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Surface and grain-boundary amorphization: Thermodynamic melting of coesite
below the glass transition temperature
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Coesite, a high-pressure Si@olymorph, becomes amorphous during isothermal annealing below the glass
transition temperaturely, at one-bar pressure. Transmission electron microscopy was used to examine this
fusion procesgvitrification) below T, . The transformation is dominated by a heterogeneous nucleation-and-
growth controlled process above the thermodynamic melting temperdig(&75 K), but belowT, (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” amorphiz&ttnification) 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- To avoid ambiguity, the terms vitrification and melting are
amorphous phase transformations in the solid state. Solidised here for the experimentally observed fusion below and
state amorphization currently receives much attention, botabove the glass transition temperaturg, respectively?
experimentally and theoretically, due to the recent discover{Hence, vitrification may be useful for elucidating the paral-
that amorphous alloys can be produced by a variety of prolels between amorphization and melting, from a thermody-
cesses, such as by interdiffusion reactions, mechanical alloyramic and microstructural point of view. From a thermody-
ing, hydrogenation, particle irradiation, annealing of meta-namic standpoint, glass formation below the glass transition
stable phases and the application of presSieo questions temperature raises some questions, for example, whether the
arise: (i) What are the common features of all these pro-structure and thermodynamic properties of the amorphous
cessesdii) What is the relationship between melting and phase is the same as that of an equilibrium undercooled lig-
solid-state amorphization, as both phenomena representud at its low formation temperatur@vhich cannot be ob-
periodic-to-aperiodic phase transformation. tained by cooling a liquid because of the slow kinetics

In the case of thermodynamic melting, the phase transiKauzmann has argued that an undercooled liquid whose en-
tion involves the heterogeneous nucleation of the liquid atropy falls below that of the corresponding crystalline phase
extended defects, such as grain boundaries, free surfacesust undergo massive “freezing” into a glass>* Vitrifica-
voids or dislocations, and a subsequent thermally activatetion presents an excellent opportunity to reexamine this long-
propagation of solid/liquid interfaces through the crystal,standing problem. In addition, the so called “inverse melt-
as recently demonstrated by molecular-dynamicsng” or “spontaneous vitrification” are frequently used to
simulations?—°® However, mechanical melting is predicted to describe the vitrification processes in intermetallic materials,
be homogeneous and does not require thermally activateslich as Ti-bas€d 2’ and Nb-based bcc alloys. Inverse
atom mobility, as it arises from a mechanical instability limit melting is a polymorphous transformation of a single, homo-
described by the Born criteriohBecause the direct experi- geneous metastable crystalline phase into an amorphous
mental evidence in support of each of these models is limitegphase of the same composition upon low-temperature an-
and not definitive, the question of the predominant initialnealing, in which the glass transition temperatligeexceeds
mechanism for melting remains. In the case of solid-statehe melting temperatur€,,.2"?°-31Basically, “vitrification”
amorphization, there is preliminary evidence in support ofand “inverse melting” describe the same phenomena. To
two types of solid-state amorphization analogous to the twalate, there have been a number of experimental observations
types of melting. The parallels between melting and solid-of vitrification or inverse melting in Ti-based and Nb-based
state amorphization have been recently described and dibcc alloys2>~3!and coesite and stishovité-**The latter two
cussed by a number of authdrg® For example, solid-state are high-pressure polymorphs of silica. However, there are
amorphization may proceed by a nucleation-and-growth proexperimental observations for which vitrification is not al-
cess in electron- and ion-beam-irradiation experim&ht¥  ways observede.g., in Ti-Cr alloy$.>® A detailed micro-
and this strongly resembles thermodynamic melting. On thetructural characterization of vitrification is important to un-
other hand, there is evidence from electron irradiations atlerstanding microscopic mechanisms and the basic
very low temperaturé® hydrogenatiorf® and compression- conditions which are necessary to observe the transforma-
induced amorphizatidh that solid-state amorphization oc- tion. The microstructural study of vitrification not only sheds
curs homogeneously. The softening of shear elastic constarlight on the mechanistic aspects of solid-state amorphization,
before the onset of amorphization supports this view ofbut also provides parallel insights into the mechanisms of
amorphization being analogous to mechanical mefting. normal melting.
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In this study, we have used transmission electron micros
copy (TEM) to examine the microstructural evolution of the 100 nm
vitrification of coesite, a high-pressure polymorph of §iO
upon annealing below the glass transition temperatlige,
(1480 K), at ambient pressure. Coesite transforms into ar,
amorphous phase under moderate heating below 1270 K.
The P-T stability field of coesite is between 3.0-9.5 GPa at
1200 K. At higher pressure, coesite transforms to stishovits
with six-coordinated Si, which is isostructural with rutile
(TiO,). Coesite consists of a tetragonal framework of four-
membered rings of Siptetrahedra joined to form chains
parallel to[001] and[110]. The large density difference be-
tween coesitg3.01 g/crﬁ) and silica glasse$2.20 g/crﬁ) FIG. 1. TEM bright-field image and electron-diffraction patterns
quenched at one bar provides a good opportunity for obser\ﬂ:om crushed coesite grains after annealing at 1200 K for 1.5 h
ing the structural relationship between the amorphous phasﬁi_nowing amorphous layer formation at the surface. Dif‘frgction pat-
and the initially crystalline predecessors. Skinner and®MsC andD were taken from the areas markédandB in the
Fahey?® Brazhikin et al,3* Grimsditch et al,®® and Xue Pright-field image, respectively.

