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ABSTRACT

Lithium silicates have been used as model glasses for scientific and technological studies of
glass-ceramics because they easily crystallize in the interiors, even without the addition of any
nucleating agent. On the other hand, partial replacement of oxygens with nitrogens affects most
properties of oxide glasses, but its effect on the crystallization kinetics of the glasses has been
poorly documented. In this work, we report, for the first time, on the crystallization kinetics of
nitrited lithium silicate glasses. The oxynitride glasses were prepared by partial substitution of
oxygen by nitrogen, up to 6 at.% N/(N+O), by melt-quenching the liquid under N, atmosphere
inside a glove box. As expected, the density, microhardness, and Young’s modulus of the glasses
improved with increasing nitrogen content. Higher values of glass transition and crystallization
peak temperatures were also obtained with an increase in the nitrogen content. Rietveld
refinement analysis after adequate thermal treatment revealed that addition of nitrogen led to
increasingly higher contents of lithium metasilicate at the expense of the (expected) lithium

disilicate crystal phase. Crystallization kinetic parameters such as the activation energy and
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Avrami index were calculated using Ozawa's equations. These two parameters also increased
with increasing nitrogen content, whereas the crystal growth rates decreased with increasing
nitrogen content. The above-described changes in the properties of the oxynitride glasses are
straightforwardly explained by the increase in the connectivity of the glass network, which
results in enhancement of the atomic packing density owing to partial substitution of two-

coordinated oxygens by three-coordinated nitrogens.
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1. Introduction

The discovery of glass-ceramics by S. D. Stookey in the early 1950s fostered extensive
research work on the interrelations among their composition, processing, crystallization kinetics,
and the resulting microstructures, properties, and potential applications [1-4]. In this context,
lithium disilicate (Li,Si,0s5) glasses have been extensively used for investigating the
crystallization kinetics and thermal, mechanical, and electrical properties of the resulting glass-
ceramics [5-9]. Lithium-disilicate-based glass-ceramics have commercial significance and have
been widely used in dental restoration, armor material, hard disc substrates, and other high-tech
applications owing to their good processability and mechanical performance [10-14].

Stoichiometric lithium disilicate glass is a relatively good glass-former that undergoes
internal (homogeneous) crystallization when properly heated, even without the addition of any
nucleating agents. This glass can exhibit two stages: amorphous and fully crystalline [15-18].
Therefore, the properties of lithium disilicate glass-ceramics can be tuned within a wide range
through adjustment of the relative amounts of the glass and crystal phases as well as of the
crystal size. Overall, the lithium disilicate system has been extensively studied in terms of its
nucleation and growth kinetics [17,19-22].

In view of the above background, introduction of nitrogen into this glass composition
could be an interesting strategy to not only improve some properties but also understand its
effect on the crystallization kinetics. Studies over the last decades have shown that addition of
nitrogen to oxide glasses significantly affects their physical, chemical, mechanical, optical, and
thermal properties [23-27]; however, information on the crystallization kinetics and on
oxynitride glass-ceramics is scarce. For instance, the glass transition and crystallization

temperatures, the elastic moduli, and the lithium mobility increase [28] whereas the thermal
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expansion coefficient decreases [29-30]. Introduction of nitrogen into stoichiometric Li,Si,0s
glass through partial substitution of two-coordinated oxygen atoms by three-coordinated nitrogen
atoms is probably a key reason for the change in properties, because it results in a glass structure
with a greater degree of connectivity [25, 26, 30]. This increase in the degree of network
connectivity, along with the more covalent nature of the Si-N bonding, causes the glass network
to contract and rigidify. Several studies have been conducted on oxynitride glasses, and some of

the most relevant ones are discussed below.

Luo et al. [31] prepared La-Ca-Al-Si-O-N oxynitride glasses and investigated the effects
of N/O and La/Ca ratios (equiv%) on the density, thermal expansion coefficient, glass transition
temperature, crystallization temperature, Vickers hardness, bending strength, and leaching rate.
They found that nitrogen enhances the beneficial effects of lanthanum on all of these properties.
Luo et al. [32] also prepared Zn-Sr-Y-sialon glasses by melting batches under N, atmosphere.
They conducted an infrared spectroscopy study to determine the structural units of these glasses.
They evaluated the relative ballistic resistance (D,.;) by using some physical and mechanical
properties. They found that D,,; of a particular oxynitride glass sample Y 2ZngSr3Al»0Sis6052N 18
(equiv%) was 2.65 which is higher than that of sapphire and anticipated that oxynitride glasses
are promising transparent armor materials.

