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Abstract
This study investigates the structural, thermal, and mechanical properties of
Mg–Al–Si–O–N glasses. Six compositions with increasing nitrogen content from
1.7 to 6.2 at.% were synthesized by melting mixtures of high-purity oxide and
nitride precursors, followed by quenching and annealing. Structural analysis via
X-ray diffraction and Raman spectroscopy confirms the amorphous nature of the
glasses and highlights distinct spectral features based on the Mg/Al ratios, pro-
viding insight into the changes of the Si-O andAl-O bond concentrationwith the
nitrogen content. The effects of nitrogen incorporation on density,molar volume,
atomic packing density, glass transition temperature, and thermal expansion
were systematically examined, revealing strong correlations. Measurements of
elastic moduli, hardness, and fracture toughness underscore the role of nitro-
gen and the Mg/Al ratio in enhancing the mechanical properties. The findings
demonstrate that by increasing the nitrogen content, the glass becomes stiffer
and denser, and the mechanical properties are improved.
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elastic property, fracture toughness, glass structure, oxynitride glass, SEPB

1 INTRODUCTION

Oxynitride glasses, in which nitrogen replaces oxygen
in the glass network, represent a significant advance-
ment in materials science due to their unique structure
and superior properties. Compared to oxide glasses,
oxynitride glasses exhibit enhanced chemical durabil-
ity, hardness, fracture toughness, refractive index, and
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thermal stability, giving them a high potential for struc-
tural applications. The incorporation of nitrogen into glass
matrices strengthens the network through the formation
of stronger Si–N covalent bonds, which increase rigidity
and crosslinking.1–5 The development of oxynitride glasses
with tailored properties has been driven by the need to
understand the interplay between composition, structure,
and performance. For instance, incorporating nitrogen
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increases the glass transition temperature (Tg), reduces
the coefficient of thermal expansion (CTE), and enhances
some mechanical properties such as hardness and elastic
moduli.6–16
Investigations on M-(Al)-Si-O-N and related systems

have explored the glass-forming regions and composition-
property relationships. The structure of oxynitride glass
have primarily been probed by X-ray and neutron
diffraction,17–19 IR and Raman spectroscopy,20–24 XPS,24–27
and solid-state NMR techniques.7,18,21,28–31 Studies of M-
(Al)-Si-O-N glasses have revealed that nitrogen content,
cation type, and the molar ratios of M, Si, and Al critically
influence the physical properties. For example, nitrogen
strengthens the network by replacing O[2] linkages with
N[3] sites, leading to a more rigid andmore interconnected
structure. In M–(Al)–Si–O–N glasses, the cross-linking
degree of Si(ON)4 and Al(ON)4 tetrahedra, as well as
the cation–anion bond strengths, play a crucial role in
determining thermal, mechanical, and elastic properties.
Furthermore, the configuration of aluminum in oxide
and oxynitride glass networks may involve Al in higher
coordination states, such as AlO5 and AlO6 polyhedra,
corresponding to Al[5] and Al[6] species. These configu-
rations may either act as network formers (tetrahedrally
coordinated by oxygen) or as modifiers in five- or six-fold
coordination.3,29,32
Among alkaline-earth systems, Ca-(Al)-Si-O-N glasses

have been the most extensively studied, but other com-
positions, such as those containing Mg,33–38 Sr,14,39 and
Ba,40–42 are also gaining attention. Studies on the forma-
tion ofMg–Al–Si–O–Nand related glasses typically involve
melting Si and/or Al oxides and nitrides in a nitrogen
atmosphere, followed by amelt-quench process to produce
glasses with nitrogen contents reaching approximately 7
atomic percent, or about 16 equivalent percent (eq.%) of
nitrogen among the total anions (O and N). Alternatively,
substantially nitrogen-richer glasses, with nitrogen con-
tents of up to approximately 38 atomic percent (or 68
eq.%), can be produced using metal hydrides or metallic
precursors,37,39,42–45 particularly in systems like Ca–Si–
O–N43,45–49 and Sr–Si–O–N.37,39,50 Additionally, oxynitride
glasses are generally not transparent within the visible
spectrum,1,5,11,45,51–57 making the production of optically
transparent M–(Al)–Si–O–N glasses with high nitrogen
content a significant challenge.
However, while oxynitride glasses offer significant

advantages, the understanding of their structure-property
relationships remains limited. This study aims to provide
a detailed understanding of these relationships in Mg–Al–
Si–O–N glasses, focusing on the effects of nitrogen content
and Mg/Al ratios on network rigidity and physical prop-
erties. Additionally, this study seeks to develop regression
models that could potentially predict the performance of
similar glass systems. Raman spectroscopy was employed

TABLE 1 Actual glass composition ± at.%.

ref. Mg Al Si O N N/O Mg/Al Al/Si
N1.7 7.0 9.7 20.9 60.7 1.7 0.030 0.722 0.464
N3.6 6.7 9.7 21.2 58.8 3.6 0.061 0.691 0.458
N4.9 6.5 9.1 22.2 57.3 4.9 0.086 0.714 0.410
N5.7 4.4 9.5 23.4 57.0 5.7 0.100 0.463 0.406
N5.8 5.9 10.3 21.7 56.3 5.8 0.103 0.573 0.475
N6.2 5.5 12 20.7 55.6 6.2 0.112 0.458 0.580

to analyze structural configurations, complemented by
measurements of density, molar volume, compactness,
hardness, elastic moduli (including Young’s modulus,
bulk modulus, and shear modulus), crack resistance, and
fracture toughness. These insights will serve as a predic-
tive framework for designing high-performance oxynitride
glasses tailored for advanced technological applications.

