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bstract

ickers hardness and refractive index have been determined for a series of La-Si-O-N oxy-nitride glasses containing 30–62 e/o of La and 9–68 e/o
f N. The hardness varies between 7.7 and 11.5 GPa at a load of 1 kg and is dependent of the N content, while the La content does not influence

t significantly. The increase of the hardness with N content is, contrary to reported findings for other oxy-nitride glasses, found not to be linear
ver the whole compositional range. The refractive index varies between 1.8 and 2.3 and increases non-linearly with increasing N content. The
ompositional variations of hardness and refractive index are compared with previously published results.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Glass forming regions and properties of oxy-nitride
lasses1–5 have been studied chiefly because they occur as
rain-boundary phases in silicon nitride ceramics, in which
he composition and volume fraction of them determine the
roperties of the materials, particularly the high-temperature
echanical properties. The studies have shown that a number

f physical and mechanical property values, including hard-
ess, fracture toughness, elastic modulus and refractive index,
ncrease with increasing nitrogen content. Sakka2 has empha-
ized that oxy-nitride glasses exhibit very high elastic moduli,
hich cannot be achieved by any pure oxide glasses. The values
ave been found to vary linearly with N content, density of the
lass and ionic radius of rare-earth (RE) glass modifier/dopant,
ith the effects of N and RE contents being independent and

dditive.6,7

Studies of compositional dependencies of hardness are pre-

ominant for glasses containing, in addition to Si, Y and
l,1,2,8–12 and RE and Al,5,13–15 with the latter mainly con-

erning variations with the ionic radius and/or cationic strength

∗ Corresponding author. Tel.: +46 8 161258; fax: +46 8 152187.
E-mail address: zaida@inorg.su.se (S. Esmaeilzadeh).
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f the RE cations. Glasses with Mg and RE have also been
nvestigated.16 Considerably fewer studies have been done on

-Si-O-N systems that contain only Si and one modifier.17,18

he observed increase in hardness with increasing N content has
ommonly, but not without exceptions, been attributed to the
xistence of substantial amounts of N[3], i.e. N atoms that bind
o three Si atoms, which allegedly increases the cross-linking in
he framework and stiffens the glass.10,18

Compositional variations of the refractive index have been
onsiderably less investigated than those of mechanical prop-
rties. Systems that have been investigated are Y-Al-Si-O-N,19

-Si-Al-O-N with M = Mg, Ca, Y, and Nd,20 RE-Al-Si-O-N5

nd Gd-Al-Si-O-N.13 The refractive index is found to increase
oth with increasing N content and, to a substantially smaller
xtent, with increasing content of glass modifiers of high atomic
umbers. Coon et al.19 found that for Y-Al-Si-O-N glasses an
stimated value of the molar refractivity of nitrogen is similar
o that predicted for nitrogen in silicon nitride, suggesting that
he glasses contain appreciable amounts of N[3].

Silicon oxy-nitride glasses have traditionally been synthe-
ized by melting mixtures of Si3N4, SiO2 and glass modifier

etal oxides, yielding glasses with nitrogen contents up to,

ypically, ca. 20 e/o. By using a recently developed alterna-
ive synthesis route, in which the electropositive elements are
sed in the form of metals that convert to nitrides by reaction

mailto:zaida@inorg.su.se
dx.doi.org/10.1016/j.jeurceramsoc.2007.04.003
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ig. 1. Glasses obtained in the La2O3-SiO2-LaN-Si3N4 system. The slanting
ines show selected constant values for the ratio X:M = [O,N]/[Si] of, from
ottom up, 2.5, 3.0, 3.5 and 4.0, respectively.

ith the nitrogen gas atmosphere, we have prepared a range

f oxy-nitride glasses that contain significantly higher contents
f both nitrogen and additives.21 The synthesis and determined
lass forming region for La-Si-O-N glasses have been reported
lsewhere.22 Achieved glass compositions are shown in Fig. 1.

m
1
I
p

able 1
ata for La-Si-O-N glasses: determined glass compositions, La cation content in e/o,

ndex (n), density (ρ)

omposition La (e/o) N (e/o)