Sauze et al. [33] prepared phosphorus oxynitride glasses with compositions of 15R,0-
15K,0-15R'0O-5A1,05-50P,05 and 12R,0-12K,0-20R'0-6A1,03-50P,05 mol% (R = Li or Na;
R’ = Mg, Ba, or Zn), which were exposed to ammonia above 600°C for up to several days. They
found that nitrogen increases the glass transition temperature and decreases the thermal
expansion coefficient and the dissolution rate in water. These changes in the properties of

phosphorus oxynitride glasses resulted from the strengthening of the glass network by
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substitution of P-N for P-O bonds. Paraschiv et al. [34] studied the influence of nitridation of
metaphosphate glasses on the liquid fragility by means of calorimetric measurements. They
found that incorporation of nitrogen into the phosphate network led to a strengthened,
polymerized network. Hence, this phenomenon contributed to higher 7, and densities and to
lower liquid fragility.

In an another study, Qu et al. [35] prepared M-Si-Al-O-N (M =Y, Ca, or Mg) oxynitride
glasses by melting batches at 1600°C for 2 h under N, atmosphere. They studied the
crystallization behavior and microstructure of glasses containing different modifiers. The results
revealed that the thermal treatment had a significant influence on the volume fraction of the
crystalline phases and on the resulting microstructure of the glass-ceramics, as expected, but it
had a small effect on the types of precipitated crystalline phases. For the 24Y18N glass
composition, no crystals precipitated under two heat treatment conditions (900°C/2 h + 1150°C/2
h and 900°C/2 h + 1150°C/4 h). However, when the heat treatment duration was extended to 6 h,
formation of mullite (AlsSi,0;3) was observed. In the 24Cal8N glass-ceramic, two crystal
phases, gehlenite (CayAl,SiO7) and anorthite (CaAl,Si,Og) were identified. The (Mg,Al)SiO;,
Mg»(Si104), and MgAl,O4 phases crystallized in the 24Mg18N glass-ceramic after adequate heat
treatment. The authors reported that it is more difficult to precipitate crystals from the 24Y 18N
glass composition than from the 24Cal8N and 24Mg18N glass compositions. They observed that
these crystal phases did not include any nitrogen-containing crystal phases, which resulted in an
increase in the nitrogen content of the residual glass in comparison to that of the parent glass.
Their results agreed with those of a former study on Mg-Y-Si-A1-O-N glasses [36]. An oxide
glass heat-treated at 1373 K for 10 h showed a-cordierite MgyAl4SisO;5 as the main crystalline

phase and spinel Y447S5130;3 as the secondary phase. The diffraction pattern of an oxynitride
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glass subjected to a similar heat treatment at 1423 K for 10 h showed the presence of only
magnesium spinel MgAl,O4. As a consequence, the residual glassy phase was enriched in
nitrogen, and this resulted in an increase in the viscosity and the activation energy for
crystallization.

Rocherullé and coworkers conducted nonisothermal devitrification studies on LiSiAION
glasses, in which the Li/Si atomic ratio was the same as that in N-free lithium disilicate [37-38].
They found that both the oxide glass and the oxynitride glass had the same crystalline phases
(Li,Si03 and Lig 6Aly ¢S12.40¢). No evidence of the presence of nitrogen was found in the crystals,
but the overall activation energy for crystallization and the Avrami index increased in the case of
the oxynitride glass.

To the best of our knowledge, no study has thus far been conducted to examine the
mechanism and crystallization kinetics of oxynitride lithium disilicate glass-ceramics, which is a
highly important model glass-ceramic for many scientific studies and technological applications.
Therefore, the aim of the present study is to investigate the effects of partial substitution of

oxygen by nitrogen on the crystallization of lithium disilicate glass.

2. Experimental procedures
2.1. Synthesis of oxynitride glasses

Stoichiometric lithium disilicate (Li,S1,0s) glasses were prepared with the addition of 0,
1.5, 3.0, 4.5, and 6.0 at.% N/(N+O) by the melt-quenching technique in a glove box under N,
atmosphere. 50 g batches were prepared using high-purity-grade chemicals: Li,CO3 (99%, ACS
reagent, Aldrich), quartz, SiO; (99%, ACS reagent, Merck), and SizN4 (99%, Merck). The

reagents were thoroughly mixed and melted at 1300°C for 1 h in molybdenum crucibles because



of their high melting temperature (2600°C) and of the absence of oxidation at 1300°C under pure
nitrogen atmosphere. In addition, these crucibles are perfectly adapted to melting of silicates or
phosphates glasses by means of a high frequency furnace. The glass melts were cast onto a
molybdenum plate inside a glove box under N, atmosphere. Annealing was performed well
below the glass transition temperature (7, - 50°C) for 2 h to reduce the internal stresses without
inducing significant crystal nucleation. The nitrogen content was determined using a LECO

analyzer. No significant difference was found between the nominal and experimental values.

