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bstract

series of alkaline-earth element containing high nitrogen content oxynitride glasses (AESiON), with AE = Mg, Ca, Sr, Ba, were prepared in order
o investigate the compositional effects on the physical properties of the alkaline-earth element. The physical properties were found to change
inearly with the concentration of AE elements. The density of the glasses increases substantially with an increase in the AE atomic mass and
lightly with an increase in nitrogen ratio. Ba containing glasses shows the value of density 4.16 g/cm3. Glass transition temperatures are found to

e higher for Mg glasses, ca. 1020 ◦C, in comparison with Ba glasses, ca. 895 ◦C. The hardness of Mg containing glasses shows high values, up
o 12.2 GPa and decreases for Ca, Sr and Ba containing glasses. Ba, containing glasses shows high values of refractive index in comparison with
he Sr, Ca and Mg containing glasses.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon oxynitride glasses were first discovered as grain
oundary phases in silicon nitride based ceramics. Since the
igh-temperature behavior of the ceramics is markedly governed
y the intergranular glassy phases, having a negative effect on
he mechanical properties, studies of the glasses became quite
mportant.1–3 Since it is experimentally difficult to investigate
irectly the properties of grain boundary phases, research on
hem in bulk form was initiated. Since then, oxynitride glasses
ave received considerable attention, from both scientific and
echnological points of view, as it was realized that incorpora-
ion of nitrogen into silicate glasses causes profound alterations
f mechanical properties such as strength, toughness, elastic
odulus, and hardness.4–12 It was also found that the ther-
al properties are also affected, with oxynitride glasses having

igher glass transition temperatures (Tg) and lower thermal

xpansion coefficients (α).13 Oxynitride glasses show further-
ore the highest refractive indexes ever obtained for silicate

ased glasses.14

∗ Corresponding author. Tel.: +46 470 767577; fax: +46 470 708756.
E-mail address: sharafat.ali@lnu.se (S. Ali).
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The way in which the composition of the oxynitride glasses
etermines their physical properties is of both fundamental inter-
st and of importance for applications. For oxynitride glasses
ith rare-earth (RE) elements, studies15–18 have shown that

hanges in molar volume (MV), hardness, elastic properties and
lass transition temperature (Tg) are controlled by the cation
eld strength (CFS) of the modifier or an effective CFS in the
ase of a mixed modifier glass. The oxidation resistance of
E–Si–Al–O–N glasses is, furthermore, found to increase with
ecreasing radius of the RE ion.18 It is, however, clear, as shown
y, e.g. the study by Becher et al.,10 that the Young’s modulus
nd microhardness of RE–Si–Al–O–N glasses (RE = La, Nd, Gd,
, Lu) not only depend on the type of RE element but also on

he concentration of the RE and the amount of nitrogen.
Very limited research has been carried out so far in oxyni-

ride glasses with alkaline-earth (AE) elements.5,19–25 For
E–Si–Al–O–N glasses19 with AE = Mg, Ca and Ba the density

ncreases with increasing atomic number of the AE element. A
omparison of the results of Homeny and Mcgarry20 for Mg-
ialon glasses and Sakka et al.21 for Ca-sialon glasses similarly

onfirms that Ca-sialon glasses have higher densities than corre-
ponding Mg-sialon glasses. Videau et al.22 found that Mg and
a oxynitride glasses, with the same amounts of N, have simi-

ar Tg values, albeit slightly higher in the case of Mg, whereas

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.005
mailto:sharafat.ali@lnu.se
dx.doi.org/10.1016/j.jeurceramsoc.2010.11.005
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he corresponding Ba glasses have lower Tg values. However,
ontrary results were obtained by Drew et al.,23 who found that
a glasses exhibit higher Tg and Tc values than corresponding
g glasses. The microhardness of AE–Si–Al–O–N glasses22

AE = Mg, Ca, Ba) decreases with increasing atomic number of
he AE element. The refractive index23 of oxynitride AE glasses
s found to increase when Mg is replaced by Ca.

