of the glass of series A
are given in table 2. Since the method of preparation and
the overall composition of the glasses were similar for
the Cr,O;—MgF,- and ZrO,-containing glasses (glass
series C, F and Z), their nitrogen concentrations were
assumed to be in the same order as the analyzed nitro-
gen contents of glass series A. The fluorine concen-
trations of the glasses of series F were determined by
wet-chemical methods and are given in table 3. The
average loss of fluorine during the double melting
process was about 36 % of the nominal value and mainly
due to the first melting step under oxidizing conditions.

All oxynitride glasses obtained were grayish colored
and did not contain detectable quantities of crystalline
phases, except those which contained TiO,. In the case
of TiO,-containing glasses, a reaction took place for-
ming TiN during the melting procedure. Simultaneously,
substantial amounts of gaseous species bloated the gold-
colored products. Consequently, TiO,-containing oxy-
nitride glasses were rejected for further studies.

The crystallization process for the glasses of the
series A, C, F and Z was studied by DTA. As examples,
the curves of some glasses in the series A, C and F are
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Table 1. Chemical composition of the parent oxide glasses

oxidic MgO CaO Al O3 SiO, Cr,0, MgF, Zr0O, TiO,
base in wt% in wt% in wt% in wt% in wt% in wt% in wt% in wt%
glasses

A0 10 15 30 45 = = = =

Co 14.85 9.9 29.7 44.55 1 = = —

FO 14.83 7.91 29.67 44 .51 — 3 = =

TO 9.6 14.4 28.8 43.2 = = = 4

740 9.6 14.4 28.8 432 = = 4 =

760 9.4 14.1 28.2 424 — = 6 =

730 9.2 13.8 27.6 414 = = 8 =

Table 2. Experimental (exp) and theoretical (th) nitrogen con-
tents of the oxynitride glasses (in wt% 0.1)

glass series step no. of the Al,O3/AIN exchange

0 1 2 3 4 5
A = 136 290 416 558 7.3
Ag = 1,74 352 533 721 913
Z4y, - 167 338 51z 692 86
Z6 = 163 330 499 G714 -~
Z8y - L6l 325 494 666 =

Table 3. Fluorine content of the (oxynitride) glasses of series F

glass fluorine content in wt% deviation in %
FO 120 £0.0 33.3
F1 1.13 £ 0.0 37.2
F2 1.1 *0.01 38.8
F3 1.2 +0.01 333
F4 1.15 £ 0.05 36.1
F5 1.12 = 0.01 37.7

depicted in figure 1. The crystallization of the oxidic
base glass (A0) without any addition of potentially nu-
cleating agents shows a distinct exothermic peak at
around 1000°C and a broad exothermic region at higher
temperatures (curve 1). With growing nitrogen concen-
tration, the temperature of the first exothermal peak
increases by about 100°C. For the corresponding oxy-
nitride glass with the highest nitrogen concentration
(7.2 wt%), the crystallization effects are even lower
(curve 2). However, the first exothermal peak was
detected at 1100°C, another crystallization peak ap-
peared at 1240°C. In curves 3 and 4 of figure 1, the
exothermic effects are more pronounced due to the
addition of Cr,Os; and MgF,, however, their maxima
are also shifted to higher temperature with increasing
nitrogen content.

In the case of the zirconia-containing glasses, the
first crystallization peak occurs at 1030°C (figure 2,
curves 1 to 4). Further crystallization peaks are ob-
served in the temperature range of 1170 to 1300°C. With
growing ZrO, content (up to 8 wt%), the exothermic
effects become more pronounced. The simultaneous
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Figure 1. DTA profiles of oxynitride glasses of series A, C and
F; curve 1: AO; curve 2: AS; curve 3: CS5; curve 4: F5.
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Figure 2. DTA profiles of oxynitride glasses of series Z4, Z6
and Z8; curve 1: Z41; curve 2: Z81; curve 3: Z44; curve 4: 7Z84.

increase of the nitrogen content results in only one very
broad crystallization peak in the temperature range of
1100 to 1300°C. The DTA profiles of the other ZrO,-
containing glasses follow the described behavior. Phase
separation was observed in the ZrO,-containing oxy-
nitride glasses after annealing the glasses directly after
melting at temperatures between 800 and 850°C. This,
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however was not observed in the nitrogen-free base glass
(figures 3a and b). Only in the droplet phase, ZrO, was
detected via EDX. By contrast, Cr,0O5- and MgF,-con-
taining glasses were homogeneous after annealing as
were the glasses of series A without any nucleating
agents.

