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Abstract

Vickers 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
of N. The hardness varies between 7.7 and 11.5 GPa at a load of 1kg and is dependent of the N content, while the La content does not influence
it significantly. The increase of the hardness with N content is, contrary to reported findings for other oxy-nitride glasses, found not to be linear
over the whole compositional range. The refractive index varies between 1.8 and 2.3 and increases non-linearly with increasing N content. The
compositional variations of hardness and refractive index are compared with previously published results.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Glass forming regions and properties of oxy-nitride
glasses' have been studied chiefly because they occur as
grain-boundary phases in silicon nitride ceramics, in which
the composition and volume fraction of them determine the
properties of the materials, particularly the high-temperature
mechanical properties. The studies have shown that a number
of physical and mechanical property values, including hard-
ness, fracture toughness, elastic modulus and refractive index,
increase with increasing nitrogen content. Sakka® has empha-
sized that oxy-nitride glasses exhibit very high elastic moduli,
which cannot be achieved by any pure oxide glasses. The values
have been found to vary linearly with N content, density of the
glass and ionic radius of rare-earth (RE) glass modifier/dopant,
with the effects of N and RE contents being independent and
additive.®’

Studies of compositional dependencies of hardness are pre-
dominant for glasses containing, in addition to Si, Y and
ALY28-12 and RE and A1>13-15 with the latter mainly con-
cerning variations with the ionic radius and/or cationic strength
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of the RE cations. Glasses with Mg and RE have also been
investigated.'® Considerably fewer studies have been done on
M-Si-O-N systems that contain only Si and one modifier.!”-'3
The observed increase in hardness with increasing N content has
commonly, but not without exceptions, been attributed to the
existence of substantial amounts of N [3], i.e. N atoms that bind
to three Si atoms, which allegedly increases the cross-linking in
the framework and stiffens the glass.!%-18

Compositional variations of the refractive index have been
considerably less investigated than those of mechanical prop-
erties. Systems that have been investigated are Y-Al-Si-O-N,
M-Si-Al-O-N with M=Mg, Ca, Y, and Nd,?° RE-AI-Si-O-N°
and Gd-Al-Si-O-N.!3 The refractive index is found to increase
both with increasing N content and, to a substantially smaller
extent, with increasing content of glass modifiers of high atomic
numbers. Coon et al.!” found that for Y-Al-Si-O-N glasses an
estimated value of the molar refractivity of nitrogen is similar
to that predicted for nitrogen in silicon nitride, suggesting that
the glasses contain appreciable amounts of N3],

Silicon oxy-nitride glasses have traditionally been synthe-
sized by melting mixtures of SizN4, SiO, and glass modifier
metal oxides, yielding glasses with nitrogen contents up to,
typically, ca. 20e/o. By using a recently developed alterna-
tive synthesis route, in which the electropositive elements are
used in the form of metals that convert to nitrides by reaction
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Fig. 1. Glasses obtained in the Lay03-SiO2-LaN-Si3Ny system. The slanting
lines show selected constant values for the ratio X:M=[O,N]/[Si] of, from
bottom up, 2.5, 3.0, 3.5 and 4.0, respectively.

with the nitrogen gas atmosphere, we have prepared a range
of oxy-nitride glasses that contain significantly higher contents
of both nitrogen and additives.?! The synthesis and determined
glass forming region for La-Si-O-N glasses have been reported
elsewhere.?? Achieved glass compositions are shown in Fig. 1.

Table 1

The glasses were all non-transparent with a dark brown colour.
They were characterized by elemental anion and cation analyses,
optical and scanning electron microscopy, differential thermal
analysis, powder X-ray diffraction and density measurements.
The majority of them were found to contain small amounts of La
silicides, typically around 1%, and also, by transmission elec-
tron microscopy, to a much smaller degree, elemental Si. The
present work comprises determinations of Vickers hardness and
refractivity index for a series of these La-Si-O-N glasses, some
of them containing very high amounts of La and N,?? together
with a comparison of the observed compositional dependencies
with previously published data. Data for the glasses are given in
Table 1.

2. Experimental

The La-Si-O-N glasses were prepared from powder mixtures
of La metal (ChemPure, 99.9%), SizN4 (UBE, SNE10), and
SiO; (Aerosil 50). The mixtures were melted at 1650-1800 °C,
depending on the composition, using a radio frequency furnace.
Further information on synthesis conditions and characterization
of the obtained glasses is given in Ref. 22.

