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Glasses with the mol% composition of 51.9Si0,/21.2A1,03/21.2Mg0O/5.7ZrO, without and with the addition
of 2.5 mol% Y,O3z were melted and subsequently transformed into glass-ceramics via annealing. Both glass-
ceramics show strong differences in the microstructure and in the phase composition after crystallization at
950 °C for 5 h and subsequently at 1060 °C for different annealing times. In the glass without Y,Os, the main
crystal phase is a quartz solid solution accompanied by the precipitation of ZrO, and spinel. By contrast,
glass-ceramics without the presence of a quartz solid solution were observed after the crystallization of

the Y,0Osz-containing glass, using the same heat treatment. This is confirmed by analytical scanning
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Accepted 26th June 2016 ransmission electron microscopy analysis an ray absorption near-edge structure spectroscopy data
gathered at the Zr Ly-, Y L 3-, Si K- and Al L-edges. Furthermore, using X-ray absorption spectroscopy

DOI-10.1039/c6ral0353g the coordination of the respective elements is analysed, and changes of the coordination during

www.rsc.org/advances crystallization are monitored.

Introduction

Glass-ceramics based on the MgO/Al,05/SiO, (MAS) system have
excellent mechanical properties, such as high hardness,
Young's modulus, strength and fracture toughness."” Since the
MAS system tends to surface nucleation,*™* the addition of
nucleating agents such as TiO,,""*™** ZrO, >7'*'¢ or both'*® is
necessary to achieve bulk crystallization. If the glass contains
high enough concentrations of these nucleation agents, during
thermal treatment at temperatures slightly above Ty, crystalli-
zation in these glasses is initiated by the formation of TiO,, ZrO,
or ZrTiO, precipitations.*'®'®* Depending on the chemical
composition, a further thermal treatment at higher tempera-
tures may lead to the crystallization of quartz solid solutions.*”
These quartz solid solutions (also denoted as p-cordierite or
“stuffed quartz”) typically contain MgO and Al,O; in concen-
trations of 8 to 10 mol%, thus stabilizing the hexagonal, high-
temperature B-quartz phase during cooling to room tempera-
ture, which, if not stabilized, would otherwise transform into
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the trigonal, low-temperature a-quartz phase."® Applying an
appropriate temperature/time schedule, the formation of
spinel (MgAl,0,) is observed by soaking up MgO and Al,O;
from the quartz solid solutions>”*® which then contain only
around 1 mol% of both MgO and Al,0;." These then MgO- and
Al,0;3-depleted solid solutions are also hexagonal (high quartz
solid solutions) but show a phase transition to the trigonal low
quartz solid solution during cooling at temperatures in the
range from 520 to 580 °C," which is accompanied by a decrease
in volume of around 0.7%.'® The large thermal expansion
coefficients (CTE) of the low quartz solid solution (039300 °c =
13.2 x 107 ° K ") and spinel (0t39_go0 -c = 8 X 10~ °® K" (ref. 19))
as well as the strong volume decrease during the phase tran-
sition of the quartz solid solution are responsible for high
stresses in the glass-ceramics, resulting in excellent mechan-
ical properties thereof.”*® Glass-ceramics containing high
quartz solid solutions usually exhibit strengths of around 100
MPa,>>” while in those containing low quartz solid solutions
and spinel, strengths of up to 475 MPa are observed.® The
specific temperature and duration required for the formation
of ‘transferable” quartz solid solution is strongly affected by
the chemical compositions, including the concentrations of
nucleating agents and other additives.

An effective nucleating agent for MAS glass-ceramics is TiO,
which, however, leads to a bluish to purple coloured glass.*® The
same happens, if a mixture of ZrO, and TiO, is used. However, if
solely ZrO, is applied as nucleating agent, colorless and trans-
lucent to opaque glass-ceramics may be obtained.**%'*

This journal is © The Royal Society of Chemistry 2016
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In the past few years, also the effect of rare earth oxides on
the microstructure and phase formation was reported. It has
been shown that the addition of Y,0; to the glass composition
may hinder the crystallization of the quartz solid solution, but
also of indialite (also denoted as a-cordierite), e.g. in the system
Si0,/MgO/B,03/Al,05.>° Furthermore, the addition of Y,0; to
a MAS glass with TiO, as nucleating agent increases the
temperatures of the formation of the first crystalline phase.*
Recently, it was reported how the addition of 2.5 mol% Y,O; to
a glass with the mol% composition 21.2Mg0O/21.2Al,0;/
51.9510,/5.7Zr0O, leads to a drastic change of the crystallization
behaviour during a two-step heat treatment at 950 °C and 1060
°C.** By means of X-ray diffraction (XRD) and (scanning)
transmission electron microscopy [(S)TEM] analysis in combi-
nation with energy-dispersive X-ray spectrometry (EDXS), it was
shown that the crystallization of the glass without the addition
of Y,0; results in glass-ceramics with nanoscaled ZrO, precip-
itations, acting as nucleation agents for a subsequent growth of
the B-quartz solid solution and spinel as main crystalline pha-
ses, with the B-quartz solid solution transferring into the
trigonal, low-temperature o-quartz modification during cooling
the sample to room temperature.'® On the contrary, if Y,0; is
added to the glass composition, the occurrence of the quartz
solid solution was not observed after thermal treatment at the
same crystallization temperatures.>® It was shown that Y,0; for
the most part remains in the residual glassy phase during
crystallization, stabilizes the glass and prevents the precipita-
tion of the quartz solid solution.” Nevertheless, the reported
Young's moduli and the bending strengths of the resulting
glass-ceramics free of the quartz solid solution were still high.®
The detected crystalline phases were spinel (MgAl,0,) and
tetragonal or cubic ZrO, (o = 10.5 x 107° K" (ref. 22)) which
both show fairly high thermal expansion. In analogy to the
glass-ceramics without Y,0; addition containing the a-quartz
solid solution at room temperature, notable stresses should
occur in the microstructure leading to the reported good
mechanical properties.

