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Abstract. The development of water bubbles in synthetic
quartz has been monitored by measurements of (i) the in-
tensity of the light scattered and (ii) the increase in volume
of the crystal, both as a function of temperature and time.
These macroscopic measurements have been complemented
by observations of the resulting microstructures, using
transmission electron microscopy (TEM). A mechanism is
proposed on the assumption that hydrogen is incorporated
in the quartz structure by means of (4 H)g; defects. On
heating, these defects diffuse and clusters develop. A cluster
of n(4 H); produces a water bubble of (n—1)H,0, without
any change of volume of the crystal. At any temperature
T there is a critical bubble diameter above which the
“steam” pressure P exceeds the pressure p for a spherical
bubble in mechanical equilibrium. If P becomes greater
than p, then the bubble increases in volume until P=p,
the increase in volume being achieved by the pipe diffusion
of Si and O away from the bubble site into a linked edge
dislocation loop. This process produces the observed in-
crease in volume of the crystal. The two diffusion processes
take place virtually simultaneously and continue until all
the (4 H)g; defects have been trapped in the bubbles. Values
of the diffusion constant and the activation energy for the
diffusion of the (4 H)g; defects are deduced. The relevance
of these observations to the hydrolytic weakening of quartz
1s briefly discussed.

Introduction

Since the discovery of hydrolytic weakening of quartz by
Griggs and Blacic (1965), many experimental studies have
been made of the plastic deformation of H-rich synthetic
quartz, and these have recently been reviewed by Paterson
and Kekulawala (1979). Hobbs et al. (1972) showed that
in general hydrogen affects the mechanical behaviour and
strength of quartz by its influence () on the Peierls stress
and hence the glide of dislocations, and (b) on the various
factors that affect strain-hardening, in particular, recovery
due to dislocation climb which is controlled by the diffusion
of Si and O. Thus, in order to understand the role of hydro-
gen in these processes, it is necessary to know how hydrogen
1s incorporated into the quartz structure.

The infrared absorption spectra of clear, colourless, nat-
ural quartz crystals often exhibit sharp, dichroic absorption
peaks in the 3 pm region some of which appear to be asso-

ciated with H™ acting as a charge compensator in the sub-
stitution of AI** for Si** (see, for example, Brunner et al.
1961; Kats 1962; Bambauer et al. 1963). These absorption
peaks have also been observed in synthetic quartz, but they
are often superimposed on a broad, isotropic absorption
band extending from about 3,700 cm ™! to 2,600 cm ™ * (see
Wood 1960; Kats 1962; Dodd and Fraser 1965). Paterson
and Kekulawala (1979) found that a similar broad band
is commonly observed in Brazilian amethyst quartz.

In a survey of a wide range of quartz crystals, Kekula-
wala et al. (1981) observed hydrolytic weakening only in
those crystals which exhibited the broad isotropic absorp-
tion band. From this they concluded that the hydroxyl
species responsible for hydrolytic weakening absorb in this
band, although they did not suggest a model for the incor-
poration of hydrogen in the quartz structure.

Another characteristic of quartz crystals which exhibit
this broad isotropic absorption band is that on heating at
atmospheric pressure at temperatures from about 500° C,
they become milky due to light scattering by submicroscop-
ic bubbles (Dodd and Fraser 1966). Paterson and Kekula-
wala (1979) and Kekulawala et al. (1981) found that at liquid
N, temperatures such crystals exhibited a complex absorp-
tion band of intermediate width, peaking at 3,200 cm™?,
corresponding to the absorption of ice, presumably formed
by the freezing of water in the bubbles. Transmission elec-
tron microscope observations by McLaren and Phakey
(1966a) showed that the bubbles in amethyst quartz were
about 200 to 1,000 A in diameter and formed preferentially
along the ubiquitous Brazil twin boundaries. However,
bubbles linked by dislocations also developed between the
boundaries. Since dislocations were never observed in the
unheated crystals, it appeared that the bubbles and disloca-
tions were introduced simultaneously. Subsequently,
bubbles linked by dislocations were observed in heated syn-
thetic quartz. Kekulawala etal. (1981) found that, on
heating, the development of water bubbles significantly in-
creased the strength of the crystals, presumably because
the hydroxyl species responsible for hydrolytic weakening
had been removed from the structure and converted to
water in the bubbles.

Order of magnitude calculations by Phakey (1967) indi-
cate that the bubbles are probably less than 20 percent
filled with water. Therefore, since Si and O must have dif-
fused away from the bubble site, space must have been
created in the crystal and hence the crystal must have in-
creased in volume. It follows that the process of bubble
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formation involves the diffusion of some sort of hydrogen
defect and of Si and O. Since the diffusion of these species
appears to be fundamental to the mechanism of hydrolytic
weakening, a study of the kinetics of bubble formation has
been made in the expectation that it will provide informa-
tion about the nature of the hydrogen defect and of the
mechanism of hydrolytic weakening.

The development of the bubbles has been monitored
by measurements of the intensity of the light scattered and
of the increase in volume of the crystals as a function of
temperature and time. Since the diameter of the bubbles
is significantly smaller than the wavelength 4 of the light,
the scattering is within the Rayleigh limit and the scattered
intensity /g is given by

Is/lo=kZNZVi/2* (H

where [, is the intensity of the incident beam, N, is the
concentration of bubbles each of volume V; and k£ is a
constant (Kerker 1969). Although I is a function of both
N; and V; (and the two cannot be separated), this technique
does allow the development of bubbles to be monitored
continuously as a function of temperature and time, so that
an activation energy can be determined. On the other hand,
the volume expansion was measured by multiple beam in-
terferometry at room temperature after the crystal had been
heated to a fixed temperature for a known time. However,
such measurements are directly related to the integrated
volume of the bubbles.