2.2. Density and mechanical properties

The density was measured using Archimedes’ method in an alcoholic buoyant medium
with an error of £0.01 g-cm™. Vickers microhardness was measured using a Vickers hardness
tester (Equilam) under 50 MPa. The accuracy of the measured Vickers hardness was estimated to
be within £100 MPa. The Young’s modulus was measured by the ultrasonic velocity technique.
This technique is based on time-of-flight measurements using the pulse-echo technique and has
an accuracy of £2 GPa. The measured values of the above mentioned parameters are listed in

Table 1.

2.3, XRD experiments and Rietveld refinement analysis

To identify the predominant crystalline phases after crystallization of the synthesized
lithium silicate oxynitride glasses, vitreous samples were heated up to 800°C at a heating rate of
10°C-min™" and then slowly cooled down to room temperature by turning off the furnace. The
treated samples were mounted in a rotating holder with a 27-mm-diameter ring. XRD

experiments were performed on the Panalytical X Pert Pro diffractometer with a Cu K, anode
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tube operating at 40 kV/40 mA; the detector used was the X’Celerator, using real-time multiple
strip (RTMS) position-sensitive detection technology, which enables faster data collection than a
conventional point detector. The scans were performed from 5° to 120° (20) with a step size of
0.026° (20) and counting times of 397 s per step in order to increase the number of data for
Rietveld refinement. In addition, accuracy is better at high angles and important information
about background is given at low angles, especially when a residual glassy phase is present. The
range should always the widest possible, compatible with the instrument and collection time (no
need to waste time if no reliable information is coming from a certain range). Pattern analysis
was performed using the X’Pert HighScore Plus software (Panalytical). Structural data were
selected after phase identification and were acquired from the inorganic crystal structure
database (ICSD). The patterns were refined by the Rietveld method. The refined parameters were
the zero shift, background coefficients, cell parameters, peak profiles, and phase fractions. This
Rietveld quantitative analysis (RQA) compares the complete measured diffractogram with
calculated diffractograms of all phases based on their structural data and minimizes the sum of
the weighted squares of the deviations between the observed and theoretical intensities of the
diffractogram. The analysis of a wide pattern minimizes the inaccuracies arising from systematic
errors within the raw data, caused by, as examples, peak overlap or sample broadening.
However, the crystal structures of all crystalline phases must be known in order to calculate the
powder pattern.

The quantification of an amorphous phase is a step forward in the use of RQA. Analysis
of amorphous phases in crystalline samples by adding a suitable internal standard have been
reported [39]. Mixtures with a weighted amount of a well crystallized standard, in our case

Y203, have been prepared with the investigated materials. Then mixtures have been analyzed by
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powder diffraction and Rietveld phase analysis. If a sample has an amorphous phase, the
crystalline phases will have smaller Rietveld refined weight ratios than those calculated from the
weight mixtures. In the same way, the standard phase will be overestimated. The procedure
relates the amorphous phase content to the small overestimation of the crystalline standard in the
Rietveld refinement. It has been stated [40] that a proper phase analysis should allow the

measurement of phase contents with an accuracy close to 2%.

2.4.  Crystal growth measurements

Experimental crystal growth rates (U) were obtained by subjecting vitreous samples of
dimensions 2.0 mm X 2.0 mm X 1.5 mm to isothermal treatments. All experiments were
performed in a vertical furnace, and the temperature was monitored using a single appropriately
calibrated (£1°C) K-type thermocouple. After the thermal treatments, the samples were polished
and the polished face was attacked by an acid solution containing 0.2 HC1/0.6 HF (vol%) for 10
s. The formed crystals were observed in a Neophot Carl Zeiss Jena optical microscope using a
50X objective. The radii of the largest crystals were measured and plotted as a function of time.

The crystal growth rates were obtained from the slopes of dR/dt = U.