Oxynitride glasses have traditionally been synthesized by
elting mixtures of glass modifier metal oxides, SiO2 and
i3N4, yielding glasses with nitrogen content up to typically ca.
0 e/o (N content in equivalents; e/o = 3[N]/(3[N] + 2[O]), where
N] and [O] are the atomic concentrations of N and O, respec-
ively). However, the synthesis route recently discovered14,26–29

as enabled the preparation of oxynitride glasses with signif-
cantly higher concentrations of nitrogen, as well as modifier
dditives. In this synthesis route, the modifier is introduced as
metal or metal hydride, which reacts with nitrogen gas at rel-

tively low temperatures and forms reactive nitrides with no
urface oxide layer. Above ca. 1000 ◦C, they react with SiO2
the oxygen source), and then with the usually inert Si3N4. A
elt containing Si, O, N, and the electropositive element is

hen formed, which dissolves remaining SiO2 and Si3N4. The
nal melt is then cooled below Tg. The oxynitride glasses in
E–Si–O–N systems (where AE is Mg, Ca, Sr and Ba) were
repared by using this novel synthesis method.

The aim of the present work is to gain quantitative knowledge
f the factors controlling the properties of oxynitride glasses
ith different AE modifiers and also effect of nitrogen on the
lass properties in different AE–Si–O–N systems. The nomi-
al compositions for all four series in the AE–Si–O–N glasses
ere chosen identical (cf. Table 1). Four glasses in each series

f AE–Si–O–N, having different alkaline earth and nitrogen
ontents were prepared and then the property variations were
iscussed with respect to the effect of alkaline earth and nitrogen
ontents in the glass.

a
a
t
a

able 1
lass designation, composition of starting mixture, determined glass composition, an

lass ID Starting composition Glass composition Starting compo

AE Si

g-1 Mg5Si10.5O20.5N3.63 Mg3.07Si10O18.98N2.46 19.0 81.0
g-2 Mg7.6Si10.5O18.5N6.68 Mg4.27Si10O17.72N4.32 26.5 73.5
g-3 Mg10.1Si10.5O16.5N9.63 Mg5.85Si10O15.98N6.31 33.5 67.5
g-4 Mg12.4Si10.5O15N12.03 Mg7.04Si10O15.63N7.46 37.0 73.0
a-1 Ca5Si10.5O20.5N3.63 Ca3.41Si10O19.75N2.45 19.0 81.0
a-2 Ca7.6Si10.5O18.5N6.68 Ca6.52Si10O20.02N4.43 26.5 73.5
a-3 Ca10.1Si10.5O16.5N9.63 Ca8.03Si10O17.92N6.65 33.5 67.5
a-4 Ca12.4Si10.5O15N12.03 Ca9.14Si10O17.37N7.84 37.0 73.0
r-1 Sr5Si10.5O20.5N3.63 Sr3.88Si10O20.23N2.38 19.0 81.0
r-2 Sr7.6Si10.5O18.5N6.68 Sr6.89Si10O20.19N4.33 26.5 73.5
r-3 Sr10.1Si10.5O16.5N9.63 Sr8.02Si10O18.08N6.56 33.5 67.5
r-4 Sr12.4Si10.5O15N12.03 Sr10.52Si10O18.22N8.11 37.0 73.0
a-1 Ba5Si10.5O20.5N3.63 Ba4.72Si10O21.23N2.34 19.0 81.0
a-2 Ba7.6Si10.5O18.5N6.68 Ba7.09Si10O20.58N4.32 26.5 73.5
a-3 Ba10.1Si10.5O16.5N9.63 Ba8.05Si10O19.02N6.26 33.5 67.5
a-4 Ba12.4Si10.5O15N12.03 Ba11.45Si10O19.28N7.99 37.0 73.0
Ceramic Society 31 (2011) 611–618

. Experimental

.1. Materials specifications and powder mixing

Oxynitride glasses in the alkaline earth silicon oxynitride sys-
ems were prepared from mixtures of MgH2 (95.5% metal basis,
lfa Aesar GmbH & Co), CaH2 (98% with Mg < 1%, Alfa Aesar
mbH & Co), SrH2 (95.5% metal basis, Alfa Aesar GmbH &
o), BaH2 metal (95.5% metal basis, Alfa Aesar GmbH & Co),
i3N4 (ChemPur GmbH), and SiO2 (99.9%, ABCR GmbH &
o) powders. All chemicals were stored in a glove box compart-
ent under Ar atmosphere to avoid exposure to air. The powders
ere weighed inside the glove box and then pressed into pellets.
ix gram of batches for each composition was placed in niobium
rucibles, covered with parafilm to avoiding air contact during
he transport between the glove box and the furnace.

