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Abstract

The crystallization behaviour of a ZrOjcontaining
glass and a ZrO,-free glass in the Y,0,-Al,0;-Si0,
system prepared at 1700°C were compared in order
to study the influence of ZrQO, on the nucleation and
growth processes. Techniques used included SEM,
DTA and XRD analysis. The microstructural devel-
opment of the ZrOjycontaining material during
crystallization was more complex than that of the
ZrO,free material. In the crystallization treatments
no phase separation prior to crystallization could
be observed and no precursor crystalline phase was
observed to form in the ZrO,-containing glass. Thus
the added zirconia could be considered to act as a
growth modifier rather than a catalyst nucleating
agent.

1 Introduction

During the sintering of Si;N, materials by liquid-
phase sintering an oxynitride liquid forms through
reaction of oxide sintering aids (such as Y,0; and
Al O;) with surface silica on the starting Si;N, pow-
der particles and some of the Si;N,. Upon cooling
from the sintering temperature an intergranular
glassy phase forms from the liquid. The composi-
tions of this phase in, for example, materials with
yttria and alumina as sintering aids lie within the
Y,0;-Al,0,-S10, system. In general, the presence
of such glassy phases has a deleterious influence
on the mechanical properties and oxidation
behaviour of Si;N, ceramics.'> One approach to
reducing these effects is to induce a crystallization
of the amorphous phase by means of a suitable
heat treatment. Experimental studies of intergran-
ular phases to better understand their crystalliza-
tion behaviour and associated property changes
are difficult to perform in situ; for this reason it is
of interest to study bulk glasses with compositions
that simulate such phases *°

Nucleation catalysts are widely used in glass
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systems to promote crystallization. Thermal treat-
ment at a temperature necessary for precipitation
of a crystalline phase, which acts as primary
nucleation centers, leads to the devitrification of the
glass.!! Another catalysis mechanism which leads
to a subsequent volume crystallization and which
is not yet entirely understood is phase separation
leading to the formation of a fine dispersion.
Phase separation can be induced by a number of
oxides (such as, e.g. TiO, and ZrO,)."! Crystalliza-
tion studies made by several investigators>!'>!?
have shown that ZrO, added to yttria—alumina—
silica glasses can catalyse their crystallization.

The aim of the present work was to study the
influence of ZrO, on crystallization of an yttria—
alumina-silica glass prepared at 1700°C. The crystal-
lization behaviour of a high Y,0,-content glass
with and without the addition of 6 wt% zirconia
was studied.

2 Experimental

The solubility limit of ZrQ, at 1700°C in an
yttrium aluminosilicate liquid with the composi-
tion of 46:9 wt% Y,0;, 24-3 wt% Al,O; and 28-8
wt% Si10, was in the previous study determined as
6 wt%.'* Therefore two glasses (A and B) with com-
positions x ZrQ, + (100-x) [46-9 Y,0,, 24-3 Al,O,,
28-8 Si0O,] (where x in wt% was 0 and 6) were
chosen for the present study. Both compositions
were subjected to the same heat treatments as
described below. ,
Samples were prepared from high-purity Y,0;,
AlL,O;, SiO, and unstabilized ZrO, powders
(Rhone Poulenc, Alcoa Chemicals, Johnson
Matthey Alfa Products and Sigma chemical
respectively). The powders were weighed in a pre-
cision balance, mixed in polyethylene containers
on a Siemens roller mill for 10 h using prophanol
as mixing medium, dried and sieved. Batches of
100 g each were then mechanically compacted into
molybdenum crucibles and fired in a nitrogen
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Table 1. Results of heat treatment* in this study and in the previous work'* (s is strong, m is medium, w is weak and vw is very weak)

