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Coesite, a high-pressure SiO2 polymorph, becomes amorphous during isothermal annealing below the glass
transition temperature,Tg , at one-bar pressure. Transmission electron microscopy was used to examine this
fusion process~vitrification! belowTg . The transformation is dominated by a heterogeneous nucleation-and-
growth controlled process above the thermodynamic melting temperature,Tm ~875 K!, but belowTg ~1480 K!.
Amorphous domains nucleate at free surfaces and grain boundaries, and the amorphous-crystalline interface
propagates into the interior of the crystal. This ‘‘interface-mediated’’ amorphization~vitrification! is the same
as ‘‘interface-mediated’’ melting, based on the thermodynamic, microstructural, and mechanistic aspects of the
transformation. This amorphization process parallels electron-irradiation and pressure-induced amorphization
in coesite.

There are numerous examples of crystalline-to-
amorphous phase transformations in the solid state. Solid-
state amorphization currently receives much attention, both
experimentally and theoretically, due to the recent discovery
that amorphous alloys can be produced by a variety of pro-
cesses, such as by interdiffusion reactions, mechanical alloy-
ing, hydrogenation, particle irradiation, annealing of meta-
stable phases and the application of pressure.1 Two questions
arise: ~i! What are the common features of all these pro-
cesses?~ii ! What is the relationship between melting and
solid-state amorphization, as both phenomena represent a
periodic-to-aperiodic phase transformation.

In the case of thermodynamic melting, the phase transi-
tion involves the heterogeneous nucleation of the liquid at
extended defects, such as grain boundaries, free surfaces,
voids or dislocations, and a subsequent thermally activated
propagation of solid/liquid interfaces through the crystal,
as recently demonstrated by molecular-dynamics
simulations.2–6 However, mechanical melting is predicted to
be homogeneous and does not require thermally activated
atom mobility, as it arises from a mechanical instability limit
described by the Born criterion.7 Because the direct experi-
mental evidence in support of each of these models is limited
and not definitive, the question of the predominant initial
mechanism for melting remains. In the case of solid-state
amorphization, there is preliminary evidence in support of
two types of solid-state amorphization analogous to the two
types of melting. The parallels between melting and solid-
state amorphization have been recently described and dis-
cussed by a number of authors.8–15 For example, solid-state
amorphization may proceed by a nucleation-and-growth pro-
cess in electron- and ion-beam-irradiation experiments,16–18

and this strongly resembles thermodynamic melting. On the
other hand, there is evidence from electron irradiations at
very low temperature,19 hydrogenation,20 and compression-
induced amorphization21 that solid-state amorphization oc-
curs homogeneously. The softening of shear elastic constants
before the onset of amorphization supports this view of
amorphization being analogous to mechanical melting.22

To avoid ambiguity, the terms vitrification and melting are
used here for the experimentally observed fusion below and
above the glass transition temperatureTg , respectively.

12

Hence, vitrification may be useful for elucidating the paral-
lels between amorphization and melting, from a thermody-
namic and microstructural point of view. From a thermody-
namic standpoint, glass formation below the glass transition
temperature raises some questions, for example, whether the
structure and thermodynamic properties of the amorphous
phase is the same as that of an equilibrium undercooled liq-
uid at its low formation temperature~which cannot be ob-
tained by cooling a liquid because of the slow kinetics!.
Kauzmann has argued that an undercooled liquid whose en-
tropy falls below that of the corresponding crystalline phase
must undergo massive ‘‘freezing’’ into a glass.23,24 Vitrifica-
tion presents an excellent opportunity to reexamine this long-
standing problem. In addition, the so called ‘‘inverse melt-
ing’’ or ‘‘spontaneous vitrification’’ are frequently used to
describe the vitrification processes in intermetallic materials,
such as Ti-based25–27 and Nb-based28 bcc alloys. Inverse
melting is a polymorphous transformation of a single, homo-
geneous metastable crystalline phase into an amorphous
phase of the same composition upon low-temperature an-
nealing, in which the glass transition temperatureTg exceeds
the melting temperatureTm .

