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Abstract Glass ceramics, i.e. intentionally devitrified
glasses, are used in manifold applications. This is due to
the capability to precisely control the precipitation of
crystalline phases possessing useful properties related to
optics, mechanics, biocompatibility, piezoelectricity,
machinability, etc. In order to control the nano and
microstructure, transmission electron microscope imaging
proves particularly useful. Illustrated by numerous exam-
ples, the diverse precipitate shapes and mechanisms at
work upon crystallization of glasses are discussed. In
addition, it is shown how useful cutting-edge transmission
electron microscopy is in the field of nanoanalytics. The
investigation of nanoscale processes controlling the pre-
cipitation of functional crystals evidences the need for
more sophisticated theories describing the changes of
composition accompanying crystallization in non-
isochemical systems (precipitates possess compositions
different from those of the host glasses).

Introduction

Glasses do exist on earth for ages, for example as obsidian,
a volcanic glass that is formed upon cooling of lava under
suitable conditions. The latter natural glass has already
been used by Stone Age cultures as it can be fractured to
produce blades or arrowheads. Glass could, however, only
in the Bronze Age become manufactured artificially. Glass-
making technology is believed have its roots in Egypt and
Western Asia.
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Similar to obsidian, where the inclusion of white cris-
tobalite crystals in the deep black glass can produce a very
conspicuous snowflake pattern, devitrification, i.e. the
precipitation of crystals from the glass upon making, turned
out to be a major issue in man-made glasses. This is
because glasses that do contain not too small crystals (see
below) are no longer transparent. Over the years, however,
a rich knowledge about means to suppress devitrification
has been gained, including the proper choice of glass
composition and technologies to increase cooling rates.
Moreover, it became evident that glass formation can only
be attained for a limited range of compositions.

While in the beginning of glass making, flawless, fully
transparent glasses were aimed at, later on, sophisticated
glasses with tailored physical and chemical properties were
"/>focussed at. In the medieval age, colouring of glass to
be used in church windows became widely used, without
realizing the origin of colour. Besides adding fairly high
amounts of transition metals such as Cu2+, Co*" or Mn”,
all resulting in “direct” colouring, in ruby glasses, surface
plasmons provoked at metal nanoparticles are responsible
for the optical effect of colouring.

Based on a broad empirical knowledge on how glasses
with suitable optical properties can be made, it was only by
the middle of last century that scientific studies to classify
and understand the microstructure of glasses were laun-
ched. The whole variety of liquid-liquid phase separations
in glass became apparent by that time, including for
example droplets in a residual-glass matrix, intercalation
structures, as well as secondary, ternary, etc. phase-
separation phenomena [1].

At this point, electron microscopy came forward.
Besides scanning electron microscopy, capable of imaging
the surface topography of fractured and/or superficially
etched glasses, transmission electron microscopy turned
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out to provide valuable information on the microstructure
at very high spatial resolution. The beauty of this method is
that real images can be obtained and size, size distribution
etc. are directly accessible and not just the result of fitting
models to “anonymous” spectra. Of course, as always, the
broadest picture can be drawn when as much methods as
possible are combined to study one and the same material.

As in these early days, electron-transparent sections
could be hardly prepared (the way to do it was crushing
glass into fine pieces), the replica technique was elaborated
[2]. In the latter approach, a freshly fractured or etched
surface of a glass is coated by co-evaporation of carbon and
a mixture of Pt and Pd under an oblique angle. The basic
idea is that highly mobile carbon would migrate towards
shadowed parts of the topography, while the metals deco-
rate the topography much more locally, resulting in dif-
ferent thicknesses of the Pt/Pd alloy dependent on the
laterally varying inclination of the specimen’s topography.
The film, continuously expanding over the surface due to
surface diffusion of carbon, is detached in water and fet-
ched with a TEM grid for inspection. As an example, in
Fig. 1, the phase-separation structure of a soldering glass
used for ignition plugs is shown.

Upon preparation, information of the replica film’s rel-
ative orientation towards the source of deposition gets lost.
Therefore, MoO, crystals can be deposited onto the surface
prior to synthesis of the replica film. As the MoO, crystals
always protrude from the surface, discrimination between
elevated and recessed structures is doubtlessly possible.
Imaging of replica films is, however, an essentially indirect
technique as the topographic impression gained is neither
quantitative (in the sense that the height or depth of
structures can be measured) nor can the chemical nature of
adjacent areas be directly assessed. The latter can only be

Fig. 1 TEM bright-field micrograph of a replica film obtained from
the polished surface of an ignition-plug soldering glass etched with a
1:1 mixture of 2.5% HF and 2.5% HNOj; for 5 s (followed by
cleaning in distilled water followed and deposition of a Pt-Ir-C thin
film under an angle of 45°)

@ Springer

estimated for etched surfaces based on prior knowledge
(like: HCI preferably attacks Si-rich parts of the micro-
structure, hence recessed structures are likely to contain
more Si than its surroundings). Moreover, the spatial res-
olution is limited by the inherent structure of the film as
shown in Fig. 2. As a rule of thumb, a spatial resolution of
better than 3—-5 nm cannot be reached (for this reason).