2.5. DSC Analysis

Nonisothermal crystallization kinetics was determined in terms of the Avrami index and
the activation energy for crystallization. For this purpose, DSC experiments were performed in a
Netzsch DSC 404 apparatus. All experiments were performed using platinum crucibles under air
atmosphere. Small vitreous samples weighing approximately 15 mg were subjected to different

heating rates (¢ = 10, 15, 20, and 25°C-min™") from 30°C until appearance of the crystallization
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peak. The Ozawa method [41, 42] was employed to calculate the Avrami index n by the

following equation:

_ ln(— ln(l - x))
T g (1)

T

where x is the crystallized volume fraction obtained by area integration of the crystallization
peak temperatures in the DSC experiments.
The activation energy for crystallization was calculated using the Ozawa method [43] by

the following equation:

ln¢:i+C, (2)
RT;

P

where Tp is the crystallization peak temperature, R is the universal gas constant, and C is an

empirical constant.

3. Results

The studied glasses changed from transparent colorless to deep gray with increasing
nitrogen content. They were carefully observed under an optical microscope. They were free
from bubbles, crystals, and striae after being annealed at a temperature below the glass transition
temperature (7, - 50°C) for 2 h. Table 1 presents the effects of the nitrogen content on the glass
transition temperature (7,) and crystallization peak temperature (7p) (at 10°C-min’™"), densities,
Vickers microhardness, and Young’s modulus. The 7, values of the base glass (NO) did not show
a significant difference (+3°C) from those obtained for previously studied glasses having the
same nominal composition and melting conditions [44-46]. The same behavior was observed for

the mechanical properties, such as the Vickers microhardness and Young’s modulus [47,48].
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It is evident that the addition of nitrogen to the Li,Si,0Os glass also had a remarkable
influence on all its properties listed in Table 1. For example, the 7, values changed by more than
50°C upon incorporation of nitrogen. The same behavior was observed for 7p (crystallization). In
the case of T, this behavior can be explained by an increase in the network connectivity as a
result of substitution of oxygen by nitrogen. The shift in 75 to higher values with an increase in
nitrogen content can be explained by the appearance of the crystalline phase of lithium
metasilicate (Li,S1,03), as shown in Fig. 1, which depletes the Li content of the residual vitreous
matrix and increases its viscosity. A similar shift in 7}, and an increased viscosity were observed

when 3 mol% ZrO, was added to a Li,Si,05 glass [49, 50].

Table 1
Glass sample names, nitrogen contents, and respective glass transition temperatures (7y),
crystallization peak temperatures (7)), densities (d), Vickers microhardness (#,), and Young’s

moduli (E) of nitrited lithium disilicate (Li,Si,05) glasses.

Glass  at% T,(°C) T,(°C) d(gem>) H,(MPa) E (GPa)
sample  N/N+O) (£3)  (£3) (£0.01)  (£100)  (£2)

NO 0 457 655 2.34 5222 80
N1.5 1.5 478 673 2.35 5612 81
N3 3 486 688 2.37 6230 86
N4.5 4.5 497 705 2.38 6343 87
N6 6 506 758 2.39 6448 88
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3.1. Rietveld quantitative analysis (RQA)
RQA relates the amorphous content, A (in wt%), to the overestimation of the internal

standard in the Rietveld refinement, the following equation giving this value:

o,
A=-—B 10t @
00—,

where Ws (in %) is the weighted concentration of the internal standard and Rg the Rietveld
analyzed concentration of the standard.

The pure oxide glass crystallizes giving a single Li,S1,0s phase (JCPDS n°82-2396), it
does not appear in this table. On the contrary, the presence of nitrogen enhances the
crystallization of the Li,SiO; phase (JCPDS n°83-1517). As can be seen, the more nitrogen
content, the more Li,Si03; phase. The weighted Y,0; content (Ws = 30 wt% for each sample)
doesn't match with the Rietveld analyzed concentration (Rs). For nitrogen contents up to 3%, the
values of Rg are slightly lower than Wg, but for the others samples, this value increases and
becomes overestimated. Nevertheless, in any cases, the Rietveld agreement factors (Ry,) are
lower than 5% and the “Goodness of fit”, namely the %, does not exceed 7.5 for a theoretical
attainable value of 1. It has been stated that R, and GOF values lower than 10% and 4,
respectively, can be considered as quite good [51].

The samples with a nitrogen content lower than or equal to 3% are fully crystallized at
800°C. When the nitrogen content reaches 4.5% or more, Li,Si03 becomes the main crystalline
phase and an amorphous phase appears, thus the sample is assumed to be not fully crystallized.
This residual glassy content (A%) is calculated by refining the diffraction patterns and assuming

that Ry =W,. (30%). The corrected weight contents are given in italics. We observe that the glassy
12



phase increases up to 30% while the Li,Si,0s content decreases down to 8% for the glass-

ceramic the most enriched in nitrogen.