27,29–31Basically, ‘‘vitrification’’
and ‘‘inverse melting’’ describe the same phenomena. To
date, there have been a number of experimental observations
of vitrification or inverse melting in Ti-based and Nb-based
bcc alloys,25–31and coesite and stishovite.32–35The latter two
are high-pressure polymorphs of silica. However, there are
experimental observations for which vitrification is not al-
ways observed~e.g., in Ti-Cr alloys!.36 A detailed micro-
structural characterization of vitrification is important to un-
derstanding microscopic mechanisms and the basic
conditions which are necessary to observe the transforma-
tion. The microstructural study of vitrification not only sheds
light on the mechanistic aspects of solid-state amorphization,
but also provides parallel insights into the mechanisms of
normal melting.
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In this study, we have used transmission electron micros-
copy ~TEM! to examine the microstructural evolution of the
vitrification of coesite, a high-pressure polymorph of SiO2,
upon annealing below the glass transition temperature,Tg
~1480 K!, at ambient pressure. Coesite transforms into an
amorphous phase under moderate heating below 1270 K.32

TheP-T stability field of coesite is between 3.0–9.5 GPa at
1200 K. At higher pressure, coesite transforms to stishovite
with six-coordinated Si, which is isostructural with rutile
~TiO2!. Coesite consists of a tetragonal framework of four-
membered rings of SiO4 tetrahedra joined to form chains
parallel to@001# and @110#. The large density difference be-
tween coesite~3.01 g/cm3! and silica glasses~2.20 g/cm3!
quenched at one bar provides a good opportunity for observ-
ing the structural relationship between the amorphous phase
and the initially crystalline predecessors. Skinner and
Fahey,33 Brazhikin et al.,34 Grimsditch et al.,35 and Xue
et al.37 have hypothesized that the vitrification of coesite and
stishovite, is dominantly a heterogeneous nucleation-and-
growth controlled process. TEM studies are required to test
this hypothesis.

The coesite samples were synthesized using a piston-
cylinder apparatus at 3.5 GPa and 1173 K for 48 h. The
crystals are on the order of 5–10mm in diameter. The recov-
ered samples from high pressure were identified by Raman
spectra obtained from a micro-optical spectrometer. The bulk
samples were crushed into small pieces before the annealing
treatment in order to assure free surfaces on the coesite
grains. The edges of the crushed pieces are transparent to
200 keV electrons, and no amorphous rim was observed be-
fore annealing. Annealing treatments of coesite were per-
formed at 1200 K for 1, 1.5, 2.5, 3.5 h, respectively, in order
to study the isothermal growth of the amorphous phase. All
the specimens were observed after heat treatment under an
optical microscope and then dispersed with acetone onto
holey-carbon Cu grids for TEM examination. The observa-
tions were made at 200 keV using a JEOL-2000 FX analyti-
cal transmission electron microscope. Selected area and mi-
crobeam electron diffraction, as well as bright-field imaging,
were employed to characterize the microstructural evolution
of the vitrification process.

In the samples annealed at 1200 K for 1.5 h, amorphiza-
tion ~vitrification! was observed to begin at the margins of
the coesite grains, as indicated by the diffuse halo diffraction
pattern in Fig. 1. The amorphous/crystalline interface was
sharp as revealed by conventional bright-field imaging. The
amorphous layer was estimated to be 25 nm thick. The amor-
phous layer surrounding the coesite grains was constant in
thickness. The uniform thickness of the amorphous layer
suggests that amorphization occurs at a constant rate after
nucleation. In addition, amorphous lamellae were also
present~Fig. 2!. The crystalline regions were easily recog-
nized by the presence of bend contours, while the amorphous
phase was usually featureless. Amorphous lamellae interrupt
the bend contours of the crystalline regions and appear to
have nucleated on the grain boundaries. Amorphized do-
mains which nucleated on internal dislocations were not ob-
served, nor was there evidence of homogeneous bulk amor-
phization. In the samples annealed at 1200 K for 3.5 h, the
same features were seen, but the amorphous layer was esti-
mated to be 60 nm in thickness. Complete amorphization of

coesite at 1200 K was not observed. Only 81 vol. % of
stishovite was inverted to the amorphous state after heating 3
days.37

The mechanistic aspects of amorphization~vitrification!
in coesite can be summarized as~1! heterogeneous nucle-
ation of amorphous SiO2 at surfaces and grain boundaries;
~2! layer-by-layer inward growth of the amorphous region at
the sharp amorphous/crystalline interface.