In spite of the great importance, replica films historically
had for the development of an understanding of glass
microstructures, the lack of direct chemical sensitivity and
resolution brought about the need for alternative prepara-
tion routes. In this respect, the development of ion-beam
etching as well as ultramicrotomy for TEM sample prep-
aration [3] turned out to become a very valuable tool as
with these approaches much higher spatial resolution can
be realized as well as chemical information on the nano-
scale can be obtained. While ion-beam thinning is widely
accepted for TEM preparation, ultramicrotomy is still a
niche technology in which a precisely edged diamond knife
is used to cut electron-transparent sections. This is most
likely due to the fact that it requires a very skilful person to
conduct the cutting and experiences need to be gained for
every unknown materials system, while ion-beam etching
is relatively rugged approach.

In this review, the value of various TEM techniques for
studying not just the structure of glasses but also time- and
temperature-dependent crystallization of glasses will be
vaunted. Before entering into the details, however, a few

Fig. 2 HRTEM micrograph of a Pt-Ir—C replica film demonstrating
the inherent limitations of spatial resolution: at high resolution, the
topographic information gets superimposed by the internal structure
of the film and diffraction contrast interferes
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introductory words about glass ceramics, i.e. partly crys-
tallized glasses made by intention, need to be said.

In order to tailor materials properties or their combina-
tions, it is very reasonable to think about partially crystal-
lizing glasses. First, glasses can be easily casted and shaped
into desired shapes and upon subsequent crystallization
shrinking is much less severe than during sintering of
powders. Second, it is appealing to host functional proper-
ties in tiny crystals that are embedded in a transparent, less
brittle matrix. For example, single crystals of fresnoite,
Ba,TiSi,03 and Ba,TiGe,Og [4], possess very pronounced
piezoelectric and pyroelectric properties, making them ideal
candidates for hydrophone applications. However, although
single crystals can be grown by the Czochralski technique,
the latter are so sensitive towards mechanical strain that the
only way to use these materials is to precipitate grain-ori-
ented fresnoite crystals in a glassy matrix taking up the
strain [5-7]. Another example concerns mechanically and
chemically resistant alumosilicate glasses containing fluo-
ride crystals that are—due to their low phonon energy—
suited best to host rare-earth dopands for lasing, upcon-
version and other optical applications [8, 9].

The usage of partially crystalline materials for optical
applications raises the questions of transparency. As
pointed out already in the late 1960s by Beall and Duke
[10], there are several factors influencing the transparency
of glass ceramics for a given wavelength of the light: the
crystallites’ size, their distribution in the matrix and the
difference in refractive index of crystals and glassy phase.
If the crystals are smaller than one-tenth of the wavelength
and not too densely dispersed in a glassy matrix, fully
transparent glass ceramics with very interesting optical
properties [11-13] can be synthesized.

Independent on whether or not a glass ceramics material
is transparent, tailoring properties generally requires a
precisely controlled microstructure, which can be imaged
best, due to the inherent spatial resolution, by transmission
electron microscopy. In particular, the monitoring of
changes to the microstructure in dependence of heat-
treatment time and temperature, additives, cooling rates,
etc. is readily assessable in terms of geometric figures like
average size, size distribution, shapes, etc. The necessity to
image the microstructure is illustrated by Fig. 3, in which
the microstructure of a PbF3-containing glass ceramics is
depicted. According to X-ray diffraction, the average size
of the crystalline precipitates amounts to roughly 30 nm
and only by direct imaging it became evident that dendritic
growth takes place resulting in much larger crystalline
agglomerates explaining in turn the opaque appearance of
this glass ceramics.

Local chemistry, another important aspect of
microstructural characterization, can be probed either by
energy-dispersive X-ray spectrometry (EDXS) or by

Fig. 3 PbF;-containing glass ceramics (TEM bright-field micrograph)

electron energy-loss spectroscopy (EELS). Due to a much
smaller solid angle of detection, EDXS generally has an
inferior sensitivity and is less well-suited for probing ele-
ments of atomic number < 13 (sodium). Absorption effects
and competing Auger electron emission do reduce the
detectable X-ray yield for those light elements by EDXS.
The latter elements, however, are the domain of EELS.
Moreover, energy-filtered TEM imaging, combining
structural and chemical information on the nanoscale can
be applied.

In the following, it will be shown by virtue of several
examples how conventional as well as advanced TEM
techniques can be utilized to elucidate the manifold phe-
nomena related to nucleation and growth of crystalline
phases in glasses. Although by far not all melts are forming
glasses upon cooling at experimentally assessable cooling
rates, it will become apparent that many in terms of
applications important crystalline phases can be precipi-
tates in glasses.