Figure 4 shows the diffraction patterns of some
glass-ceramics of series A, crystallized at 1250°C for
20 h. Indialite and anorthite are formed as main phases
in the oxidic base glass. Instead of these phases,
the crystallization of spinel, magnesium petalite
(MgO - Al,O3 - 2Si,N,0) and gehlenite is favoured by
the increasing presence of nitrogen; as transient phases
types of sialon phases occur. Compared to the intensities
of the diffraction pattern of the oxidic base glass-ce-
ramic, the crystallinity of the oxynitride glass-ceramics
is lower. The SEM micrographs present the growth of
the three new phases at the expense of anorthite and
indialite and the formation of a fine-grained microstruc-
ture with increasing nitrogen content (figures 5a to c).

In figure 6, curves 1 and 2, the powder diffraction
patterns of (oxynitride) glass-ceramics of series C crys-
tallized at 1250°C for 20 h are depicted. By comparison
with the results of series A, the phase content is fairly
similar. However, in the oxidic base glass-ceramic only
anorthite appears and at the highest nitrogen content a
glassy halo is not detected. The microstructures of the
glass-ceramics A5, C5 and F5 are given in figures 7a to
¢, respectively. The diffraction patterns of glass-ceramics
of series F formed at 1250°C are shown in figure 6,
curves 3 and 4. The phase content of these glass-
ceramics is comparable to that of the glass-ceramics of
series A. By comparison to the glass-ceramics of series
A and C (figures 7a and b), the microstructure of the
fluorine-containing glass-ceramics is more homogeneous
and fine-grained (figure 7c). Crystallized at 1350°C the
glass-ceramics with the highest nitrogen contents, AS5,
C5 and FS5, all show distinct reflexes of spinel (figure 8,
curves 1 to 3). Furthermore, the glass-ceramics C5 and
F5 show pronounced peaks of a nitrogen-containing
phase, p-sialon and/or S-SizN4, whereas AS only con-
tains trace quantities of them besides gehlenite.

Figure 9 presents XRD patterns of the glass Z82
annealed at different temperatures in the range of 950 to
1250°C for 4 h. First diffraction peaks caused by tetra-
gonal (t-)zirconia are visible after annealing at 950°C.
With rising remperature, the intensity of these peaks in-
creases; further peaks attributed to spinel and anorthite
are observed at 1150 and 1250°C together with traces of
monoclinic (m-)zirconia. At low nitrogen concen-
trations, the growing ZrO, content only results in en-
hanced intensities of the XRD signals attributed to
t-ZrO, and traces of m-ZrO, without any formation of
a nitrogen-containing phase.

Figure 10, curves 1 to 4 show the diffraction patterns
of the oxynitride glass-ceramics Z61 (approximately
1.63 wt% nitrogen), Z44, Z64 and Z84 (approximately
6.7 wt% nitrogen), all annealed at 1150°C for 40 h.
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Figures 3a and b. TEM micrograph of zirconia-containing
glasses in replica technique; a) Z60; b) Z64.
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Figure 4. XRD diffraction patterns of glass-ceramics of series
A crystallized at 1250°C for 20 h; curve 1: AQ; curve 2: Al;
curve 3: A3; curve 4: AS. @: anorthite; [: indialite; O: spinel;
A: gehlenite; l: magnesium petalite; ®: o-sialon.
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Figures 5a to c. SEM micrographs of the microstructure of
glass-ceramics of series A crystallized at 1250°C for 20 h;
a) Al; b) A3; c) AS.