TEM results show that amorphization~vitrification! is
definitely a heterogeneous nucleation-and-growth controlled
process below the glass transition temperature~;1480 K!. In
the case of crushed-grain samples, the amorphous phase
nucleated at the surfaces of coesite grains. The amorphous/
crystalline interface grew into the grain at a constant rate.
The thickness of amorphous layer is possibly temperature
dependent. These observations are consistent with those of
ion-irradiation induced amorphization in silicon.18 Apart
from surface amorphization, the amorphous domains may
have nucleated at internal boundaries, such as microtwin and
subgrain boundaries. Previous authors have reported that
synthetic crystals of coesite frequently contain lamellar mi-
crotwins with a twin habit plane of~010!.38,39 In contrast,
metastable bcc Cr-Ti alloys~b-Ti60Cr40! were found to trans-
form during a heat treatment to a nanostructured crystalline
state.36

FIG. 2. TEM bright-field image of coesite after annealing at
1200 K for 1.5 h showing the amorphous lamellae at grain bound-
aries~arrows!.

FIG. 1. TEM bright-field image and electron-diffraction patterns
from crushed coesite grains after annealing at 1200 K for 1.5 h
showing amorphous layer formation at the surface. Diffraction pat-
ternsC andD were taken from the areas markedA andB in the
bright-field image, respectively.
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The fundamental issue in solid-state amorphization is the
identification of the driving force.9,10,14When the Gibbs free
energy of a crystalline phase is equal to or greater than that
of the glass of the same composition at a given temperature
below the glass transition temperature (Tg), the crystalline
phase becomes unstable with respect to the glass. Vitrifica-
tion may occur upon annealing if the nucleation and growth
of the equilibrium crystalline phase is kinetically hindered.
For the SiO2 polymorphs, Gibbs free energy differences
(DG) between coesite and the corresponding liquid~above
Tg! or undercooled liquid~glass, belowTg! have been cal-
culated based on available thermodynamic data by Richet12

as shown in Fig. 3. The calculated thermodynamic melting
temperature for coesite,DG50 (Tm), is estimated to be 875
K, definitely far belowTg ~1480 K!. If there were no kinetic
limitation, at one bar coesite could thus bypass the liquid
state on heating and transform directly into a glass at tem-
peratures between 875 K andTg ~1480 K!. For stishovite this
must occur because stishovite is unstable with respect to
SiO2 glass at all temperatures.

12,34,37Apparently, the thermo-
dynamic prediction of solid-state amorphization of coesite is
consistent with our experimental observations. In the Ti-Cr
system, certain temperature intervals at whichDGcryst-glass>0
below their normal melting points have been
suggested.13,25,29Bormann has demonstrated that a thermo-
dynamic driving force exists for the nucleation of the amor-
phous phase from supersaturated Nb- and Ti-based solid
solutions.31 Evidently, vitrification is driven by the intrinsic
thermodynamic properties of the metastable phases when
they are far beyond theirP-T stability fields, but belowTg .
The competition between nucleation and growth of equilib-
rium crystals and amorphous phases should determine vitri-
fication kinetics. Theoretically aboveTg , an amorphous
phase is unstable as compared with a liquid. However, the
kinetics of the nucleation and growth of cristobalite or
tridymite are greatly favored aboveTg , as reported by
Dachilleet al.32

The fundamental idea of melting is the coexistence of a
solid with a liquid when the free energies of the two phases
are equal. From this thermodynamic definition, vitrification
and melting are the same. Amorphization occurs belowTg
when the free energies of the crystal and the glass are equal,
when we consider the glass as an undercooled liquid below
Tg . However, the mechanistic and kinetic aspects of this

transition for vitrification, and even for melting, are still not
completely understood. The original concept of surface-
initiated crystal melting is very old,40 but direct measure-
ments on clean single-crystal surfaces have been possible
only during the past decade.41 Surface melting has been ob-
served on an atomically clean Pb~110! surface42 and Al
surfaces.43 The transition begins with partial disordering of
the surface region~quasi-liquid layers! and progresses to a
completely disordered film whose thickness increases rapidly
as the temperature approachesTm . The problem of melting
at a grain boundary~GB! has long been of interest in the
metallurgy. Molecular-dynamic studies show that a GB can
nucleate the liquid, which then propagates through the crys-
tal at or aboveTm .

