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Microstructural Observations of a-Quartz
Amorphization

Kathleen J. Kingma, Charles Meade, Russell J. Hemley,
Ho-kwang Mao, David R. Veblen

Solid-state amorphization is a transformation that has been observed in a growing number
of materials. Microscopic observations indicate that amorphization of «-quartz begins with
formation of crystallographically controlled planar defects and is followed by growth of
amorphous silicon dioxide at these defect sites. Similar transformation microstructures are
found in quartz upon quasihydrostatic and nonhydrostatic compression in a diamond-anvil
cell to 40 gigapascals and from simple comminution. The results suggest that there is a
common mechanism for solid-state amorphization of silicates in static and shock high-
pressure experiments, meteorite impact, and deformation by tectonic processes. In gen-
eral, these results are consistent with recently proposed shear instability models of amor-

phization.

The phases of silica are important for a
wide range of problems in materials science,
solid-state physics, and geology (1). The
formation, stability, and physical properties
of the amorphous forms in this system are of
particular importance because of their tech-
nological applications and the role of silica
glass as an archetypal noncrystalline mate-
rial. Besides conventional melt quenching,
amorphous silica can be synthesized from
a-quartz by several solid-state processes that
include the application of static high pres-
sures (2, 3, 4), comminution (5), and
shock compression (6, 7, 8).

There is now great experimental and
theoretical interest in the solid-state crys-
talline-amorphous transitions of silica and a
range of other compounds. Much of the
work in this area focuses on descriptions of
individual pressure-induced transitions and
identification of the similarities they have
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with conventional phase transitions (such
as melting and crystalline-crystalline tran-
sitions). To date, there have been a large
number of experimental observations of
amorphization in different materials (9).
Despite these observations and the theoret-
ical simulations of amorphization [particu-
larly for SiO, (10)], a detailed characteriza-
tion of this transformation is still lacking.
Such information is crucial to test recent
theoretical models of the transition from
crystalline to amorphous states (10).

To address these issues, one must deter-
mine the manner in which the amorphous
phase nucleates, the scale of sample heter-
ogeneity during the transition, and the
extent of disordering over a broad range of
length scales. Only transmission electron
microscopy (TEM) can provide such infor-
mation because it allows simultaneous im-
aging and diffraction information at the
unit-cell level. Despite these advantages,
TEM examination of quench products from
diamond-anvil cell experiments is compli-
cated because of the difficulty in handling
the small samples and the instability of
metastable high-pressure phases under the
electron beam. Recently, we have devel-
oped experimental techniques to allow rou-
tine TEM observations of diamond-cell
samples, and here we combine these meth-
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ods with spectroscopic and optical observa-
tions to document the amorphization of
a-quartz over four orders of magnitude in
length scales.

We examined the transformation mech-
anism between crystalline and amorphous
phases by synthesizing samples of coexisting
crystalline and noncrystalline SiO, over a
wide range of stress conditions. In high-
pressure experiments, samples of natural
quartz were compressed in the diamond cell
under quasihydrostatic and nonhydrostatic
conditions (I1). Phase transformations
were monitored with in situ micro-Raman
techniques (3). Samples were then decom-
pressed from maximum pressure of 15 to 40
GPa to quench the high-pressure transfor-
mation microstructures. In comminution
experiments, natural quartz was initially
ground in a mullite mortar and pestle. After
sieving, we ground grains <43 pm (325
mesh) in a ball-milling machine (12). The
recovered samples from all experiments
were characterized by Raman spectroscopy
and by optical and electron microscopy
(13).

TEM images and electron-diffraction
patterns showed complete amorphization
with no sign of residual crystallinity for
diamond-cell samples that were recovered
from the highest pressures (>30 GPa). This
observation confirms that the loss of sharp
diffraction and Raman spectra in previous
high-pressure studies (2, 3) was due to
amorphization; it was not the result of
crystallite size reduction of the parent
quartz. In samples that have been either
ground or quenched from between 15 and
30 GPa (Fig. 1), the amorphous phase
formed in the parent crystalline structure
with a characteristic lamellar habit, grow-
ing at planar defect sites. As these lamellae
grew in size, they maintained subplanar
contacts with the crystal, having the same
orientation as the original defect. Com-
pared to that of the ground samples, the
density of planar features (planar defects
and amorphous lamellae) was higher in
samples that were quenched from polycrys-
talline diamond-cell experiments and ap-
peared to rise with increasing maximum
pressure. However, detailed examination of
a large number of grains from a series of
different experiments indicates that the mi-
crostructures that were formed by grinding
and by static compression are indistinguish-
able by TEM. The lack of high-temperature
effects (such as recrystallization, flow tex-
ture, and diffuse boundaries) indicates that
the glass lamellae were formed from a solid
state transformation; they are not melt-
quenched features. In all samples, the pla-
nar defects and amorphous lamellae were
parallel to rational crystallographic planes.
To date, we have found planar features in

{001}, {100}, {101}, {011}, {102}, {201},
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and {1711} orientations (14).