Whereas these measurements are concerned with the
bulk effects and rates of bubble formation, transmission
electron microscopy (TEM) has been used for the direct
observation of the bubbles and associated dislocations.
These TEM observations provide most of the essential evi-
dence for a mechanism of bubble formation which is pro-
posed on the basis that hydrogen is incorporated in the
structure by point defects, each of which consists of a Si
vacancy occupied by four H, written (4 H)g;. The proposed
mechanism is in good qualitative and quantitative agree-
ment with the bulk measurements and it implies that the
rate-determining step in the process of bubble formation
is the diffusion of the (4 H)g defects. The observations also
provide an estimate of the value of the diffusion constant
D.

A further significant aspect of the present study is that
it appears to establish the (4 H)g; defect as the “hydroxyl
species” responsible for the hydrolytic weakening of quartz.

Experimental

" Specimens

The observations described in this paper were made on
specimens cut from the Z-growth sector of four Y-bar single
crystals of synthetic quartz (designated W1, W2, W4 and
E-1-1) and on specimens from three batches (designated
253, 256 and 270) of gem-quality crystals of amethyst
quartz.

Specimens from the synthetic quartz crystals have been
used in previous studies of the role of hydrogen in the defor-
mation of quartz. Hobbs et al. (1972) used specimens from
W1, W2 and W4, while Morrison-Smith et al. (1976) used
crystal W2 only. More recently, Paterson and Kekulawala
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Fig. 1. Schematic diagram of the light-scattering apparatus

(1979) and Kekulawala et al. (1981) used specimens cut
from W1, and E-1-1, as well as from crystals of amethyst
quartz similar to those used here.

Light Scattering

The essential features of the light scattering apparatus are
shown in Fig. 1. Light from an air-cooled, 150 W, quartz
halogen lamp L was apertured twice before passing through
a rotating-blade chopper C. The chopped beam was fo-
cussed by a 10 cm focal length lens onto the quartz speci-
men in the chamber of a hotstage S. The light scattered
by the specimen at 90° to the incident beam passed through
a collimating tube and a monochromator M to the photo-
multiplier P1. The output signal from P1 was processed
by a phase sensitive detection system which ensured that
only the component of the signal which was in phase with
a reference signal from the chopper was averaged and am-
plified. In this way, a DC voltage was created which was
proportional only to the intensity of the light scattered by
the crystal. With this system, signals arising from room
lighting and the glow of the hotstage at elevated tempera-
tures were removed, as well as photomultiplier noise from
all but a narrow bandwidth around the chopping frequency
f=530Hz. By using this relatively high frequency, the
flicker noise (which is proportional to 1/f) due to semicon-
ductor devices, was also reduced.

The transmitted beam was passed through a monochro-
mator M to the photomultiplier P2. Since the intensity of
the transmitted light was much greater than that of the
scattered light, only a simple amplifier was used to process
the output from P2.

The voltage associated with the scattered light, together
with the voltage from a chromel-alumel thermocouple T’



used to measure the temperature of the hotstage at a point
immediately below the specimen chamber, were measured
as a function of time on a two-channel chart recorder. A
second recorder was used to measure the transmitted light
intensity as a function of time.

The hotstage consisted of a vertically mounted cylindri-
cal nickel rod 6 cm long and 2 cm in diameter. Nichrome
heating coils (insulated with mica sheets) were wound on
the rod both below and above the specimen chamber and
alumina paste was baked over them. The specimen chamber
was located about 2 cm from the top of the rod and was
large enough to accommodate a rectangular block of speci-
men 10 mm long X 5 mm high x 4 mm wide which was ori-
ented with its long dimension parallel to the incident beam.
The entrance aperture and the diametrically opposite exit
aperture were 3 mm in diameter and centred so that the
straight-through beam passed through the centre of the
specimen. This diameter was large enough not to aperture
the beam, so clearly the beam diameter was significantly
smaller than the width of the crystal. The specimen was
inserted into the chamber from the exit side which was
then blocked by a nickel plug containing the exit aperture.
The exit aperture for the scattered light was 10 mm long
and 2 mm high cut into the rod at the height of the straight-
through beam. An aperture of this shape made it possible
to measure the scattered intensity at various positions along
the crystal. A similar exit aperture was cut on the other
side of the hotstage so that the spatial distribution of the
scattered intensity could be viewed directly or photo-
graphed with the camera K. The hotstage was supported
in a firebrick thermal insulator by three horizontal pins
fixed to the rod at the height of the centres of the apertures.
By this means, any vertical movement of the apertures and
specimen relative to the incident light beam, due to thermal
expansion of the nickel rod, was reduced to a minimum.
The end (5 mm x 4 mm) faces and the side (10 mm x 5 mm)
faces of the crystals were polished to a good optical finish.

In the experiments where the intensities of the scattered
and transmitted light were measured as a function of tem-
perature and time, the monochromator for the scattered
light was set at 5,000 A with the slit at maximum width
so that the scattered light measured was essentially not
monochromated. The monochromator for the transmitted
light was set at 5,000 A with a relatively narrow slit width.