3,4,9 Grain-boundary melting was also di-
rectly observed in Al using a hot stage TEM.44 In this study,
surface and grain-boundary amorphization~correspondingly
surface and grain-boundary vitrification! have been success-
fully observed in annealed coesite samples by TEM~Figs. 1
and 2!. Thus, surface and grain-boundary amorphization~vit-
rification! have strong similarities to surface and grain-
boundary melting. In both, the disordered or aperiodic do-
mains nucleate at surfaces and grain boundaries and
propagate through the crystal layer by layer. It has been sug-
gested that, in the absence of nucleation centers~free sur-
faces or grain boundaries!, a crystal can be superheated at
atmospheric pressure.3,4,9 Surface and grain-boundary amor-
phization ~vitrification! of coesite occur far aboveTm . Ho-
mogeneous mechanical melting~but belowTg! is apparently
suppressed and was not observed, due to the existence of free
surfaces and grain boundaries. In this study, we present the
direct observation of surface and grain-boundary melting far
above its thermodynamic melting point~but belowTg! and
confirm the theoretically predicted results of previous
studies.3,4,9 Free surfaces, the simplest of all planar defects,
involve excess energies. For coesite, it is expected that the
first few interlayer distances are relaxed in a damped oscil-
latory manner and strong surface anharmonicity at the sur-
faces occurs with increasing temperature, as coesite is ther-
modynamically unstable at one bar, and there is a large
volume difference between the crystal and glass. The anhar-
monicity manifests itself as a larger thermal-expansion coef-
ficient in the surface region and also as an anomalous in-
crease in the vibrational amplitudes of the surface atoms as
compared to the bulk.

Coesite, as well as other tetrahedrally based polymorphs
of SiO2, including quartz, cristobalite and tridymite, can be
amorphized at high pressures at room temperature. Coesite
amorphizes at 30–35 GPa at 300 K.45 The critical pressure at
which the free energy between coesite and glass are equal
was estimated to be 30–45 GPa at 300 K, in good agreement
with experimental values. A molecular-dynamics study of
compression-induced amorphization ofa-quartz suggests
that the transformation is caused by the homogeneous col-
lapse of the lattice driven by a mechanical or shear
instability.46 The theoretical simulations of the tetrahedrally
based SiO2 polymorphs support the shear instability model
for compression-induced amorphization.47–51 Preliminary
high-resolution transmission electron microscopy observa-
tions also favor a homogeneous mechanism.21,52Apparently,
compression-induced amorphization of coesite resembles

FIG. 3. The temperature dependence of free-energy differences
between crystalline solids and liquids~aboveTg! or amorphous
phase~belowTg! for the SiO2 system@after Richet~Ref. 12!#.
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mechanical melting. Thus coesite transforms into the amor-
phous state through both heterogeneous and homogeneous
mechanisms, corresponding to thermodynamic and mechani-
cal melting, respectively. In the case of vitrification, ther-
mally activated self-diffusion plays a key role. The amor-
phous phase nucleates at external surfaces; this leads to
surface amorphization. The propagation of the amorphous-
crystalline interface requires thermally activated diffusion. In
contrast, mechanical melting is difficult to observe in the
laboratory without eliminating the nucleation centers. Ther-
modynamic melting may be hindered by either eliminating
the nucleation centers or lowering the atomic mobility~for
example, through compression or irradiation of the crystal at
lower temperatures!.9 In the case of electron irradiation~200
keV and 1 MeV! of coesite at 300 K, amorphous domains
nucleate heterogeneously, and amorphization is preferably
initiated at interfaces, such as surfaces, the crystal-glass in-
terface, and grain boundaries.53 In the case of ion-beam irra-
diation ~1.5 MeV Kr1!, crystal-glass interfaces may be di-
rectly produced through displacement cascades in complex
ceramics.54

In summary, coesite, a high-pressure SiO2 polymorph, be-
comes amorphous during isothermal annealing at one-bar
pressure. The transformation is dominated by a heteroge-

neous nucleation-and-growth controlled process above the
thermodynamic melting temperature,Tm ~875 K!, but below
the glass transition temperature,Tg ~1480 K!. Amorphous
domains nucleate at various interfaces, e.g., free surfaces and
grain boundaries. The amorphous-crystalline interfaces
propagate into the crystals. This ‘‘interface-mediated’’ amor-
phization~vitrification! is the same as ‘‘interface-mediated’’
melting, based on the thermodynamic, microstructural, and
mechanistic aspects of the transformation. Solid-state amor-
phization bears a strong resemblance to melting, and melting
mechanisms are apparently governed by the degree of atomic
mobility at the temperature at which the free energies of the
crystalline and amorphous phases are equal.
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