In this paper, additional X-ray absorption near-edge struc-
ture spectroscopy (XANES) data of the Si K-, Y L, 3-, Zr L,- and Al
L, ;-edges of MAS glasses with and without additional Y,0; is
presented to complement and underline the previous XRD- and
electron microscopy-based results concerning the crystalliza-
tion behaviour of these glasses. Furthermore, the coordination
of the respective elements within the MAS glasses and glass-
ceramics were investigated.

Experimental

Glasses with the mol% compositions 51.9Si0,/21.2MgO/
21.2A1,03/5.6Zr0, (sample set A) and 50.6Si0,/20.7MgO/
20.7A1,03/5.6Zr0,/2.4Y,05 (sample set B, equivalent to sample
set A with addition of 2.5 mol% Y,0;) were melted from the
following raw materials: SiO,, 4MgCO;, Mg(OH), 5H,0,
Al(OH)s, and, in the case of sample set B, Y,O3. A quantity of 150
to 300 g glass was melted at a temperature of 1590 °C and kept
for 2 h in a platinum crucible. Then the melt was cast into water,
subsequently dried, and crushed to a particle size =1.25 mm.
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The glass was remelted at 1590 °C also for 2 h and then casted
into a steal mould preheated to 600 °C. The received glass block
was cooled in a muffle furnace, preheated to 850 °C, which was
then switched off to cool the glass with a rate of approximately
2-3 K min~ . The crystallization experiments were performed
using specimens with a size of 1 x 1 x 0.4 cm®. The samples A1
and B1 were heated to 950 °C for 5 h. Samples A2/B2 were first
heated to 950 °C for 5 h and then to 1060 °C and subsequently,
without keeping them at this temperature, they were cooled
again. Samples A3/B3 and A4/B4 were heated to 950 °C, kept for
5 h and then heated to 1060 °C for 0.5 or 1 h, respectively. The
heating and cooling rates were 5 K min .

The phase composition was determined using X-ray diffrac-
tion (XRD, Siemens D5000 diffractometer) with Cu K, radiation
(A =0.154 nm) in a 26 range from 10° to 60°.

XANES measurements of the Zr L,-, Y L, 3- and Si K-edges
were performed at the Canadian Light Source (CLS) in Saska-
toon, using the Soft X-ray Micro Characterization Beamline
(SXRMB). Si(111) crystals were used as monochromator, with an
energy resolving power of 10%. The energy calibration of the
beamline is regularly checked at the P K-edge (2152.4 eV) by
recording reference spectra of pure Na,P,0, powder in the
spectral range from 2130 to 2210 eV. The samples were moun-
ted on a sample holder and fixed using a double-sided con-
ducting carbon tape. The pressure supplied in the vacuum
chamber was approximately 10~ mbar.

The fluorescence yield (FY) data were recorded using a Si-Li
drift detector. For the Zr L,-edge, the energy range between
about 2280 eV and 2340 eV was scanned. Likewise, for the Y L,-
edge, the energy range between about 2130 eV and 2180 eV and
for the Y Lz-edge, the energy range between about 2050 eV and
2110 eV was scanned, whereas for the Si-K edge, the energy
range between 1820 eV and 2000 eV was investigated. The FY
data were normalized to the incident beam intensity (I,). For the
Zr Ly,- and Y L, 3-edges, the data were background subtracted
using the commercially available software UNIFIT 2014,>® where
an atan((E — Ey)/Bs) approach is used to describe the back-
ground at the edge jump, with the photon energy E, the edge
position E; and the FWHM of the step 2(;. For the Si K-edge, the
data was normalized to the average absorption coefficient after
the edge crest (>1880 eV). The total electron yield (TEY) data
were measured in parallel to the FY, by collecting the sample
drain current. However, for this study on glasses and volume-
crystallized glass-ceramics, the FY data are presented since
the probing depth of the TEY is in the range of approximately 1-
10 nm only.* Thus, using the FY with a probing depth of a few
100 nm is considered more representative for the samples
under investigation, since surface-near effects (e.g., surface
crystallization effects, which do not represent the state of the
bulk sample, where volume crystallization is taking place)
might influence the TEY results. Although the data measured in
FY is prone to self-absorption effects, this is considered less
problematic in the scope of this study, especially for the anal-
yses of Y and Zr, since the contents of these elements in the
sample volume are comparably low. The only case where the
TEY data was considered more representative than the FY data
(since the latter in this case most probably suffers from self-
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absorption within the sample) concerns the Y L, ;-spectra of the
Y,O0; standard reference.