Hardness was determined using a Vickers hardness testing
machine, with a pyramidal diamond indenter and a load (P) of
1kg, and using the average of five indentions per specimen.
In order to reduce strains in the samples, they were heated,
prior to the measurements, in a nitrogen atmosphere, to 800 °C

Data for La-Si-O-N glasses: determined glass compositions, La cation content in e/o, N content in e/o, the ratio X:M =[O,N]/[Si], Vickers hardness (Hy), refractive

index (n), density (p)

Composition La (e/o) N (e/o) X:M Hy (GPa) n o (g/em?)
Las 31 Sij0024.22N2.99 30.3 (5) 13.9 (4) 2.72 7.8(2) 1.73 4.24
Lag 14S110029.164N2.03 37.8 (6) 9.2 (3) 3.12 7.7 (2) 1.75 448
La7,62Si10025.57N3.90 36.3 (4) 17.6 (2) 2.95 8.7(2) 1.78 4.70
La7.90Si10026.56N3.53 37.2(5) 15.6 (7) 3.01 8.6 (2) 1.77 4.44
Lag 15Si10025.93N4.19 37.9(8) 18.2 (3) 3.01 9.3(3) 1.80 4.55
La7.84Si10026.17N3.73 37.1(3) 17.3 (6) 2.99 9.1 (3) 1.79 4.69
La7,06Si10022.27N5s 55 34.6 (6) 24.9 (4) 2.78 9.4 (2) 1.84 4.44
La7.45Si10023.50N5.05 35.8 (6) 219 (3) 2.86 94 (2) 1.84 4.56
La7.59Si10022.95N5 62 36.2 (3) 24.4 (6) 2.86 9.6 (2) 1.87 4.66
Laj222S110024.01No 55 47.8 (5) 35.3(3) 3.36 10.3 (3) 1.92 5.15
Lag 52Si10023.25N6.36 38.9 (6) 27.1(7) 2.96 9.9(2) 1.88 4.72
Lag25Si10020.28Ng.06 38.2 (5) 34.1 (3) 2.83 10.2 (4) 1.89 4.68
Lag 82Si10020.89Ng 22 39.8 (3) 334 (4) 291 10.6 (3) 1.89 4.77
Laj6.1Si10029.68No 62 54.6 (7) 31.3(5) 3.93 10.6 (2) 1.94 5.46
Laj6.45S11002624N12.28 55.2(5) 40.1 (4) 3.85 10.7 (2) 1.95 5.42
Laj1.62Si10023.80No 03 46.5 (8) 34.1 (3) 3.29 9.4 (3) 1.92 5.14
La;3.4Sij0016.78N15.54 50.1 (8) 56.9 (3) 3.23 11.3(2) 1.95 -
Laj1.03Si1002042N10.75 452 (4) 43.3 (8) 3.12 104 (2) 1.94 491
Laj4.62S110018.4Nj5.67 522 (3) 58.3 (6) 3.41 11.3(3) 1.96 5.27
Laj2.04Si10019.7N12.24 47.4 (4) 45.8 (7) 3.19 10.8 (4) 1.94 5.28
La;g.15S110023.02N16.13 57.6 (5) 49.1(3) 3.92 10.9 (2) 1.98 5.51
Laj;7Sij0011.53N1734 46.7 (3) 65.7 (4) 2.89 114 (2) 2.17 -
Laj0.64S110012.92N15.36 44.3 (4) 62.6 (5) 2.83 11.3(2) 2.06 -
Laj233Si1009.42N19 38 48.1 (4) 67.9 (5) 2.88 11.5(2) 2.20 -
Laj3.1Sij0012.57N18.23 49.4 (6) 66.8 (3) 3.05 114 (2) 2.31 4.99
Laj4.04Si1001939N145 51.3(3) 48.9 (6) 3.39 11.3(2) 1.94 5.36
Lay; 72S110010.11N28.32 61.9 (5) 67.3 (3) 3.84 11.53) 2.28 5.51

Numbers in parentheses are estimated standard deviations.
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at a rate of 5°min~! and then cooled at a rate of 2° min—!.

The variation of obtained hardness values with indentation load
was investigated on a smaller set of samples, using in addi-
tion a Matsuzawa microhardness tester, Model MXT-a1. The
indentation diagonal lengths (d) were measured using an opti-
cal microscope, Vickers hardness values were calculated using
the expression Hy = (1854 kgf wm?/gf mm?) P/d” and then con-
verted to SI units.