To monitor optically the growth of the
amorphous lamellae, we compressed pol-
ished single crystals of quartz quasihydro-
statically. For one of these experiments
(Fig. 2), initial TEM of an ion-milled foil
from the same uncompressed crystal showed
no planar defects and hence no preexisting
sites for the nucleation of the amorphous
phase. In situ optical observations revealed
the sudden formation of a set of parallel
birefringent planes (Fig. 2A) above 20
GPa. At these pressures, there was also a
change in the vibrational modes (Fig. 3),
and with further compression, broad bands

Fig. 1. Representative TEM micrographs that
show stress-induced microstructure in quartz
samples. All observed microstructures can be
divided into two main types: planar defects,
which are bounded on either side by quartz,
and amorphous lamellae, which range in thick-
ness from 1 to 100 nm. (A) Central-beam image
(bright-field) showing amorphous lamellae
(light bands, three indicated) and crystalline
material (dark areas) formed by compression to
between 21 and 25 GPa without medium. Elec-
tron-beam damage is evident at the thin edge
of the grain (widening of lamellae at bottom of
micrograph). (B) Multiple-beam image from the
same compression experiment that shows nu-
cleation and growth of amorphous lamellae
(light areas) on planar defects. (Inset) Streak-
ing and multiple spots observed in the select-
ed-area electron-diffraction pattern. (C) High-
resolution micrograph of an amorphous lamella
formed during comminution.

appeared in the Raman spectra, which in-
dicate a noncrystalline phase (15). Optical
examination of the decompressed sample
(Fig. 2, B to D) shows that the bulk of the
crystal is amorphous, whereas the micron-
scale planar features are crystalline. Our
observations demonstrate  that the
quenched microstructures in Fig. 2 are not
artifacts that were formed upon release of
the pressures or shear stresses in these ex-
periments. There is evidence for similar
alternating crystalline and noncrystalline
bands in anorthite (CaAl,Si,Og) that was
compressed to 22 GPa (16). The micro-
structures observed directly by optical and
TEM methods in our study may be common
to crystalline-amorphous transitions in a
wide range of silicates.

Ranging from macroscopic to inter-
atomic length scales, our results provide a
basis for a more complete understanding of
amorphization and related transitions in
quartz. The onset of amorphization, namely
the formation of planar defects and the
growth of the amorphous phase, has been
observed by TEM in both ground and stat-
ically compressed samples and is best illus-
trated in Fig. 1B. Because the proportion of
glass is small at this early stage in the
amorphization transformation, its signal is
overwhelmed by that of quartz in the Ra-
man spectra (Fig. 3). With further com-
pression, the intensity of the Raman bands
that are associated with SiO, glass in-
creases, which indicates the gradual growth
of the amorphous phase. The single crystal
in Fig. 2 approaches the end result of the
amorphization transition. This grain has
transformed almost entirely to a glassy

Fig. 2. Optical micrographs
of transformed single crys-
tal (A) surrounded by neon
in the diamond-cell sample
chamber at 24.5 GPa and
(B to D) at ambient condi-
tions after recovery from di-
amond-cell compression.
Photographs are taken at
300 K in (A) transmitted
white light passing through
the diamond anvils, (B)
transmitted plane-polarized
light, (C) cross-polarized
light with some reflected
light, and (D) cross-polar-
ized light passing through a
530-nm gypsum plate.
The grain, which is approx-

imately 50 by 35 by 15 um, was cut perpendicular to the [120] zone axis and the
pressure-induced planar features are nearly parallel to the (102) plane. The
planar features are optically anisotropic (crystalline), whereas the bulk of the
sample is isotropic (amorphous). The presence of residual crystalline material
such as this (or possibly visible only by TEM) needs to be considered in the
interpretation of the anomalous anisotropy of sound velocities that were mea-
sured by Brillouin scattering on quenched samples (29).
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phase, leaving only thin, optically anisotro-
pic plates.