Heat treatment

Phase analysis

Time (h) Temp. (°C) Sample A Sample B
1 900 Clear amorphous glass Clear amorphous glass
950 Clear amorphous glass Clear amorphous glass
980 Clear amorphous glass Clear amorphous glass
1010 Clear amorphous glass Clear amorphous glass
1040 Opaque amorphous glass Clear amorphous glass
1100 y - Y,S51,07, m; 8 - Y,S5i,0,, m; y - Y,58i,0,, m;
amorphous glass, w amorphous phase, m
115014 y- sti207, S, B - sti207, w,
Y-Z10y; w; AlgSi, 0,3, vw;
120014 y- sti207, S, B - YzSizO'], m;
Y-ZrOy; w; AlSi,Oy4, W
1250 B - Y,8i,0,, s; y - Y,8i,0,, m;
Y-ZrO,; w; AlgSi,Oy3, W
1300 B - Y,581,0,, s; ¥ - Y,81,0,, w;
Y-ZrOy; w; AlgSi)O,3, W
135014 B - sti207, S,y - sti207, W,
Y-ZrOy; w; AlSi,0,3, w
6 900 Clear amorphous glass Clear amorphous glass
950 Clear amorphous glass Clear amorphous glass
980 Opaque amorphous glass Clear amorphous glass
1010 y - Y,51,0,, w; B - Y,S81,0,, w; Opaque amorphous glass
amorphous phase, s
1040 y - Y,81,0,, m; B - Y,S8i,0,, m; ¥ - Y,81,0,, m;
amorphous phase, w amorphous phase, m;
1100 y- sti207, S, B - Y25i207, m; y- Y2Si207, S, B - sti207, W,
amorphous phase, vw amorphous phase, w; Y-Zr0,; vw
A163i2013, vw AIGSizoB, vw
12 900 Clear amorphous glass Clear amorphous glass
950 Clear amorphous glass Clear amorphous glass
980 Opaque amorphous glass Clear amorphous glass
1010 v - Y,81,0,, w; B - Y,81,0,, w; Opaque amorphous glass
amorphous phase, s
1040 y - Y,8i,05, m; B - Y,S8i,0,, m; y - Y,5i,0,, m; B - Y,S8i,0,, m;
amorphous phase, w amorphous phase, m
1100 y - Y,51,04, s; B - Y,8i,0,, m; y - Y,81,04, s; B - Y5S8i,04, m;
A16Si2013, vw Y—ZrOZ; VW, Al6si2013, vw
1300 B - Y,5i,0,, s; Al Si,0,3, W B - Y,58i,0,, s; Y-ZrOy; m;

ALSi,0 5, W

*Starting materials were amorphous glasses, as evidenced by X-ray diffraction.

atmosphere (pressure of 0-17 MPa) at a tempera-
ture of 1700°C for 3 h. The heating rate up to the
firing temperature was 5°C/min, the cooling rate
was that given by the furnace after switching off
(firing temperature to 1400°C, 20°C/min; 1400—
950°C, 15°C/min and 950-500°C, 10°C/min). The
furnace was a cold wall vacuum/pressure furnace
with a graphite heater.

Pieces of the as-prepared glass (approximately 7
X 7 X 7 mm) were heat-treated at selected tem-
peratures and times (see Table 1); they were
placed in a Si;N, powder bed in Mo crucibles and
heated in a 0-17 MPa nitrogen atmosphere in the
same furnace as above. The heating rate was
5°C/min and cooling was furnace cooling (see
above). As-melted samples and heat-treated sam-
ples were examined by X-ray diffraction to check
for crystallization and to identify crystalline
phases. Powder samples of the as-melted glasses

were also subjected to differential thermal analysis
(DTA) at a heating rate of 10°C/min in a nitrogen
atmosphere using an alumina powder reference
standard. Dilatometric measurements were made
on selected samples in a Netzch dilatometer 402E
at a heating rate of 2°C/min. The microstructure
of the samples were examined by scanning elec-
tron microscopy (SEM) using a CamScan
S4-80DV instrument and attached energy disper-
stve spectrometer (EDS).