2 EXPERIMENTAL

A list of the Mg–Al–Si–O–N glasses considered herein
is presented in Table 1 labeled “Nn,” where n refers to
the at.% of N. For all Nn glasses, 500 g of high-purity
oxide precursors of MgO, SiO2, Al2O3, and AlN (>99.99
%, ChemPure) were ball-milled. The mixture was then
melted by heating in a sealed quartz tube, up to around
1650◦C. The melt was held for 90 min before quench-
ing into a preheated graphite mold. The obtained glass
sample was annealed for 2 h at Tg − 50◦C to reduce
the internal stresses without inducing significant crystal
nucleation.
The composition of glasses in Table 1 was verified

by means of energy dispersive spectroscopy (EDS) in a
scanning electron microscope (SEM) and with the deter-
mination of the N content using a LECO TC-600 analyzer.
Raman spectra were recorded in the range of 400–1300

with a 1.7 cm−1
∙px−1 dispersion that corresponds to a

spectral resolution around 5 cm−1, using a micro-Raman
spectrometer (HR-Evo, Horiba Scientific). A 532-nm green
diode laser was used to excite the sample surface for
an acquisition time of 10 s. No heating effect has been
observed. At least two spectra from two different locations
on the glass were recorded for each specimen. The spectra
were subjected to baseline subtraction and normalization
with respect to their area.
Dilatometry (L75 Paltinum, Linseis) was performed to

measure the linear thermal expansion coefficients (CTE)
and the glass transition temperature (Tg). The measure-
ment was carried out on rectangular rods of 4×4×15 mm3,
heating at a rate of 5◦Cmin−1 in ambient atmosphere from
room temperature to 1000◦C. Themeasured data were cal-
ibrated with the one of the alumina rods with the same
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dimension. Tg was derived from the thermal expansion
curve as the temperature at the point of intersection of the
linear sections below (from 300◦C) and above Tg. The pre-
cision of the Tg measurements was estimated to be 5◦C.
CTE was calculated by

𝐶𝑇𝐸 =
𝑑𝐿

𝐿0𝑑𝑇
, (1)

where dL, L0, and dT represent the elongation under
heating, the original length of the specimen, and the tem-
perature change, respectively. The error of the measure
was ± 0.1×10−6 K−1.
Density (ρ) was measured by the Archimedes method

on glass sample of about 5×10×10 mm3 in distilled water
at 22◦C. The average density and its standard devia-
tion (± 0.005 g cm−3) of each glass were obtained from at
least five repetitions of three different pieces of each glass
sample. The density data were further used to estimate the
molar volume (VM) and the atomic packing density (Cg) as

𝑉𝑀 =

∑
𝑖
𝑥𝑖𝑀𝑖

𝜌
, (2)

𝐶𝑔 = 𝑁𝐴

∑
𝑖
(4∕3)𝜋𝑥𝑖𝑟

3
𝑖

𝑉𝑀
, (3)

where xi, Mi, and ri are the atomic fraction, ionic radius,
and the molar mass of element i, respectively, and NA
is the Avogadro’s number. In this study, we used the
Shannon–Prewitt ionic radii58 for the following (average)
coordination numbers {ZMg, ZAl, ZSi, ZO, ZN} = {7, 4, 4,
2, 4} throughout the calculation. The uncertainty for VM
and Cg are estimated to be ± 0.02 cm3 mol−1 and ± 0.005,
respectively.
Elastic moduli were determined at ambient atmosphere

on cut and polished glass samples of about 5×10×10 mm3

by means of ultrasonic echography using 10 MHz piezo-
electric transducers in contact with the glass sample via
a coupling gel. Young’s modulus (E), shear modulus (G),
Poisson’s ratio (ν), and bulk modulus (K) were derived
from the acoustic wave velocity and from the calculated
glass density using the following expressions:

𝐸 = 𝜌
3𝑉2

𝐿
− 4𝑉2

𝑇(
𝑉𝐿

𝑉𝑇

)2
− 1

, (4)

𝐺 = 𝜌𝑉2
𝑇
, (5)

𝜈 =
𝐸

2𝐺
− 1, (6)

𝐾 =
𝐸

3 (1 − 2𝜈)
, (7)

whereVL andVT are the longitudinal and transversal wave
velocities, respectively.

Hardness (H) and the crack initiation resistance (CR)
were determined by using Vickers indentation (Mat-
suzawa VMT-7S) at ambient atmosphere with a stepwise
increasing load (Pind) from 2.9 to 49.1 N. The load-
ing/unloading duration as well as the dwell time were set
to 15 s. For each indentation load, 20 indents were made
on each glass sample, andH is expressed as the ratio of the
load on the projected imprint area as

𝐻 =
2𝑃𝑖𝑛𝑑

𝑑2
, (8)

where d is an average of two diagonal lengths of an indent.
CR is the indentation load, at which 50% crack probability
is recorded.59 For a Vickers indenter, the crack probability
is 100%, 75%, 50%, 25%, and 0% when there are four, three,
two, one, and zero (radial/median type) corner cracks,
respectively.
Fracture toughness (KIc) was determined by means of

the single-edge precracked beam (SEPB) method follow-
ing Ref. 60. First, the glass was cut and polished to have
the breadth (B) of 3 ± 0.1 mm, the width (W, also called
the “height”) of 4 ± 0.1 mm, and the length (L) of 25 ± 2
mm. A line of Vickers indents (9.8 N) was created along
the middle of the length L, and on the side B with a dis-
tance of 150 µm from one indent to another. The indented
specimenwas then set in a bridge-compression fixture.60,61
The indented surface was positioned over the lower sup-
port by carefully assuring that the indentation line was
in the middle of the groove (side in tension). Since the
glass specimens were not transparent to the naked eyes,
and thus to reassure the position of the indentation line
in the groove side, a mirror was put in the groove of the
lower support (under the indentation line) and a camera
was used to observe this. When the compressive load was
applied, the lower part of the specimen was put in tension
thanks to the groove of the lower support, and thus, the
upper part of the specimen was in compression. The ten-
sion allowed the crack to propagate from the indentation
line until it reached the compressive stress of the upper
part of the specimen,where the crack stopped. This bridge-
compression fixture allows to have a precracked specimen
with the crack length (a) of about half of W. Finally, the
precracked specimen was fractured in three-point bending
experiment. The distance of the two support rollers (S) is
20± 0.001 mm. To minimize the stress corrosion phenom-
ena, a cross-head speed of 15 µm s−1 was used as in Refs. 60
and 61. The fracture toughness was then calculated from
the peak load (Pmax) of the three-point bending test as60,62