Anorthite and spinel are the main oxidic crystalline
phases besides the nitrogen-containing phase magne-
sium petalite (MgO - Al,O5 - 2Si,N,0). At higher nitro-
gen contents (Z44, Z64, Z84), the signal intensities of
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Figure 6. XRD diffraction patterns of glass-ceramics of series
C and F crystallized at 1250°C for 20 h; curve 1: CO; curve 2:
CS; curve 3: FO; curve 4: F5. @: anorthite; [J: indialite; O: spi-
nel; A: gehlenite; M: magnesium petalite; ¥: f-sialon.

magnesium petalite and anorthite decrease with in-
creasing ZrO, content and almost disappear at 8 wt%;
simultaneously, another oxide phase, gehlenite, is formed
superimposing the signal of m-ZrO,. Magnesium
petalite has crystallized only in the glass-ceramic with 4
and 6 wt% ZrO,. At 8 wt% ZrO,, the glass-ceramic con-
sists only of spinel, anorthite, t-ZrO, and small quanti-
ties of m-ZrO,. The SEM micrographs indicate that the
ZrO,-containing glass-ceramics have a fine-grained
microstructure with grain sizes smaller than 2 pm (figure
11a). A crystallization at 1300°C results in further grain
growth (figure 11b). This is confirmed by the diffraction
patterns of the oxynitride glass-ceramics annealed at
1300°C for 40 h which only show more pronounced
peaks but no additional phases.

Obviously, the morphology of the ZrO, crystals
changes with the nitrogen concentration: in glass-ce-
ramic Z62, ZrO, forms dendritic crystals, whereas in
glass-ceramic Z64, ZrO, appears in a spherulitic mor-
phology (figures 12a and b). Studies with energy dis-
persive X-ray spectroscopy (EDX) and electron energy
loss spectroscopy (EELS) reveal that these spheroids are
free of possible stabilizing agents for t-ZrO, such as
magnesium, calcium or nitrogen.

4. Discussion

According to Loehman [12] oxynitride glass composi-
tions containing TiO, have a strong tendency to decom-
pose. Jameel et al. [13] reported that TiO, added to the
batch as a nucleating agent resulted in the formation of
titanium nitride and bloated products when melted at
temperatures above 1500°C. Even the short times ap-
plied in the present study were sufficient to produce the
same results. The formation of titanium nitride was con-
firmed by Korgul et al. [14], who further reported that
TiN remains in the microstructure without playing any
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Figures 7a to c. SEM micrographs of the microstructure of
glass-ceramics of series A, C and F crystallized at 1250 °C for
20 h; a) A5; b) C5; ¢) F5.

role in nucleation and crystallization. A basic study by
Mocellin et al. [15]on the reaction between AIN and
TI102 reported onsimilar results: titania reacts with AIN

10° 20° 30° 40° 50° 60° 7O0°

Diffraction angle 20 n

Figure 8. XRD diffraction patterns of glass-ceramics of series
A, C and F crystallized at 1350°C for 20h; curve 1: AS5;
curve 2:C5; curve 3: F5. O: spinel; «: gehlenite; T: yo-sidon;

30° 40° 50°
Diffraction angle 20

Figure 9. X RD diffraction patterns of the glass Z82 crystallized
for 4h at: curve 1:950°C; curve 2: 1050°C; curve 3: 1150°C;
curve 4: 1250°C anorthite; O: spinel; V: t-ZrOs;
A: m-Zr02.