XANES measurements of the Al L, ;-edges were performed at
the Canadian Light Source (CLS) in Saskatoon as well, using the
Variable Line Spacing-Plane Grating Monochromator (VLS-PGM)
beamline, with an energy resolution of ~0.05 eV.* The samples
were mounted on the sample holder with double-sided con-
ducting carbon tape. The pressure in the vacuum chamber was
approximately 5 x 10~ % mbar. The fluorescence yield (FY) data
for the Al L, ;-edges were recorded using a microchannel plate
detector*® between 70 eV and 90 eV. The data was normalized to
the incident beam intensity (I,) that was measured with a Ni
mesh. The energy calibration of the beamline is regularly
checked by recording reference spectra of pure AIPO, and vy-
Al O; in the spectral range from 75 to 84 eV. The background
correction and normalization of the Al L, ;-edge XANES data was
done using the software Athena by setting the pre-edge to “0” and
post-edge to unity. All data was treated in the same way except for
the samples of glass A, glass-ceramic A1, and glass-ceramic B1,
as the spectra of these samples could not reliably be normalized
using Athena. For these samples, it is believed that self-
absorption effects and/or sample charging have led to the
noticeable distortion of these spectra. However, as the XANES
interpretation of the Al L, ;-edge data is of qualitative nature
only, it was decided to present the “as-is” spectra for these three
samples, therefore enabling a fair comparison to the spectra of
the other samples. In order to aid the comparison of the data,
these three distorted or partially distorted spectra were
normalized with the maximum intensity within the spectral
region of interest set as “1”, and the lowest intensity set as “0”.

The following references were used: (i) Y,O3 (Merck KGaA)
containing Y in a distorted six-fold coordination, (ii) natural p-
cordierite samples containing Al in a four-fold coordination and
(iii) a natural spinel (MgAl,O,) sample containing Al in a six-fold
coordination. Concerning the coordination of Zr, comparisons
are made to previously gained XANES data of ZrO, - nucleated
MAS glass-ceramics.>®

Analytical scanning TEM (STEM) analyses of the MAS glass-
ceramics were performed on an FEI Titan® 80-300 electron
microscope at 300 kV acceleration voltage. Images were ob-
tained using a ring-shaped high-angle annular dark field
(HAADF) detector (Fischione Model 3000), whose signal inten-
sity is proportional to the number of (mainly inelastically)
scattered electrons that hit the detector after getting scattered at
sample atoms. In combination with energy dispersive X-ray
analysis (EDX) using a Super-X EDX detector equipped with
four SDD detectors (FEI company), the distribution of different
elements of chosen samples was recorded, using the commer-
cially available software Esprit. Element mappings were derived
by evaluating the lateral distribution of the peak intensity, i.e.
the area underlying the K, edges of the analyzed elements, with
an automatic routine provided by the software. The STEM
sample preparation was done by a purely mechanical wedge-
polishing routine, followed by a low-energy (2.5 keV) Ar"
broad beam final milling step (precision ion polishing system
PIPS, Gatan company) to reach electron transparency as well as
to remove any residues from the mechanical polishing step.

62936 | RSC Adv., 2016, 6, 62934-62943

View Article Online

Paper

Results and discussion

The course of crystallization for both sample sets was followed
and described using XRD and analytical (S)TEM techniques.
These results are only briefly discussed here since the focus of
this work is on the XANES results. Thorough presentations of
the XRD and (S)TEM results of these samples have been pub-
lished previously, they are, nevertheless, summarized and
recapitulated in the following in order to complete the picture
of the crystallization processes that is drawn within this study.>®

X-ray diffraction

Fig. 1 shows the XRD patterns of the glasses and the crystallized
samples, according to the results already published in an earlier
study.® While the glasses A and B are X-ray amorphous, the
sample A1 (without Y,03), thermally treated at 950 °C for 5 h,
shows peaks attributable to the high quartz solid solution, and
cubic or tetragonal ZrO, (JCPDS no. 50-1089) phases. The latter
two phases cannot be distinguished taking into account the
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Fig.1 XRD patterns of the glasses and the crystallized samples of both
compositions (A) and (B). The inset in (A) shows the shift of the quartz
solid solution [101] peak that indicates the transition from B-quartz
solid solution to a-quartz solid solution with increased annealing
temperature and time.
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only very small distortion of the tetragonal phase and the line
broadening due to the small size of the crystallites. However,
the occurrence of monoclinic ZrO, can be excluded. The [101]
peak of the high quartz solid solution at 26 = 25.9° (JCPDS no.
25-0511) is the most intense one, indicating that the high quartz
solid solution is the main crystal phase. The samples A2, A3 and
A4, crystallized in a second step at 1060 °C for different times (0/
0.5/1 h) show additional peaks that are attributable to spinel
(JCPDS no. 21-1152). With longer times of the second crystalli-
zation step, the [101] peak of the quartz solid solution is shifted,
from 20 = 25.9° to 26.2°, thus indicating the presence of the
low-temperature a-quartz solid solution phase (JCPDS no. 33-
1161) after sample cooling. This effect was often reported in the
literature:' the high-temperature B-quartz solid solution can
be stabilized versus the transformation to the low-temperature
a-quartz phase by incorporations of large volume fractions of
MgO and Al,O;." However, after crystallization for longer times
or at higher temperatures, this phase can be depleted from
these additives via the formation of spinel (MgAl,0,) as
secondary crystalline phase, which in turn allows the trans-
formation to the low-temperature a-quartz solid solution during
cooling.'* This is evidenced in these samples when comparing
sample A1, which according to XRD incorporates B-quartz solid
solution, yet not spinel, to the samples A2-A4, where spinel has
already crystallized and after sample cooling, the quartz solid
solution has transformed into the low-temperature, trigonal o-
quartz solid solution phase.