𝐾𝐼𝑐 =
𝑃𝑚𝑎𝑥

𝐵𝑊0.5
𝑌∗with 𝑌∗ =

3

2

𝑆

𝑊

𝛼0.5

(1 − 𝛼)
1.5
𝑓 (𝛼) , (9)

where f (𝛼) = 1.9109 – 5.1552𝛼 + 12.6880𝛼
2 – 19.5736𝛼

3 +

15.9377𝛼4 – 5.1454𝛼
5, and 𝛼 is the ratio of a∙W −1.
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F IGURE 1 Normalized and background-corrected Raman
spectra for all the glass samples.

3 RESULTS AND DISCUSSION

3.1 Glass formation and structure

The analyzed composition of the six studied glasses is given
in Table 1. During the melting process, nitrogen content
may vary, leading to deviations from the set composition
parameters. In this study, the actual composition is used
for the analysis. A series of compositions with increas-
ing nitrogen content, from 1.7 to 6.2 at.% was synthesized.
Broad humps are observed for all glasses by XRD, which
confirms the amorphous nature of the studied material
to X-rays. The obtained glass appears to be macro- and
microscopically homogenous, bubble-free, and optically
translucent in the visible range, but slightly tinted dull
gray.
The Raman spectra for all glass composition are

shown in Figure 1. In these spectra, three obvious peaks
appear in the wavenumber ranges of 400–650 cm−1 (the
low-frequency region), 650–850 cm−1 (the midfrequency
region), and 850–1300 cm−1 (the high-frequency region).
However, to make it convenient, we divide the Raman
spectra analysis into twomain parts: the per-alkaline earth
samples (i.e., N1.7, N3.6, N4.9, andN5.8 that have 2Mg/Al> 1)
and the per-alumina samples (N5.7 and N6.2, for which
2Mg/Al < 1).
Per-alkaline earth (N1.7, N3.6, N4.9, and N5.8): The

glasses showmaximum peaks in the 850–1300 cm−1 range,
which corresponds to the asymmetric stretching modes of
Q2, Q3, and Q4 silica units.63,64 Here, Q2 and Q3 repre-
sent silicate tetrahedra unitswith two and one nonbridging
oxygens (NBOs), respectively, while Q4 is the fully cross-
linked silicate structure with four bridging oxygens (BOs).
In literature, Q2, Q3, and Q4 are associated to the bands
at 950, 1100, and 1150 cm−1, while the 1050 cm−1 band

is attributed for Si-O vibrations of structural species con-
taining BO with either complete polymerization or those
with alkali metals.63,64 A study on the MgAlSiO glasses
shown that the latter peak (also amaximumpeak) is at over
1050 cm−1 for the sample with 2Mg/Al = 1 and is below
1016 cm−1 for the 2Mg/Al = 3.64 In our case, N1.7, having
2Mg/Al = 1.44, shows the maximum broad peak at 1020
cm−1, with a left shoulder at ∼950 cm−1 and right shoul-
ders at ∼1100 and 1150 cm−1 as in the literature.63,64 For
oxynitride glasses and for the per-alkaline earth glass sam-
ples (N1.7, N3.6, N4.9, andN5.8 in Figure 1), the peakmaxima
decrease, with decreasing the alkaline earth Mg content
(i.e., the increase of N content), from 1020 to 990 cm−1.
SampleN5.8, having the lowestMg content, shows themax-
imum peak at 990 cm−1 with a clear left shoulder at 930
cm−1, and lower right shoulder comparing to sample N1.7.
This shift to longerwavelengths shows the superposition of
Si(OAl)z units, where z is the number of AlO4 tetrahedra
connected to a SiO4 one, resulting from substituting Al3+
for Si4+, which is in good agreement with both concepts of
a reduction in force constant and to (Al, Si) coupling.64–68
A distant peak near 800 cm−1 is observed in the N1.7

sample (Figure 1), attributed to the cage motion of O-Si-
O stretching vibration.69 In our study, the peak of this
band broadens, shifts to lower frequencies, and decreases
in intensity with decreasing the Mg content. The decrease
of Mg content leads to the shortage of Mg2+ to compen-
sate the charge of Si4+, resulting in the relatively lower
BOs of SiO4 comparing to those of AlO4. As an example,
sample N5.8, having the lowest 2Mg/Al = 1.15, shows the
maximum peak at 760 cm−1 with import shoulder at ∼700
cm−1, which is corresponding to theAlO4 polyhedra.70 The
broadening, shifting, and lowering intensities of this band
was also observed in the MgAlSiO glasses with increasing
Mg content (and decreasing Si content).64 In the low-
frequency region (i.e., 400–650 cm−1), sample N1.7 shows
the maximum peak at 500 cm−1, with a shoulder at 458
cm−1 and a small peak at 600 cm−1. The decrease of
Mg content results in the shift of the maximum peak to
higher frequency (at ∼530 cm−1) with lowering the shoul-
der at 458 cm−1. Again, this shift of the maximum peak
to low wavelength and the superposition of several com-
ponents including the bands at 530 and 600 cm−1 were
also observed in the MgAlSiO glasses when increasing
the Mg content (i.e., decreasing the Si/Al ratio).64 These
bands are associated with themotions of BO in Si-O-Si and
Si-O-Al.65,66
Per-alumina samples (N5.7 and N6.2, for which