To gain a better understanding of this phenomenon, a schematic representation of the

above-described crystallization process is shown in Fig. 1.

Table 2

Results of RQA (in wt%) in terms of Rietveld agreement factors (R,, and goodness of fit

(GOF)). Corrected values (numerals in italics) were obtained by fixing the Y,0O3 content.

N/(N+O) Li,Si,05 Li,Si03 Y203 (Rs) | A |Ruwp (%) GOF
(at.%) as deter.  corr: as deter.  corr. | asdeter.  corr:
1.5 64.8 634 6.7 6.6 | 285 30| 0 | 4.63 7.5
3 62.7 615 8.7 85 | 2866 30| 0 | 4.03 5.58
4.5 245 234 441 422 | 314 30 |44\ 3.36 3.88
6 11.8 8.2 449 31.2 | 433 30 |30.6| 2.97 3.07
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Fig. 1. -Schematic representation of Si-O and Si-N bonds and crystallization in lithium disilicate
oxide (LSO) and lithium disilicate oxynitride (LSON) glasses.
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3.2.  Crystal growth measurements

The crystal growth rates (U) were measured by observing the crystals that grew after
thermal treatments at 620, 650, and 690°C for different times under an optical microscope.
Figure 2 shows optical microscopy (OM) images recorded in the reflected-light mode from the
cross section of the glasses N1.5, N3, N4.5, and N6 that were treated at 620°C for 50 min. From
these micrographs, it is evident that for all glasses, crystal growth was predominant in the sample
interiors. The crystal morphology in the stoichiometric (N-free) lithium disilicate glass
[45,48,52], i.e., ellipsoidal morphology, was corroborated for the N4.5, and N6 glasses, whereas

a needle-like morphology was predominant in the N3 glass. Under any given thermal treatment,
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the degree of crystallization decreased with an increase in nitrogen content. The glass NI1.5
shows a significant degree of overall crystallization throughout the samples, whereas the other
glasses exhibited a significant fraction of a residual glassy phase. Thieme and Russel [46] found
that the Li,Si,0s and Li,SiOs3 crystalline phases in ZrO,-doped lithium disilicate glass had
ellipsoidal and spherical crystal morphologies, respectively. In the present work, the Rietveld
refinement analysis (Table 2) confirmed the existence of the Li,Si,0O3 crystalline phase and a
decrease in the Li,S1,05/L1,S1,05 ratio.

The crystal growth rates were calculated from the time dependence of the radius (R) of
the largest crystals observed on the cross sections, i.e., as U = dR/dt. In all cases (ellipsoidal and
needle-like morphologies), the R values corresponded to the length of the major axis of the
crystals. Figure 3 shows a plot of R as a function of time for the N3, N4.5, and N6 glasses heat-
treated at 620°C for different times. The plot reveals a linear behavior. Moreover, it is clear that

the crystal sizes decrease with increasing nitrogen content.
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Fig. 2. -Optical microscopy images (50X objective) of (a) N1.5, (b) N3.0, (c) N4.5, and (d) N6
glasses heat-treated at 620°C for 50 min.
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Fig. 3. -Crystal radius (R) as a function of time for N3, N4.5, and N6 glasses heat-treated at
620°C.

Figure 4 shows the temperature dependence of the crystal growth rates (U) for all the
studied glass compositions at temperatures of 620, 650, and 690°C. The U values were
calculated from the slopes of the plot of the time dependence of the radius (R versus ¢) illustrated
in Fig. 3. As expected, the crystal growth rates increased with increasing temperature. It is
noticeable from Fig. 4 that the crystal growth rates decreased significantly with increasing
nitrogen content. For the N6 glass, temperature had a rather weak effect on the crystal growth

rate. The crystal growth rates for all the glasses are summarized in Table 3.
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Fig. 4. -Crystal growth rate as a function of nitrogen content at 620, 650, and 690°C.

Table 3

Measured crystal growth rates (um/h) for NO, N1, N3, N4.5, and N6 glasses.