In the XRD patterns of sample B1, peaks of minor intensity at
ca. 260 =31, 35,51 and 60° are observed. They are attributable to
tetragonal or cubic ZrO,. In the XRD pattern of sample B2, the
same peaks attributable to ZrO, are observed. Furthermore,
some small peaks indicate the presence of spinel and indialite
(Mg,Al1,Si504g, JCDPS no. 75-1439). The latter is proved by the
very specific peak at 26 = 10.2°. In samples B3 and B4, which
after thermal treatment at 950 °C for 5 h were heated to 1060 °C
for 0.5 or 1 h, distinct lines of ZrO,, spinel and indialite are
found. After crystallization for 1 h at 1060 °C (sample B4), the
intensity of the indialite peak at 26 = 10.2° is notably higher. It
should be noted that peaks due to the quartz solid solution,
especially the characteristic [101] peak at ca. 260 = 26° are not
observed in any of the studied Y,O; - containing samples,
indicating the absence of the quartz solid solution therein.

Scanning transmission electron microscopy

Fig. 2 shows a STEM micrograph of sample A3, obtained with an
high-angle annular dark-field (HAADF) detector, in addition
with EDX-based element distribution mappings. In the HAADF
micrograph, the contrast is sensitive to the atomic mass of the
respective sample position (z-contrast imaging).”” Zr is the
heaviest atom species in this composition and, hence, appear-
ing very bright in the micrograph. As has already been described
previously, the bright, star-shaped areas with diameters of
~100 nm are ZrO, crystals that precipitate first during crystal-
lization and act as nucleation seeds for a subsequent growth of
the quartz solid solution.'® Furthermore, a large number of very
small (diameter = 3-5 nm), spherical ZrO, crystals is visible as
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Fig. 2 STEM-HAADF micrograph (upper left panel) and respective
element mappings of AL, Si, Zr, Mg and O of the (Y,O3-free) sample A3.

well. It was found that these small ZrO, crystals precipitate
during crystal growth of the quartz solid solution, as they are
continuously “spat out” by the growing quartz solid solution in
whose crystal lattice they do not incorporate.>'® The EDXS
element distribution mapping of Zr unambiguously underlines
this finding. Additionally, it is found that some areas show
a diffuse, bright contrast in the HAADF micrograph, preferably
at the domain boundaries of the quartz solid solution areas. The
EDXS mappings show that these areas are enriched in Mg and
Al, while the concentration of Si is reduced there. In combina-
tion with the XRD results that indicate the presence of spinel
(MgAl,0,) in these samples, it can be concluded that the spinel
is forming at the domain boundaries of the quartz solid solu-
tion,> which seems comprehensible as the spinel crystallizes
after the quartz solid solution. As the quartz solid solution is
already present before spinel crystallizes, and as the spinel
formation is related to a depletion of Mg and Al out of the quartz
solid solution, a spinel precipitation at the outer rim of the
quartz solid solution domains should be expected. Additionally,
it can be seen that an enrichment of Al, Mg and Si is not only
found at the outer domain boundaries of the quartz solid
solution, yet also in direct vicinity of the comparably large, star-
shaped ZrO, crystals which have been described to act as
nucleation centers for the quartz solid solution precipitation.
This indicates that the quartz solid solution is not precipitating
(e.g., epitaxially) directly at the ZrO, crystal, yet some 10 nm
further away from the latter, in good accordance with the
previous finding that the star-shaped ZrO, seed crystals are
surrounded by a Zr-depleted zone, behind which the quartz
solid solution follows up to expand into the sample bulk.'
Thus, the spinel is not only forming at the outer rim of the
quartz solid solution domains, yet also inside the latter, since in
this picture, the quartz solid solution domains incorporate
a “hollow”, non-crystallized core, consisting of the star-shaped

RSC Adv., 2016, 6, 62934-62943 | 62937
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ZrO, nucleus and its Zr-depleted surrounding - and the deple-
tion of the quartz solid solution in both Mg and Al will then run
inwards and outwards the quartz solid solution domain in
parallel.

Fig. 3 shows a STEM micrograph (HAADF) and EDXS element
distribution mappings of the respective elements of sample B4.
In contrast to the glass-ceramics of sample set A, in the glass-
ceramics of the samples B, the ZrO, crystals are dendritic and
comparably large - the lengths of the long axis of those
dendrites are up to a few pm. In good accordance with the XRD
results, quartz solid solution crystals are not detected with
STEM. Furthermore, Mg and Al (as “marker elements” for
spinel, which is present in the samples according to XRD) are
enriched in the surroundings of the ZrO, dendrites, while Si is
absent at these positions. Apparently, spinel envelopes the
dendritic ZrO, crystals,” whereas the Si element map shows the
location of the residual glass in those samples. Although XRD
indicates the presence of indialite in the glass-ceramic samples
B, it is not found with STEM. However, this is not surprising
since indialite is prone to precipitate from MAS glasses via
surface crystallization,® yet the STEM samples were prepared
from the sample bulk, far from the surface.