2Mg/Al < 1): N5.7 sample, having the largest silica content
(i.e., the highest Si/Al = 2.46), shows a broad maximum
peak at 1020 cm−1, with a left shoulder at 900 cm−1 and
clear right shoulders at 1100 and 1175 cm−1. These clear
right shoulders in this prealumina oxynitride glass should
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F IGURE 2 Thermal expansion (dL/L0) as a function of
temperature. The inset indicates the measure of Tg, CTEliq, and Td.

be the results of the balance charge from the excess Al3+
since in oxynitride glasses, some Si4+ will form SiO3N
units that requires the presence of an extra positive charge
locally to balance the extra negative charge from the N
anion (charge deficit), and with high Si content (as in
this N5.7 sample), there might also be the formation of
SiO2N2, SiON3, or even SiN4 units.71 On the contrary, N6.2
sample, having the largest N and Al contents among the
studied glasses, may also form the Al-N content with the
presence of units with two or three nonbridging nitrogen
ions (NII and NI coordinates, respectively). Therefore, the
present peak is shifted to higher wavelength for the N6.2
sample as seen in Figure 1. For similar reason, in the mid-
frequency range (i.e., at 650–850 cm−1 range), the main
band centered at 790 cm−1 for N5.7 sample broadens and
shifts to a lower frequency and is centered at 770 cm−1

for the N6.2 sample. In the low-frequency range, the main
peak broadens and shifts to the higher frequency, from
N5.7 to N6.2 glass samples. This observation suggests an
increase in the AlO4 unit, and a decrease in the Si-O-Si and
Si-O-Al stretching vibrations. However, we could not con-
clude if there is any relation between these two changes.
Further studies, such as NMR experiment, should be per-
formed to have a clear understanding of these structural
changes.

3.2 Thermal and physical properties

The glass transition temperature (Tg) was determined from
the thermal expansion curves (Figure 2) and is listed
in Table 2. As expected, the Tg of the studied oxyni-
tride glasses increase monotonically with the N content
in both prealkaline and prealumina glasses. For the pre-

alkaline glasses, Tg increases from 843◦C for N1.7 sample
to 875◦C for N5.8 sample. For the per-alumina glasses, Tg
increases from 887◦C for N5.7 sample to 916◦C for N6.2
sample. These increases in both cases may be explained
by the fact that the increase of the N content leads to
an increase of the dissociation energy, which is correlated
to Tg.72 Although the N5.7 and N5.8 samples have nearly
the same N content, the N5.7 sample, which has higher
Al content (per-alumina glass), also exhibits a higher Tg.
This is in agreement with previous findings.73 The same
trend can be seen in the case of dilatometric softening
point (Td) for both per-alumina and per-alkaline glasses
(Table 1).
The thermal expansion curves are shown in Figure 2.

Below Tg, the thermal expansion is almost linear. Nev-
ertheless, two temperature ranges can be considered,
25–400◦C (CTE400) and 400–800◦C (CTE800), as shown in
Table 2. In general, CTE increases with increasing glass
modifier content (Mg in our case), and decreases with
increasing the glass former content (Si in our case).8,73
However, the per-alkaline glasses in our study do not
show any significate variation in both CTE400 and CTE800.
Moreover, in the per-alumina glasses, N5.7 sample having
lower Mg content than that of N6.2 sample has the higher
CTE. This contradictory may be caused by the increase of
the N content, and the increase of AlO4 units (see Sec-
tion 3.1), which are known to result in the lower CTE
of the oxynitride glasses.2,73 Above Tg, the CTE of the
supercooled liquid (namely, CTEliq) can be determined
from the curves as seen in the inset of Figure 2. For
the per-alkaline glasses, it can be seen clearly that the
CTEliq decreases with increasing the N content. In the
per-alumina glasses, CTEliq increases with increasing the
N content. More studies should be performed to have
a clear relation between CTE and the oxynitride glass
composition.
The glass density along with its accompanying molar

volume and atomic packing density is shown in Table 2.
Figure 3A plots ρ against the N content of the stud-
ied glasses, revealing (i) concomitant increases of ρ and
N content withing per-alkaline and per-alumina glasses,
(ii) the per-alkaline glasses exhibit higher densities than
the per-alumina ones of similar N content, and (iii) the
increase rate of densities with increasing N content of per-
alumina glasses is greater than that of the per-alkaline ones
(Figure 3A). To explain all these trends, we note that the
increasing of Al content in the AlSiO glasses leads to the
increase of glass densities as the density of amorphous
alumina (3.05 g cm−3) is greater than that of silica (2.2 g
cm−1).63 In MgAlSiO glasses, the increase of Mg and Al
contents leads to the great increase of the glass density,
while the incorporation of the decrease of Al content into
the increase of Mg content leads to the small increase of
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6 of 16 TO et al.

TABLE 2 Glass ID, thermal (Tg, CTE, and Td), and physical (ρ, VM, and Cg) properties.

Thermal propertiesa Physical propertiesb

ID Tg [◦C] CTE400 [10−6◦C −1] CTE800 [10−6◦C −1] CTEliq [10−6◦C −1] Td [◦C] ρ [g cm−1] VM [cm3 mol−1] Cg
N1.7 843 4.3 5.6 25.2 898 2.65 7.60 0.526
N3.6 849 4.5 5.7 18.0 901 2.68 7.51 0.535
N4.9 866 4.3 5.6 17.3 915 2.72 7.41 0.544
N5.7 887 4.3 5.3 10.9 942 2.67 7.54 0.538
N5.8 875 4.4 5.7 14.8 937 2.78 7.24 0.557
N6.2 916 3.8 4.8 13.4 981 2.73 7.38 0.544

aThe errors of Tg, CTE, and Td were ± 5◦C, ± 0.1 × 10−6◦C−1, and ± 5◦C, respectively.
bThe uncertainty of ρ, VM, and Cg were ± 0.01 g cm−1, ± 0.02 cm3 mol−1, and ± 0.001, respectively.