In the initial heating experiments it was observed that
as the intensity I of the scattered light increased, the light
transmitted by the crystal became noticeably red (as ex-
pected from the Rayleigh theory) and its intensity /; de-
creased markedly.

If it is assumed that the observed decrease in I is due
to scattering then we may write

Ip=Iye " (2)
where

I, =intensity of the incident beam,

! =length of the crystal, and

i =kNV?/2* assuming ideal Rayleigh scattering.

Thus, assuming a homogeneous specimen, the transmitted
intensity at the centre is given by

Iry=1Iye” w2

=Lo(Iy/1y)"  from (2) |
=1, T 2, 3)
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Hence, the intensity scattered at the centre of the crystal
is given by

Isy=1Irppk’ S

where k' is a constant.
It follows that the scattered intensity observed at the
detector is given by

Ig=Igye " (5
where w is the width of the crystal, and hence

Iy=Ipye *"Puk’
:]0T1/z e_”w/z/,tk'
=1,T"> T uk’. (©6)

Now the true scattered intensity is Isc=Iuk’, hence from
(6)
Isc=IsT'> T (7

For example, with /=10 mm, w=4 mm and 7=0.1, this
correction gives

Ige=5I

All the observed scattering intensities Iy were corrected to
I by using Eq. (7).

Multiple Beam Interferometry (MBI)

The experimental arrangement for transmission MBI
fringes was similar to that described by Tolansky (1960,
1968). Light of wavelength A=5,460 A, obtained from a
mercury lamp with the appropriate ﬁlter was focussed by
a condenser lens onto an iris diaphram (diameter ca.
1.5 mm) placed at the focus of a second lens which projected
a parallel beam of light at normal incidence onto the inter-
ferometer plates. The resulting fringes were viewed or pho-
tographed through another lens. The interferometer con-
sisted of a reference optical flat F and the quartz specimen
QO which was initially polished optically flat. Both F and
O were coated on one side with a 400-450 A thick layer
of aluminium and clamped together in a simple jig. The
optical flat F (with the aluminium coating upwards) was
positioned centrally on a glass base with the quartz speci-
men Q (coating downwards) immediately above. A suitably
sized rubber O-ring was placed between the quartz and
an upper cover glass. By means of three independently-
adjustable clamping screws, pressure was applied to the
cover glass at three points symmetrically placed around the
O-ring, but as far as possible away from the quartz plate
to minimize warping. Thus, the position of the apex of
the wedge between F and Q could be adjusted to give a
suitable orientation and spacing of the fringes.

The quartz specimens were heated at various tempera-
tures for various times either in the hotstage of the light
scattering apparatus or in a large muffle furnace. Clearly,
it was necessary to remove the aluminum coating before
each heat-treatment; this was done by immersing the crystal
in dilute nitric acid for no longer than 15 min.

Light Scattering Observations

Figure 2 shows the (uncorrected) scattered intensity 75 ob-
served at the detector (P1 of Fig. 1) as a function of time
and at various temperatures for a specimen W2/1. The tem-
perature (as measured by the thermocouple reading) as a
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Fig. 3a—d. Arrhenius plots of log,(d/,/df) as a function of 1,000/7(K) determined from the light scattering measurements for two
synthetic quartz specimens (W1/2 and W2/1) and two amethyst quartz specimens (256/9 and 270/1). The activation energy E determined
from the straight line of best fit is shown for each specimen. The values of log,(do/d¢), determined from the slopes of the lines
of Fig. 6b, are also plotted as a function of 1,000/T'(K) for specimen W2/1 (filled-in circles)

function of time is also shown. Note the small peak in
the scattered intensity due to the « — § transformation at
573° C after a heating time of about 183 min. It will be
seen that I increases with time but eventually saturates

at a constant value after about 600 min for this particular
temperature program, and that this saturated value of Ig
does not change when the crystal is cooled. Further, it will
be seen that up to a temperature of about 800° C, the rate
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Fig. 4. The observed variation of the Rayleigh ratio R=1_/I, with
wavelength A for specimen W2/1 after heating to scattering satura-
tion at 855° C. It will be seen that the points lie close to the straight
line of slope —4.0, confirming that the conditions for Rayleigh
scattering are reasonably well satisfied

of change of scattering d/g/d¢ increases rapidly with in-
creasing temperature.

From curves of the type shown in Fig. 2, graphs were
plotted of log,(d Is-/d?) against the reciprocal of the abso-
lute temperature T(K), where I is the measured scattered
intensity corrected for attenuation by Eq. (7). A four-point
approximation was used to determine (d/g./df) at each
temperature point. Four typical examples of such Arrhenius
plots are shown in Fig. 3. It will be seen that for tempera-
tures up to nearly 800° C, the experimental points for each
specimen lie on a straight line from the slope of which
an activation energy E can be determined. The decrease
in (dgc/dr) preceding the onset of scattering saturation
is clearly seen. The average (to the nearest kcal mole %)
of the activation energies for the four synthetic quartz crys-
tals (W1, W2, W4 and E-1-1) was E=59+4 kcal mole %,
whereas for three amethyst quartz crystals (from
batches 256 and 270) E was found to be only 36+ 3 keal
mole ™.

