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Abstract

Four different YAISiO and YAISiON compositions that produced either glass or glass-ceramic materials were designed. Densities, glass
transition temperatures, coefficients of thermal expansion and hardness data were established for each material. The sintering behavior was
determined from the hot stage microscopy (HSM) runs. For the YAISiO glass compositions, the viscosity—temperature curves were estimated from
five characteristic HSM points using Scholze’s method. The YAISiON glass-ceramics with higher Y content showed YAIO; and SiAlgO,Ng
crystals and the poorer Y composition had crystalline precipitates of Si;Ny, Si4Al,O,Ng and Y,SiAlOsN. The effects of the Al/Si and Y/Si ratios,
and the nitrogen content on the properties have been discussed. These glass-ceramics showed relatively high thermal expansion coefficient and
hardness and, therefore, its application as protective coatings for metallic components against high temperatures and/or corrosive environments is

envisaged.
© 2011 Published by Elsevier Ltd and Techna Group S.r.I.
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1. Introduction.

Yttrium aluminosilicate (YAISiO) glasses are known for
their high glass transition temperatures and good chemical
corrosion resistance [1-5], together with their high values of
hardness and elastic modulus [6,7], optical properties and
desirable environmental stability [8] over a wide range of
compositions. Because of their high glass transition tempera-
tures, moderate thermal expansion coefficients, very low
electrical conductivities and high viscosity, YAISiO glasses
have been attempted for replacing current borosilicate glasses
used as sealing glass for tungsten and molybdenum joints [2].
Some compositions have also been tested as corrosion
resistance glass fibers [9] due to their chemical inertness [1—
7]. Present authors [10] have recently succeeded in producing
firmly attached glass coatings on stainless steel by flame
spraying the raw powders compositions.

Most published data [11-15] indicated that by introducing N
atoms in the YAISiO glass network further rises of hardness,
glass transition temperature, density and viscosity occurred.
Besides, the addition of small amounts of Siz;N, to YAISiO
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glasses and the subsequent annealing at 1000-1200 °C led to
the partial nucleation of Si,N,O, Y,Si,07, and YAG [11,15,16]
phases, with the corresponding improvement in some of their
properties.

Furthermore, yttrium aluminosilicate glassy compounds
containing a little nitrogen are the typical grain boundary
compositions of sintered SizNy-based ceramics, which usually
dictates their mechanical properties at high temperatures [17-
22]. In this case, viscosity is a critical parameter. For self-
joining of silicon nitride or even for ceramics-to-metals joining,
the knowledge of the hardness and viscosity figures of those
oxynitrides glass interlayers is of crucial importance as well
[16,23-26].

The direct measurement of viscosity in YAISiO glasses from
the transformation interval to the molten state requires
procedures that involve either sophisticated equipment [27]
or large specimens if indirect methods [28] are used. Due to
their high liquidus temperature, the usual method of measuring
viscosities by rotation in the melted glass is not practical. In
fact, direct methods [27] data on yttrium aluminosilicate and
oxynitride glasses are scarce and, instead, the creep response
under compression of bulk glasses [13,28-30] has often been
used for determining viscosities in the 900-1300 K range.

The hot-stage microscope (HSM) has been reported as a fast
and simple method to estimate viscosity—temperature curves
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within the range 4 < log n < 10 (1 in dPa s). The method was
first applied by Scholze [31] for a wide choice of silicate and
borosilicate glass compositions. Scholze defined the following
points from the optical records of the HSM: the first shrinkage
(log n=10.0 &+ 0.3), the maximum shrinkage (logn=8.2 £
0.5), the softening (logn=6.1£0.2), the half ball
(logn=4.6+0.1) and the flow (logn=4.1 £0.1) points,
which were used to draw the viscosity—temperature curve.
Looking for the optimum conditions to draw glass fibers, De
Pablos et al. [32] successfully applied this method to determine
the viscosity—temperature curves of different glass composi-
tions in the 1000-1600 K interval. Pascual et al. [33] verified
minor differences between the viscosities of three certified
standard glasses (E-glass, Pyrex glass and soda-lime-silica float
glass) measured by both Scholze’s method and the high
temperature viscosimeter. In the present work, HSM is used to
follow the sintering kinetic of the YAISiO and YAISiON
powder compositions. HSM and the Scholze’s [31] method are
attempted for the first time to estimate the viscosity at high
temperatures of YAISiO glasses. Moreover, the glass transition
temperature (7), the thermal expansion coefficient, density and
hardness of these YAISiO glasses and YAISiON glass-ceramics
are comparatively discussed.