The large differences in the stresses be-
tween comminution and static compression
experiments indicate that the amorphous
state is accessible to quartz over a wide
range of pressures and shear stresses (17).
Whereas static pressures up to 40 GPa were
produced in our diamond-cell experiments,
the grinding of quartz is limited to differen-
tial shear stresses that are comparable to the
fracture strength of quartz (18). Previous
deformation experiments with large shear
stresses (1 to 3 GPa) have also produced
amorphous silica at pressures and tempera-
tures within the stability field of quartz
(19). In addition, lamellar diaplectic glass
(as well as melt glass) of both optical and
TEM scale has been found in shock-com-
pressed SiO, from both laboratory (8) and
meteorite-impacted samples (7, 20). Dur-
ing shock compression, quartz experiences
high transient differential shear stresses,
with melting at higher pressures. Finally,
deformation bands that contain noncrystal-
line silicates have been recovered from
fault-gouge environments (pseudotachy-
lites) (21). In view of the striking similari-
ties between microstructures observed in
this study and those produced in a variety of
geologic processes, we suggest that such
amorphous phases of solid-state origin may
be more common in nature than has been
thought (22, 23).

Together, our results and previous stud-
ies suggest that shear stresses lower the
transition pressure between the crystalline
and amorphous states of SiO,. Thus, amor-
phization probably originates in shearing or
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Fig. 3. In situ micro-Raman spectra of the
single crystal shown in Fig. 2 with increasing
pressure and quenched to ambient conditions.
Except for the ruby modes at 379 and 417
cm~' in the quenched spectrum (peaks
marked by asterisks), all peaks in the spectra
are associated with Raman-active vibrations of
SiO,. Broad bands that appear above 25 GPa
confirm the formation of a high-pressure amor-
phous phase, whereas the persistence of the
strongest A,-symmetry peak (arrows) shows
incomplete amorphization through the maxi-
mum experimental pressure of 30 GPa. In the
spectrum of the quenched sample, the peak at
456 cm~' is from the optically anisotropic re-
sidual crystalline phase. The spectra were
measured with 514.5-nm excitation by the use
of a Dilor (Lille, France) XY spectrograph that
was equipped with a charge-coupled device
detector.

distortion of the crystal structure. To rec-
oncile the observations of amorphization
under disparate stress conditions, we note
that quasihydrostatic compression signifi-
cantly modifies the ambient structure of
quartz. As documented in previous x-ray
diffraction experiments, there are signifi-
cant distortions of the SiO, tetrahedra and
large changes in the angle of Si—O-Si link-
ages with compression to 15 GPa (4). In-
deed, there seem to be severe steric con-
straints to the compression of the polymer-
ized network structure of a-quartz. We have
observed a large increase in the density of
planar defects with increasing pressure >15
GPa, which indicates that compression-
induced lattice distortions produce irrevers-
ible strains in quartz at high pressures. Once
the amorphous lamellae are formed, we
expect that the atomic displacements that
are associated with the transformation may
produce heterogeneous stresses at the inter-
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faces between the crystalline and amor-
phous phases. This state of stress probably
plays an important role in the growth of the
amorphous lamellae (as in Fig. 1) (24).

Selected-area electron-diffraction pat-
terns that were obtained across many re-
gions containing amorphous lamellae show
streaking and multiple spots (Fig. 1B),
which indicate misorientation between the
crystalline blocks that are bounded by the
lamellae. These effects can be produced by
minor angular displacements of blocks
across the defects and are consistent with
the loss of the single-crystal x-ray diffrac-
tion pattern that has been documented
with quasihydrostatic compression of quartz
to 15 GPa (4). However, displacements
across defects and lamellae are usually small
and may not be evident. For example, close
examination of defects shows that lattice
fringes are coherent across defect planes.
Additionally, scanning electron micro-
graphs show no surface modifications across
optical-scale planar features in partially
amorphized samples, which would signal
intracrystal displacements during the high-
pressure transitions.

Our results show that disordering of
a-quartz under pressure occurs by multiple
processes over vastly different length scales.
First, the generation of the amorphous

- phase results in extensive short-range disor-
dering of SiO, within the glassy lamellae.
The conversion from a crystalline to an
amorphous phase involves bond breaking
but with relatively small atomic displace-
ments and without long-range diffusion. In
contrast, the misalignment of crystalline
blocks across the amorphous lamellae pro-
duces disorder over much greater length
scales. Thus, the growth and coalescence of
amorphous lamellae as pressure increases
will produce a continuous change in the
length scales of order in the sample. Be-
cause of the gradational nature of this trans-
formation, different experimental probes
may detect varying amorphization pressures
depending on the length scale of the mea-
surement technique (4, 25, 26). The pres-
ent results for quartz are closely analogous
to the in situ observations of pervasive
fracturing that precedes the low-tempera-
ture amorphization of H,O crystalline ice I,
(27). Indeed, the results for both materials
suggest a close connection between micro-
fracturing, plastic deformation, and amor-
phization.