Fig. 4 shows the EDXS element distribution mappings of Y
and Al of the same sample area as shown in Fig. 3 in a combined
representation. Y is not incorporated in the spinel crystals, and
no other Y-bearing crystal phases could be detected with XRD
(¢f: Fig. 1), apart from the ZrO, crystals that, according to the
EDX data, seem to incorporate a small amount of Y, most likely
forming yttria-stabilized zirconia.*® Thus, it can be concluded
that the vast majority of the yttria which is present in the
samples is restricted to the residual glassy phase within the
glass-ceramic samples B. As seen in the combined EDX element
mapping of both Y (as “marker element” for the residual glass)
and Al (as “marker element” for spinel), Y is located in areas

Fig. 3 STEM-HAADF micrograph (upper left panel) and respective
element mappings of Al, Si, Zr, Mg and O of sample B4 (with Y,Ox).
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Fig. 4 STEM-HAADF micrograph and the superimposed element
mappings of Al and Y of the (Y,Oz-containing) sample B4. The
Y-containing residual glassy area fraction was estimated to constitute
= 37% of the sample.

where Al is sparsely found and vice versa. As shown in previous
publications,® in sample set B, it is found that with ongoing
crystallization temperature and time (samples B1-B4), the spinel
crystals expand further into the sample volume, leading to
a decreasing volume of the residual glassy matrix. The growth of
MgAl, O, is accompanied by a steady decrease of the Al and Mg
concentration in the residual glass, in contrast to a continuous
increase of the yttria concentration within the residual glass,
that is as high as 16 mol% in sample B4, in comparison to the
2.4 mol% in the non-crystallized green glass B.> Although
smaller than at earlier heat treatment stages B1-B3, the lateral
area of the Y-containing residual glass is still comparably large
in the sample B4. This area was estimated by simple image
processing of the Y element distribution mapping micrograph
that is shown in Fig. 4 with the software Image] (http://
imagej.nih.gov/ij/) by applying a Gaussian Filter, using the
“subtract background” tool of the software, followed by binar-
ization and simple area analysis. As shown in Fig. 4, this results
in an estimated residual glass of 37% for this two-dimensional
projection of the STEM - analysed sample. Assuming that this
analysis is representative for the three-dimensional sample, it
can be estimated that roughly 1/3 of the sample volume of glass-
ceramic sample B4 consists of residual glass that is strongly
enriched in yttria. Apparently, the volume fraction of the
residual glass within the Y,0;-containing glass-ceramic samples
B free of the quartz solid solution is much larger than that of the
quartz-solid solution containing, Y,0;-free glass-ceramic

This journal is © The Royal Society of Chemistry 2016
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samples A. In the latter, the residual glassy phase is constituted
by the small pockets and junctions in-between the adjacent
quartz solid solution domains, where it additionally competes
for space with the spinel that precipitates at higher temperatures
and longer annealing times (samples A2-A4).

X-ray absorption near-edge structure spectroscopy

Fig. 5 shows the XANES spectra of the Zr L,-edge of both sample
sets A and B before and after the crystallization. Two well-
resolved features, corresponding to the 2p — 4d transitions,
can be observed, at =2309 and 2312 eV. In the spectra of the
glasses A and B, the peak at 2309 eV is more intense than that at
2312 eV, representing a 6-fold coordination of Zr in both MAS
glasses, in good accordance with previous results.*® The crys-
tallized samples of the composition A show a shift of the
absorption edge maxima to lower energies, indicating an
increasing coordination number of Zr*".?>2° The crystallization
of ZrO, runs parallel to a change in the coordination number:
while Zr** is incorporated in the glass network in 6-fold coor-
dination, it is 8-fold coordinated in tetragonal and cubic
zirconia.” The spectra of the samples A1 to A4 (in Fig. 4, only
the spectra of A1 and A4 are shown for clarity) are almost
identical and in good accordance to previously published
spectra of MAS glass-ceramic samples of the same composition
(though crystallized with a different heat treatment scheme) in
which all Zr has transformed into ZrO,.*® This indicates that the
transformation of the local environment of Zr from 6-fold
coordinated and amorphous (in the glass) to 8-fold coordinated
and crystalline (in ZrO,) is already completed after the first step
of the heat treatment at 950 °C for 5 h (sample A1). This goes
well with the results from the XRD and STEM analyses, showing
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Fig. 5 XANES spectra of the Zr-L, edge of the glasses and the crys-
tallized samples of the compositions (A) and (B).
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that the crystallization of ZrO, is already completed after this
stage of heat treatment. Note that according to previously
published results, Zr*" was not detected in the small amounts of
residual glassy phase after complete crystallization of MAS
glass-ceramics from a sample set similar to the glass-ceramic
samples A used here® - a finding that underlines that the exis-
tence of only 8-fold Zr in the glass-ceramic samples is an indi-
cation for the absence of Zr in the residual glassy phase of these
samples.