2. Experimental procedure

High purity (>99.8%) commercial powders of SiO, (Strem
Chemical, France), Al,O; (Alcoa CT-3000SG, Spain) and
Y,0; (H.C. Starck, Germany), with a mean particle size of 114,
0.5 and 1 pm, respectively, were used as raw materials. Two
nitrogen-free powder mixtures with compositions 6.52 Y-
11.95 Al-17.93 Si-63.57 O (G) and 10.00 Y-15.00 Al-12.50
Si-62.50 O (D) (in at%) were formulated (see Table 1).
According to their location in the SiO,—Al,03-Y,03 phase
equilibrium diagram [1-3], composition G is in the glass
forming zone whereas composition D is close to a zone of
partial crystallization [10].

To prepare the nitrogen-containing compositions, a-SizNy
powders (EO5, UBE Industries, Japan) with 0.5 wm of average
particle size were added to the above compositions as the source
for nitrogen. The SiO,/Si;N, molar ratio was fixed to 3:1,
maintaining constant the other atomic ratios (Al/Si, Al/Y and Y/
Si). These new compositions, labelled as GN and DN, are also
given in Table 1.

The four powder mixtures were attrition milled in isopropyl
alcohol for 4 h using Al,O; balls as milling media; afterwards,
the slurries were dried at 60 °C and sieved through a 100 pm

Table 1

Elemental composition of the studied glasses and glass-ceramics (at%).
Composition Y Al Si (6] N AVY AVSi  Y/Si
G 6.52 1195 1793 6330 - 1.83 0.66 0.36
D 10.00 15.00 1250 6250 - 1.50 120 0.80
GN 6.93 1271 19.07 4855 1274 1.83 0.66 0.36
DN 1043 15.65 13.03 52.18 871 150 120 0.80

mesh. The particle size distribution, measured by Laser
Diffraction (Mastersizer S, Malvern,UK), ranged from 0.5 to
20 pm for all compositions. The powders were isostatically
pressed at 200 MPa into pellets. The two YAISiO pellets were
melted inside a platinum crucible at 1550 °C for 4 h in air,
using a heating rate of 5 °C/min; whereas YAISiON pellets
were melted within graphite crucibles at 1800 °C for 2 h under
N, atmosphere (0.1 MPa), using same heating rate. Subse-
quently, the glasses were first cooled with a cooling rate of
20 °C/min until a temperature of ~1000 °C (50 °C above the
T,) annealing for 1h to remove internal stresses, and
afterwards specimens were slowly (5 °C/min) cooled down
to room temperature.

The density was measured by the Archimedes method at
24 £ 0.5 °C in water. The thermal expansion coefficient was
measured in air, at a heating rate of 5 °C/min using a quartz
dilatometer (402 EP NETZSCH). The average thermal
expansion coefficient was determined in the temperature range
of 50-700 °C. On the other hand, glass transition temperature
was estimated as the inflection point of the linear expansion
versus temperature curves that were recorded in the tempera-
ture interval of 2001200 °C using a high temperature alumina
dilatometer (DI-24 Adamel Lhomargy) at a heating rate of
5 °C/min under air atmosphere.

Crystalline phases were identified using X-ray diffraction
analyses (D8 Advance Bruker (Germany)) in the 26 range of
10-80°.