3 Results and Discussion

3.1 Phase identification

Crystalline phases identified by X-ray diffraction
of glass cubes devitrified at temperatures between
900 and 1350°C are compiled in Table 1. These
temperature limits were dictated by the measured
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Table 2. Dilatometric measurements (glass transition temper-

atures — M, and dilatometric softening points — M) and

DTA measurement (the maximum of endothermic peaks
indicating melting temperatures — T)

Sample M,(°C) M,(°C) T.(°C)
A 867 912 1430
B 842 900 © 1410, 1425*

*Two melting temperatures because of the immiscibility.'*

glass transition temperatures and melting temper-
atures of the glasses (Table 2). For composition A
the detected phases are in general agreement with
those expected from the equilibrium phase dia-
gram.2%71517 namely Y,Si,Q; and AlSi,O,;, without
the appearance of the AlL,O; phase reported in
previous studies.®**!'* In composition B the cubic
yttria stabilized ZrO, (Y-ZrQO,) phase also appeared
in all the X-ray diffraction patterns of samples
heat treated at temperatures >1100°C (Fig. 1).
Some unidentified phases were also detected for
some heat treatments. They are probably interme-
diate phases and are not ircluded in Table 1.

3.2 Microstructural changes

The EDS analysis of as-prepared glasses of both
compositions revealed impurities of Fe and Mo in
the microstructure probably coordinating from
the starting powders and from the Mo crucibles.
They appeared as small (<2 um) particles prob-
ably of iron silicides’® and molybdenum oxides.

Fig. 2 Glass with composition A after heat treatment at
980°C for 6 h (backscatter image—500 X).

They influenced the crystallization process during
the heat treatment to some extent but it is impor-
tant to emphasize that they appeared in both glass
compositions and they were of a very small
amount.

At 900-950°C, no observable crystallization of
composition A or B occurred. At 980°C, glass A
had an opaque appearance when heat-treated for
6 and 12 h; this appeared to be due to the forma-
tion of small (1-10 um) crystals, probably of
y-Y,Si,0; and B-Y,S1,0, species (Fig. 2). They
occurred to approximately the same extent for
both treatment times. Their crystallization
appeared to be heterogeneously nucleated by the
impurities in the glass.

28 ’ 25

T T T
38

T T T T Y T T T T 1 T v 7 T T T T T
35 [°261 40

Fig. 1. X-ray diffraction patterns of the investigated glasses: (a) with 6 wt% ZrO, (composition B) heat treated at 1100°C for 1 h,

(b) with 6 wt% ZrQ, heat treated at 1300°C for 12 h and (c) without the addition of ZrO, (compesition A) heat treated

at 1300°C for 12 h. The symbols represent identified phases: (Y) y - Y,Si,0,, (B) B - Y,Si,0,, (M) mullite and (Z) cubic yttria
stabilized ZrO,. At 28 = 30° the ZrO, (111) peak coincides with a y - Y,Si,0O, peak.
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Fig. 3. Micrograph of composition A heat treated at 1010°C
for 12 h with spherulitic dendrites of Y,Si,0; (backscatter
image—2500 X).

At 1010°C, composition A treated for 6 and
12 h exhibited an increasedkpé,te of crystallization
and the occurrence of small spherulites (= 10-20
um in diameter) consisting of radially growing
dendrites of Y,Si,0, (Fig. 3). Spherulites are tran-
sient morphological forms produced during the
rapid growth of crystals when the rate of growth
exceeds that of diffusion and are often observed
during the crystallization of highly supercooled
viscous liquids. Composition B heat-treated at this
temperature exhibited a similar degree of crystal-
lization to composition A treated for 6 h at
980°C. However, in this glass the crystals were
double platelike precipitates of Y,Si,0, in some
cases with Y-ZrO, particles in their centers serv-
ing as nucleating catalysts (Fig. 4). These Y-ZrO,
particles might either have been nucleated by the
impurities in the glass or originated from the par-
ent glass surviving the melting process:

At 1040°C, the crystallization rate increased for
both compositions; in samples treated for 6 and 12 h
the spherulites in composition A and plate crystals
in composition B extended to larger dimensions
(= 20-30 um in diameter for spherulites and

Fig. 4. Glass B after heat treatment at 1010°C for 12 h with
Y-ZrO, particles in centres of double platelike crystals of
Y,Si,0, (backscatter image—2500 X).