The refractive index was determined using an in-house built
apparatus for measuring the Brewster angle, 6g,>> with a laser
light source operating at A =633 nm, and calculating the refrac-
tive index n from n=tan(fg). The samples were mounted in
bakelite for the measurements, and their surfaces were finely
polished with 4000 mesh SiC paper then with fine fabrics of 20,
6, 1 wm, respectively. The precision of the measurement of n
was estimated to be 0.03 on the average, corresponding to an
error of ca. 1° in 265g.
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Fig. 2. (a) Hardness Hy as a function of applied load, P, and (b) diagonal
indention length, d, as a function of the square root of the applied load for glasses
with compositions Laj2.228i10024.01No 55 (®) and Las g1 Si10024.22N2.99 (O)-

3. Results
3.1. Vickers hardness

The measurements showed that there was a considerable
decrease of the apparent hardness, Hy, with increasing load.
In Fig. 2(a) the measured hardness is given as a function of
applied load, and in Fig. 2(b) the indention diagonal length d
is plotted versus the square root of the load P, for two glasses.
According to the Bull equation,?* the slope of the straight line
is (1.854/ H{),)l/ 2, with H{), the load-independent part of the
hardness. The calculated H{), values for the two glasses show
that Hy values using a load of 1 kg are relatively close to load-
independent values, amounting to ca. 1.15H8, while, e.g. aload
of 100 g gives apparent hardness values that are substantially
higher, ca. (1.5 — 1.7)HY).

The hardness Hy, at a load of 1kg, is plotted in
Fig. 3 as a function of the nitrogen content [N] in
e/o. It increases non-linearly from ca. 7.7GPa for ca.
10e/o of N to ca. 11.5GPa for ca. 70e/o of N. A fit
of the data to a second degree polynomial yielded the
dependence Hy = 6.6(3) +0.14(2)[N] — 1.0(2) x 1073[N]? with
R=0.93 and a standard error of 0.3. The data in the figure are
divided into three groups of X:M ((O/N):Si) values. The vari-
able X:M is strongly correlated with the La content, and the
data indicate that the hardness is not significantly influenced by
either X:M or La content.

3.2. Refractive index

The measured refractive index, n, is plotted versus the
N content in Fig. 4. The variation of n with nitrogen con-
tent [N] is found to be non-linear. It increases, within error,
linearly with nitrogen content up to ca. 30e/o, range A in
Fig. 4, but is nearly constant at n=~1.95 for nitrogen con-

12 | .

Vickers hardness/GPa

e/loN

Fig. 3. Vickers hardness, Hy, for La-Si-O-N glasses as a function of nitrogen
content. X:M =2.5-3.0 (@), X:M =3.0-3.5 (0), X:M=3.5-4.0 (O).
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Fig. 4. Refractive index, n, at 633 nm for La-Si-O-N glasses as a function of
nitrogen content. X:M =2.5-3.0 (@), XM =3.0-3.5 (O), X:M =3.5-4.0 (O).

tents between 40 and 60e/o, range B. A fit of the data
for [N]<60e/o to a second degree polynomial (omitting
the outlier data point at 9e/o N) yields the dependence
as n=1.56(3)+1.57(2) x 1072[N] — 1.56(2) x 10~4[N]? with
standard error 0.02 and R =0.95. At higher N contents, between
60 and 68 e/o N, range C, there is a further substantial increase
of n with increasing N content, and n reaches a maximum value
of ca. 2.3 for [N] ca. 68 ¢e/o N. The data in Fig. 4 shows that
there is also comparatively much smaller, dependence of n on
the X:M ratio, implying a small dependence on the La content, in
agreement with previous findings.®’ Including a linear depen-
dence of n on the La content, [La], in a fit for the data with
[N]<60e/o yielded the dependence as n o< 1.9(2) x 10_3[La],
i.e. the dependence on [La] is found to be roughly 10 times less
than on [N].

4. Discussion

Comparatively many hardness studies of oxy-nitride glasses
are found for the system Y-Si-Al-O-N,%-1225:26 reflecting the
importance of these glass compositions for Si3N4 based ceram-
ics. The Vickers hardness for these glasses varies roughly
between 8 and 11.5GPa for N contents below 33 e/o. Only
one study has been made of the system RE-Si-Al-O-N,!* with
RE =Ce-Er, with the hardness increasing from 9 to 11.4 GPa
with decreasing size of the RE cation at 17 e/o N. For the present
system, La-Si-O-N, literature data are only available for one
glass composition with 38 e/o of N,?” exhibiting a hardness of
11 GPaataload of 100 g. A comparison of the above results with
those in the present study is obstructed by the use of different
loads. The conclusions that can be made are: (i) that the present
glasses in comparison exhibit high hardness values at high N
contents, (ii) that the increase of hardness with N content is not
linear over the whole compositional range of 968 e/o N, and
(iii) that there is no significant influence on the hardness by the
X:M ratio or La content.