The microstructure of the sintered specimens was observed
with the field emission scanning electron microscope (FE-
SEM, Model S-4700 HITACHI, Japan). Quantitative elemental
composition analyses were obtained by energy-dispersive X-
ray spectroscopy (EDS) using the ZAF (atomic number,
absorption, fluorescence) correction software and theoretical
internal standards. Microanalysis data represented the average
of six independent determinations. The Vickers hardness was
determined using a microhardness tester (Microhardness tester
Type M. Shimadzu, Japan and Zhu 2.5, Zwick/Roell, Germany)
with a diamond pyramidal indenter, applying loads between
0.98-4.9 N for 30 s. At least 10 measurements were done for
each material. The indented surfaces were observed with an
optical microscope (Axiophot H-P1, Carl-Zeiss, Germany)
under polarized light conditions, in order to reveal stress
birefringence effects.

Sintering of the four compositions was followed with the
HSM (Leitz Wetzlar equipment, EM 201). The HSM
encompasses image analysis software that automatically
computes the specimen geometry during the heating run. The
HSM software registers changes in height, width and area of
the specimen and from images recorded every 30 s. The tests
were done in air, at a heating rate of 10 °C/min up to 700 °C
and at 5 °C/min from 700 to 1700 °C. Cylindrical specimens
(=3 mm in height and 2 mm in diameter) were shaped by
manually pressing the initial powders and the powdered
melts. Then, samples were placed on flat Pt/alumina
supports. The temperature was measured with a Pt/Rh (6/
30) thermocouple attached to the specimen holder with an
error of £2 °C. The specimen shrinkage was calculated from
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Eq. (1):
Ao —Ar
0

Shrinkage (%) x 100 (1)
where, Ay and Arare the specimen projected areas at initial and
T temperatures, respectively. Additionally, the viscosity of the
two YAISiO glasses (G and D) was determined as a function of
temperature using Scholze’s method [31]. The five viscosity
points were geometrically deduced from the HSM image/
temperature records: (i) the first shrinkage or sintering, (ii)
the maximum shrinkage before softening starts, (iii) the soft-
ening point at which the first signal of melting appears, (iv) the
half ball point, when the specimen forms a semicircle, and (v)
the flow point at which the test piece collapses to a third of its
height at the hemisphere state (following standards DIN 51730
1998-04/1SO 540 1995-03-15).

3. Results and discussion

The G and D glasses were highly homogeneous, transparent,
colourless and bubble free, as displayed in Fig. 1. Neither
optical evidences of phase separation nor crystallisations were
observed; furthermore, the amorphous nature of both glasses
was confirmed by the corresponding X-ray diffraction patterns,
which only showed a broad band.

Conversely, nitrogen containing melts, DN and GN, were
white translucent and grey opaque, respectively. GN specimen
was difficult to melt and vigorous frothing occurred during
melting, probably due to some SiO (g) generation. X-ray
diffraction patterns of these compositions showed crystalline
phases and an amorphous hump (=30°) with superimposed low
intensity sharp peaks, as depicted in Fig. 2. Crystalline phases
identified for DN specimens were YAIO; (YAP) and
SiAlgO,Ng, whereas for GN composition, peaks that may be
associated to SizN4 or Si4Al,O,Ng, as well as Y,SiAlOsN and
Y 10Al,Si30,gN, were detected. SEM micrographs of Fig. 3
show the extensive crystallizations in both glass-ceramics, with
coarser crystals (~20 wm) in DN than in GN (~5 pm) even
though the higher crystallization degree of the last one. The
EDS analysis allowed the identification of the crystalline
phases detected by XRD. The coarse crystals in DN (see Fig. 3)
had an AI/Y atomic ratio of 0.93 that might be ascribed to the
YAIO; phase; the black acicular crystals presented an Al/Si
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Fig. 2. X-ray diffraction patterns of GN and DN glass-ceramics.

atomic ratio of 6.2 that is compatible with the SiAl¢O,Ng phase;
and finally, the grey continuous phase (g5 in Fig. 3) with the Si/
Al/Y atomic composition of 14, 11 and 12 (in at %),
respectively, would correspond to the amorphous phase.