The shape of the Zr L,-spectrum of glass B is almost identical
to that of glass A. Hence, it can be concluded that in both
glasses (with and without the addition of Y,03), Zr** ions are 6-
fold coordinated. However, in sample set B, the change of the
spectral features due to the annealing procedure (i.e., an
increase of the intensity of the feature at =2312 eV at the
expense of the intensity of the feature at =2309 eV) that indi-
cates a shift from the 6-fold coordination of Zr (within the
vitreous surrounding) to an 8-fold coordination (due to the
crystallization of ZrO,) is not as abrupt as it is for sample set A.
Whereas in the quartz solid solution-forming samples A, all Zr
has transformed to ZrO, and is thus present in 8-fold coordi-
nation after the first heat treatment step already (sample A1), for
the sample set B it is found that even after the last heat treat-
ment step (sample B4), the Zr L,-XANES spectrum is not indi-
cating a solely 6-fold or 8-fold coordination. Indeed, from
previous analytical data it is known that for the Y,0;-containing
glass-ceramic samples, even at the last heat treatment stage, in
sample B4 a certain amount of ZrO, can still be found within
the residual glass, in contrast to the quartz solid solution-
forming, non-Y,O; containing glass-ceramic samples A, in
which all Zr transforms into ZrO,. The amount of Zr (in at%)
that can be found within the residual glass of sample B4 is
roughly 2.7%, whereas in the glass B, it is 4.5%.° Together with
the above-calculated volume fraction of the residual glassy
phase of approximately 37% (see Fig. 4), a percentage of Zr*" in
the residual glassy phase of approximately (2.7/4.5) x 0.37 =
22% can be calculated for sample B4. Considering the multiple
pieces of experimental information that were used to estimate
this figure, an estimated error of at least +4% appears
adequate, leading to a Zr*" - percentage of =~(18-26)% in the
residual glass of sample B4.

—B4
==+=25% glass B
+75% A4

Normed Intensity [a.u.]

T T T T T T
2300 2305 2310 2315 2320 2325
Photon Energy [eV]

Fig. 6 XANES spectra of the Zr-L, edge of the glass-ceramic B4
compared with a linear combination of 25% glass B (6-fold coordi-
nated) and 75% A4 (completely 8-fold coordinated).
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Indeed, it is found that the Zr L,-spectrum of sample B4 is
almost perfectly fitted by a simple linear combination of 25% of
glass B (representing Zr*" in 6-fold coordination) and 75% of
sample A4 (representing Zr*" in 8-fold coordination in crystal-
line ZrO,), as is shown in Fig. 6. As can be seen, the XANES data
as well as the STEM-EDXS data complement each other fairly
well - from both methods, the conclusion can be drawn that
whereas in the Y,O;-free MAS glass-ceramics A, all Zr trans-
forms into ZrO, upon annealing, only =75% of the Zr crystal-
lizes as ZrO, within the quartz solid solution-free glass-ceramics
B when the same annealing scheme is applied. Additionally, the
conclusion can be drawn that although the composition of the
residual glass changes drastically with respect to the green glass
composition,® the coordination of Zr within this MAS residual
glass remains 6-fold, just as it is in the MAS green glass B.

In Fig. 7, the Y L,- and Y L3-XANES spectra (corresponding to
the 2p — 4d transitions) of glass B and the glass-ceramic B4 are
shown in comparison to those of an Y,0; powder reference. The
spectra of both glass and glass-ceramic sample are identical,
indicating that no shift of neither valency nor coordination is
observed for Y. The crystalline Y,0; powder reference sample Y
L, ;-XANES spectra look different, with two clearly resolved
spectral features at both edges. It should be noted that crys-
talline Y,0; has the space group Ia3.** As such, the spectra with
the two distinct features are representative for a crystalline
sample with Y in a distorted 6-fold coordination. However,
these two clearly distinct, ligand-field splitting related spectral
features which appear in the Y L, 3-XANES of the Y,Oj; reference
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Fig. 7 XANES spectra of the Y-L, (top) and the Y-Ls (bottom) edge of
the glass B and the crystallized sample B4 in comparison to the
standard reference Y,Oz. Note that the Y,Oz data was gained in TEY
mode.
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are not seen for the glass and glass-ceramic samples. Especially
the Y L,-edge shape is quite uniform, and only a small shoulder
appears at the low-energy side of the Y L;-spectrum that might
indicate the existence of multiple spectral features there. Thus,
it cannot be concluded with certainty that the Y coordination in
both glass and glass-ceramic samples is 6-fold, as it is in Y,03.
Rather, the absence of the two spectral features in the Y L, ;-
XANES spectra of the glass and glass-ceramic samples might
indicate that Y in these samples exists in a more amorphous
environment, since the ligand field splitting - that leads to the
two distinct features in the crystalline Y,0; reference sample -
is not resolved. This interpretation underlines the STEM-EDXS
finding that most of the Y within the sample set B is enriched
in the residual glass of the glass-ceramics, with ever-increasing
content if annealing time and/or temperature are raised.” On
the other hand, as discussed previously it might well be that
a small portion of the Y is incorporated within the ZrO,
dendrites in form of YSZ, which would then result in the pres-
ence of a small amount of 8-fold Y in the samples as well.