T, °C

620 650 690
Glass
NO 2.304 x 10° 2.628 x 10°
NI1.5 1.3032 x 107 1.6704 x 107 1.98 x 10°
N3 5.76 x 10 6.948 x 10 8.244 x 10
N4.5 7.92 1.908 x 10 3.1716 x 10
N6 3.6 6.012 1.008 x 10

3.3. Nonisothermal crystallization kinetics

The nonisothermal crystallization kinetics was characterized by DSC in terms of the

Avrami index (n) and the effective activation energy for crystallization (£.). DSC experiments

were performed using monolithic pieces of glass (15 + 0.1 mg), which were heated at different
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heating rates (¢ = 10, 15, 20, and 25°C-min™") from room temperature until appearance of the
crystallization peak. As an example, Fig. 5 shows the DSC curves obtained for the N3 glass for
different heating rates. The crystallization peak temperature and the peak height (67p) shifted to
higher values with an increase in the heating rate. The same behavior was observed for all

studied glasses.

———10°C.min"" ﬂ
—— 15°C.min”
———20°C.min"

3d ——25°C.min”

DSC signal, pV/mg

T T T T T T T
400 500 600 700 800
1..°C

Fig. 5. -DSC curves obtained from bulk samples of N3 glass heated at different heating rates (¢ =
10, 15, 20, and 25°C-min™).

The mathematical procedure to obtain n» has been demonstrated in previous studies

[53,54]. Figure 6 shows the plot of In(-In(1 - x)) versus In(¢) (Eq. (1)) for the N3 glass. A linear
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behavior was observed and the Avrami indexes were calculated from the slopes. The same
procedure was performed for the NO, N1.5, N4.5, and N6 glasses (not shown here); the nitrogen
content dependence of the Avrami index is plotted in Fig. 7. It is evident that the Avrami index
increases with increasing nitrogen content, from approximately 2.6 to 4. In all cases, the Avrami
index indicates that internal crystallization is predominant (over surface crystallization), which is

in agreement with the micrographs in Fig. 2.

2
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In (¢), K.min"

Fig. 6. -Plot of In(-In(1 - x)) versus In(¢) for N3 glass.
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Fig. 7. -Dependence of Avrami index calculated from Eq. (1) on nitrogen content.

The fact that the n values for the NO, N1.5, N3, N4.5, and N6 glasses are different than 1,
indicates volume crystallization. Therefore, the activation energy for crystallization cannot be
calculated using the well-known Kissinger equation, which was derived for unidimensional
growth [55]. In view of this fact, we used Ozawa’s equation, Eq. (2), to estimate the E. values
[43]. Figure 8 shows the plot of In(¢#) as a function of 10°/Tp (where ¢ and Tp are the heating rate
and crystallization peak temperature, respectively). The activation energy was determined from
the slopes of the fitted lines, as shown in Fig. 9. Here, we consider that the pre-exponential term
C, included in Eq. (2), is invariant relative to the exponential term for all the glasses. The

activation energy corresponds to the growth of crystals, and it increases from 171 to 360 kJ-mol
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with an increase in nitrogen content up to 6 at.% N/(N+O). Figure 8 shows the obtained Ozawa

plots for the studied lithium disilicate oxynitride glasses.
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Fig. 8. -Ozawa plots for nitrited lithium disilicate glasses (a) N1.5, (b) N3, (¢) N4.5, (d) N6, and

(e) NO, obtained using Ozawa’s equation.
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Fig. 9. -Activation energies for oxynitride glasses with different nitrogen contents.

4. Discussion

It is known that incorporation of nitrogen into any oxide glass network affects the glass
properties considerably [23-32]. Most properties change in the direction that is expected from the
increase in the connectivity of the glass network. The density and some mechanical properties,
such as the Young’s modulus and shear modulus, increase because of the increased network
connectivity. This increase in the degree of network cross-linking, along with the more covalent
nature of the nitrogen—modifier cation bonding, causes the glass network to contract and rigidify.
The strength of the Si-O bond (~452 kJ ‘mol™) is higher than that of the Si-N bond (355 kJ-mol
", and hence, increase in the local bond density results in a net increase in the local bond energy

and the elastic moduli. To explore how and why hardness varies with the degree of nitridation, a
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previous study developed a topological model of oxynitride glass hardness by using temperature-
dependent constraint theory [29]. According to this linear model, the hardness increase is the
result of the increase in the number of both bond-bending and bond-angular constraints. This
model is applicable for several alkaline-earth aluminosilicate glasses.