F IGURE 3 Experimental values of (A and B) density, (C) molar volume, and (D) atomic packing density plotted against the N content
(in at.%) of the MgAlSiON glasses, except for (B), which depicts the experimental density versus the one calculated (ρcal) from Equation (10).
Black and blue symbols in (A, C, and D) represent data from per-alkaline and per-alumina glasses, respectively. SiO (silica glass), AlSiO,
MgAlSiO, and MgAlSiON data are from Corning datasheet, Ref.63 Ref. 76, and this work, respectively.

the glass density.74 The preferable influence of Mg content
is due to the fact that the density of an amorphous MgO
(∼3.40 g cm−1) is greater than the one of either amorphous
alumina or silica.75 In oxynitride glasses, the increase of N
content leads to the increase of density because of themore
compacting structure of N-content glasses.2 In this work
(MgAlSiON glasses), the density of the per-alkaline glasses
increases slightly with increasing the N content because in
those glasses, the Mg content decreases at the same time
(Table 1). For the per-alumina glasses, the density increases
dramatically fromN5.7 to N6.2 sample because bothMg and

Al contents increase together with the increase of N con-
tent. To explain point (iii) above, we compare the N1.7 and
N5.7 samples. N1.7 sample, having similar Al and Si con-
tents to those of N5.7 sample, has the N content more than
three times smaller than that of N5.7 sample but has the
Mg content less than twice greater than that of N5.7 sample
(Table 1). As both glasses have similar density value, we
conclude that the influence of the Mg content increase is
more than that of theN-content increase. Altogether, these
glass-composition trends underlie the observed density
range between 2.65 and 2.78 g cm−1 (Table 2).
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TO et al. 7 of 16

Our observed increase of density with increasing the N
content mirrors that reported previously for several oxyni-
tride glass systems.2,28,51 However, the density does not
increase linearly with the increase of N content or N/O
ratio as seen in the different slope of per-alumina and per-
alkaline glasses (Figure 3A). In fact, the density depends
strongly on the masses of the glass constituents, whereas
both the molar volume and the atomic packing density are
also affected by the amounts of the elements involved in
the oxynitride glass.12,28,77,78 Hence, the glass density in this
work was fitted using the ratios of N/O, Mg/Al, and Al/Si
as the following:

𝜌cal = 1.971 (N∕O) + 0.349 (Mg∕Al)

+ 0.277 (Al∕Si) + 2.205
(
𝑅2 = 0.784

)
, (10)

where all the ratios are smaller than 1 and can be found
in Table 1. The advantage of Equation (10) is that when
there is no N content, it can be used to calculate the den-
sity of MgAlSiO glasses with a constraint that both Mg/Al
and Al/Si ratios smaller than 1. When there is neither
N nor Mg content, Equation (10) can be used to calcu-
late the density of AlSiO glasses with a condition that
Al/Si < 2. Moreover, if Al content = 0, then the calcu-
lated density of Equation (10) is equal to 2.205, which is
the density of pure silica glass (i.e., the SiO glass). The fac-
tors in front of the N/O, Mg/Al, and Al/Si ratios indicate
the positive or negative impact of each ratio on the den-
sity. For instance, if we would like to decrease the density
of an oxynitride glasses, it is more efficient to decrease the
Mg/Al ratio (a factor of 0.349) rather than the Al/Si ratio
(a factor of 0.277). In this sense, Equation (10) can be read
as all the N/O, Mg/Al, and Al/Si ratios have the positive
impact on the density, with the most (positive) impact
for N/O and the less (positive) impact for Al/Si ratio.
Figure 3B shows the correlation between the experimen-
tal density (ρ) and the calculated one (ρcal) obtained from
Equation (10). Notably, even though theMgAlSiON glasses
form this work used in the fitting process, the calculated
densities of SiO, AlSiO, MgAlSiO, and these MgAlSiON
glasses are in good agreement with the experimental
ones.63,76
The molar volume and atomic packing density are

plotted against the N content in Figure 3C and 3D, respec-
tively. For both per-alkaline and per-alumina glasses,
VM decreases, whereas Cg increase with increasing the
N content in the glass network. The atomic packing
density ranges between 0.526 (N1.7) and 0.557 (N5.8),
which are slightly greater (but in the same range as)
than those of the CaAlSiON glasses with similar N
content.28

3.3 Mechanical properties

Table 3 shows the mechanical properties measured by
ultrasonic echography (elastic moduli), indentation (hard-
ness and crack resistance), and SEPB (fracture tough-
ness) methods. As for the density and atomic packing
density, the elastic moduli of the oxynitride glasses are
known to also increase concomitantly with increasing
N contents.5,12,28,77 Moreover, the elastic properties of
both oxide and oxynitride glasses depend on several
structural parameters such as the cation–anion bond
strengths, the atomic densities, and the glass-network
connectivity.48,51,79–81 The elastic properties increase with
increasing the N content in the same way as those of Cg
(Tables 1 and 2), that is, within each per-alkali and per-
alumina series (Figure 3 and 4). We first consider the
Young’s modulus, which ranges from 105 GPa for N1.8
sample to 129 GPa for N6.2 sample and reveals a good
relation for each glass series (R2 = 0.996 for per-alkali
series). We note that sample N5.7, having the same com-
pactness (Cg(N5.7) = 0.538) as the one of N3.6 sample
(Cg(N3.6) = 0.535), possess E higher than N3.6 and even
equal to that of the N5.8 sample that has higher atomic
packing density (Cg(N5.8) = 0.557, Table 2). This can be
explained by the fact that N5.7 sample, having the highest
Si content and relatively high N content, has the high net-
work rigidity from the formation of SiO2N2, SiON3, or even
SiN4 units (see Section 3.1).71 Similar explanation goes to
the N6.2 sample, but this sample has the highest Al and
N contents, which facilitates the formation of rigid glass-
network structures such as AlO4 unit instead of the less
rigid structure such as the AlO5 and AlO6 units (see Sec-
tion 3.1). The high E of these per-alumina glasses may also
be the result of the low Mg content, in general, relative to
theAl content. In fact, the overall best fit for both per-alkali
and per-alumina glass series is the one that involves allMg,
Al, Si, and N contents as in Equation (11) as