Machinable mica glass ceramics

The main advantage of mica glass ceramics is their
machinability [14-16]. Unlike metals or polymers, plastic
deformation is not the key to the understanding of this
unusual property of a ceramics material. Rather than this,
the unique microstructure comprising mica crystals dis-
persed in a residual glass matrix is responsible for the
ability of drilling, milling, tapping, turning and sawing
these peculiar glass ceramics. A crack starting to propagate
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in the residual glass will readily find a mica crystal on its
way. As mica is a highly anisotropic material in terms of its
mechanical properties, cleavage along the sheet plane of
the layer-like structure is rather easy, whereas crack
propagation perpendicular to it is hardly possible. There-
fore, a crack will become deflected to either follow the
mica—glass interface or propagate within the mica sheet
planes. As cleavage dissipates energy, the energy of the
propagating crack is reduced with every deflection and
cleavage release until the crack comes to a halt. Bioactive
micaceous glass ceramics are applied as dental materials
[17], for calva replacements, or ossicle implants [18].

Although mica crystals, due to their layer structure,
occur generally plate-like, dependent on the composition of
the glass they become precipitated from, also other habits
may occur. Annealing of a 3.2Na,0-3.2K,0-17.4MgO-
16.0A1,05-48.7Si0,-11.5F~ (all mol.%, used throughout
this review) glass can, for example, results in the formation
of cabbage-shaped mica aggregates as shown in Fig. 4a
[19]. A liquid-liquid phase separation was proven to be
responsible for this peculiar behaviour. In order to explain
TEM observations like the one depicted in Fig. 4b, a
growth mechanism was proposed assuming crystallization
to take place along isocompositional lines at or not far from
the surface of liquid-liquid phase-separation droplets. Due
to high growth rates, diffusion is assumed to have only
little impact on crystal growth.

While in a 4.1Na,0-3.1K,0-16.8Mg0-16.9A1,03-42.9
Si0,-3.5TiO,-12.7F (titania was added as a nucleation
agent) glass gentle adjustments of the composition lead to
the formation of plate-like mica crystals, those plates
become micro-yoyo-shaped for a slightly different stoichi-
ometry. For example, from a 2.6Na,0-2.5K,0-14.8MgO-
11.5A1,03-57.3510,-10.2F-1.1Cl— glass, mica agglomer-
ates like the ones shown in Fig. 5 are formed [20]. Other
than the flanking plates, the central necking, being more or
less pronounced depending on the heat-treatment schedule,
turned out to be highly defective. This defect structure could
be attributed to the preceding precipitation of norbergite,
Mg;F,Si0,, resulting in a Mg~ and F -depleted glass.
Upon dissolving norbergite at elevated temperatures,
defective plates become sandwiched between defect-free
phlogopite slabs epitaxially formed on faces of the defective
mica crystals. The microstructure of the latter glass ceramics
could only be studied in fine details since the mica crystals
were oriented by extrusion, resulting in a ring-fibre structure
[21, 22].

Biocompatible apatite glass ceramics

The principal inorganic component of the hard tissue is
closely related to hydroxyapatite, Ca;y(PO4)s(OH),.
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Fig. 4 a SEM micrograph (secondary electron image) of a cabbage-
shaped mica crystal aggregate after a gentle superficial etch (repro-
duced with copyright permission granted by Elsevier [19]). b TEM
bright-field micrograph of an enlarged section of a cabbage-shaped
mica crystal aggregate similar to the one shown in (a). Plane mica
segments of some 200 nm width are interconnected by small-angle
tilt boundaries (reproduced with copyright permission granted by
Elsevier [19])

Therefore, it suggests itself to try and precipitate apatite
from glasses of suitable composition. Starting with the
apatite-wollastonite glass ceramics developed by Kokubo
et al. [23], various apatite glass ceramics have been
developed and mainly used in restorative dentistry over the
past 35 years.

As opposed to mineralized tissue containing oriented
elongated apatite crystals, the morphology of apatite
crystals in the early glass ceramics used to be isometric and
it was only later that glass ceramics containing apatite
needles were developed [24-27]. Intense microstructural
investigations revealed that the composition (in particular
the Ca/P ratio [28]) and heat-treatment schedule [29, 30]



J Mater Sci (2010) 45:3683-3696

3687

Fig. 5 TEM bright-field micrograph of yoyo-shaped mica crystals
oriented in a ring-fibre texture by extrusion (reproduced with
copyright permission granted by Elsevier [20])

sensitively influence the habit of the apatite crystals formed
and that also in these glass systems, phase-separation
phenomena play a decisive role in the process of crystal-
lization (cf. Fig. 6).