According to the Rayleigh scattering theory discussed
above,

R=1Iy/ly=kZIN,V;/A* and hence log, R=log, kKIN,V,—
4 log . ' ’

In order to check whether the observed scattering obeys
this relation, R was measured as a function of 4 at room
temperature for several specimens which had previously
been heated to scattering saturation. The results obtained
with specimen W2/1 are shown in Fig. 4 and it will be seen
that the experimental points lie close to a straight line of
slope —4.0. For each of the other specimens examined,
the slope of the straight line of best fit was in the range
—4.0+0.5. Thus it can be concluded that the conditions
for Rayleigh scattering are reasonably well satisfied.

MBI Measurements of Volume Expansion Associated
with Bubble Formation

The specimens used were (1120) plates, ca. 1 mm thick, cut
from a block of crystal which was taken from the central
Z-growth region (including the seed) of the synthetic quartz
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Fig. 5. a Low-power optical micrograph of one of the (1120) plates
of crystal W2 used for the multiple beam interferometry and the
transmission electron microscopy, after heating at 850° C to scat-
tering saturation. The plate was illuminated from one side at ap-
proximately 90° to the axis of the microscope. Note the seed S,
the bands A of intense scattering and the regions B of low scatter-
ing. The [0001] direction is horizontal. b Multiple beam interfero-
gram of a crystal plate similar to that shown in a after heating.
Note the displacement of the fringes at the boundary between each
A band and the adjacent B regions, due to the relative expansion
of the A bands

crystal W2. From the point of view of the variation of
the hydrogen concentration which is known to occur along
the [0001] direction from the seed in the Z-growth region
of such crystals, all the specimens were virtually identical.

Figure 5a is a low-power optical micrograph of one of
these specimens which had been heated at 850° C for
600 min to scattering saturation (compare Fig. 2). The spec-
imen was illuminated from one side at approximately 90°
to the axis of the microscope. The seed S (containing a
number of linear fluid inclusions, some of which have burst
open) is easily identified. On each side of the seed there
is a band A of intense scattering about 1 mm wide. Each
of these bands is composed of a number of closely-spaced
narrow bands. Further away from the seed in the regions B,
there is very little scattering apart from a few weaker, iso-
lated, narrow bands. As expected, the distribution of the
scattering bands is symmetrical about the seed. The hydro-
gen concentrations in the regions A and B were determined
in an unheated specimen using the infrared technique de-
scribed by Kekulawala et al. (1981) and found to be 1,400
and 800 H/10° Si, respectively.
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Fig. 6. a Graph showing the relative expansion of the A bands in (1120) plates of crystal W2 (see Fig. 5) as a function of heating
time at four different temperatures. b The data of a plotted on an extended time scale for the initial 1,000 min heating time

The MBI technique was used to detect and measure
any expansion (or contraction) of the crystal in the region
of the band A relative to the adjacent B region, brought
about by the development of the bubbles on heating.
Figure 5b is a multiple beam interferogram of a heated
crystal. The displacement of the fringes at the boundary
between the A band and the B region (on both sides of
the seed) indicates that a step has been produced. The dis-
placement is about half a fringe spacing which corresponds
to a step of height 1/4=1,365 A. By observing the direction
of the fringe displacement relative to the direction of in-
creasing wedgegap, it was found that the band A always
expanded relative to the adjacent region B. In practice, it
was found that the uncertainty in the measurement of the
relative expansion was usually about +200 A.

In order to measure the relative expansion of A with
respect to B as a function of temperature and time, the
following procedure was adopted: The selected specimen
was heated to a fixed temperature T, for a measured time
t,, then cooled to room temperature and the relative expan-
sion o; measured. The same specimen was then reheated
to T; for a period t,, cooled to room temperature and
the expansion a, (due to a heating time ¢, +¢,) measured.
This procedure was repeated so that a set of measurements
a, corresponding to heating times of ¢, +17,+...+1¢, was
made for the temperature T;. Such a series of experiments
was carried out at temperature of 550°, 600°, 700° and
800° C, using a different specimen for each temperature.
The results are plotted in Fig. 6a. It will be seen that at
each temperature the relative expansion increases rapidly
with time but reaches a saturation value after a heating
time of about 1,000 min. The saturation value increases
from about 600 A at 550° C to about 3,400 A at 800° C.
When a crystal which had expanded to the saturation value
due to heating at 550° C was subsequently heated at 800° C,
it then expanded rapidly to the saturation value correspond-
ing to the higher temperature. The relative expansions mea-
sured during the first 1,000 min for the temperatures 550°,
600° and 700° C are shown on an expanded time scale in
Fig. 6b, and it is clear that for each temperature the relative

expansion initially increases at an essentially constant rate
which itself increases rapidly with temperature.

The rates estimated from Fig. 6b are plotted in Fig. 3b,
as log, (da/d f) against 1/7(K). It will be seen that the points
lie on a straight line which is parallel to that obtained from
the light scattering measurements, indicating the same acti-
vation energy of 56 kcal mole™!. At 800° C, the initial rate
of expansion was too great for any reasonable value to
be estimated.

Transmission Electron Microscopy (TEM)

TEM was used to examine the microstructures which devel-
op in amethyst and synthetic quartz due to heat-treatments
similar to those given to the specimens studied by light-
scattering and MBI. Specimens thin enough for TEM were
prepared from 25 pm thin sections by ion-bombardment
and examined in a JEM-200 A electron microscope operat-
ing at 200 kV. No features directly attributable to the ion-
bombardment were observed.