𝐸cal = 267.4 (N∕O) + 11.2 (Mg∕Al)

+ 27.9 (Al∕Si) + 74.4
(
𝑅2 = 0.922

)
, (11)

where Mg/Al < 1 and Al/Si < 2 conditions should be
met to have a good agreement between E and Ecal val-
ues. In this paper, we do not limit the O/N ratio as we
have limited property data on MgAlSiON glass system to
validate the derived regression model, particularly when
the Mg/Al < 1 and Al/Si < 2 conditions are applied.
However, we note that the current model has been val-
idated up to an O/N = 0.112 (corresponding to an N
content of 6.2 at %). From Equation (11), we see that all
the three ratios have the positive impact on the Young’s
modulus, with the most impact for N/O ratio (267.4)
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F IGURE 4 Elastic moduli of the studied glasses against the N content and against the calculated values.
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TO et al. 9 of 16

TABLE 3 Glass ID, elastic moduli (E, G, K, ν) hardness (Hload-ind), crack resistance (CR), and fracture toughness (KIc) of the MgAlSiON
glasses.

Ultrasonic echographya Indentation and SEPBb

ID E [GPa] G [GPa] K [GPa] ν Hload-ind [GPa] CR [N] KIc [MPa m0.5]
N1.7 105 42 74 0.263 8.0 6.7 0.87
N3.6 111 43 80 0.268 8.6 2.1 0.93
N4.9 115 45 85 0.272 9.0 5.5 1.02
N5.7 118 46 85 0.267 9.6 2.3 1.37
N5.8 117 45 91 0.284 9.2 2.0 1.11
N6.2 129 50 102 0.288 9.8 3.6 1.59

aThe error of E, G, and K was ± 1 GPa and the error of ν was ± 0.005.
bThe uncertainty of H, CR, and KIc were ± 0.1 GPa, ± 0.2×CR N, and ± 0.05, respectively.

and the less impact for Mg/Al ratio (11.2). This means
that to increase the Young’s modulus, it is enough to
increase/add a small amount of N into the silica-based
glasses. Equation (11) can also be applied to silicate, binary
aluminosilicate, Mg-aluminosilicate, and oxynitride-Mg-
aluminosilicate glasses as shown in Figure 4B (R2 = 0.962).
When there is no N content in the glass (in the case
of MgAlSiO glass), Equation (11) depends on Mg/Al and
Al/Si ratios, and when there is neither N and Mg (in the
case of AlSiO glass), Equation (11) depends solely on Al/Si
ratio. Lastly, if all N, Mg, and Al contents equal to zeros,
Ecal = 74.4 GPa, which is the similar value of E of the SiO2
glass.
As revealed by Figure 4C,E, also the shear and bulk

moduli increase linearly with N content within each glass
series, as well as confirming additional enhancements of
moduli for increasing Al/Si ratio as

𝐺cal = 84.1 (N∕O) + 3.2 (Mg∕Al)

+9.8 (Al∕Si) + 31.8
(
𝑅2 = 0.791

)
, (12)

𝐾cal = 316.6 (N∕O) + 17.4 (Mg∕Al)

+ 28.3 (Al∕Si) + 36.5
(
𝑅2 = 0.872

)
, (13)

where the constraints of Mg/Al < 1 and Al/Si < 2 applied
for the best fit of calculated and experimented elastic prop-
erties of all MgAlSiON, MgAlSiO, and AlSiO glasses. For
the bulk modulus, the coefficient for N/O ratio (= 316.6) is
very high comparing to those of Al/Si and Mg/Al ratios,
suggesting a higher impact of N content than for the
shear and Young’s moduli. This suggestion can be seen
in Figure 4E, where N5.7 sample has a slightly lower K
than that of N5.8 sample, whereas in the case of G and E,
the two glass samples have nearly the same moduli values
(Figure 4A,C). Lastly, we note that as for Ecal using Equa-
tion (10), Gcal and Kcal using Equations (11) and (12) can
also be applied to SiO, AlSiO, MgAlSiO, and MgAlSiON
glasses (R2 > 0.945 for both Equations (11) and (12)).

In contrast to the Young’s modulus, Poisson’s ratio
relates more to the connectivity and compactness of the
glass network rather than its rigidity.80,82 However, the
oxynitride glasses exhibit higher Poisson’s ratio than that
of their N-free glass counterparts.48 As a result, the trend of
Poisson’s ratio (Figure 4G) as a function of N content looks
similar to the one of Cg (Figure 3D) than the other elastic
properties. N5.7 and N3.6 samples have similar values of Cg
and ν. As for the other elastic properties, the best fit of ν is
also obtained from involvingMg, Al, and Si contents in the
following Equation (14) as

𝜈cal = 0.441 (N∕O) + 0.067 (Mg∕Al)

+ 0.059 (Al∕Si) + 0.170
(
𝑅2 = 0.781

)
, (14)

where Mg/Al < 1 and Al/Si < 2 should be applied. As for
the other elastic moduli, the three ratios have the posi-
tive impact of the Poisson’s ratio with the most positive
impact for N/O ratio. However, theMg/Al ratio (0.067) has
more positive impact on the Poisson’s ratio comparing to
the Al/Si one (0.059). Figure 4H shows a good agreement
(R2 = 0.800) between the calculated and experimented val-
ues of 𝜈 for all silica-based glasses. The present MgAlSiON
glasses reveal a span of Poisson’s ratio between 0.263 and
0.288 for N1.7 and N6.2 samples, respectively (Table 3).
Figure 5 shows the hardness parameters obtained by

the Vickers indentation technique. At loads below 10 N,
H decreases as the load is increased for all the stud-
ied oxynitride glasses (Figure 5A), revealing the so-called
indentation size effect (ISE).83–85 H reaches a plateau at a
sufficient load (in our case 9.81 N). Among several models
proposed to describe the ISE behavior, we use the one from
Ref. 85, which proposed that there exists aminimum inden-
tation load Pmin (specimen resistance) necessary to initiate
plastic deformation, and the load-independent hardness
(Hload-ind) is expressed as

𝐻load−ind =
2 (𝑃𝑖 − 𝑃min)

𝑑2
, (15)
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10 of 16 TO et al.