In the case of the GN specimen (see Fig. 3), the
microanalyses of the high aspect ratio dark grains gave an
Al/Si ratio of about 0.52, similar to the ratio of the SizAl,O,Ng
phase, whereas, the small equiaxed black grains only showed
the spectral line of Si, as a result, they should be SizN,
grains, and the surrounding white phase holds Al/Si and Al/Y
ratios of 0.6 and 0.3, respectively, which match with the
Y 10Al,Si30,gNy4 phase. All these phases were also identified in
the XRD pattern of GN specimen (Fig. 2). Finally the
continuous grey phase (g4) in the GN image (Fig. 3) should
correspond to the glassy phase with a Si/Al/Y composition
equal to 16, 12 and 8 (in at%), respectively, which is slightly
shifted from the originally formulated (Table 1).

Fig. 1. YAISiO glasses (G and D) air melted at 1550 °C/4 h(1:1.5).
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Fig. 3. SEM micrographs of polished DN and GN glass-ceramics showing extensive crystallizations.

The main properties of the studied glasses and glass-
ceramics are collected in Table 2. The densities were 3.08 and
3.42 (g/em®) for G and D glasses, respectively; whereas, the
nitrogen containing compositions, GN and DN, had higher
densities, 3.27 and 3.98 (g/cm®), respectively. The higher
density of D compared to the G glass is due to the higher atomic
mass of yttrium and the larger number of Al-O-Si bonds.
Conversely, in the GN and DN glass-ceramics the presence of
crystallizations is the determining factor (Fig. 3).

Thermal expansion coefficient of G was 4.5 x 10~ ° K" and
slightly higher values were measured for D (6.0 x 107 °K™")
and DN (5.8 x 1079 K™ "). The thermal expansion coefficient
of the GN was not determined because of the high number of
bubbles in the specimen.

The glass transition temperatures (7,) of nitrogen free
glasses (G and D) were very similar (935 and 945 °C,
respectively) whereas T, values for GN and DN were slightly
higher, 970 and 1030 °C, respectively.

Table 2
Main properties of the different compositions.

Fig. 4 shows shrinkage versus temperature data for the
powdered glass compositions (Gg and Dg) and the original raw
powder mixtures of same compositions (G and D). The curves
progression for the previously formed glasses are very different
from those of the original powder mixtures; in fact, Gg and Dg
glasses show two abrupt steps but D and G present only one
sintering event. In this way, the glasses display the first abrupt
shrinkage (~35%) around the T, temperature (~950°), thus
corresponding to a classical viscous flow sintering. Between
1050 and 1300 °C, shrinkage practically stops and flow
occurs at ~1400 °C, temperature close to the eutectic point
(~1380°C) of the SiO,-Al,03;-Y,0; phase equilibrium
diagram [1-3]. In these specimens, an expansion is also
observed in the 300-1000 °C temperature interval that is higher
(7%) for Dg than for Gg (2.5%), according to their different
thermal expansion coefficients (Table 2).

Although similar levels of shrinkage (35%) are observed for
the specimens prepared from the starting G and D powders,

Glass Density (g cm ™) T, (°C) Viscosity (Pas) Hardness (GPa) Q(50-700 °C) X 10°°K™!
T (K) = 1500

G 3.08 935 72+£02 6.6 £0.6 45+05

D 3.42 945 7.7+£02 8.1+0.6 6.0 £0.5

GN 3.27 970 - 132+£09 -

DN 3.98 1030 - 11.7+£09 58+0.5
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Fig. 4. Sintering curves for G and D compacts prepared from both the powdered
glasses and starting powders.

compared to Gg and Dg, sintering occurred at higher
temperatures (above 1200 °C) and at lower rates, probably
under the presence of progressive amounts of liquid phase. In
this case, the initial expansion observed for the glass specimens
is not detected. Melting occured at same temperature for all
composition, as it can be expected.