10 Al203 AND GASEOUS OXYGEN/NITROGEN; HEREBY, TITANIUM
SUBOXIDE(S) AND THE fmal TiN ARE FORMED.

BASED ON DTA MEASUREMENTS, THE CRYSTAUIZATION
of THE OXYNITRIDE GLASSES STUDIED TAKES PLACE above
1000°C. DEPENDING ONthe COMPOSITION, MORE than ONE
crystalline phase 1S FORMED DURING CRYSTALLIZATION. The
ADDITION OF CR203 (SERIES C) DOES NOTlead TO PHASE
Separation OR TO obvious DIFFERENCES IN the CRYSTALLIZA-
TION BEHAVIOR COMPARED TO THE OXYNITRIDE BASE glass
series A . Shelestak et AL.[16] reported that CR203 CON-
TENTS LARGER THAN 0.75 WT% LED TO PHASE SEPARATION IN
THE CAO-MGO-AL203-S102 GLASSES AND SUBSEQUENT
VOLUME CRYSTALLIZATION. POSSIBLE EXPLANATIONS for THE
BEHAVIOR OFTHE CR203 added are BASED ON THEINEFFEC-
TIVENESS OF THE OXIDE IN THE OXYNITRIDE SYSTEM ORON THE
REDUCTION OF THE OXIDE TO METALLIC CHROMIUM BEING IN-
EFFECTIVE ASNUCLEATING AGENT.
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Figure 10. XRD diffraction patterns of the glass-ceramics of
the series Z4, Z6 and Z8 crystallized at 1150°C for 40h;
curve 1:761; curve 2:Z44;curve 3:Z64;curve 4:7Z84.-: anor-
thite; O: spinel; A: gehlenite; «: magnesium petalite; V: t-Zr02;
A m-Zr02.

When introduced into Silicate melts, fluorine reduces
the viscosity and the processing temperature or melting
time as observed during the melting of the fluorine-con-
taining oxynitride glasses of series F [17]. In spite of the
decrease in viscosity and transformation temperature
phase SEPARATION prior to crystallization was not de-
TECTED in THESE glasses. THE SHIFT of THE CRYSTALLIZATION
peaks to HIGHER temperatures observed for nucleating-
agent-free glasses is also valid for CR203- and MgF2-con-
taining oxynitride glasses. The mobility and diffusion of
the ions lowered by the presence of nitrogen in the glass
structure is not influenced decisively by the addition of
these two substances. The nucleation process in these
glasses is therefore a homogeneous one or is triggered
by the presence of metalhc inclusions always present in
this type of glasses [3, 18 and 19].

Based on the results described above, the develop-
ment of the phase content of the glass-ceramics can be
summarized for all three glass series A, C and F: the
presence of nitrogen in the glass structure suppresses the
formation of the crystal phases precipitating in the oxide
glass, i.e. anorthite and indialite. This changed crystadi-
zation behavior is caused by the increased viscosity as
wel as by the low diffusivity and mobdity of the cations
due to the more covalent Si-N bonds in the network
structure. Here, nitrogen possesses mainly three bonds
which increase the packing density and the stiffness of
the network [1, 2 and 11]. The hindered rearrangement
of silicate-containing units becomes more difficult and
promotes the formation of other oxidic phases such as
spinel and gehlenite [19]. Mg""" is supposed to be the
cation with the highest mobility due to its small ionic
radius supporting the formation of spinel. The pyro-
silicate gehlenite is built up by simpler and smaller units
than the three-dimensional structure of anorthite [20].
Furthermore, according to Drew et al. [21] and Korgul
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Figure Ila and b. SEM micrographs of the microstructure of
the glass-ceramic Z64 crystallized for 40h at: a) 1150°C;
b) 1300°C.

et al. [14], nitrogen may be incorporated into the
structures of spinel and gehlenite, which promotes their
crystallization in a nitrogen-containing
During its formation, magnesium petalite incorporates,
besides nitrogen, the cations of magnesium, aluminum
and Silicon, which are available because of the sup-
pressed crystallization of indiahte. Above 1250°C,
magnesium petalite seems to decompose as experimental
results indicate [19 and 22]. The suppression of the
anorthite crystallization promotes not only the preci-
pitation of gehlenite bus also the formation of a calcia-
rich glassy phase [23].