.2. Synthesis

Syntheses were performed in an atmosphere of N2 gas, serv-
ng as nitridation source for metal hydride. The mixtures were

elted at 1500–1700 ◦C, depending on the composition, using
radio frequency furnace or a graphite furnace. The samples
ere heated up to 650 ◦C during 15 min and held at this temper-

ture for 30 min to drive off hydrogen. The samples were then
eated to 1000 ◦C during 15 min and held at this temperature
or 30 min, for a complete reaction of the metals with nitrogen
as, and then finally heated up to 1500–1700 ◦C during 1–2 h,
epending on the composition. The melts were cooled by turning
ff the furnace at the end of the run. The use of AEH2 precur-
or as additive has the advantage that it functions effectively

s a nitrogen source, by reacting with the nitrogen atmosphere,
nd thus facilitates the preparation of nitrogen rich composi-
ions. During heating, a strong exothermic reaction was observed
t temperatures 650–1000 ◦C, associated with a rapid nitrida-

d contents of AE (AE = Mg, Ca, Sr or Ba), Si, O, N in equivalent % (e/o).

sition, equiv.% Glass composition, equiv.%

O N AE Si O N

79.0 21.0 13.3 86.7 83.7 16.3
65.0 35.0 17.6 82.4 73.2 26.8
53.5 46.5 22.6 77.4 62.8 37.2
45.5 54.5 26.0 73.9 58.3 41.7
79.0 21.0 14.6 85.4 84.3 15.7
65.0 35.0 24.6 75.4 75.1 24.9
53.5 46.5 28.7 71.4 64.2 35.8
45.5 54.5 31.4 68.6 59.6 40.4
79.0 21.0 16.3 83.8 85.0 15.0
65.0 35.0 25.6 74.4 75.7 24.3
53.5 46.5 28.6 71.4 64.8 35.2
45.5 54.5 34.5 65.5 59.9 40.4
79.0 21.0 19.1 80.9 85.8 14.2
65.0 35.0 26.2 73.8 76.1 23.9
53.5 46.5 28.7 71.3 66.9 33.1
45.5 54.5 36.4 63.6 61.7 38.3
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ion of metal, resulting in the formation of both crystalline and
morphous phases, which then melted upon a further increase
f temperature. The temperature at which a melt formed was
ound to increase with increasing amount of Si3N4 and decrease
ith increasing alkaline earth content. The time for melt forma-

ion was also found to decrease with increasing alkaline earth
ontent.

.3. Glass characterization

.3.1. X-ray analysis and optical microscopy
The state of the samples was verified by powder X-ray diffrac-

ion, using a Panalytical X’pert PRO MPD diffractometer and
uK�1 radiation. A light microscope (Olympus PMG3, Japan)
as used to observe the surface morphology of the samples and

o estimate amounts of present metal silicide impurities.

.3.2. SEM and TEM analysis
For microstructure examinations, specimens were prepared

y hot-mounting them in bakelite, grinding with silicon car-
ide papers, and polishing with a diamond powder impregnated
heel. The chemical homogeneity of the glasses was examined
y back-scattered electron images using a JSM 7000F scanning
lectron microscope. Cation concentrations were determined by
nergy dispersive X-ray (EDX) point analysis, 20 on each sam-
le, on polished and carbon-coated surfaces, with a Si detector
nd a LINK INCA program system. Oxygen and nitrogen con-
ents were determined by combustion analysis using a LECO
quipment. For transmission electron microscopy (TEM) obser-
ations, the sample was crushed in an agate mortar, dispersed
n ethanol and dropped on a carbon microgrid. High-resolution
EM (HRTEM) was performed with a JEOL JEM-3010 micro-
cope operating at 300 kV (Cs = 0.6 mm, point resolution 1.7 Å).
mages were recorded with a CCD camera (MultiScan model
94, Gatan).

.3.3. Density, molar volume, and compactness
The densities of the glasses were measured according

o the Archimedes principle (ASTM C373-88) in distilled
ater. Density values were calculated using the expression
= md/(md − mw)·ρwater, where md is the weight of the dry sam-
le, mw is the weight of the immersed sample and ρwater at 20 ◦C
s 0.9982 g/cm3. Sample weights were between 200 and 400 mg
nd measured glass densities were reproducible to ±0.01 g/cm3.

Molar volumes (MV) of the glasses were calculated using the
ollowing expression (1), with Xi and Mi being, respectively, the
ole fraction and molar mass of element i, respectively, and ρ

s the density of the glass.