et al*” have hypothesized that the vitrification of coesite andgoesite at 1200 K was not observed. Only 81 vol. % of
stishovite, is dominantly a heterogeneous nucleation-andstishovite was inverted to the amorphous state after heating 3
growth controlled process. TEM studies are required to tesgjays®’

this hypothesis. The mechanistic aspects of amorphizatigitrification)

The coesite samples were synthesized using a pistolin coesite can be summarized @9 heterogeneous nucle-
cylinder apparatus at 3.5 GPa and 1173 K for 48 h. Thetion of amorphous SiQat surfaces and grain boundaries;
crystals are on the order of 5—10n in diameter. The recov- (2) layer-by-layer inward growth of the amorphous region at
ered samples from high pressure were identified by Ramathe sharp amorphous/crystalline interface.
spectra obtained from a micro-optical spectrometer. The bulk TEM results show that amorphizatiofvitrification) is
samples were crushed into small pieces before the annealitgfinitely a heterogeneous nucleation-and-growth controlled
treatment in order to assure free surfaces on the coesiffocess below the glass transition temperatu#480 K). In
grains. The edges of the crushed pieces are transparent g case of crushed-grain samples, the amorphous phase
200 keV electrons, and no amorphous rim was observed bélucleat.ed Qt the surfaces 'of coesite grains. The amorphous/
fore annealing. Annealing treatments of coesite were pert_:rystall_me interface grew into the grain at a constant rate.
formed at 1200 K for 1, 1.5, 2.5, 3.5 h, respectively, in order! h€ thickness of amorphous layer is possibly temperature
to study the isothermal growth of the amorphous phase. AlfféPendent. These observations are consistent with those of
the specimens were observed after heat treatment under ‘gfi-irradiation induced amorphization in S"'C&’?‘-APaﬁ
optical microscope and then dispersed with acetone ontffom surface amorphization, the amorphous domains may
holey-carbon Cu grids for TEM examination. The observa-nave n_ucleated at _mternal b_oundarles, such as microtwin and
tions were made at 200 keV using a JEOL-2000 FX analyti-SUbgra'_” boundaries. Pre_V|ous authors hav_e reported that
cal transmission electron microscope. Selected area and myNthetic crystals of coesite frequently nggga'” lamellar mi-
crobeam electron diffraction, as well as bright-field imaging,Crotwins with a twin habit plane 0f010.” In contrast,
were employed to characterize the microstructural evolutiorn€tastable bee Cr-Ti alloygs-TigoCryg) were found to trans-
of the vitrification process. formstgurlng a heat treatment to a nanostructured crystalline

In the samples annealed at 1200 K for 1.5 h, amorphizaState"
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 ir
thickness. The uniform thickness of the amorphous layer
suggests that amorphization occurs at a constant rate afte
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 amorphou:
phase was usually featureless. Amorphous lamellae interrup
the bend contours of the crystalline regions and appear tc
have nucleated on the grain boundaries. Amorphized do-
mains which nucleated on internal dislocations were not ob- 3 .
served, nor was there evidence of homogeneous bulk amor T
phization. In the samples annealed at 1200 K for 3.5 h, the FIG. 2. TEM bright-field image of coesite after annealing at
same features were seen, but the amorphous layer was est00 K for 1.5 h showing the amorphous lamellae at grain bound-
mated to be 60 nm in thickness. Complete amorphization ofries(arrows.