The addition of CR203 or MgF2 leads to the forma-
tion of substantial amounts of nitrogen-containing crys-
talline phases at 1350°C, whereas the corresponding
glass-ceramic, A5, mainly consists of spinel as oxide
phase and glass. Fluorine and CR203 seem to trigger the
crystallization of )6-sialon/*-SI3N4 at high temperatures
which is consistent with their DTA profiles, showing the
maximum of crystallization at around 1300°C (figure 1,
curves 3 and 4). The crystallization behavior of the zir-

environment.



conia-containing glasses can be explained by a super-
position of the effects observed in both zirconia-contain-
ing oxide glasses and oxynitride glasses. With higher
Zr02 concentrations, the crystallization peaks of the
DTA profiles become more pronounced even with
growing nitrogen content, since phase Separation and,
therefore, nucleation are promoted (figures 3a and b).
According to Shaw et al. [24],nitrogen is concentrated
in the magnesium-rich droplet phase of phase-separated
Mg-Si-O-N glasses. Adding 5wt% Al203 to
Mg-Si-O-N and Ca-Si-O-N glasses should sup-
press phase Separation as Loehman reported [25]. A pos-
sible explanation for the observed phase Separation is
based on the high oxygen affinity of zirconium. Since
nitrogen is homogeneously distributed in the glass net-
work, Zr*~is preferably coordinated solely by oxygen in
a configuration similar to that of Zr02. A zirconia-rich
phase without any nitrogen, as confirmed by ED X and
EELS, is separated; the nitrogen is concentrated in the
matrix. The other effect, i.e. the shift of the crystalliza-
tion temperatures to higher values in the Zr02-contain-
ing glasses, is nevertheless still observed. Therefore, the
reduction of the mobility and diffusivity of the ions,
responsible for this effect as described above, does not
seem to be influenced by this phase Separation. Con-
sequently, t-Zr02 occurs as the first crystalline phase
during thermal treatment (figure 9, curve 1) with all
nitrogen contents studied.

The more fme-grained microstructure of the Zr02-
containing glass-ceramics (by comparison to the Zr02-
free samples, figures 7a to ¢ and lla) follows directly
from the zirconia-triggered phase Separation, which
leads to numerous new crystallization sites in form of
liquid-hquid interfaces.

Compared to glass-ceramics with low nitrogen con-
tents (figures 12a), the crystallization of t-Zr02 is
favored in compositions with high nitrogen contents
(figure 12b). The simultaneous existence of m-Zr02 in
some glass-ceramics is caused by a particle size or stress-
induced phase transformation during the crystahization
and cooling process [26 and 27]. As described in more
detail in [26] the formation of t-Zr02 is not favored by
the presence of stabilizing agents and only indirectly
promoted by the nitrogen content. Primarily, the phase
content and the spherulitic morphology of the Zr02 are
responsible for the occurrence of t-Zr02. Nevertheless,
this t-zirconia is still capable of transforming into the
monoclinic phase leading to an increase in the fracture
toughness with growing Zr02 content (Z41 (1.67 wt%
nitrogen): KM = 16 MPam™"; Z45 (8.76 wt% nitro-
gen): iNie = 3.26 MPa m™ [28].

5. Conclusion

Ti02 is not suitable as nucleating agent for oxynitride
glasses since it leads to undesired reactions in the melt
which destroy the parent glasses. The addition of 1 wt%
Cr203 did not have a significant effect on the micro-

] 2.5unt

Figure 12a and b. TEM micrographs of the microstructure of
glass-ceramics of series Z6 crystallized at 1150°C for 40h;
a) Z62; b) Z64.

structure of the oxynitride glass-ceramics studied,
probably due to this low amount which, however, was
the highest possible one to be dissolved in the glasses.
MgF2, i.e. fluorine, promotes the formation of a fine-
grained microstructure and, comparable with the effect
of Cr203, enlarges the temperature interval of the

precipitation of nitrogen-containing crystalline phases.

Caused by the incorporation of Zr02 into high-
alumina oxynitride glasses, phase Separation prior to
crystallization was observed. As a consequence, tetra-
gonal zirconia was the first crystalline phase, but during
the crystallization process, m-Zr02 was also formed. In
these glasses, the only nitrogen-containing crystalline
phase was magnesium petalite. The liquid-liquid phase
Separation promoted the formation of a fine-grained
microstructure, which resulted in improved mechanical
properties. Especially, if non-stabilized t-Zr02 was
present in the glass-ceramics, the fracture toughness was
distinctly improved. By comparison with other potential



nucleating agents applied, i.e. Cr203 and MgF2, Zr02

was the only effective nucleation catalyst and,

further-

more, an effective toughening agent.
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