Fig. 8 shows the XANES spectra recorded at the Si K-edge at
energies in the range from 1825 and 1890 eV for the composi-
tions A and B. The main peak occurs at around 1849 eV for all
studied samples, thus indicating the 4-fold coordination of Si in
SiO, tetrahedra for all samples. The spectrum of glass A
resembles the typical features that are found in SiO, glasses: the
main edge feature (white line) around 1849 eV, related to the 1s
— 3d transition, and a rather broad peak at around =1860-
1870 eV.** The latter peak is related to 1s — 3d/p transitions
and its intensity is related to the Si-O-Si angle in the SiO,
tetrahedra.®® Once the samples are annealed and the quartz
solid solution is formed, further peaks arise at the high-energy
side of the main feature in the spectra of the samples of sample
set A, exemplified by the spectra of samples A1 and A4 as shown
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Fig. 8 XANES spectra of the Si-K edge of the glasses and the crys-
tallized samples of the compositions (A) and (B).
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in Fig. 8. These peaks arise at 1852 eV and at =1855 eV. The
former has been explained by multiple scattering from the
structure behind the first coordination sphere, the latter has
also been related to 1s — 3d/p transitions.”*** These spectral
features between ~1850 and 1860 eV are specifically indicating
the occurrence of crystalline SiO, polymorphs, as they are not
found for SiO, in amorphous environments such as SiO, glass.**
Hence, they indicate the annealing-induced formation of quartz
or quartz solid solutions in the sample set A and thus underline
the XRD and STEM analyses, which also show the presence of
the quartz solid solution in these samples.

The spectrum of glass B, just as that of glass A, shows no
defined features at the high-energy side of the main edge
feature at =1849 eV and before the broad peak between =1850
and 1860 eV. Unlike as for sample set A, this does not change
with annealing, as the spectra of samples B1-B4 in Fig. 8 show.
Thus, in accordance with the XRD and STEM-EDXS data, no
indication of a quartz or quartz solid solution precipitation is
found in these Y,0;-containing samples, and Si (just like Y, as
discussed above) rather keeps an amorphous environment in
sample set B. It can be observed, though, that the high-energy
side of the main feature in the spectra of samples B exhibits
a shoulder between =1849 and 1852 eV, that flattens with
increasing annealing time and temperature. This shoulder has
been described for different types of silicate glasses.** Especially
for alkaline-earth containing glasses, it was described to indi-
cate changes in the medium range order of silicon, initiated by
the presence of network modifiers.*® In sample set B, from
STEM-EDXS it is known that the Y concentration in the residual
glassy phase increases strongly with the increase of annealing
temperature and time from sample B1-B4, whereas likewise,
the content of Mg and Al steadily decreases.® Thus, the change
of the shoulder in the spectra might indicate the change of the
composition of the residual glassy phase as a result of the
thermal treatment. Finally, it can be observed that the main
feature of the spectra of sample set B is slightly shifted by =0.4
eV to higher energies during the course of crystallization.
According to Li et al,* this shift might be an indication of
a shortening of the Si-O bond distance in the glass. Although
this is just a qualitative explanation, it goes along with the
STEM-observed decrease of the volume density of the glassy
phase in the samples with ongoing heat treatment, whereas the
density of the residual glass itself increases due to a strong
increase of the Y content therein.?

In Fig. 9, XANES spectra recorded at the Al L, ;-edge of all
studied samples together with the spectra of p-cordierite and
spinel as reference samples for Al in 4-fold (p-cordierite) and 6-
fold (spinel) coordination are shown. As already described in
the Experimental section, it has to be kept in mind that the
spectra of the samples from glass A, A1 and B1 are presented in
their pristine form in Fig. 9, since a normalization according to
the routine that was applied for all other samples led to no
reliable results in that case. However, this does not affect the
following discussion of the results, since it is of qualitative
nature only.

The Al L, ;-edge of glass A is characterized by a broad feature
at =77-78 eV and another even broader feature at =79-81 eV
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Fig. 9 XANES spectra of the Al-L, 3 edge of the glasses and the
crystallized samples of the compositions (A) and (B). Note that the
spectra of glass A, Al and B1 show non-normalized data (see text for
explanations).