Synthetic Quartz

All observations, unless otherwise stated, were made on
specimens cut from the A regions of (1120) plates of crystal
W2, virtually identical to that shown in Fig. 5a.

It was found that specimens taken from the B regions
of unheated crystals were essentially featureless, apart from
isolated areas of small (<200 A diameter) black spots, as
shown in Fig. 7a. Sometimes these spots were not easily
distinguishible from electron beam damage centres.

However, the A regions always exhibited features of
the type shown in Fig. 7b, the density varying from about
1013 to 10'* cm 3. Approximately one-third of these have
a very characteristic appearance. One example is circled
in Fig. 7b and it will be seen that the image consists of
two sets of lobes symmetrically placed about “a line of
no contrast”. Ashby and Brown (1963) have shown that
such an image can be due to strain around a small spherical
inclusion, in which case the line of no contrast is always



Fig. 7a, b. Bright-field (BF) electron micrographs of the unheated
synthetic quartz, (a) in the B region and (b) in the A region of
a crystal virtually identical to that shown in Fig. 5a. The scale
marks indicate 1 pm

normal to the diffraction vector g. However, in the present
case, the line of no contrast is always parallel to [0001],
independently of g, and this suggests that the contrast is
due to strain around a small lens-shaped inclusion normal
to the plane of this specimen, i.e., parallel to (1100). In
addition, it was found that in dark field (DF) micrographs
with g=(0003) at the exact Bragg angle (s=0) the lobes
were out of contrast and a small, black, strainfree feature
was observed whose shape and orientation were consistent
with the above suggestion. Morrison-Smith et al. (1976)
also observed these strain features in crystal W2 and sug-
gested that they may be due to inclusions of acmite
(NaFeSi,O4). However, we were unable to detect any Na
or Fe associated with these features using a transmission
electron microscope fitted with energy dispersive analytical
facilities. In the light of further observations, it will be sug-
gested below that the inclusions may be water. If such an
inclusion intersected the surface of the thin specimen, then
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Fig. 8a, b. BF electron micrographs showing bubbles on small dis-
location loops which developed after heating at 550° C for 10 min.
In b, the lower dislocation loop appears to be developing from
a strain-contrast feature of the type shown in Fig. 7b. The scale
mark indicates 0.5 pm

the water could escape and the strain in the surrounding
crystal relieved. Features which may correspond to this situ-
ation were occasionally observed. Two examples are indi-
cated by arrows in Fig. 7b. On the basis of this model,
it is also suggested that the other more common strain fea-
tures seen in Fig. 7b are due to lens-shaped inclusions lying
parallel to (0110) and (1010).

Significant changes occurred after heating at 550° C for
10 min. Distinct spherical bubbles lying on dislocation
loops were now observed, as shown in Fig. 8a. The loops
tend to be elongated approximately along [0001] and their
longest dimension varies from about 1,000 to 10,000 A.
There are usually two or more bubbles on each dislocation
loop and their diameters range from about 100 to 700 A.
There are indications that some of these loops and asso-
ciated bubbles may have initiated within the strain fields
of the inclusions discussed above (see Fig. 8b).

Further significant changes took place on heating at
higher temperatures for longer periods. After heating at
600° C for 90 min, the density of the inclusions decreased
to less than 5x 10*? cm ™3, and after 200 min it was of the
order of 10*! cm™3. None were observed in specimens
heated for 300 and 1,000 min. Heating at 600° C also caused
the dislocation loops to grow in size and the number of
bubbles on each loop to increase. Typical examples in a
specimen heated for 90 min are shown in Fig. 9. The closed
dislocation loops have average diameters of about 7,000 A,
but it is clear that even larger dislocation loops have devel-
oped which have intersected the surfaces of the thin speci-
men so that only parts of the loops are actually observed.
In addition, the growing dislocation loops have intersected
and reacted to form three-fold nodes; this will be discussed
in more detail below. The growth and interaction of the
dislocation loops becomes more pronounced on heating for
longer periods (e.g. 300 and 1,000 min) at 600° C, and iso-
lated bubbles not linked by dislocations were also com-






Fig. 13. Dark-field (DF) electron micrograph and its associated
selected area electron diffraction pattern, showing that the disloca-~
tions are effectively out-of-contrast for the diffraction vector g=
(0003). The scale mark indicates 1 pm

Fig. 9. BF electron micrograph showing bubbles on dislocation
loops in a specimen heated at 600° C for 90 min. g=(1101). The
scale mark indicates 1 um

Fig. 10. BF electron micrograph of a specimen heated at 600° C
for 300 min. Compare with Fig. 9 and note the large loops, the
isolated bubbles, and the three-fold nodes. g=(1101). The scale
mark indicates 1 pm

Fig. 11. BF electron micrograph of a specimen heated at 800° C
for 150 min, showing a segment of a very large dislocation loop.
Note the bowing-out of the dislocation between adjacent bubbles
and the crystallographic shape of many of the isolated bubbles.
g=(1101). The scale mark indicates 1 pm

Fig. 12. BF electron micrograph of a specimen heated at 800° C
for 1,000 min, showing a good example of a three-fold node. g=
(1101). The scale mark indicates 1 um
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Fig. 14. BF electron micrograph showing a dislocation loop A for
which g-b= +1 and a loop B for which g-b=0, with g=(1101).
Specimen heated at 600° C for 90 min. The scale mark indicates
1 pm

monly observed, as shown in Fig. 10. Examination of speci-
mens which had been heated at 800° for periods of 15,
150 and 1,000 min showed that the growth and interaction
of the dislocation loops occurs more rapidly at higher tem-
peratures. There also appears to be a significant increase
in the density and size of isolated bubbles. There is no
observable strain around the bubbles and many of them
have become crystallographic in shape. These features are
shown in Figs. 11 and 12.