53 BRIEF REPORTS 2157

transition for vitrification, and even for melting, are still not

4.0 -
875K (T,) 1480 K (T,) completely understood. The original concept of surface-
20 Coesite| Glass__ Glass | Liquid initiated crystal melting is very oltf but direct measure-
_ ments on clean single-crystal surfaces have been possible
s 00 : gle-cry p
g CO{SW Cristobalite only during the past decadt Surface melting has been ob-
5 20 served on an atomically clean @h0 surfacd? and Al
® surfaced? The transition begins with partial disordering of
2 40 X S
the surface regioriquasi-liquid layers and progresses to a
-6.0 Quartz completely disordered film whose thickness increases rapidly
8.0 as the temperature approachigs. The problem of melting
400 800 1200 1600 2000 at a grain boundaryGB) has long been of interest in the
metallurgy. Molecular-dynamic studies show that a GB can
ay Yl
Temperature (K) nucleate the liquid, which then propagates through the crys-

FIG. 3. The temperature dependence of free-energy difference@l at or abover 349 Grain-boundary melting was also di-
between crystalline solids and liquidabove Tg) or amorphous rectly observed in Al using a hot stage TEfIn this study,
phase(below Ty) for the SiG system[after Richet(Ref. 12]. surface and grain-boundary amorphizati@orrespondingly

] ] ) o surface and grain-boundary vitrificatiphave been success-

The fundamental issue in solid-state amorphization is th%lly observed in annealed coesite samples by TEgs. 1

identification of the driving forcé'®'*When the Gibbs free 4.4 2. Thus, surface and grain-boundary amorphization

energy of a crystalline phase is e_qual to or greater than th"’r‘Fﬁcation) have strong similarities to surface and grain-
of the glass of the same composition at a given te"np_er""turﬁoundary melting. In both, the disordered or aperiodic do-
below the glass transition temperaturg,), the crystalline '

; ... _Mains nuc i i
phase becomes unstable with respect to the glass. Vitrifica- leate at surfaces and grain boundaries and