Shrinkage curves versus temperature for all the starting
powder mixtures (G, D, GN and DN) are compared in Fig. 5.
The addition of SisN4 hindered densification in GN and DN,
shifting their shrinkage starting point about 200 °C. This retard
is more significant for GN according to its higher Si;N, content.
Melting was not clearly detected in the case of GN and DN and
instead, a sharp expansion occurred, possibly due to both the
formation of bubbles and decomposition of the SizN, phase in
the melt. Two competitive phenomena, both decreasing the
surface energy of powder compacts, can take place during
liquid phase sintering, i.e. densification and crystallization,
which defines the final shrinkage behavior of glass-ceramics. In
the present work for D and G, shrinkage temperatures are much
lower than crystallization temperatures, thus producing well
sintered glasses, whereas, for DN and GN compositions,

20—
0 GN powder
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© -20-
g
&
g -40- DN powder
£
£
£ -60-
(7]
-804
-100

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
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Fig. 5. Shrinkage versus temperature curves for G, D, GN and DN compacts
prepared from starting powders.

crystallization occurred during densification leading to porous
glass-ceramics.

Fig. 6 shows a selected sequence of HSM images
corresponding to the specimens contours at defined viscosity
points for G and D glasses. At the half ball point, a relative high
wetting angle, which infers a high surface tension, was
observed for both compositions (Fig. 6d).

The experimental viscosity—temperature data for G and D
glasses (Fig. 7) were adjusted to the Vogel-Fulcher—-Tammann—
Hesse, VFTH [34-36] equation:

Logn=A+ 2)

T-T,

where A, B and T are constants for each glass. VFTH fittings
(lines in Fig. 7) gave an A of — 5.5 & 0.5 (17 in Pa s). For glasses
of different sources, Nascimento and Aparicio [37] calculated
A, B and T by VFTH fittings and they also got a distribution of
A values near —5 (1 in Pa s). The B and T, values for D and G
glasses obtained from Eq. (2) once A was fixed to —5, are
comparable for both glasses (see Table 3), suggesting that they
must have similar network structures, although the slightly
higher B and lower T, in D than in G would corresponds to the
lower polimerization degree in G glasses [38]. In all cases, the
fittings gave reasonable regression coefficients (/0.96 to 0.99).
At any given temperature viscosity was slightly higher for D
than for G glass as seen in Fig. 7; the values at 1500 K are given
in Table 2.

VFTH analysis is a useful tool for describing the viscosity—
temperature dependence of strong, moderate and fragile glasses
[39,40] above T,. Several authors [41-43] have reported a
correlation between B and T parameters of VFTH analysis,
pointing that “‘stronger glasses” present higher B parameters
and lower T)_in opposition to the “fragile’” ones. The strength
of these glasses is directly related to the stability of the system
at temperatures above the glass transition. According to this, D
and G glasses would present a slightly higher stability and
stronger behaviour than lithia, soda and potassium silicate/
borate systems [39,44].

The average Vickers hardness of the G and D glasses were
6.6 £0.6 and 8.1 £ 0.6 GPa, respectively (Table 2). Fig. 8
shows some examples of Vickers indentations at different
loads. Cracks were not observed at low loads (0.98 N) although
at 1.96 N the typical Vickers indentation radial crack geometry
in G was produced. Stress birefringence effects around the
indentation cracks are significant at higher loads (4.9 N), which
gives indication that lateral cracks grew during unloading.
Hardness (Table 2) is related to the degree of cross-linking in
the glass network, as it will be discussed later. In this way, the
increase in the Y/Si ratio for the glasses (D > G) produces the
slight increase in hardness of D. Hardness values for the N
containing glass-ceramics were: 13.2+0.9 and 11.7£0.9
GPa for GN and DN compositions, respectively, higher than
those of the parent YAISiO glasses. The remarkable increase in
hardness of the GN glass-ceramics is mainly attributable to the
extensive crystallization observed in this specimen (Fig. 3). In
the case of DN, hardness was measured on the glass matrix
(Fig. 9a) and, then, it can be inferred an increase in hardness
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Fig. 6. HSM images showing the geometry of the characteristic viscosity points as defined by Scholze®' for G and D glasses: (a) initial shape, (b) first shrinkage, (c)

softening point, (d) half ball point and (e) flow point.
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Fig. 7. Viscosity versus temperature plots of G and D compacts prepared from
powdered glasses Lines are the VFTH fittings.

with inclusion of N atoms [12] in the glass network; however, it
should be pointed out that hardness was significantly higher
(>19 GPa) when it was measured on areas containing
crystallizations. In that case, crack deflection was observed
(Fig. 9b). As hardness gives an idea of the strength of the glass
bond, the studied glasses must have stronger bonds than fused
silica (H ~5.9 GPa) [45], which makes them particularly
suitable for applications under abrasive conditions. Moreover,
the crystallization propensity of DN and GN glasses opens new
prospects for others applications such as protective metal
coatings [10] where high thermal expansion coefficients and
hardness are required conditions.