The increase in hardness with N content for oxy-nitride
glasses has predominantly been attributed to an introduction of
NBI. which increases the cross-linkage and stiffens the glass.
In some studies'? it has been recognized that the higher bend-
ing resistance of Si-N[?/—Si linkages,?® in comparison with
Si-O?-Si linkages, should also effect an increased hardness.
However, the X:M ratios for the present glasses imply, especially
for those with high N and La contents, that the Si-(O,N) frame-
works are very fragmented. Indeed, if the possible presence of
O/N atoms not bonded to Si in the glass structures is disregarded,
some of the glasses should ostensibly contain predominantly iso-
lated Si(O/N)4 and Si2(O/N)7 groups. The existence of apprecia-
ble amounts of NP/ is for this reason not likely at high N contents.
A recent solid-state NMR study of a selected number of these
glasses indicates, in accordance, that N and O in fact play similar
structural roles.2? The role of the glass modifier, in this case La, is
furthermore frequently overlooked. In Si-Al-Sm-O glasses> the
hardness increases upon substitution of Sm for Al, and it has been
suggested that strong O-Y-O cross-linking bonds contribute to a
high hardness in Y-Si-Al-O-N glasses.'®!3 For very high X:M
ratios and La contents, the present glasses may be considered as
close to inverted, i.e. the main matrix being La-(O/N), and the
hardness therefore expected to be to a considerable degree also
governed by La—O and La—N bonds. Structural studies of these
glasses are evidently necessary to shed light on these issues.

The observed non-linear variation of the refractive index
with nitrogen content is indicative of changes in glass struc-
ture, and thus bonding between different atoms, that take place
with increasing nitrogen content over the wide compositional
range of 9-68 e/o of N. The structural issues mentioned above
in connection with the hardness of the glasses are thus equally
valid for a discussion of the refractive index. In present glasses,
refractive index (n) was divided into three compositional ranges
with respect to: range A (see Fig. 4) with [N] <30 e/o, where n
increases linearly with [N], in accordance with the findings of
other studies,®!” a range B with [N] between ca. 40 and 60 e/o
N, where n is fairly constant, and a range C with [N]> 60 e/o,
where n increases markedly with N content. In range A most of
the glasses have X:M ratios between 2.5 and 3, whereas those in
range B have higher X:M ratios, between 3 and 4. It is thus nat-
ural to attribute the different dependency on N content in these
ranges to differences in framework connectivity, and in partic-
ular the connectivity of the N atoms. For Y-Al-Si-O-N glasses
with N contents in the range A, the estimated molar refractivity
of nitrogen has been taken as indicating that the glasses con-
tain appreciable amounts of N3/ 1° The relative amounts of N[*!
in oxy-nitride glasses are, however, quantitatively not known
in general. In range B, the X:M ratios imply very fragmented
frameworks. The nearly constant n in this range could thus be
due to N being predominantly present as NI and N[?!, in rela-
tively constant proportions. Without structural information, only
speculative reasons can be given for the marked increase of n
with N content in range C. These glasses all have, in addition
to very high N contents, also very high La contents, 44—62 e/o.
Speculatively, the high n values might be caused by a segrega-
tion at a nanometer scale of La- and Si-rich regions, and also by
the boundaries present between these regions.
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5. Conclusions

Previous investigations of the variation of hardness and
refractive index in oxy-nitride glasses have, with few excep-
tions, been restricted to N contents up to ca. 30 e/o, while in this
study La-Si-O-N glasses containing up to 68 e/o of N have been
characterized. The increase in hardness with nitrogen content
is found to be non-linear. The refractive index increases non-
linearly with nitrogen content, and the glasses can be divided
into three compositional ranges: (a) with [N] <30 e/o, where n
increases linearly with [N], (b) with [N] between ca. 40 and
60e/o N, where n is fairly constant, and (c) with [N]> 60 e/o,
where n increases markedly with N content. The variation of
the refractive index indicates that changes in glass structure and
bonding between different atoms take place upon varying the
nitrogen content over the wide compositional range of 9-68 e/o
of N.
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