V =
∑

iximi

ρ
(1)
he compactness (C) of the glasses, which is related to the excess
olume of the glass, is defined as the ratio between the summed
olume of the individual ions and the corresponding volume of

g
a
w
2
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lass. It is calculated using the expression

=
∑

ixiViN

MV
(2)

ith Vi being the ion volume for element i, calculated using
he ionic radii given by Shannon,30 and N denoting Avogadro’s
umber.

.3.4. Cationic field strength (CFS)
In order to reveal the effect of the alkaline-earth ions, the

hermal and physical property values have been compared as a
unction of CFS. The cation field strengths (CFSs) of the modi-
er ions were calculated as, respectively, 3.858, 1.780, 1.366,
.050 Å−2 for Mg2+, Ca2+, Sr2+, Ba2+, using the following
xpression.

FS = Z

r2 (3)

here Z is the valence of the respective alkaline-earth ion and
the Shannon–Prewitt cationic radius,30 for 6-coordinated Mg
nd 7-coordinated Ca, Sr and Ba.

.3.5. Differential thermal analysis
Glass transition temperatures (Tg) and crystallization tem-

eratures (Tc) were measured on crushed pieces of glass, using
SETARAM Labsys TG-DTA 1600 instrument. Samples were
eated up to 1350 ◦C in flowing nitrogen in Pt cups, using a heat-
ng rate of 25 ◦C/min. The onset point of an endothermic drift
n the DTA curve was taken as representing Tg, and the onset
f an exothermic peak as corresponding to Tc. The precision in
he Tg and Tc measurement was estimated to be ±5 ◦C.

.3.6. Vickers hardness
The Vickers hardness measurements were carried out on pol-

shed samples using a Matsuzawa micro hardness tester Model
XT-�1, and a Vickers hardness testing machine equipped with
pyramidal diamond indenter under an applied load of 300 g.
he indentation dimension for each sample was measured with a

ight microscope (Olympus PMG3, Japan) under a magnification
f 200, and hardness values were calculated in GPa accord-
ng to Anstis et al.,31 using the expression Hv = (18.42P)/d2,
here P [N] is the load applied on the indenter and d [�m]

s the average indentation diagonal length. Twelve indentions
er specimen were normally recorded and their mean value and
tandard deviation then calculated.

.3.7. Refractive index
Since the majority of the present glasses were not transparent,

was estimated by measuring the Brewster angle θB on polished

lass surfaces, with a laser light source operating at λ = 640 nm,
nd using the equation n = tan(θB). The measurement precision
as estimated to be about ±0.05, corresponding to an error in
θB of approximately 2◦.
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Measured densities and calculated molar volumes and com-
pactness for the glasses are given in Table 2. The variation of
the density as a function of AE contents is shown in Fig. 3. The
14 S. Ali, B. Jonson / Journal of the Euro

. Results and discussion

.1. Glass formation

Sixteen glasses (four in each system) having different com-
ositions were synthesized in order to explore the effect of
he modifiers and nitrogen contents in the AE–Si–O–N sys-
ems. X-ray powder diffraction confirmed the amorphousness
f the glasses. The glasses were inspected visually and by opti-
al microscopy at 200× magnification, on polished surfaces of
ach glass, to evaluate their homogeneity and the extent of sili-
ide particles present. The homogeneity was confirmed by back
cattered electron SEM images and EDX point analysis. The
btained glasses were homogeneous, with varying colors. The
g–Si–O–N glasses were pink (light-red) and translucent for

ow Mg contents and transparent for a high Mg content. The
a/Sr glasses were opaque black and the variation of color did
ot change significantly with the amount of Ca/Sr. The Ba con-
ained glasses ranged in appearance from transparent grey to
arely translucent black, with the transparency decreasing with
a content.

Optical microscopy and SEM observations showed that the
lasses contained small amounts of spherical particles of sili-
ides, found also in previous studies.24,27–29,32 We hold it likely
hat, during the synthesis, part of the initial Si3N4 and SiO2 is
educed at an early stage to form silicides with the modifier ele-
ent. At the high synthesis temperatures used, the silicides are
olten, which accounts for their spherical particle shape. The