A progressive degree of cross-linking of the glass network is
proposed according the following order: G < D < GN < DN.
Differences in properties of G and D glasses can be explained
by the distinct connectivity of their glass-networks, as
consequence of the variations in the Al/Si and Y/Si ratios

Fig. 8. Optical micrographs of Vickers indentations in G and D glasses at given loads (0.98—4.9 N).
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Table 3
Fitting parameters of the VFTH equation(2).

Composition Constant® of VFTH equation Regression coefficients
B (K) Ty (K)

G 11014 522 0.96

D 11630 506 0.99

4B and Ty are calculated from linear regression analysis (A was fixed as —5, n in
Pa s units).

[9,15,41]. In fact, as it is discussed below, the high Al/Si ratio of
D composition and its larger Y/Si ratio compared with G
account for its superior values of hardness, viscosity and T,
(Table 2) owing to the increase of the glass network
compactness.

Aluminium ions (AI*") may act as network formers [2]
assuming the (AlO4) coordination or even as modifiers at
elevated Al/Si ratios (>1), with 5- and 6-fold (AlOg)
coordination [4]. In the case of G glass, with an Al/Si ratio
of 0.66, only 4-fold tetrahedral coordination should be
expected, and therefore, three aluminium units should share

Fig. 9. SEM micrographs showing details of a Vickers indentation (a) and a
deflected crack path (b) for the DN glass-ceramics.

a single triply charged yttrium ion to maintain local charge
neutrality. In the case of D glass, which presents Al/Si ratio > 1
(Table 2), small percentage of aluminium tricluster as well as 5-
and 6-fold coordinated aluminium ions may also exist [4,46].

Furthermore, yttrium ion (Y>*) always performs as a
network modifier and a charge compensating ion. In this way, it
may occupy the space between Si—(O,N), and Al-(O,N)x
tetrahedra, which will increase the glass network connectivity
and the cross-linking. This effect is more important in the case
of D glass with a higher Y/Si content than G.

Conversely, the higher thermal expansion coefficient of D
versus G composition (see Table 2) cannot be explained by its
more compact network [47] but by the increase in the
anharmonicity of the thermal vibrations due to the larger
content of Y** jons (in D glass) which generates an increase of
the bonds asymmetry [48].

Regarding SizN, containing compositions, as nitrogen
substitutes oxygen in the glass network [2,11,42] and is
covalently bonded to silicon, a more rigid and highly cross-
linked structure generates that improves properties of the
nitrogen containing glasses. The number of oxygen bonded to
two silicons can be estimated from the glass composition using
the next expression [13].

nsi—o—si = 2(4 —r) 3)

where r is the O/Si atomic ratio. Eq. (3) gives values of ng;_o.
si > 1 for GN, whereas it is zero for DN, which foresees the
existence of disilicate groups only in GN indicating the more
weak bonds in this composition.

4. Conclusions

New glasses and glass-ceramics materials in the SiOy—
Al,O3-Y,03-Si3N, system with potential application as
protective coatings for metallic components have been
developed. Homogeneous glasses have been obtained for the
YAISiO compositions and glass-ceramics when Si;N, was
added to the previous mixtures. Properties and viscosity of the
different compositions have been explained by the degree of
cross-linking of the glass network, considering the Al/Si and Y/
Si ratios and the nitrogen content as well. The remarkably
increase in hardness of these glass-ceramics is mainly
associated to the presence of crystallizations.

Hot stage microscopy has been proved to be a rather simple
and reliable way to analyse the sintering and viscosity
behaviours of these types of materials. Viscosity—temperature
data for YAISiO glasses have been measured up to temperatures
as high as 1800 K and experimental values fit to the VFHT
equation giving similar values of parameters B and T for both
glasses.
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