During the study of apatite glass ceramics, a general
principle of glass ceramics investigation, namely the
combination of spatially resolved and integrating experi-
mental techniques was very successfully applied. Based on
data from *'P MAS NMR spectrometry and imaging as
well as energy-dispersive X-ray spectrometry in the
transmission electron microscope, phase-separation pro-
cesses were shown to have a major impact on the com-
position of the residual glass hosting apatite crystals. The
structure and composition of the glass matrix in turn
determine the fluorapatite morphology observed. At lower
heat-treatment temperatures, spherical crystals become
precipitated since growth parallel and perpendicular to the
crystallographic c-axis of apatite take place with very
similar growth rates caused by limited diffusion keeping
building units for exaggerate growth short. As the latter
restriction gets less influential for higher temperatures,
anisometric growth does occur at high temperature. In the
latter case, even coarsening of fluorapatite needles
following the time-dependence of Ostwald ripening
takes place. Thermodynamic considerations indicate that

competing growth mechanisms (normal versus spiral
growth) along different crystallographic directions are
responsible for the strongly direction-dependent growth
rates observed at elevated temperatures leading to aspect
ratios as large as 15:1 (Fig. 7). From long-term heat
treatments, however, it is evident that the needle-shaped
morphology is not the equilibrium shape but caused by
kinetic growth effects.

Zero thermal-expansion lithium alumosilicate glass
ceramics

One of the top-selling glass ceramics are close-to-zero
thermal-expansion materials. The latter glass ceramics are
not just used in home appliances like ceramics stove tops &
glassy fireplace shields but also employed to fabricate high-
tech products such as monolithic telescope-mirror blanks
and mask blanks for wafer-stepper lithography. The idea
behind such materials is to precipitate nanosized crystals
possessing negative thermal expansion at least along one
crystallographic direction. Being homogeneously dispersed
and non-textured, the volume increase of the base glass (and,
if applicable, other crystalline phase) upon heating is com-
pensated by a suitable volume fraction of a phase that
shrinks. In order to avoid disintegration of the workpiece,
the host glass must be capable of bearing residual local
stresses. Such a material given, both high-temperature
resistance and thermal-shock resistance can be achieved and
shape changes upon heating and cooling become minimized.

One puzzling detail in this respect is the choice of the
relatively scarce crystalline phase with negative thermal
expansion. Although there are even compounds with iso-
tropic negative coefficients of thermal expansion, like
cubic ZrW,0g [31] or ZrV,05 [32], only a few of them can
be precipitated from glass-forming melts. In praxis,
p-eucryptite, f-spodumen or keatite can crystallize in
lithium alumosilicate glasses [33, 34].

Although the latter crystals usually take a fairly high
volume fraction, the glass ceramics obtained can be fully
transparent [12], due to the sole occurrence of nano-sized
crystals. Although such glass ceramics containing nano
crystals have been commercialized since decades, the
fundamentals of the crystallization process are not yet fully
understood [35]. The main question is why in these systems
such a high quantity of nanocrystals is formed and crystal
growth does not progress even if the material is annealed
for very long times, e.g. even for some weeks as in the case
of Zerodure™ telescope mirrors [36]. In most other glass
ceramics as well as in sintered ceramics, Ostwald ripening
would take place if a certain concentration of a crystalline
phase is exceeded and nano crystallinity can only be
achieved at much smaller volume concentrations. It was
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as casted

Fig. 6 TEM bright-field and dark-field micrographs of glass with
varying Ca/P ratio: D (Ca/P: 0.64, 29.8A1,05-19.8Si0,-25.2P,0s-
7.7K,0-9.2Ca0-8.4F ), B3 (Ca/P: 0.87, 25.5A1,0;-18.65i0,-27.3
P,05-7.1K,0-:13.6Ca0-8.0F "), Al (Ca/P: 1.22, 0.5Na,0-23.5A1,05-

only recently, that a hypothesis was set out on the origin of
the suppressed ripening in certain glass ceramics [37]. The
idea is fairly simple but bears extensive consequences for
the crystallization of glass in general: should the chemical
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1200 °C, 10 h

17.1Si0,-26.6P,05-6.3K,0-18.6Ca0-7.4F ), A4 (Ca/P: 1.78, 0.2
Na,0-23.0A1,05:15.6S510,-24.1P,05-5.9K,0-24.6 CaO-6.7F") after
casting heat treatment for 10 min and 10 h at 1,200 °C (reproduced
with copyright permission granted by Elsevier [28])

composition of the precipitated phase not correspond to
that of the residual glass (a non-isochemical system is dealt
with), a highly viscous layer acting as a diffusion barrier
can be formed around the growing crystals. Eventually, the
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5 um

Fig. 7 Electron micrographs of a 0.5Na,0-23.5A1,03-18.5S10,-26.2
P,05-6.8K,0-16.4Ca0-8.1F glass heat treated for 5 min (a, TEM
replica film), 30 min (b), 2 h (¢), and 5 h (d). Subfigures (b) to (d) are
SEM secondary electron images. Left column of (a) and (b) are
shown to scale with (¢) and (d) (reproduced with copyright
permission granted by ACS Publishing [30])

barrier can no longer become penetrated and the crystal
growth comes to a stop.