F IGURE 5 (A) Hardness as a function of indentation load showing the indentation size effect (ISE). The dashed lines are guides for the
eyes. (B) Applied indentation load as a function of indentation diagonal length squared according to the Hays–Kendall model. The dotted
lines are obtained from linear fitting. (C) Hardness as a function of N content. (D) Experimental versus calculated hardness of silica-based
glasses. The SiO (silica glass), AlSiO, MgAlSiO, and MgAlSiON data are from Refs. 87–89, and this work, respectively. We note that all the
hardness values from the literature were also measured by Vickers indentation method at relatively high load to minimize the ISE.

where Pi and d are applied indentation load and indent
diagonal length, respectively. From Equation (15), a plot
of 2Pi against d2 yields a straight line with R2 > 0.999
(Figure 5B). This plot allows us to determine Pmin and
Hload-ind as summarized in Table 3 and Figure 5B.Hload-ind
ranges from 8.0 to 9.8 GPa for N1.7 and N6.2 glass samples,
respectively. Pmin ranges from 0.1 to 0.25 N for N1.7 and
N6.2 samples, respectively, and the range values are in good
agreement to those of our previous work on borate-based
glasses.86 However, we note that the specimen resistance
(i.e., Pmin) of the present oxynitride glasses is higher than
that of the borate-based glasses, which is logical. Hload-ind
ranges from 8.0 to 9.8 GPa for N1.7 and N6.2 glass samples,
respectively.
Figure 5C shows the good agreement of the increase

of hardness with increasing the N content for each glass
series, that is, for per-alkali and per-alumina glasses (R2
≥ 0.995). As for the elastic properties, a good fit can be
obtained by getting involved the N/O, Mg/Al, and Al/Si
ratios as in Equation (16) as

𝐻cal = 18.364 (N∕O) − 0.754 (Mg∕Al)

+ 0.173 (Al∕Si) + 7.905
(
𝑅2 = 0.959

)
, (16)

where Mg/Al < 1 and Al/Si < 2 should be applied to have
a good fit (R2 = 0.959). The increase of Mg/Al ratio leads
to the decrease of hardness (negative impact), whereas
the increase of N/O or Al/Si ratio increases the hardness
(positive impact). The coefficient of N/O (18.364) of Equa-
tion (16) is much greater than those of Mg/Al and Al/Si
ratios, suggesting the monotonic trend and according well
with previous finding.10,28,46 This finding reflects that the
hardness is foremost governed by the cross-linking effects
fromN alone. Equation (16) can also be used for determin-
ing the calculated hardness of SiO, AlSiO, MgAlSiO, and
MgAlSiON glasses (Figure 5D).
CR has been determined from the dependence of the

probability of crack initiation on the applied indentation
load as seen in Figure 6A. As expected, the crack probabil-
ity increaseswith increasing the indentation load for all the
studied glasses, but the onset load of the radial crack initia-
tion differs from one another. With the indentation load of
2.94N, theN1.7, N4.9, andN6.2 samples have the crack prob-
ability less than 50%, whereas the one of the other three
glasses (i.e., N3.6, N5.7, and N5.8 samples) is greater than
50%. Therefore, the CR of the former three glass samples
is greater than 2.94 N and the latter three glass samples
smaller than 2.94 N as seen in Table 3. Figure 6B–E shows
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TO et al. 11 of 16

F IGURE 6 (A) Crack probability as a function of indentation load of the six oxynitride glasses. (B)–(E) are the most-happening imprint
of the indentation on the N4.9 sample using the loads of 2.94, 4.91, 9.81, and 49.05 N, respectively.

the comparison of the Vickers imprints of the N4.9 sample
at different loads of 2.94–49.05 N as indicated in Figure 6A.
For this N4.9 sample, the four radial crack occurs all the
time when the indentation load of 49.05 N was used (see
Figure 6E). For the load of 2.94, 4.91, and 9.81 N, the most
happening imprints (0, 2, and 3 corner cracks, respectively)
are shown in Figure 6B, 6C, and 6D, respectively. To dis-
cuss the CR of the studied glasses, it is noteworthy that CR
of a glass depends on several factors, in which the most
important ones are the atomic packing density, the bond
strength, and the glass connectivity.61 As an example, N1.7
and N5.8 samples, having the lowest and the highest Cg
(0.516 and 0.557 in Table 2) among the studied glasses, are
the most and the less crack-resistant, respectively (6.7 and
2.0 N in Table 3). N3.6 and N5.7 samples, having similar
Cg value (0.535 and 0.538, respectively) that is in between
those of N1.7 and N5.8 samples, have the similar CR values
of 2.1 and 2.3 N, respectively (Table 3). However, Cg alone
cannot explain the variation in CR of the studied glasses.
N4.9 and N6.2 samples, having the same Cg value of 0.544,
show different CR of 5.5 and 3.6 N, respectively. To explain
this variation, we first note that N4.9 sample is the per-
alkaline glass with the Mg/Al ratio of 0.714 similar to the
one of N1.7 sample, while N6.2 sample is the per-alkaline
glass with lower Mg/Al ratio of 0.458 (Table 1). The much
amount of Mg content allows the N4.9 (as well as N1.7)
sample to absorb the compressive energy from the indenta-
tion by bending theO-Mg-O angles.61 On the contrary, N6.2
sample, having high Al content (the highest Al/Si ratio as
in Table 1) has a strong glass connectivity from the pos-
sible Si(OAl)z units (see Section 3.1 on glass structure),