eaction mechanism for this reduction is not known, but possi-
ly it involves a direct reaction between AE metal and Si3N4
o produce AExSiy + N2 or AE2N3 + Si, with a subsequent reac-
ion of AE and Si. The size of the particles ranged from less
han 0.1 �m to 2 �m and their amounts were estimated to be
ess than 2 vol%. The amounts of silicides in the glasses showed
o systematic variation with glass composition. The presence
f silicides is evidently unwanted and is likely the cause of
he low glass transparency. The silicide may furthermore act
s nucleation sites for crystallization of glasses. TEM investiga-
ions on selected glasses showed homogeneous microstructures,
ith no evident substructural features, and selected area electron
iffraction (SAED) patterns confirmed their amorphous nature.
high-resolution electron microscopy image of the Ca contain-

ng glass Ca-3 (cf. Table 1) is shown in Fig. 1. No evidence of
etallic inclusions, phase separation, or other heterogeneities
as found on examining several areas, and it was concluded

hat the glasses were microstructurally homogeneous.
It was found that the synthesis process involves dissociation

f some of the components, resulting in deviation from the nomi-
al compositions. The determined glass compositions are listed
n Table 1 and nominal and determined AE (Mg, Ca, Sr, Ba)
lements contents compared in Fig. 2. The elemental analyses
hows that the prepared glasses had considerably lower contents
f nitrogen and modifiers (loss of Si is less evident) than the start-

ng mixtures, and that a loss of these elements thus had occurred
t the comparatively high preparation temperatures used. The
osses were found to increase for increasing temperature and, to
smaller extent, with increasing holding time. The losses may

F
f

ig. 1. A HRTEM image with corresponding electron-diffraction pattern (inset)
f the Ca–Si–O–N glass Ca-3 (composition Ca8.03Si10O17.92N6.65).

artly be due to the decomposition reaction proposed by Messier
nd Deguire, whereby Si departs as gaseous SiO.33 The reac-
ion implies, however, the formation of elemental Si, whereas the
lasses contain only minor amounts of elemental Si as evidenced
y TEM investigations. The Mg losses were high, while losses
f Ba were less evident. The smallest losses of nitrogen were
bserved for the Mg containing glasses and the largest ones for
he Ba containing glasses. This indicates that the Mg has high
eactivity toward the nitrogen. The cation compositions range
rom 13 to 37 e/o (9–24 at%) AE and the anion compositions
rom 14 to 42 e/o (6–19 at%) of N. The variation of AE content
s accompanied with the variation of N content.

.2. Density, molar volume and compactness
ig. 2. Comparison of the nominal and determined AE (Mg, Ca, Sr, Ba) contents
or AE–Si–O–N glasses.
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Table 2
Physical properties of AE–Si–O–N glasses: glass designation, density (ρ), molar volume (MV), competence (C), cation field strength (CFS), glass transition
temperature (Tg), crystallization temperature (Tc), hardness (Hv) and refractive index (n). Numbers in parenthesis are estimated standard deviations.

Glass ID Density (g/cm3) MV (cm3 mol−1) C CFS (Å−2) Tg (◦C) Tc (◦C) Hv (GPa) n

Mg-1 2.78 7.23 0.56 3.858 910 1150 9.2 (4) 1.62
Mg-2 2.81 7.14 0.57 3.858 960 1195 10.5 (3) 1.65
Mg-3 2.83 7.12 0.57 3.858 995 1201 11.1 (1) 1.63
Mg-4 2.86 7.03 0.58 3.858 1020 1220 12.1 (6) 1.67
Ca-1 2.85 7.57 0.56 1.780 820 935 8.2 (2) 1.63
Ca-2 2.93 7.70 0.56 1.780 885 953 8.8 (8) 1.68
Ca-3 3.01 7.66 0.57 1.780 920 1048 9.3 (5) 1.72
Ca-4 3.03 7.70 0.57 1.780 955 1074 9.4 (8) 1.74
Sr-1 3.02 8.87 0.50 1.366 800 930 8.2 (29) 1.66
Sr-2 3.51 8.73 0.53 1.366 870 960 8.8 (8) 1.74
Sr-3 3.72 8.60 0.55 1.366 910 1060 9.3 (5) 1.77
Sr-4 3.96 8.67 0.55 1.366 940 1106 9.4 (8) 1.82
Ba-1 3.25 10.46 0.45 1.050 795 1010 8.1 (1) 1.71
B
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peratures. The average temperature difference between T and
a-2 3.77 10.39 0.48
a-3 3.89 10.55 0.48
a-4 4.16 11.22 0.47