Before discussing in detail the features described briefly
in the previous paragraph, it will now be shown that the
dislocation contrast is consistent with the loops being of
edge character with b=1a<T120>. Firstly, it was found
(as illustrated in Fig. 13) that the dislocations are always
out-of-contrast in DF images with g=(0003) at s=0. This.
satisfies the ““effective invisibility” criterion g-b=0 for b=

1a<T120>.

Secondly, dislocation loops with two distinct types of
image contrast are observed for all the g= {1101} accessible
in the (1120) sections of crystal used here. In Fig. 14, for
example, it will be seen that the elongated loop A (like those
in Fig. 9) appears as a single line of high contrast. On the
other hand, the contrast of the near-circular loop B is dis-
tinctly different. A larger loop with the same contrast fea-
tures as loop B is shown in Fig. 15. It will be seen that
those parts of the loop which are approximately parallel
to g are out-of-contrast, while those parts which are approx-
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Fig. 15. BF electron micrograph of a large dislocation loop the
contrast of which is characteristic of g-b=0, with g=(1101). Speci-
men heated at 600° C for 90 min. The scale mark indicates 1 pm

imately normal to g exhibit a double image. Eddington
(1975) has shown that these contrast features are character-
istic of edge dislocation loops with g-b=0 in an elastically
isotropic medium. Since these loops are clearly lying in the
plane of the specimen (1120), which is an elastic symmetry

Fig. 16. BF clectron micrograph showing a change of background
contrast between the inside and outside of two edge dislocation
loops. The fact that the contrast-change for one loop is in the
opposite sense from the other loop suggests that one lies in (2110)
and the other in (1270). g=(1101). Specimen heated at 550° C
for 10 min. The scale mark indicates 1 um

plane for quartz (Retchford 1973), isotropic elasticity
theory applies. Thus the observed contrast of these loops
is consistent with b, =%a[TT20], which is normal to the
plane of the loop.

For the other crystallographicaily equivalent burgers
vectors l_)lz%a[ﬂTO] and b,=1a[1210], g-b=+1 for all
the g= {1101} accessible in these sections. Edge dislocation
loops with these burgers vectors will lic in the (2170) and
(1210) planes, both of which are inclined at 60° to the (1120)
plane of the crystal specimen; further, they will exhibit the
same strong contrast. Thus, if the loops are approximately
circular, they will appear elongated parallel to [0001]. These
features are characteristic of loops of the type shown in
Fig. 9. Another contrast feature which is consistent with
this interpretation is shown in Fig. 16: the observed change
of background intensity from the outside to the inside of
the loop indicates that diametrically opposite sides of the
loop are of opposite sign, as required for a loop of edge
character. Therefore, the features of all the dislocation
loops observed are consistent with their being edge in char-
acter with b=1a<1120>.

Since the dislocation loops are associated with the
bubbles (which must be considered as Si and O vacancy
clusters) and since the growth of the loops is correlated
with expansion of the crystal, it is probable that the loops
are interstitial in character. Further evidence for this conclu-
sion will be given below.

Having established the character of the dislocation
loops, it is clear that they grow in size by climb. If the
bubbles are not carried along at the same speed as the
climbing dislocation, then the segment of a dislocation loop
between two such bubbles will bow out, and is often ob-
served — see Figs. 11 and 15, for example. It is possible
that a climbing dislocation may break away from a relative-
ly large bubble, leaving it isolated.

If two expanding loops intersect, then the resulting dis-
location arrangement will depend upon the burgers vectors
of the loops. Consider two such loops, shown diagrammati-
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Fig. 17a—c. Schematic diagrams illustrating the intersection of the
two edge dislocation loops shown in a. In b, b; =b, and the com-
mon segment AB has a burgers vector by +b, = —b,. In¢, b, =b,
and the intersecting segments between A and B annihilate each other

cally in Fig. 17a. If b, &b, then the situation after intersec-
tion will be as shown in Fig. 17b, and it is clear that the
segment of dislocation AB which is common to both loops
will have a burgers vector b, +b, = —b;. Examples of three-
fold nodes probably formed in this way are shown in
Figs. 9, 10 and 12. Tt will be noted that in each case two
of the dislocations are in strong contrast (corresponding
to g-b= +1) while the contrast of the third dislocation is
characteristic of g-b=0. Frequently, a bubble is present
at the nodes, as shown in Fig. 10. On the other hand, if
b, =b,, then the situation after intersection will be as shown
in Fig. 17c. It is clear that the intersecting segments be-
tween A and B will annihilate each other and a single large
loop will be formed. Continuing climb will remove the cusps
at A and B, unless they are pinned by bubbles. The shape
of the large loop in Fig. 15 suggests that it may have formed
in this way. If there were a bubble (no matter what size)
on either of the intersecting segments between A and B
then it will be left isolated after the intersection has taken
place. This is a more likely mechanism for producing iso-
lated bubbles than the one previously suggested.