In the case of lithia aluminosilicate glasses, however,
things are even more complicated as shown in the following.
In a model glass of the composition 3.5Li,0-0.15Na,0O-
0.2K,0-1.15Mg0-0.8Ba0-1.5Zn0-20A1,03-67.2510,-
2.6Ti0,-1.7Zr0,-1.2As,0;, titania and zirconia are added as
nucleation agents, i.e. it is assumed that the latter two com-
ponents would help promoting nucleation [38]. And in fact, as
shown in Fig. 8, there is a multiplicity of tiny ZrTiO, pre-
cipitates that is extremely homogeneously distributed across
the volume of the glass already after some very short heat
treatment.

Now, as chemical composition enters the scene, another
capability of transmission electron microscopy gets cru-
cially important: nanoanalytics. Using the latter, beyond
just imaging the chemical composition can be probed on
the nanoscale. Here, novel technological developments
accomplished within the past 10 years are of benefit as
with the practical realization of aberration correction in
electron optics extremely fine electron probes can be

formed (down to less than 1 Ain diameter) even at reduced
acceleration voltages (e.g. 80 keV). The latter aspect is of
great relevance, as many glasses and glass ceramics can
hardly be imaged or probed with electrons possessing
energies in excess of 100 to 200 keV. Such technical pre-
conditions given, an EELS line scan (like the 30 nm long
one depicted in Fig. 8a) can be easily made and the ratio of
elements can be determined for each data point. In the
present case (Fig. 8b), it is found that the Al/Si ratio is
significantly increasing when approaching the immediate
interface between the residual glass and the ZrTiO,4 nano-
crystal. In the glass under consideration here, the several
nanometres large zirconiumtitanate nanocrystals, however,
only act as nucleation agents. Contrary to the earlier
hypothesis of epitaxial overgrowth (the latter has never
been proved experimentally), another growth model liter-
ally obtrudes itself: in the evolving compositional gradient
surrounding the ZrTiO, precipitate, there is (i) a wide
choice of possible glass compositions to be used to com-
mence nucleation of the secondary lithiumaluminosilicate
crystal phase, (ii), due to these gradients, diffusion pro-
cesses are likely to occur which can help further promoting
the nucleus to grow.' It is currently not yet clear, but
subject to ongoing investigations, whether or not the for-
mation of liquid-liquid phase-separation droplets can also
be accompanied by the formation of such diffusion barrier.
Moreover, in other ongoing studies, nanoanalytics shall
establish an experimental basis to decide whether the bar-
rier is subjected to temporary changes upon heat treatment.
Corresponding theoretical concepts and models need
urgently to become elaborated [39—41] (Fig. 9).

Aluminosilicate glass ceramics hosting BaF,, CaF,
or LaF;

The precipitation of fluorides in glasses is appealing for
applications in photonics as rare-earth doped BaF,, CaF,,
as well as LaF3 nanocrystals feature enhanced fluorescence
[42, 43], luminescence [13, 44], optical amplification [42,
45], and up-conversion [46—48]. Oxyfluoride glasses
combine the high transparency and durability of silicate
glasses with the properties of fluoride phases that are
known to have the capability to host rare-earth ions. Upon
converting oxyfluoride glasses into fully transparent glass
ceramics, following the conceptual ideas set out by Beall
and Duke [10], optical properties become further enhanced.
For photonic applications, size, size distribution and

! Similar arguments do apply to another unresolved issue of glass
crystallisation, as it could be shown recently that there is the
possibility of chemical “reconstruction” of surfaces leading to
circumstances where surface crystallisation starts a few nanometres
below the real surface [38].
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Fig. 8 Bright-field TEM images (75 keV) of a 3.5Li,0-0.15Na,O-
0.2K,0-1.15Mg0-0.8Ba0-1.5Zn0-20A1,05-67.25i0,-2.6TiO,-1.7Zr
0,-1.2A5,0;3 glass cerammed at 750 °C fora 1/2 h, b 1 h, ¢ 2 h, and

volume concentration of fluoride crystallites are decisive.
In order to be suitable for optics, the size of the crystallites
should be smaller than at least half of the wavelength of the
light used while the size distribution should be as narrow as
possible and the spatial distribution of crystallites ought to
be very homogeneous. According to scattering theories by
Rayleigh [49] and Mie [50], full transparency can be
attained. In transparent oxyfluoride glass ceramics, the
optically active (rare-earth) ion, e.g. Er>™ or Eu*™, tends to
be located in the crystalline fluoride phase. As this results
in significantly lower phonon energies, the intensity of the
characteristic laser emission gets significantly increased
while fluorescence lifetimes and up-conversion efficiencies
become enhanced [51-53].