ensity of the Mg containing glasses shows the lowest values
f while the density of Ba containing glasses shows the high-
st values. For Mg glasses the density values varies between
.78 and 2.86, for Ca glasses between 2.85 and 3.03, for Sr
lasses between 3.02 and 3.96 and for Ba glasses between 3.25
nd 4.16 g/cm3. The regression analysis for Sr and Ba contain-
ng glasses yields ρ = 2.28 (2) + 0.036 (5)·[Sr] + 0.012 (7)·[N],
/cm3, R2 = 0.98 and ρ = 2.52 (5) + 0.028 (8)·[Ba] + 0.017
6)·[N], g/cm3, R2 = 0.96, with Sr, Ba and N concentrations in
/o, demonstrating that the density variations depend primarily
n the AE content. These results is in agreement with those found
or RE element containing oxynitride glasses,10,34,35 for which
he density increases with increasing atomic weight of the RE
lement. The increase in density with Sr and Ba content can be
ttributed to the large atomic weight of Sr and Ba, while smaller
ncreases with N content may be due to a significant fraction of
hree-coordinated N in the glass. The molar volume (MV) values
ncrease from Mg to Ba containing glasses. Ba glasses have the

ighest values of molar volume (e.g. 10.46–11.22 cm3/mol). It
ay also be added, that in our previous studies of Ca–Si–O–N28

nd Sr–Si–O–N29 glasses, we found that increasing N con-

ig. 3. Glass density as a function of amount of AE for AE–Si–O–N glasses.

T

m

1.050 848 1048 8.5 (2) 1.79
1.050 870 1086 9.1 (9) 1.84
1.050 890 1066 9.2 (7) 1.93

ent diminishes the MV and increasing modifier cation content
ncrease it. Mg containing glasses shows high values of fraction
ompactness (e.g. 0.58) compared to the Ba containing glasses
e.g. 0.46).

.3. Glass transition and crystallization temperatures

For silicate glasses, a high Tg is associated with a high
trength of chemical bonding and a high polymerization degree
f the network. Observed glass transition temperatures, Tg, and
rystallization temperatures, Tc, for AE–Si–O–N glasses with
ifferent amounts of modifiers and N contents are listed in
able 2. A DTA recording for an Ca8.03Si10O17.92N6.65 glass
ample (Ca-3 in Table 2) is shown in Fig. 4.The Tg values
aries between 795 and 1020 ◦C and shows clear trends, that
g decreases in the series Mg, Ca, Sr, Ba, with Ba containing
lasses having the lowest glass transition and crystallization tem-
g

c is approximately 200 ◦C.
The comparatively low Tg values are similar to those deter-

ined by Videau et al.22 for M–Si–Al–O–N glasses with

Fig. 4. DTA recording for Ca8.03Si10O17.92N6.65 (sample no. Ca-3).
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ig. 5. Glass transition temperature as a function of CFS for AE–Si–O–N
lasses.

= Mg–Ca–Ba or Li. Fig. 5 shows that the Tg increase with
ncreasing CFS, similar phenomena was also observed for RE
xynitride glasses.10,17,18,36,37 Drew et al.,12 however, found
or M–Si–Al–O–N glasses with M = Mg, Ca, slightly higher Tg
alues for the Ca glasses.

Fig. 6 shows that there is a significant increase in Tg and Tc
ith increasing nitrogen content. Since an increase in nitrogen

ontent by all accounts increases the cross-linking of the glass
etwork, the glass transition temperature is expected to increase
s the nitrogen content of the glass increases. An increase in
he glass transition temperature with increasing nitrogen con-
ent has also been found for other oxynitride glasses.17,22,38–41

fit of the data to a linear dependence of Tg on both N and
a contents yielded Tg = 738 (42) + 3 (2)·[N] + 1(4)·[Ba], with
2 = 0.97. The data thus indicate that the Ba content has far less
ffect on Tg than the N content. However, the separate effects of
he modifier and N contents on physical properties are difficult
o ascertain because of the strong correlation of the modifier and

contents.
.4. Vickers hardness

The Vickers hardness data are given in Table 2 and plotted
ersus N content in Fig. 7 for Mg, Ca, Sr and Ba glasses. The

ig. 6. Glass transition temperature as a function of N content for AE–Si–O–N
lasses.

n
o
n
i

F

ig. 7. Glass microhardness as a function of N content for AE–Si–O–N glasses.