Finally, the distribution of bubble sizes was measured
from a series of 33 random electron micrographs of a thin
specimen cut from a block of crystal W2 which had been
heated at 850° C to scattering saturation. The resulting
histogram (Fig. 18) appears to be slightly bimodal, as found
previously by Kekulawala et al. (1981). The total volume
of specimen examined was 50 pm>, assuming a thickness
of 0.3 ym. The number density and volume fraction of
bubbles were found to be 103 cm ™3 and 4 x 1073, respec-
tively.

Two deductions can be made from this value of the
volume fraction of bubbles:

Firstly, if the volume of the crystal increases due to
the formation of the bubbles, then the linear expansion
will be given by

Al1=%(4x1073).
Thus, the expected height of the step formed on each surface

of the 1 mm thick crystal shown in Fig. 5a after heating
to expansion saturation at 850°C will be 4//2=(4x
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Fig. 18. Frequency distribution of bubble size determined from a
set of random micrographs of a specimen which had been heated
at 850° C to scattering saturation

1073)(/6)=6,667 A. In this calculation, it has been
assumed that only region A will expand. Since this is clearly
not the case, the calculated value must be an over-estimate.
However, in view of the uncertainty in the value of the
volume fraction of bubbles, it is in reasonable agreement
with the height of the step measured by the MBI technique
after heating to saturation at 800° C (see Fig. 6a).

Secondly, if it is assumed that all the hydrogen in the
crystal is converted to H,O at NTP in the bubbles, then
the average filling factor is found to be 14 percent for the
hydrogen concentration of 1,400 H/10° Si measured by in-
frared absorption in the A region of the crystal shown in
Fig. 5a.

Amethyst Quartz

A limited number of observations were made on specimens
of amethyst quartz which had been heated at 550° to 600° C
for a period of from 15 to 60 min in order to see whether
the early stages of bubble formation were similar to those
observed in the synthetic quartz.

Figure 19a shows a set of the ubiquitous Brazil twin
boundaries on major rhombohedral planes, viewed edge-on.
As in all specimens examined, the boundaries are decorated
with very small precipitates but their nature is not known.
On heating at 550° C for 15 min, strain contrast features
(similar to those observed in unheated synthetic quartz,
Fig. 7b) developed along the twin boundaries and, very
occasionally, in isolation. These features were still present
after heating at 600° C for 60 min, as shown in Fig. 19b.
However, they were never observed in specimens heated
at ca. 800° C to scattering saturation which exhibited a high
density of bubbles along the twin boundaries (see McLaren
and Phakey 1966a).

Figure 19¢ shows an example of a dislocation loop with
bubbles which has grown out from a twin boundary at
a position where a strain-contrast feature is also observed.
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Fig. 19a-d. Set of BF electron micrographs of amethyst quartz. a Unheated crystal showing decorated Brazil twin boundaries viewed
edge-on. b Strain-contrast features, similar to those in unheated synthetic quartz (Fig. 7b), observed in a specimen heated at 600° C
for 60 min. ¢ Bubbles on a dislocation loop which appears to have developed from a Brazil twin boundary on heating at 550° C
for 20 min. d A faulted dislocation loop which has developed from a very narrow Brazil twin lamella in the same specimen as c.

The scale marks indicate 1 pm

The diffraction-contrast “shadow” within the loop is evi-
dence of its edge character.

Not infrequently, faulted loops were observed as shown
in Fig. 19d. However, in all examples observed, the loop
developed from a very thin twin lamella and not from a
single twin boundary. It is clear that if an interstitial loop
were initiated within a thin twin lamella and grew beyond
it, then the interstitial layer within the loop would be in
twin orientation with respect to the crystal around it. The
fringes within the loop are characteristic of overlapping
Brazil twin boundaries when o=27ng-R¥180° (see
McLaren and Phakey 1966b; McLaren et al. 1967). It will
be noted that the loop in Fig. 19d also appears to be asso-
ciated with one of the strain-contrast features of the type
shown in Fig. 19b. The observation of these faulted loops
is considered to be further evidence in support of the earlier
suggestion that the edge dislocation loops associated with
the bubbles in both synthetic and amethyst quartz are inter-
stitial in character.

Discussion

In this section a mechanism for the formation of the bubbles
will be proposed. Since this mechanism is based on a new
model for the incorporation of hydrogen in quartz, the pre-
viously suggested model of Brunner etal. (1961) will be
discussed first, together with the reasons for rejecting it
in favour of the new model which will be developed in
detail. Then, after having formulated the mechanism of
bubble formation, the experimental observations of the rate
of bubble formation as a function of temperature will be
used to provide kinetic data on hydrogen and self-diffusion
in quartz. Finally, the relevance of these observations to
hydrolytic weakening will be mentioned briefly.

Models for the Incorporation of Hydrogen in Quartz

As already discussed in the Introduction, it is the hydrogen
associated with the broad, isotropic infrared absorption
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Fig. 20. a Schematic diagram of a Si vacancy occupied by 4 H.
b Schematic diagram of an adjacent pair of the defects shown in a

band extending from ca. 3,700 cm ™! to 2,600 cm ! which
appears to be involved in the development of bubbles.
Brunner et al. (1961) proposed that H,O could be incorpo-
rated in quartz by hydrolysing silicon-oxygen bridges:

Si—0—-Si+H,0 - Si—OH-HO - Si.