In view of the aforementioned self-limited growth
imposed by the formation of a diffusion barrier, it seems
challenging to scrutinize the presence of similar phenom-
ena in fluoride-precipitating glasses as well. An in fact, the
first experimental proof of the existence of such diffusion
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d 8 h (reproduced with copyright permission granted by ACS
Publishing [38])

barrier was presented for the precipitation of BaF, from an
aluminosilicate glass [54]. A first indication was found in
energy-filtered (EF) TEM micrographs indicating an
enrichment of silicon at the interface crystal-matrix. In
EFTEM, electrons forming a magnified image of the
electron-transparent sections of the sample are sent through
an energy filter. Therefore, either only elastically scattered
electrons (no energy loss, so-called zero-loss filtering) or
electrons possessing characteristic losses evoked by ele-
ment-specific absorption (by exciting ionisation of bound
electrons into unoccupied higher states) can be selected
[55].

It shall, however, not be concealed that EFTEM imaging
can only be successfully applied if:

(i) the energy loss of the element in question is not too
large (as a rule of thumb, well below 1 keV),

(ii) the element has a relative concentration above ca.
10 mol.%,
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Fig. 9 aDark-field STEM micrograph (annual dark-field detector) of a
3.5Li,0-0.15Na,0-0.2K,0-1.15Mg0-0.8Ba0-1.5Zn0-20A1,03-67.2
Si0,-2.6Ti0,-1.7Zr0O,-1.2A5,05 glass heat treated at 750 °C for 1 h
with the location of line scan EELS analyses indicated across a crystal,
b Al/Si ratio of along the line scan across the crystal shown in (a). Solid
lines are guides to the eye to underline the resemblance with the
simulated concentration profiles (reproduced with copyright permis-
sion granted by ACS Publising [38])

(iii) aspatial resolution below a few tenths of a nanometre
isnot aimed at (the actual resolution mainly depends in
the amount of electron-optical aberrations, the accel-
eration voltage and the specific energy loss and is on
the order of several nanometres),

(iv) there is no overlap of adjacent ionisation edges (the
width of the energy window used to filter the
required signal is usually chosen to be ca. 10 eV
and as background subtraction is necessary to obtain
decent results, also another few tens of electron volts
below the edge onset interfering spectral features
must not occur).

Some of those restrictions can be demonstrated for a
69.6510,:7.52A1,05-15.04K,0-1.88Na,0-6BaF, glass [12,
54]. As shown in Fig. 10, the positions of nanocrystals
(appearing dark in Fig. 10a) correspond to increased
intensity in the EFTEM image shown in Fig. 10b. How-
ever, as illustrated by Fig. 11, there is a severe overlap of
the Si-L, ; and the Ba-N, s ionisation edge that cannot be
separated with the settings used to obtain a reasonable

Fig. 10 a Zero-loss

filtered bright-field TEM
69.6510,-7.52A1,05-15.04K,0-1.88Na,0-6BaF, nanoglass ceramics,
b Corresponding silicon map (reproduced with copyright permission
granted by ACS Publising [54])

image of a

signal-to-noise ratio (energy window: 10 eV wide). A more
detailed analysis revealed that the diameter of the bright
spots visible in the EFTEM map is on average about 2 nm
larger than the diameter of the nanocrystals imaged in the
bright-field TEM micrograph. Taken together with EFTEM
simulations [56] as well as spot analyses, the conclusion of
a silicon enrichment at the periphery of the BaF, nano-
crystals could be drawn though.

In the case just described, nanocrystals nucleate and
subsequently grow within the residual glass matrix. How-
ever, in other glasses, such as the 40SiO,-30Al,0s-
18Na,0-12LaF; glass shown prior to and after heat treat-
ment in Fig. 12, phase-separation precedes the nucleation
and crystallization [8, 9]. The answer to the question as to
whether or not the size of phase-separation droplets may be
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Fig. 11 a Si-L,; ELNES (residual 69.6Si0,-7.52A1,05-15.04K,
0O-1.88Na,0-6BaF, glass), b Ba-Nss ELNES acquired from a BaF,
nanocrystal (reproduced with copyright permission granted by ACS
Publising [54])

limited by a diffusion barrier (and not just determined by
the cooling rate applied) is currently under intense study.
However, with this example, another complication can be
nicely illustrated. The composition of the liquid-liquid
phase-separation droplets does not necessarily correspond
to the composition of a crystalline phase that may become
precipitated within the droplets. Such situation is exem-
plified in Fig. 13, where, along with a bright-field image, a
Si elemental distribution map is shown. While lanthanum is
already strongly enriched in the droplets (where upon
annealing LaF3 nanocrystals are formed), there is surplus
silicon that gets pushed aside during crystallization.

Electrochemically induced crystallization

Beyond in-depth analyses of the nucleation and crystalli-
zation phenomena discussed so far, direct control of
nucleation and crystallization of glasses is the logical
continuation. One such approach is based on the finding
that polyvalent elements can change their role in a glass
network from a network former into a network modifier
[57-61].