Babushkin, R. Warren
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Fig. 5. Spherulites of Y,Si,0; in composition A after 1 h at
1100°C (backscatter image—500 X).

20-30 um in length for plates respectively). The
microstructure of B began to be characterized by
a dendritic morphology of the Y,Si,0,. Such a
morphology has been observed in the surface
oxide layer of hot-pressed Si;N,~Y,0,-SiO, mate-
rials by Babini et al.'® These authors attributed
the dendrite formation to constitutional super-
cooling caused by a larger concentration of
yttrium in the glass than in stoichiometric
Y,Si,0;,. In the present case, the crystallization of
y-Y,S1,0, requires the rejection of Al (solubility
of Al in the y-Y,S1,0, phase decreases as a func-
tion of increasing crystallization temperature'?),
Si, O and Zr to the glass phase ahead of the
glass/crystal interface. This effect would cause the
constitutional supercooling resulting in dendrite
formation. Glass A treated for 1 h had an opaque
appearance due to a microstructure similar to
those developed at 980°C after 6 and 12 h.

At 1100°C, the crystallization rate for both
compositions increased dramatically with only
small amounts of amorphous glassy phase
retained in the microstructure (Table 1, Figs 5 and
6). The Y-ZrO, phase appears in the micrographs
of B samples as small dendrites. In the B-glass
the y-Y,S1,0, crystals grew to large dimensions

Fig. 6. Glass B after 1 h at 1100°C (backscatter image—500 X).
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Fig. 7. Crystallization of glass B at 1300°C after 12 h
(backscatter irnage—500 X).

presumably because they nucleated on the rela-
tively few residual, undissolved ZrO, and possibly
on impurity particles.

In the temperature range, 1150-1350°C (only B
compositions were studied),!* the samples were
almost fully crystallized. The observations revealed
different phase transformations such as crystalliza-
tion of y-Y,Si,0,, crystallization of B-Y,Si,0,,
transformation of y-Y,$1,0; to B-Y,S1,0, and
crystallization of cubic yttria stabilized ZrO,(Y-ZrO,)
occurring at different temperatures.

At 1150 and 1200°C, the microstructure of the
crystallized samples was very complex with the
Y,Si,0, occurring in the form of dendrites and
fibrelike branches with an interfibrillar material
which is probably amorphous.® At 1300°C, the y-
Y,Si,0; phase transforms to the B-Y,Si,0; phase
which begins to dominate the microstructure. At
1350°C, the transformation of the y-Y,Si,0, phase
to the B-Y,Si,0, phase results in a 8 with blocky
morphology to be seen growing from what were
originally y-Y,Si,0, dendrite branches (Fig. 7).
Aspects of the y — B transformation and the role
of Y-ZrO, and its appearance in the microstruc-
ture will be discussed in the following section.

3.3 Influence of ZrQO, on crystallization behaviour

The solubility of ZrO, in the investigated glass
prepared at 1700°C is limited to 6 wt%.'* As
shown in Table 2 the addition of ZrO, leads to a
decrease of the dilatometric glass transition tem-
perature (M,) and the dilatometric softening point
(M,) of the glass. DTA measurements on glasses
with various ZrO, contents (0-8 wt%)'* showed
only one exothermic peak. However, this does not
mean that only one crystal species. is crystallizing.
The broadness of the peak in ZrO,-containing
glasses indicates that ZrO, and other phases,
mainly the Y,Si,0, phase, crystallize within a nar-
row temperature interval. The shape and lower
intensity of the exothermic peak for composition

B indicate a lower crystallization rate of this glass.