Our observations of in situ and
quenched transformation microstructures
provide important constraints for models of
amorphization. For example, the TEM ob-
servation of amorphous lamellae in low-
pressure comminution experiments indi-
cates that the amorphization process need
not be associated with a coordination
change. In general, the geometric relation-
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ships between the crystalline and amor-
phous phases are consistent with the pres-
ence of a pressure-induced shear instability
(3, 10, 22, 27). Further, our observations
here of crystallographically controlled pla-
nar defects show that quartz approaches an
intrinsic structural instability limit under a
variety of stress conditions. These results
show the need to examine defects, crystal-
glass interfaces, and grain-boundary stress
distributions in theoretical models of the
transformation. Solid-state amorphization
may have strong parallels to grain-boundary
or surface melting phenomena (28).
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The Hydrolytic Water Molecule in Trypsin, Revealed
by Time-Resolved Laue Crystallography

Paul T. Singer, Arne Smalas, Robert P. Carty, Walter F. Mangel,
Robert M. Sweet*

Crystals of bovine trypsin were acylated at the reactive residue, serine 195, to form the
transiently stable p-guanidinobenzoate. Hydrolysis of this species was triggered in the
crystals by a jump in pH. The hydrolysis was monitored by three-dimensional Laue crys-
tallography, resulting in three x-ray diffraction structures, all from the same crystal and each
representing approximately 5 seconds of x-ray exposure. The structures were analyzed at
a nominal resolution of 1.8 angstroms and were of sufficient quality to reproduce subtle
features in the electron-density maps for each of the structures. Comparison of the struc-
tures before and after the pH jump reveals that a water molecule has positioned itself to
attack the acyl group in the initial step of the hydrolysis of this transient intermediate.

The serine protease trypsin has been stud-
ied extensively for decades, but there are
still gaps in our understanding of the mech-
anism of proteolysis by trypsin. Like all
serine proteases, trypsin acts in a two-step
process. First, nucleophilic attack on a pep-
tide bond by a serine hydroxyl group leads
to the breaking of the peptide and forma-
tion of an ester bond between the carboxyl
group and the serine hydroxyl. The hy-
droxyl group is activated by a nearby histi-
dine and a buried aspartate, which form the
“catalytic triad” (I). This intermediate is
subsequently hydrolyzed by a water mole-
cule, regenerating the hydroxyl and releas-
ing the second half of the cleaved protein.
That this water molecule itself is activated
by the catalytic triad, in a mechanism that
mirrors the initial reaction, has always been
assumed. In order to explore the hydrolysis
of the ester intermediate, we have prepared
a transiently stable species by reaction of
the enzyme with p-nitrophenyl guanidi-
nobenzoate to form p-guanidinobenzoyl
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(GB) trypsin (2, 3). The form of the trypsin
crystals that results has been investigated
independently by Bartunik and co-workers
(4). Release of the GB group can be con-
trolled by pH it is stable for days at low pH
but only for hours at slightly above neutral
pH. We used the Laue method of white-
beam crystallography to collect x-ray dif-
fraction data from a crystal of GB trypsin
first at low pH, then immediately after the
jump to high pH, and 90 min later at the
higher pH. We addressed the following
questions: Is the 1- to 2-min time resolution
provided by the Laue measurement suffi-
cient to trap a meaningful state along the
catalytic pathway? Can the Laue method,
which provides an inherently poor signal-
to-noise ratio for diffraction data, reveal
details as small as the motion of a side chain
or water molecule? Can this model system
provide insight into catalysis by serine pro-
teases in general?

In a preliminary report of this work (5),
we described the procedures used for the
collection of Laue diffraction data. A single
crystal of GB-substituted trypsin, measuring
1.0 mm by 0.4 mm by 0.4 mm, was mount-
ed in a flow cell at pH 5.5. Between five
and seven x-ray exposures were taken at
beamline X26-C of the National Synchro-
tron Light Source. In order to counter
damage of the specimen by the x-ray beam,
the exposures were divided between two
separated portions of the crystal, the spec-
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