As an example, fresnoitic glasses (2BaO-TiO,-2 +
xSi0;) were supercooled in a crucible in which a platinum
wire was introduced to act as a cathode [5]. When an
electric current is allowed to flow through the melt, elec-
trons emerging from the cathode do reduce the Ti*"
towards Ti*+ [62]. Such reduction is, in the case of tita-
nium, accompanied with a switching from network forming
to network modifying properties as the viscosity of the melt
gets locally reduced. As a result, in the vicinity of the
cathode, nucleation started and by growth selection, an
oriented solidification of fresnoite (Ba,TiSi,Og) com-
mences. The preparation of such glass ceramics via con-
trolled nucleation is practically important as fresnoite
possesses very distinct piezoelectric properties, which
require a high degree of texturing. In the case of fresnoite,
single-crystal growth (by Czochralski pulling) [63] is
possible, but similar to Ba,TiGe,Og [4, 64], Ba,TiSi,0g is
highly brittle and applications (e.g. as hydrophone) [6, 7]
often require mechanically rugged materials. With the
addition of surplus silica, highly textures fresnoite crystals
can become embedded into a matrix mainly consisting of
silica glass. It was also reported that crystallization of
fresnoitic glasses can be accomplished by internal irradia-
tion with ultrashort laser pulses [65-67]. This effect is very

Fig. 12 Zero-loss filtered bright-field TEM images (energy slit
width: 10 eV) of: a the 40Si0,-30A1,05-18Na,0-12LaF; glass, and
b the 40Si0,-30A1,03-18Na,0-12LaF; glass ceramics. Insets show
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respective selected-area electron diffraction patterns (reproduced with
copyright permission granted by Elsevier [9])
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Fig. 13 a Zero-loss filtered bright-field TEM image of the heat-
treated 40Si0,-30A1,05-18Na,0-12LaF; glass, and b corresponding
Si-L, 3 map. Column to the right: blow-ups of seven typical bright

likely to be related to a localized reduction of the glass, too,
as femtosecond laser pulses have been shown by TEM/
EELS to have a tremendous impact on the chemistry and
network structure of glasses [68, 69].

Limits of TEM characterization

In the examples discussed so far, a confinement was made
to the discussion of particularly illustrative examples.
Despite the fact that this might have been done on the
expense of other, perhaps practically more important glass
ceramics like the magnesium alumino silicate glass
ceramics [70, 71], SiOC glasses [72], mullite-precipitating
barium or boron alumino silicate glasses [11] etc., it is
hoped that the great amount of diversity among nucleation
and crystal growth phenomena in glasses could be dem-
onstrated. In particular, it should be emphasized that the
current understanding of nucleation and growth of nano-
crystals is essentially based on often not applicable pre-
conditions like the isochemical nature of base glass and
crystalline precipitate. The importance of considering this
fact could be proved by recent TEM experiments utilizing
cutting-edge instrumentation.

Now, for the general case, the question might arise where
the limits of TEM characterization (both with respect to
imaging and the analytics) are reached. Therefore, in the
following, a few major points shall be addressed.

Minimum detectable size of nanocrystals

In transmission electron microscopy, there are generally
two ways to image on the atomic scale: multi-beam
interference in high-resolution TEM (HRTEM) or scanning
TEM (STEM) using an extremely fine probe (nowadays

LT TS

A

%
"3
-

regions indicated by numbers in the image itself (reproduced with
copyright permission granted by Elsevier [9])

down to a diameter of less than an ;\ngstr('jm. While
HRTEM was demonstrated to work very well for the
characterization of defects (such as grain boundaries, dis-
location cores, etc.) in ceramics [73-75], there is a mini-
mum size, a nanocrystal should possess to generate the
required interference. Depending on the lattice-plane
spacing (and therefore on the crystal structure of the pre-
cipitate), as a rule of thumb 5-7 lattice-plane spacings or
roughly 2-3 nm holds [76]. With STEM, which resembles
channelling contrast, smaller aggregates can be detected as
recently show for a ca. 300 atom gold cluster [77]. While
single lanthanum ions have been successfully localized in
glassy films in contact to crystalline Si;N4 [78], for not as
heavy elements the very early stages of nucleation can
unfortunately not to spotted.

A further approach would include the study of electron
energy-loss near-edge structures (ELNES) that reflect the
first coordination sphere of the target ion and hence can be
used beyond the capabilities of imaging techniques. It has
been shown that ELNES spectroscopy can be readily
applied to the study of valence [80] and coordination [79]
of elements with suitable ionisation edges. Exemplified
with fresnoitic glasses, it has not only been shown that
ELNES spectroscopy can be applied to glasses [64, 80, 81],
but its sensitivity is high enough to monitor structural
discrepancies between casted glass and amorphized crys-
tals of identical composition [82]. Here, the spatial reso-
lution that can be attained with the finely probed beam is
advantageous over related techniques like X-ray absorption
near-edge structure spectroscopy (XANES) [83].