a5.81Si10O24.22N2.99 30.3 (5) 13.9 (4)
a8.14Si10O29.164N2.03 37.8 (6) 9.2 (3)
a7.62Si10O25.57N3.90 36.3 (4) 17.6 (2)
a7.90Si10O26.56N3.53 37.2 (5) 15.6 (7)
a8.15Si10O25.93N4.19 37.9 (8) 18.2 (3)
a7.84Si10O26.17N3.73 37.1 (3) 17.3 (6)
a7.06Si10O22.27N5.55 34.6 (6) 24.9 (4)
a7.45Si10O23.59N5.05 35.8 (6) 21.9 (3)
a7.59Si10O22.95N5.62 36.2 (3) 24.4 (6)
a12.22Si10O24.01N9.55 47.8 (5) 35.3 (3)
a8.52Si10O23.25N6.36 38.9 (6) 27.1 (7)
a8.25Si10O20.28N8.06 38.2 (5) 34.1 (3)
a8.82Si10O20.89N8.22 39.8 (3) 33.4 (4)
a16.1Si10O29.68N9.62 54.6 (7) 31.3 (5)
a16.45Si10O26.24N12.28 55.2 (5) 40.1 (4)
a11.62Si10O23.89N9.03 46.5 (8) 34.1 (3)
a13.4Si10O16.78N15.54 50.1 (8) 56.9 (3)
a11.03Si10O20.42N10.75 45.2 (4) 43.3 (8)
a14.62Si10O18.4N15.67 52.2 (3) 58.3 (6)
a12.04Si10O19.7N12.24 47.4 (4) 45.8 (7)
a18.15Si10O23.02N16.13 57.6 (5) 49.1 (3)
a11.7Si10O11.53N17.34 46.7 (3) 65.7 (4)
a10.64Si10O12.92N15.36 44.3 (4) 62.6 (5)
a12.33Si10O9.42N19.38 48.1 (4) 67.9 (5)
a13.1Si10O12.57N18.23 49.4 (6) 66.8 (3)
a14.04Si10O19.39N14.5 51.3 (3) 48.9 (6)
a21.72Si10O10.11N28.32 61.9 (5) 67.3 (3)

umbers in parentheses are estimated standard deviations.
Ceramic Society 27 (2007) 4783–4787

he glasses were all non-transparent with a dark brown colour.
hey were characterized by elemental anion and cation analyses,
ptical and scanning electron microscopy, differential thermal
nalysis, powder X-ray diffraction and density measurements.
he majority of them were found to contain small amounts of La
ilicides, typically around 1%, and also, by transmission elec-
ron microscopy, to a much smaller degree, elemental Si. The
resent work comprises determinations of Vickers hardness and
efractivity index for a series of these La-Si-O-N glasses, some
f them containing very high amounts of La and N,22 together
ith a comparison of the observed compositional dependencies
ith previously published data. Data for the glasses are given in
able 1.

. Experimental

The La-Si-O-N glasses were prepared from powder mixtures
f La metal (ChemPure, 99.9%), Si3N4 (UBE, SNE10), and
iO2 (Aerosil 50). The mixtures were melted at 1650–1800 ◦C,
epending on the composition, using a radio frequency furnace.
urther information on synthesis conditions and characterization
f the obtained glasses is given in Ref. 22.

Hardness was determined using a Vickers hardness testing

achine, with a pyramidal diamond indenter and a load (P) of
kg, and using the average of five indentions per specimen.

n order to reduce strains in the samples, they were heated,
rior to the measurements, in a nitrogen atmosphere, to 800 ◦C

N content in e/o, the ratio X:M = [O,N]/[Si], Vickers hardness (HV), refractive

X:M HV (GPa) n ρ (g/cm3)

2.72 7.8 (2) 1.73 4.24
3.12 7.7 (2) 1.75 4.48
2.95 8.7 (2) 1.78 4.70
3.01 8.6 (2) 1.77 4.44
3.01 9.3 (3) 1.80 4.55
2.99 9.1 (3) 1.79 4.69
2.78 9.4 (2) 1.84 4.44
2.86 9.4 (2) 1.84 4.56
2.86 9.6 (2) 1.87 4.66
3.36 10.3 (3) 1.92 5.15
2.96 9.9 (2) 1.88 4.72
2.83 10.2 (4) 1.89 4.68
2.91 10.6 (3) 1.89 4.77
3.93 10.6 (2) 1.94 5.46
3.85 10.7 (2) 1.95 5.42
3.29 9.4 (3) 1.92 5.14
3.23 11.3 (2) 1.95 –
3.12 10.4 (2) 1.94 4.91
3.41 11.3 (3) 1.96 5.27
3.19 10.8 (4) 1.94 5.28
3.92 10.9 (2) 1.98 5.51
2.89 11.4 (2) 2.17 –
2.83 11.3 (2) 2.06 –
2.88 11.5 (2) 2.20 –
3.05 11.4 (2) 2.31 4.99
3.39 11.3 (2) 1.94 5.36
3.84 11.5 (3) 2.28 5.51
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t a rate of 5◦ min−1 and then cooled at a rate of 2◦ min−1.
he variation of obtained hardness values with indentation load
as investigated on a smaller set of samples, using in addi-

ion a Matsuzawa microhardness tester, Model MXT-�1. The
ndentation diagonal lengths (d) were measured using an opti-
al microscope, Vickers hardness values were calculated using
he expression HV = (1854 kgf �m2/gf mm2) P/d2 and then con-
erted to SI units.