tion may occur upon annealing if the nucleation and growthpmpag":lte thr.ough the crystal layer by Igyer. It has been sug-
of the equilibrium crystalline phase is kinetically hindered.geSted that, N the absgnce of nucleation centee= sur-
For the SiQ polymorphs, Gibbs free energy differences faces or grain boundagn)asa crystal can .be superheated at
(AG) between coesite and the corresponding ligtaitiove atmos_phenp _p.ress.suFé‘: Surfa(;e and grain-boundary amor-
T,) or undercooled liquidglass, belowT,) have been cal- ph|zat|on(V|tr|f|cat|on? of coe§|te occur far gbov@m. Ho-
culated based on available thermodynamic data by Rithet Mogeneous mechanical meltifigut belowT,) is apparently
as shown in Fig. 3. The calculated thermodynamic meltingfuPPressed and was not observed, due to the existence of free
temperature for coesitd G=0 (T,,), is estimated to be 875 surfaces and grain boundaries. In this study, we present the
K, definitely far belowT (1480 K). If there were no kinetic direct observation of surface and grain-boundary melting far
limitation, at one bar coesite could thus bypass the liquicabove its thermodynamic melting poitiut belowT,) and
state on heating and transform directly into a glass at temeonfirm the theoretically predicted results of previous
peratures between 875 K afig (1480 K). For stishovite this studies>*® Free surfaces, the simplest of all planar defects,
must occur because stishovite is unstable with respect timvolve excess energies. For coesite, it is expected that the
SiO, glass at all temperaturé$3*3’Apparently, the thermo- first few interlayer distances are relaxed in a damped oscil-
dynamic prediction of solid-state amorphization of coesite idatory manner and strong surface anharmonicity at the sur-
consistent with our experimental observations. In the Ti-Cfaces occurs with increasing temperature, as coesite is ther-
system, certain temperature intervals at WhiB ;4250  modynamically unstable at one bar, and there is a large
below their normal melting points have been volume difference between the crystal and glass. The anhar-
suggested®?>2° Bormann has demonstrated that a thermo-monicity manifests itself as a larger thermal-expansion coef-
dynamic driving force exists for the nucleation of the amor-ficient in the surface region and also as an anomalous in-
phous phase from supersaturated Nb- and Ti-based solictease in the vibrational amplitudes of the surface atoms as
solutions®! Evidently, vitrification is driven by the intrinsic compared to the bulk.
thermodynamic properties of the metastable phases when Coesite, as well as other tetrahedrally based polymorphs
they are far beyond theP-T stability fields, but belowl,.  of SiO,, including quartz, cristobalite and tridymite, can be
The competition between nucleation and growth of equilib-amorphized at high pressures at room temperature. Coesite
rium crystals and amorphous phases should determine vitramorphizes at 30—35 GPa at 300'KThe critical pressure at
fication kinetics. Theoretically abov&y, an amorphous which the free energy between coesite and glass are equal
phase is unstable as compared with a liquid. However, thevas estimated to be 30—45 GPa at 300 K, in good agreement
kinetics of the nucleation and growth of cristobalite or with experimental values. A molecular-dynamics study of
tridymite are greatly favored abové,, as reported by compression-induced amorphization efquartz suggests
Dachille et al3? that the transformation is caused by the homogeneous col-
The fundamental idea of melting is the coexistence of dapse of the lattice driven by a mechanical or shear
solid with a liquid when the free energies of the two phasesnstability*® The theoretical simulations of the tetrahedrally
are equal. From this thermodynamic definition, vitrification based Si@ polymorphs support the shear instability model
and melting are the same. Amorphization occurs belgw for compression-induced amorphizatifn®® Preliminary
when the free energies of the crystal and the glass are equaligh-resolution transmission electron microscopy observa-
when we consider the glass as an undercooled liquid belowions also favor a homogeneous mecharisit Apparently,
T4. However, the mechanistic and kinetic aspects of thiscompression-induced amorphization of coesite resembles
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mechanical melting. Thus coesite transforms into the amomeous nucleation-and-growth controlled process above the
phous state through both heterogeneous and homogenedhermodynamic melting temperaturg, (875 K), but below
mechanisms, corresponding to thermodynamic and mecharfire glass transition temperaturg, (1480 K). Amorphous

cal melting, respectively. In the case of vitrification, ther-domains nucleate at various inter?aces, e.g., free surfaces and
mally activated self-diffusion plays a key role. The amor-grain boundaries. The amorphous-crystalline interfaces
phous phase nucleates at external surfaces; this leads RsOPagate into the crystals. This “interface-mediated” amor-
surface amorphization. The propagation of the amorph()uaohlzatlon(V|tr|f|cat|on) is the same as “interface-mediated”

crystalline interface requires thermally activated diffusion. InM€lting, based on the thermodynamic, microstructural, and
contrast, mechanical melting is difficult to observe in theMechanistic aspects of the transformation. Solid-state amor-

laboratory without eliminating the nucleation centers. Ther-Phization bears a strong resemblance to melting, and melting
modynamic melting may be hindered by either eliminatingmeChan'smS are apparently governed by the degree of atomic

the nucleation centers or lowering the atomic mobiliyr mobility at the temperature at which the free energies of the

example, through compression or irradiation of the crystal afystalline and amorphous phases are equal.

lower temperatur@s In the case of electron irradiatiq200
keV and 1 MeV of coesite at 300 K, amorphous domains The electron microscopy was completed in the Electron
nucleate heterogeneously, and amorphization is preferabiicrobeam Analysis Facility of the Department of Earth and
initiated at interfaces, such as surfaces, the crystal-glass ifRlanetary Sciences at the University of New Mexico sup-
terface, and grain boundarig$ln the case of ion-beam irra- ported by NSF, NASA, DOE-BES, and the State of New
diation (1.5 MeV Kr"), crystal-glass interfaces may be di- Mexico. The high-pressure synthesis of coesite was com-
rectly produced through displacement cascades in complepleted at the Geophysical Laboratory, Carnegie Institution of
ceramics? Washington. This work is supported by BES/DOE Grant No.
In summary, coesite, a high-pressure gg@lymorph, be- DE-FG03-93ER45498R.C.E). W.L.G. particularly thanks
comes amorphous during isothermal annealing at one-bahe National Natural Science Foundation of China for sup-
pressure. The transformation is dominated by a heteroggport of his trip to the United States.
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