The Rietveld refinement analysis revealed that introduction of nitrogen into the glass
structure and subsequent heat treatment of the considered glass samples caused a phase
conversion from lithium disilicate to lithium metasilicate. This is the most interesting finding of
this research. The fact that silicon could not enter into the crystalline phase (to form the
disilicate) is probably a result of its strong bonding with nitrogen, which has three-coordination
(Fig. 1). The Rietveld refinement analysis did not provide any indication of incorporation of
nitrogen into the lithium disilicate or lithium metasilicate crystals, which indicates that the
nitrogen remained in the residual glassy phase, which was silica-enriched because most lithium
was essentially consumed by the two crystalline phases. Evidence of such (residual) silicon
oxynitride glass was provided in a previous study [56]. In this previous study, synthesis of
silicon oxynitride glasses was achieved through nitridation, at temperatures of up to 1300°C, of a
commercial colloidal silica (Cab-O-Sil (EH-5 S-17, 99.5%, 380 mz-g'l)). Glasses with a
maximum nitrogen content of up to 24.5% (as determined by the N/(N+O) atomic ratio) were
obtained with a 7, of around 1195°C (at 15°C-min™"). XRD confirmed that all nitrided samples
of Cab-O-Sil were amorphous. Samples with N/(N+O) values in the range of 24.5%—43.6% were
partially crystallized and they showed both [ - and [1-Si3Njy as the crystalline phases.

As revealed by the Rietveld refinement analysis in the present study, all lithium ions are
consumed by the oxide crystalline phases (Li,S1,05 and Li,Si03), as a result of which nitrogen

should mostly be in the residual glassy phase. Thus, this assumption permits calculation of the
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maximum nitrogen content of the residual silica phase. The general formula for oxynitride

glasses is Li,S1,05.,Ny,/3. Thus, the nitrogen content is given by

2x
N _ __ X
SR

For a maximum nitrogen content of about 6 at.%, the x value is 2437

Nitrided silica should have the formula SiO,..N»,;3. Substitution of the calculated value of x into

N
this formula causes it to be modified to SiO; 563N 201 and G 1 @) 15.7% _

This nitrogen content corroborates the above hypothesis of the nitrogen being in the residual
glass phase. As a consequence, the viscosity of this residual glass becomes higher than that of the
parent glass, and the ability of the silica-rich oxynitride glass to crystallize is then modified.

The thermal properties of oxynitride glasses, e.g., T, and Tp, which depend on the
structure and nature of bonds, are then clearly affected. These two temperatures increase with
increasing nitrogen content as the rigidity of the glasses improves; this is confirmed by the
increase in the different elastic moduli, which are generally considered as indicators of the glass
network rigidity.

The DSC thermogram for the N3 glass in Fig. 5 shows the shift of the crystallization peak
temperature to a higher value with an increase in the heating rate. Such a shift of the
crystallization peak temperature implies the presence of a high concentration of nuclei at low
heating rates because of the longer time for nucleation. Therefore, crystallization occurs in a
shorter period of time at higher heating rates, and the peak is narrower and it should be more

intense than those obtained at lower heating rates.
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The Avrami index (n) is a useful parameter for identifying the predominant crystallization
mechanisms. An n value of ~3 suggests bulk or three-dimensional crystal growth, whereas
values close to 1 suggest surface nucleation and growth [57]. In this study, we found that the
Avrami index of the glasses varied in the range of 2.6-4 and gradually increased with increasing
nitrogen content of the glass. This behavior has already been observed for LiSiAION glasses [37-
38], whose Li/Si atomic ratio is 1. These glasses can be described by the formula Li,Si;Alj 3305 5.
«Noy3. Their nonisothermal DTA studies revealed that the Avrami index was about 1.8 for the
oxide glass and about 3.1 for an oxynitride glass with N/(N+O) of about 3%.

The values of n suggest that crystallization occurs in the sample interiors and that the
growth is three-dimensional. The activation energies for all the glasses were calculated using
Ozawa’s model. The activation energies increased with increasing nitrogen content because of an
increase in the connectivity of the glass network, as described earlier. Introduction of nitrogen
into the glass made the glass network more rigid, caused the viscosity to increase, and resulted in
a larger amount of energy being required for the mobility of the species to form crystals. These
activation energies are comparable to those obtained for the LiSiAION glasses, i.e., 182 and 232
kJ-mol™ for the oxide and oxynitride glasses, respectively [37-38]. These numerical values are
rather similar and the increase in E. with nitrogen incorporation is quite the same when the
N/(N+O) ratios are similar.