The refractive index was determined using an in-house built
pparatus for measuring the Brewster angle, θB,23 with a laser
ight source operating at λ = 633 nm, and calculating the refrac-
ive index n from n = tan(θB). The samples were mounted in
akelite for the measurements, and their surfaces were finely
olished with 4000 mesh SiC paper then with fine fabrics of 20,

, 1 �m, respectively. The precision of the measurement of n
as estimated to be 0.03 on the average, corresponding to an

rror of ca. 1◦ in 2θB.

ig. 2. (a) Hardness HV as a function of applied load, P, and (b) diagonal
ndention length, d, as a function of the square root of the applied load for glasses
ith compositions La12.22Si10O24.01N9.55 (�) and La5.81Si10O24.22N2.99 (©).
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. Results

.1. Vickers hardness

The measurements showed that there was a considerable
ecrease of the apparent hardness, HV, with increasing load.
n Fig. 2(a) the measured hardness is given as a function of
pplied load, and in Fig. 2(b) the indention diagonal length d
s plotted versus the square root of the load P, for two glasses.
ccording to the Bull equation,24 the slope of the straight line

s (1.854/H0
V)

1/2
, with H0

V the load-independent part of the
ardness. The calculated H0

V values for the two glasses show
hat HV values using a load of 1 kg are relatively close to load-
ndependent values, amounting to ca. 1.15H0

V, while, e.g. a load
f 100 g gives apparent hardness values that are substantially
igher, ca. (1.5 − 1.7)H0

V.
The hardness HV, at a load of 1 kg, is plotted in

ig. 3 as a function of the nitrogen content [N] in
/o. It increases non-linearly from ca. 7.7 GPa for ca.
0 e/o of N to ca. 11.5 GPa for ca. 70 e/o of N. A fit
f the data to a second degree polynomial yielded the
ependence HV = 6.6(3) + 0.14(2)[N] − 1.0(2) × 10−3[N]2 with
= 0.93 and a standard error of 0.3. The data in the figure are

ivided into three groups of X:M ((O/N):Si) values. The vari-
ble X:M is strongly correlated with the La content, and the
ata indicate that the hardness is not significantly influenced by
ither X:M or La content.

.2. Refractive index

The measured refractive index, n, is plotted versus the

content in Fig. 4. The variation of n with nitrogen con-

ent [N] is found to be non-linear. It increases, within error,
inearly with nitrogen content up to ca. 30 e/o, range A in
ig. 4, but is nearly constant at n ≈ 1.95 for nitrogen con-

ig. 3. Vickers hardness, HV, for La-Si-O-N glasses as a function of nitrogen
ontent. X:M = 2.5–3.0 (�), X:M = 3.0–3.5 (©), X:M = 3.5–4.0 (�).
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ig. 4. Refractive index, n, at 633 nm for La-Si-O-N glasses as a function of
itrogen content. X:M = 2.5–3.0 (�), X:M = 3.0–3.5 (©), X:M = 3.5–4.0 (�).

ents between 40 and 60 e/o, range B. A fit of the data
or [N] < 60 e/o to a second degree polynomial (omitting
he outlier data point at 9 e/o N) yields the dependence
s n = 1.56(3) + 1.57(2) × 10−2[N] − 1.56(2) × 10−4[N]2 with
tandard error 0.02 and R = 0.95. At higher N contents, between
0 and 68 e/o N, range C, there is a further substantial increase
f n with increasing N content, and n reaches a maximum value
f ca. 2.3 for [N] ca. 68 e/o N. The data in Fig. 4 shows that
here is also comparatively much smaller, dependence of n on
he X:M ratio, implying a small dependence on the La content, in
greement with previous findings.6,7 Including a linear depen-
ence of n on the La content, [La], in a fit for the data with
N] < 60 e/o yielded the dependence as n ∝ 1.9(2) × 10−3[La],
.e. the dependence on [La] is found to be roughly 10 times less
han on [N].