directly behind. In good correlation to published data of refer-
ence materials with Al in 4-, 5- and 6-fold coordinated envi-
ronments, as well as in mixed coordination states,*® a 4-fold
coordination of the AlI>* within the glass is indicated. It must be
noted that the spectrum of glass A, although similar to that of
the crystalline p-cordierite reference, differs from the latter as
its features are less pronounced and the onset of the Al L, ;-edge
is shifted toward lower energies. These differences are most
likely reflecting the distinction between a crystalline sample
with a perfect 4-fold Al environment (p-cordierite) and a glass,
in whose amorphous environment that lacks a long-range
order, Al is preferably 4-fold coordinated, yet local discrep-
ancies might occur to a certain extent. The spectra of sample A1l
shows features that are typical for the 4-fold coordinated Al as it
is present in the glass and in the p-cordierite sample, i.e., a first
feature that appears at =77 eV. However, it also shows features
that are rather representing a 6-fold coordination, as they are
found in the spinel reference sample, such as a double-peak
feature at around 78 eV (due to spin-orbit splitting of the Al
2p level), a major peak between =79 and 81 eV and a further
feature at higher energies, at about 84 eV. Thus, it is likely that
Al is present in both coordination states in sample A1: 4-fold, as
it should be expected in the B-quartz solid solution (with
a composition close to that of p-cordierite), yet also 6-fold,
although no spinel has been crystallized in this sample at this
annealing stage according to XRD results. From STEM-EDXS
results it is known that the spinel in these samples is prefer-
ably crystallizing at the outer (and inner) rim of the quartz solid
solution at later annealing stages (samples A2-A4), while the
quartz solid solution itself gets depleted in Al and Mg at the
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same time. Hence, the finding that 6-fold coordinated Al already
exists in sample A1, might indicate that although spinel is not
yet formed, the diffusion of Al (and probably also Mg) from the
interior of the quartz solid solution towards its exterior is
already taking place at this annealing stage, and it is most
probably accompanied by a change of the coordination of the
AI*"ions from 4-fold in the quartz solid solution crystal lattice to
6-fold at the outer rim of the quartz solid solution, where later
on the spinel precipitates. On the other hand, the presence of 6-
fold coordinated Al in sample A1 might also be an indication
that the Al coordination in the residual glass pockets between
the quartz solid solution domains is 6-fold and has thus
changed with respect to the glass A, where Al is 4-fold
coordinated.

The Al L, ;-edge spectra of samples A2-A4 are nearly iden-
tical and in good correlation with the spinel reference spectrum.
It can therefore be concluded that Al is mainly six-fold coordi-
nated in sample set A once spinel has formed. Hence, most of
the Al in these samples is incorporated in the spinel phase,
which underlines the XRD-observed transformation of the main
crystalline phase, from B-quartz solid solution to a-quartz solid
solution - a depletion of the B-quartz solid solution in both Al
and Mg is a prerequisite for this.

As seen in Fig. 9, the Al L, ;-edge spectrum of the Y,0;-
containing glass composition B indicates a 4-fold Al coordina-
tion as well. Shape and energetic position of the main features
are even closer to the 4-fold p-cordierite reference here as it is
the case for glass A. In sample B1, the Al is still in an amorphous
environment, as at this annealing stage in the Y,0;-containing
glasses, only ZrO, has developed as crystalline phase, yet no
precipitation of quartz solid solution is found, as can be seen in
the XRD or STEM-EDXS results presented earlier. The Al L, ;-
XANES spectrum of sample B1 has nevertheless changed with
respect to that of glass B. As Fig. 9 shows, the main features have
shifted to lower energies, very much as it is the case for glass A
in comparison to the p-cordierite reference spectrum. This
indicates that although the overall Al coordination stays 4-fold
for sample set B at the first annealing stage, the short-range
order in the glass is changed notably once ZrO, has crystal-
lized and the composition of the residual glass has therefore
changed. The similarity of the spectra of samples B2-B4 with
the reference spectrum of spinel is remarkable and shows that
since a heat treatment at higher temperatures (1060 °C) leads to
the growth of spinel as second crystalline phase in the glass-
ceramics of the Y,0;-containing type B, most of the Al is then
present in 6-fold coordination.

Conclusions

The effect of the addition of 2.5 mol% Y,0; to the crystallization
behaviour of a glass with the mol% composition of 51.95i0,/
21.2Mg0/21.2A1,05/5.6ZrO, was studied. In the Y,0;-contain-
ing glass, strong differences in the microstructure and in the
phase composition are observed in comparison to the glass
without the addition of Y,O; after an appropriate two-stage heat
treatment at 950 °C for 5 h and at 1060 °C for 0-1 h. While the
main crystal phase is the quartz solid solution in the Y,O;-free
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glass-ceramics, this phase is not detected in the Y,03-contain-
ing glass-ceramics in the XRD and STEM analyses. Here, only
the occurrence of dendritic ZrO, crystals and spinel via volume
crystallization, as well as a minor indialite concentration that
most likely crystallizes in the surface-near sample regions only,
are observed. The main focus of the present study was on
XANES measurements at the Zr L,-, Y L, 3-, Si K- and Al L, ;-edge.
The evaluation of the Zr L,-edge spectra shows that while for the
Y,O;-free samples, the Zr coordination experiences an abrupt
shift from 6-fold in the glass to 8-fold in the glass-ceramics due
to the complete crystallization of ZrO,, in the Y,0;-containing
samples this is not the case. There, a certain amount of Zr**
remains 6-fold coordinated in the residual glass after the heat
treatment. The Si K-edge spectra of the Y,0;-free samples reflect
the quartz solid solution formation therein, whereas in the
Y,0;-containing samples, any spectral features that indicate the
presence of crystalline quartz solid solution are missing. The Y
L, ;-edge spectra of the Y,0;-containing samples show that the
valency and coordination of Y does not change upon the heat-
treatment induced crystallization, and underline the finding
that Y is present in the glass as well as in the glass-ceramic
samples in a mostly amorphous environment. Finally, the
analysis of the Al L, ;-XANES shows that in both sample sets
with and without Y,03, the initially 4-fold Al coordination in the
glasses changes into 6-fold once spinel is forming in both
sample types, soaking up the majority of the Al that is present in
the samples.
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