The crystallization of Y,Si,0; in composition B
requires the rejection, not only of Al, Si and O but
also Zr at the glass/crystal interface. The enrich-
ment of Zr in the glass ahead of the interface
would lead to a higher local viscosity of the glass
near the interface than would be the case in glass
A, thereby causing inhibition of the crystal growth
of the Y,Si,0; phase. Thus, under these condi-
tions ZrO, acts as a growth modifier during crys-
tal growth.?® The local enrichment of Zr at the
glass/crystal interface might be expected to lead to
the formation of ZrO, crystals. However, the
growth of the ZrO, particles beyond colloidal
dimensions is limited by slow diffusion of Zr in
the glass at lower temperatures. In this study ZrO,
particles growth at the glass/crystal interface was
observed at higher temperatures (>1100°C), the
particles being detected by XRD and in SEM
(Figs 1 and 7 and Table 1). Some of ZrO, remains
trapped in the Y,Si,0, phase during cooling from
the heat treatment temperature and appears as
a decoration of the Y,Si,0; crystals in the
microstructure (Fig. 8).

It has been suggested that ZrO, promotes liquid
immiscibility because of its high cationic field
strength.?! In the present case, DTA measure-
ments revealed two endothermic peaks in glass B
around 1400°C without any mass changes occur-
ring during the measurement.'* They were inter-
preted as representing melting reactions and
therefore it was concluded that the addition of
ZrO, does enhance liquid immiscibility in this sys-
tem. On the other hand, in the crystallization
treatments no phase separation prior to crystal-
lization could be observed possibly because the
temperatures lay outside the appropriate range.
Nevertheless, at high heat treatment temperatures
(1200-1350°C) the Zr entrapped in the interfibril-
lar glass phase, which is rich in Al, Si and O (due
to the phenomenon described above and no

Fig. 8. Decoration of an Y,Si,0; crystal with ZrO,. Composition
B heat treated at 1250°C for 1 h (backscatter image—3500 X).
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Fig. 9. Zr-rich droplets in glass B heat treated at 1300°C for 1 h
(backscatter image—2500 X).

Fig. 10. Crystallization of glass B (1300°C for 1 h). Zr-rich
droplets in an area that was originally y-Y,Si,0, fibres with
the interfibrillar glass phase (backscatter image—5000 X).

Al-containing phase having yet crystallized out)
precipitated to form small Zr-rich droplets (Fig.
9). These droplets then provided nucleation sites
for the B-Y,S1,0,; and mullite crystals which then
grew from the original y-Y,Si,0; fibres and inter-
fibrillar glass phase (Fig. 10). Whether or not this
process was initiated by phase separation? of the
interfibrillar glass phase could not be ascertained
by the available SEM analysis.

4 Conclusions
The crystallization of the ZrO,-free glass' pro-

ceeded by the formation of spherical aggregates
(spherulites) consisting of radially growing  den-

drites. In contrast, only a small number of

spherulites were observed in the ZrO,-containing
glass, the crystallization proceeding by thé forma-
tion of extended dendrites rather than spherulites
and being accompanied by the formation of
double platetike crystals. Therefore ‘it is believed
that Zr acts as a growth modifier in this glass. As
in studies of the devitrification mechanisms in

Li,0-Al,045:68i0, glasses® containing ZrO, as a
nucleating agent, no precursor crystalline phase
was observed to form in the investigated yttria—
alumina-silica-glass. ZrO, precipitates observed in
some cases, probably remaining from the glass
melting, served as nucleating centers for the crys-
tallization of the Y,Si,0, phase. Some of the
Y,Si,0; crystals were probably also nucleated by
impurities in the glass. The low frequency of these
impurity particles and of ZrQO, particles that sur-
vived the melting led to the formation of large
Y,S1,0; grains. The addition of ZrO, might increase
the rate of the y — B transformation occurring at
higher temperatures compared to the ZrO,-free
glass but present results do not confirm this.
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