ickers hardness shows a variation between 8.1 and 12.2 GPa.
linear regression fit on both N and Ba content yielded

v = 7.42 (5) + 0.048 (2)·[N] − 0.018(7)·[Ba], with R2 = 0.95.
he data in AE systems indicate, however, that there is also
dependence on the modifier content. The increase in micro

ardness with increasing N content implies that the incorpora-
ion of nitrogen into the glass network strengthens the glass
tructure. This has been attributed to the presence of three-
oordinated nitrogen.8,20,42–45 However, an increase in hardness
ith nitrogen content was observed also for high-nitrogen con-

ent La–Si–O–N26 glasses with high X:Si [X = O, N] ratios, thus
mplying very fragmented networks, suggesting that there might
e other causes for the observed increase in hardness. The replac-
ng of one modifier for another in the AE–Si–O–N systems,
vidently effect significant changes in hardness. Glasses in the
g system shows the highest observed hardness being 12.2 GPa.

he lower hardness values for the Ba substituted glasses agrees
ith the findings of Tredway and Risbud,24 who reported hard-
ess values for Ba–Si–Al–O–N glasses that are lower than by us
eported values for Ca–Si–O–N and Sr–Si–O–N glasses. Hard-
ess is often related to the CFS since it reflects the strength

f the bonds in a material. For the present glasses, the hard-
ess increases with increasing CFS of the AE element as shown
n Fig. 8, corresponding to a strengthening of the glass by an

ig. 8. Glass microhardness as a function of CFS for AE–Si–O–N glasses.
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ig. 9. Glass refractive index as a function of amount of AE for AE–Si–O–N
lasses.

ncreasing strength of the AE–O bonds. The results imply that the
E element bonding contributes significantly to the strength of

he glasses. A linear increase of microhardness with CFS agrees
ith findings for RE–Si–Al–O–N glasses.19–22 These results

mply that the alkaline earths also contribute significantly to the
lass network strength, in addition to the well known increase
ith increasing nitrogen content.

.5. Refractive index

The results presented in Table 2 and Fig. 9 show that there are
ignificant changes of the refractive index (n) upon substituting
ne AE element by another AE element. The refractive index
t 640 nm varies from 1.62 for Mg containing glasses to 1.93
or Ba containing glasses. The refractive index increase with
ncreasing content of AE elements except from Mg.

A linear regression fit yielded n = 1.48 (2) + 0.002
2)·[N] + 0.009 (1)·[Ba], with R2 = 0.99. The refractive index
s thus found to increase predominantly with the Ba content,
ut also with N content. A trend for n to increase with increas-
ng amount of Sr was also observed for Sr–Si–O–N29 glasses.
helby44 also found a trend toward increasing refractive index
ith increasing CaO content for calcium aluminosilicate oxide
lasses. The Ba glasses exhibits higher values of refractive index
han the Mg, Ca and Sr. The increase of refractive index can be
ttributed to increased polarizability of the modifier ions rather
han significant changes in the glass structure.

. Conclusions

Homogeneous glasses in AE–Si–O–N systems (AE = Mg, Ca,
r or Ba) containing high amount of nitrogen (ca. 42 equiv.%)
nd alkaline-earth elements (ca. 37 equiv.%) have been prepared
y heat-treating mixtures of AEH2, SiO2 and Si3N4 powders in
itrogen atmosphere. The colors of these glasses vary depending

n the alkaline-earth elements used and their concentrations. The
esults show that the properties of AE–Si–O–N glasses, such
s density, molar volume, glass transition and crystallization
emperatures, hardness, and refractive index are affected by the
Ceramic Society 31 (2011) 611–618 617

mount of nitrogen as well as by the modifiers. The density and
olar volume increases substantially with an increase in the AE

tomic mass. Ba containing glasses show high values of density
nd molar volume compare to Mg, Ca and Sr containing glasses.

Glass transition temperatures and hardness are found to be
igher for Mg containing glasses, and that both Tg and Vick-
rs hardness varies linearly with the cation field strength. These
esults accord with previous findings that have shown increasing
alues for these properties with increasing CFS of the modi-
er ions. In each case, the properties for a given composition
orrelate with the change in cationic field strength of the AE,
onsistent with a strengthening of the network by an increas-
ng in the strength of AE–O bonds. These results imply that the
lkaline earths also contribute significantly to the properties, in
ddition to the well known effect on properties with increas-
ng nitrogen content. The Ba glasses exhibit higher values of
efractive index than the Sr, Ca and Mg glasses.
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