whichmay result in breaking the bondunder high pressure
as the indentation. In other words, the more connected
glass network does not have space for the atomic move-
ment, resulting in breaking the bond once the applying
force/pressure is high enough.
Unlike CR, which is the crack initiation resistance of

the glass surface, KIc is the resistance to the unstable
crack propagation of the bulk glass. In fact, a precrack
or a flaw in a glass grows once the stress intensity fac-
tor from the applied force is larger than the KIc. KIc has
positive relation with bond strength, glass-network con-
nectivity, and Young’s modulus.61 As a result, the increase
of the N content increases directly the fracture toughness
of the studied glasses (Figure 7A) because (1) the Si-N
and Al-N bond strengths are greater than those of Si-O
and Al-O ones, (2) Cg increases with increasing the N
content in both per-alkaline and per-alumina glasses (see
Section 3.2), and (3) E increases with increasing the N
content (see previous section). For the per-alkaline glass
samples, the fracture toughness increases from 0.87 to 1.11
MPa m0.5 for N1.7 and N5.8 samples, respectively (Table 3).
In the per-alumina glass samples, the crack needs to go
throw the stronger bond of Si-O and Al-O (or Si-N and
Al-N) rather than the relatively weaker bond of Mg-O.
Together with the high Young’s moduli, the per-alumina
glass samples show higher crack-propagation resistance,
that is, KIc (1.37 and 1.59 MPa m0.5 for N5.7 and N6.2 sam-
ples, respectively), comparing to those of the per-alumina
glasses.
As for the other properties, a good fit for KIc (R2 = 0.919)

can be obtained by getting involved the N/O, Mg/Al, and
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F IGURE 7 (A) Fracture toughness as a function of N content. (B) Experimental versus calculated fracture toughness of silica and
magnesium aluminosilicate glasses in this study.

Al/Si ratios as in Equation (17) as

𝐾Ic_cal = 3.632 (N∕O) − 0.964 (Mg∕Al)

+ 1.465 (Al∕Si) + 0.750
(
𝑅2 = 0.919

)
, (17)

where Mg/Al < 1 and Al/Si < 2 should be applied to have
the good fit (R2 = 0.919). We note that the addition of
Mg content (the negative sign in front of the 0.964 fac-
tor) decreases the KIc, while the addition of both N and
Al contents increases the KIc. This observation has a good
agreement with the argument in the previous paragraph of
this section. Lastly, we note that there is no real relation-
ship between the crack-initiation and crack-propagation
resistance in the case study, which agrees well with Ref.
61. Figure 8 shows the relationship between RC (a measure
for crack/flaw initiation resistance) and KIc (a measure for
crack/flaw growth resistance) of MOF, chalcogenide, sili-
cate, aluminoborate, aluminosilicate, aluminoborosilicate,
and the present oxynitride glasses. MOF and chalcogenide
glasses have the smallest KIc values, but they have rela-
tively high CR. Aluminoborate glasses have the highest
CR values, but they have the medium KIc comparing to
the other glass family. Oxynitride glasses have the highest
KIc, while Borosilicate glasses have the lowest CR among
the studied glasses. Again, there is no clear relationship
between the crack initiation and growth resistance.

4 CONCLUSIONS

The structure, thermal, and mechanical properties, in par-
ticular the crack resistance and fracture toughness, of
glasses from theMg–Al–Si–O–N systemwith nitrogen con-

F IGURE 8 Crack resistance (CR) versus fracture toughness
(KIc). This figure is adopted with data from Ref. 61 in addition to
data for MOF glass,90 chalcogenide glasses,91,92 aluminoborate
glasses,93 and the present oxynitride glasses. All CR and KIc data are
from the SEPB (CNB method only for chalcogenide glasses), and
Vickers indentation, respectively, at temperature of 20–25◦C and
relative humidity of 50–60%.

tents up to 6.2 at % (equivalent to 14.4% of total anions)
were studied. Structural characterization revealed that in
the per-alkaline earth glasses (2Mg/Al > 1), the peaks shift
to lower wavenumbers with decreasing Mg content (and
increasing nitrogen), indicating substitution of Al3+ for
Si4+ in the network. This is consistent with reduced force
constants and increased Al–Si coupling. Furthermore, the
decrease in Mg content leads to a reduction in the content
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of BOs in SiO4 units, likely stabilized by Mg2+. In per-
alumina glasses (2Mg/Al < 1), the spectra are dominated
by SiO3N and potentially SiO2N2 or SiN4 units. In the case
of sample N6.2 (which has the highest N and Al contents),
the spectra reflect the formation of Al–N linkages (with NI

and NII configurations) and a larger concentration of AlO4
tetrahedra. Notably, the predominance of Si/Al O4 tetra-
hedra and the strong preference for Si–N over Al–N bonds
underpins the observed trends.
Density, compactness, hardness, elastic moduli, and

fracture toughness increase with increasing nitrogen con-
tent, driven by enhanced network connectivity from N3+-
for-O2− substitution. However, these properties do not
increase linearly with increasing the N content or the N/O
ratio. In fact, the regression models for these properties
showed strong agreement with experimental results when
we involve N/O, Mg/Al, and Al/Si ratios, highlighting the
critical role of each ratio in enhancing the properties.
Moreover, with the constraints of Mg/Al< 1 and Al/Si< 2,
the regression models could also be used to estimate the
properties of MgAlSiO, AlSiO, and SiO glass systems. The
models show that, unlike the other properties, hardness
and fracture toughness decreasewith increasing theMg/Al
ratio. Here, we would give the ranges for the MgAlSiON
glasses. Young’s modulus and hardness are in the [105 –
129] and [8 – 9.8] GPa ranges, respectively. KIc is between
0.8 and 1.6 MPa m0.5, with the optimum value being ∼

2.2 times the one of silica or soda–lime–silica glass for the
Mg5.5Al12Si20.7O55.6N6.2 composition.
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