Artefact-free samples as the ultimate limit

In order to max out the fabulous capabilities of transmis-
sion electron microscopy, extremely thin sections (just a
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few tens of nanometres thick) of the glasses or glass
ceramics under consideration need to be prepared without
introducing artefacts. The common way to prepare elec-
tron-transparent sections is to mechanically pre-thin the
material and remove the remaining 15 pm or so by ion-
beam etching. Even if relatively low acceleration voltages
(some 2.5 kV for Ar" ions) are used (and hence substantial
warming of the sample is effectively suppressed) or even
an ion polishing (at a few 100 eV acceleration voltage) is
applied, the surface of the sample will always become
amorphized to a depth of more than 1 nm. This effect can
by no means be avoided (at least as long as ion beams are
involved) but potentially distorts attainable results.

Moreover, charging of the often non-conducting mate-
rials must be avoided. In this respect, selective carbon
coating proved very beneficial [84]. In this approach,
electron-transparent parts of the sample are hidden behind
an adapted mask during carbon coating. Such selective
coating results, due to the pronounced surface diffusivity of
carbon, in a conducting film behind the mask of ca. one-
tenth of the original film thickness. During TEM imaging
and analyses, the film is thick enough to drain the charge
but thin enough to be not prone to contamination caused by
the formation of carbon hillocks by surface diffusion.
Another advantage is the larger C-film thickness at the
periphery improving the electrical contact to the sample
holder.

Another issue is radiation damage upon electron irra-
diation that ought to become reduced as much as possible.
Possible mechanisms of radiation damage, ranging from
viscous flow [85] over hole drilling to the accumulation of
material within the irradiated area [86] are the subject of
ongoing research. To this end, the availability of aberra-
tion-corrected electron microscopes that can be operated
with high spatial resolution at reduced acceleration volt-
ages of 80 or even 60 keV is largely advantageous. It does,
however, increase the demands made to the quality of the
samples as with reduced energy of the electrons, the
samples gets virtually “thicker” (interaction cross-sections
become larger, resulting in stronger scattering). In general,
the usage of cooling holders proves advantageous for the
reduction of damage to the specimen.

Last but not least, one might wonder whether or not in
situ observation of crystallization processes would not be a
great idea. However, attempts to follow up crystallization
by in situ TEM are scarce [87, 88]. This is because envi-
ronmental conditions are substantially different for the
extremely thin sections being electron transparent: the
surface—volume ratio is drastically changed towards a
dominating surface, the irradiated parts reside in high or
ultrahigh vacuum and manifold kinds of activation (see
above) of the sample may be provoked by intense irradi-
ation with electrons. Moreover, even if the available hot

@ Springer

stages (allowing for applying temperatures of up to
1,000 °C) would reach the requested ceramming tempera-
ture, the actual temperature of the location of observation
remains somewhat doubtful as heat conduction, radiation
losses, etc. might cause deviations of the local temperature
from the value measured at a remote position. For example,
in a mica glass ceramics, where the formation of mica
crystals is preceded by the formation of mullite—aluminium
borate solid-solution crystals [89], the latter phase dis-
solved within 2 h in the hot-stage sample holder at 800 °C,
even without electron irradiation during heat treatment.
Vaporization of volatile elements such as boron or alkalis
is likely to be responsible for this effect. Findings such as
the one described above severely spoil the utilization of in
situ techniques.

Summary

In conclusion, three things should have become evident in
this review.

(1) In glasses, an incredible variety of growth phenom-
ena can possibly occur and it is essential to
discriminate between isochemical and non-isochem-
ical systems. In particular, our current understanding
of the latter is incomplete and theoretical models
need to be developed in the near future to be able and
exploit the huge potential of crystalline phases
precipitated in the latter glasses.

(ii) As the best basis of all theoretical treatment are
systematic experiments, spatially and analytically
highly resolved transmission electron microscopy is
expected to play a major role in gaining a deeper
understanding of nucleation and growth processes
upon ceramming of glasses. It should, however,
always kept in mind that in overstatement one might
say that TEM is a matter of knowing everything
about nothing, i.e. the information obtained is highly
localized and generalization needs validation by
integrating methods such as X-ray or neutron
diffraction, multiquantum nuclear magnetic reso-
nance spectroscopy, infrared spectroscopy, etc.

(iii) There is “electron amorphousness” (corresponding
to X-ray amorphousness). This is, nanocrystals on
the borderline to clusters, particularly, when embed-
ded into an amorphous matrix cannot be directly
imaged, nor can nuclei become visualized. To this
end, there is hope that, at least for agglomerations
of heavy elements, high-angle annular dark-field
(HAADF) imaging might help imaging single atoms.
Encouraging results were recently reported on the
ordering of lanthanum ions in a glassy environment
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in close contact to a SizN, single crystal [78]. Even
3D annular dark-field imaging of individual atoms
by aberration-corrected STEM seems to be a viable
option for the study of nucleation [90, 91].

Micro- and nanostructural investigations at glasses using
TEM ever and ever again demonstrate the huge potential of
this class of materials and the usefulness of TEM tech-
niques for the characterization of the micro- and nano-
structure. Depending on the composition and details of the
heat treatment schedule, exciting phenomena show up in
this realm of diversity.
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