. Discussion

Comparatively many hardness studies of oxy-nitride glasses
re found for the system Y-Si-Al-O-N,9–12,25,26 reflecting the
mportance of these glass compositions for Si3N4 based ceram-
cs. The Vickers hardness for these glasses varies roughly
etween 8 and 11.5 GPa for N contents below 33 e/o. Only
ne study has been made of the system RE-Si-Al-O-N,14 with
E = Ce–Er, with the hardness increasing from 9 to 11.4 GPa
ith decreasing size of the RE cation at 17 e/o N. For the present

ystem, La-Si-O-N, literature data are only available for one
lass composition with 38 e/o of N,27 exhibiting a hardness of
1 GPa at a load of 100 g. A comparison of the above results with
hose in the present study is obstructed by the use of different
oads. The conclusions that can be made are: (i) that the present
lasses in comparison exhibit high hardness values at high N

ontents, (ii) that the increase of hardness with N content is not
inear over the whole compositional range of 9–68 e/o N, and
iii) that there is no significant influence on the hardness by the
:M ratio or La content.

t
S
t
t

Ceramic Society 27 (2007) 4783–4787

The increase in hardness with N content for oxy-nitride
lasses has predominantly been attributed to an introduction of
[3], which increases the cross-linkage and stiffens the glass.

n some studies15 it has been recognized that the higher bend-
ng resistance of Si–N[2]–Si linkages,28 in comparison with
i–O[2]–Si linkages, should also effect an increased hardness.
owever, the X:M ratios for the present glasses imply, especially

or those with high N and La contents, that the Si-(O,N) frame-
orks are very fragmented. Indeed, if the possible presence of
/N atoms not bonded to Si in the glass structures is disregarded,

ome of the glasses should ostensibly contain predominantly iso-
ated Si(O/N)4 and Si2(O/N)7 groups. The existence of apprecia-
le amounts of N[3] is for this reason not likely at high N contents.

recent solid-state NMR study of a selected number of these
lasses indicates, in accordance, that N and O in fact play similar
tructural roles.29 The role of the glass modifier, in this case La, is
urthermore frequently overlooked. In Si-Al-Sm-O glasses30 the
ardness increases upon substitution of Sm for Al, and it has been
uggested that strong O-Y-O cross-linking bonds contribute to a
igh hardness in Y-Si-Al-O-N glasses.10,15 For very high X:M
atios and La contents, the present glasses may be considered as
lose to inverted, i.e. the main matrix being La-(O/N), and the
ardness therefore expected to be to a considerable degree also
overned by La–O and La–N bonds. Structural studies of these
lasses are evidently necessary to shed light on these issues.

The observed non-linear variation of the refractive index
ith nitrogen content is indicative of changes in glass struc-

ure, and thus bonding between different atoms, that take place
ith increasing nitrogen content over the wide compositional

ange of 9–68 e/o of N. The structural issues mentioned above
n connection with the hardness of the glasses are thus equally
alid for a discussion of the refractive index. In present glasses,
efractive index (n) was divided into three compositional ranges
ith respect to: range A (see Fig. 4) with [N] < 30 e/o, where n

ncreases linearly with [N], in accordance with the findings of
ther studies,6,19 a range B with [N] between ca. 40 and 60 e/o
, where n is fairly constant, and a range C with [N] > 60 e/o,
here n increases markedly with N content. In range A most of

he glasses have X:M ratios between 2.5 and 3, whereas those in
ange B have higher X:M ratios, between 3 and 4. It is thus nat-
ral to attribute the different dependency on N content in these
anges to differences in framework connectivity, and in partic-
lar the connectivity of the N atoms. For Y-Al-Si-O-N glasses
ith N contents in the range A, the estimated molar refractivity
f nitrogen has been taken as indicating that the glasses con-
ain appreciable amounts of N[3].19 The relative amounts of N[3]

n oxy-nitride glasses are, however, quantitatively not known
n general. In range B, the X:M ratios imply very fragmented
rameworks. The nearly constant n in this range could thus be
ue to N being predominantly present as N[1] and N[2], in rela-
ively constant proportions. Without structural information, only
peculative reasons can be given for the marked increase of n
ith N content in range C. These glasses all have, in addition
o very high N contents, also very high La contents, 44–62 e/o.
peculatively, the high n values might be caused by a segrega-

ion at a nanometer scale of La- and Si-rich regions, and also by
he boundaries present between these regions.
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. Conclusions

Previous investigations of the variation of hardness and
efractive index in oxy-nitride glasses have, with few excep-
ions, been restricted to N contents up to ca. 30 e/o, while in this
tudy La-Si-O-N glasses containing up to 68 e/o of N have been
haracterized. The increase in hardness with nitrogen content
s found to be non-linear. The refractive index increases non-
inearly with nitrogen content, and the glasses can be divided
nto three compositional ranges: (a) with [N] < 30 e/o, where n
ncreases linearly with [N], (b) with [N] between ca. 40 and
0 e/o N, where n is fairly constant, and (c) with [N] > 60 e/o,
here n increases markedly with N content. The variation of

he refractive index indicates that changes in glass structure and
onding between different atoms take place upon varying the
itrogen content over the wide compositional range of 9–68 e/o
f N.
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