Although it has been reported that oxynitride glasses can be converted to fine-textured
glass-ceramics [58], the precise mechanism of nucleation remains uncertain. A reasonable
possibility to be considered is that the incorporation of nitrogen may promote phase separation,
which might induce precipitation of a large number of nuclei. Another hypothesis could be

associated with the fact that oxynitride glasses are usually gray in color. According to a previous
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study on YSiAION glasses [59], this color may be attributed to the presence of a small amount of
fine metallic silicon produced from the decomposition of silicon nitride. Energy-dispersive X-ray
spectroscopy (EDX) observations showed the presence of spherical particles with diameters of
up to 50 pm consisting of Fe and Si, Fe being a significant impurity in most glasses. Thus, it was
concluded that the metallic particles were undesirable because they reduce glass transparency
and may act as unwanted nucleation sites. In our study, the amount of silicon particles (if they
actually existed) was so small that they could not be detected by XRD. It should be noted that a
previous study on LiSiON glasses [60] revealed that in oxide glasses, the crystallization
temperatures of powder specimens were about 100°C lower than those of bulk specimens,
suggesting the occurrence of surface crystallization. In oxynitride glasses, the differences in the
crystallization temperatures between the powder and the bulk specimens were smaller,
suggesting that the effect of the surface on the crystallization of oxynitride glasses was small. In
the above-cited study, the change in the nucleation mechanism between oxide and oxynitride
glasses was substantiated by SEM [60].

Moreover, heat treatments performed at temperatures in the range of 670-925°C for
different durations ranging between 1 and 24 h caused the crystalline phases to vary with the
nitrogen content [60]. Li,Si0O3 as well as Li,S1,0s precipitated, but the crystallization tendency of
Li,Si03 became more pronounced as the nitrogen content increased. However, owing to a Li/Si
atomic ratio of about 0.85, cristobalite was also found in the oxynitride glasses. Moreover, no
crystalline phase containing nitrogen was observed after the heat treatment at 925°C for 24 h.
This behavior is corroborated by the Rietveld refinement analysis, which reveals that at higher
nitrogen contents, lithium metasilicate is the predominant crystal phase after heat treatment at

temperatures above T,. The above phenomenon is schematically shown in Fig. 1.
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Different factors limit the accuracy of the Rietveld method: particle statistics, preferred
orientation, and microabsorption. It is generally acknowledged that for quantitative phase
analysis, the peak intensities need to be measured to an accuracy of about £1-2% [61]; the
ability to achieve this is strongly influenced by the size of the crystallites and the number of
diffracting crystallites in the sample. The effect of particle size statistics in a sample has been
studied [62], and it has been revealed that diffraction by crystallites increases significantly when
the particle size of the powder decreases.

The increases in the activation energy and the Avrami index with an increase in the
nitrogen content to 6 at.% lead to an increase in the value of 7, by up to 50°C. This finding
corroborates previous results, implying that the incorporation of nitrogen into the glass network
increases the stability of the glass structure. The OM images of glasses containing different
nitrogen contents, shown in Fig. 2, reveal that the shape and concentration of the crystals change
significantly with the nitrogen content. The growth rate of the crystals decreases with an increase
in the nitrogen content. This decrease in growth rates is caused by the introduction of nitrogen
into the glass. This result also corroborates the theory that after nitrogen incorporation, the glass
structure becomes more polymerized and viscous and hinders crystal growth. On the basis of the
above discussion, it can be said that the nitrogen content affects the crystallization process of the
glass. Moreover, at higher nitrogen contents, the percentage of lithium disilicate crystals

decreases with a concurrent increase in the lithium metasilicate phase.

5. Summary and Conclusions

In this paper, we report on the crystallization pathways and kinetics of oxynitride glasses

having a lithium disilicate composition. We studied the effects of nitrogen content on different
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properties of the glasses. In these mixed ionic glasses, oxygen was partially substituted by
nitrogen (up to 6 at.% N/(N+O)), and the glass density, microhardness and Young’s modulus
increased with increasing nitrogen content. Thermal properties such as the glass transition
temperature (7,) and crystallization peak temperature (7») also increased with the introduction of
nitrogen. Increases in the activation energy of crystallization and the Avrami index with an
increase in the nitrogen content were also observed. However, the growth rate of crystals
decreased with an increase in the nitrogen content.

Most of these changes in properties were expected and can be explained by the change in
the glass network upon the partial substitution of oxygen by nitrogen. Nitrogen has a higher
coordination number than oxygen, which enhances the connectivity of the glass network as well
as the atomic packing density.

Upon thermal treatment at high temperatures after the addition of nitrogen, lithium
metasilicate formed gradually at the expense of the (expected) equilibrium lithium disilicate
phase. This is the most fascinating and unexpected finding of this research. The improved
mechanical properties and unusual crystallization behavior of these oxynitride glass-ceramics

may renew interest in them and thus warrant further research.
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