This model seems unlikely for two reasons: Firstly, there
is no direct evidence to suggest that it would produce a
broad, isotropic infrared absorption band. On the contrary,
the bonding of the hydrogen suggests that it may produce
relatively sharp absorption peaks. Secondly, the model is
probably not possible structurally. Recent work by
O’Keeffe and Hyde (1978) on Si—O-Si configurations in
silicates suggests that the size of the Si atoms is such that
adjacent SiO, tetrahedra are in contact and that there is
probably no space to accommodate an extra O and 2 H
in a normal Si—O—Si linkage.

More recently, Nuttall and Weil (1980) in their low tem-
perature (ca. 25 K) electron paramagnetic resonance studies
of single crystals of synthetic quartz, which had been X-
irradiated, revealed the presence of two new trapped-hole
impurity centres. The first is formed by the trapping of
an electron hole at an oxygen ion adjacent to a Si vacancy
occupied by 4 H; the second is similar with only 3 H pres-
ent. On the basis of these observations they proposed that,
before irradiation, 4 H are associated with a Si vacancy
to preserve local charge neutrality. This model is shown
schematically in Fig. 20a. It will be referred to as the (4 H)g
defect.

There are a number of reasons for preferring this hydro-
gen defect centre over the one previously suggested by
Brunner et al. (1961). It is structurally feasible and it can,
presumably, diffuse in the same way as a Si vacancy.
Perhaps its most important property in the present context
is that an adjacent pair of (4 H)g; defects produces an ele-
mental water bubble, as shown in Fig. 20b, in its own space.
Furthermore, larger bubbles can, in principle, be produced
simply by clustering of the defects, n of them producing
a bubble of (#-1)H,0. However, since such bubbles create
their own space, they cannot produce directly any expan-
sion of the crystal. There are indications, not yet fully inves-
tigated, that the forces between the hydrogens in a (4 H)g;
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defect are slightly repulsive and that these forces are relaxed
in a defect pair. Thus, the clustering of the (4 H),; defects
is energetically favourable.

A random distribution of isolated (4 H)g; defects may
or may not produce a broad isotropic infrared absorption
band, but it is highly probable that such an absorption
band would be produced if a large number of defect-pairs
existed. The absorption would be isotropic because of the
several possible pair directions in the structure, and the
band would be broad due to the two sets of OH bonds
in the defects — one set associated with the O bonded to
Si, and the other associated with the H,O. Exchange of
H between the sets is likely to broaden the band further.
The presence of H,O in the defect-pair suggests that the
absorption may be not unlike that of molecular water, and
this should become more apparent for larger clusters of
(4 H)g; defects. Another important property of these defects
is that they can in principle be created if water is forced
into a quartz crystal, as shown by the following reaction:

n(8i0;) +2H,0 — [(4H)5;0, + (0~ 1)Si0, i pernal
+ [SiOZ]surface'

Mechanism of Bubble Formation and Growth

It is assumed initially that hydrogen is incorporated by
means of (4 H)g; defects. Although the distribution is un-
known, it seems likely that the defects occur in isolation
(n=1), as pairs (n=2) and perhaps in larger clusters (n=3).
At temperatures of ca. 550° C and above, the single (4 H)g;
defects begin to diffuse and, as a result, new pairs will form
and larger clusters will grow.

Suppose now that a spherical cluster of 3n (4 H)s, defects
exists in the crystal. This would have a volume V, equal
to that of n unit cells, i.e. 112 nA3, and a diameter d=
6n'/> A. It would contain (3n—1)H,0O which would occupy
a volume V,=30(3n—1)A® at NTP. Thus, for a water
bubble so formed, the volume fraction of water is 30(3n—
1)/112n which is about 80 percent for all 7> 10, correspond-
ing to a specific volume ¥V, (=1/volume fraction) of 1.25.
From the curves of “steam” pressure P(kbar) as a function
of temperature (7T° C) given in Fig. 21, it will be seen that
the pressure in the bubble will be 7.5 kbar at 800° C, for
example. A pressure of this magnitude would be expected
to cause the surrounding crystal to fracture or to deform
plastically. However, the TEM observations have shown
that the bubbles which develop on heating are strain-free.
Furthermore, it has been shown that the crystals expand
due to the formation of the bubbles and calculations indi-
cate that the specific volume V, of the water in these bubbles
may be as high as 7.1, corresponding to a filling factor
of only 14 percent. These observations indicate that the
stress around a cluster of 3n(4 H)g; defects is relaxed (with-
out fracture or plastic deformation) by the bubble becoming
larger, thus increasing ¥, and decreasing the pressure P.
The mechanism by which this increase in volume occurs
will be discussed later.

The question now arises as to what limits the growth
of the bubble — to what value must P be reduced? In the
absence of any other information, it is suggested that the
volume V, of the bubble increases until P is reduced to
a value equal to the pressure difference p across the surface
of a spherical bubble in mechanical equilibrium. This is
given by
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Fig. 21. Curves of the ““steam” pressure P as a function of tempera-
ture for a number of values of the specific volume. Data obtained
from the tables of Burnham et al. (1969)
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where y is the surface energy. Of course this can be achieved
only if P>p and if P decreases more rapidly than p with
increasing d . From the curves of Fig. 21 it is found that
the variation of P with V at any temperature 7, is reasona-
bly well described by the expression

PV?=constant 9

over the range 1.25<V,<3.0. Now, assuming the mass of
water in the bubble does not change, V, is proportional
to V, and by comparing Egs. (8) and (9) it is clear that
P decreases very much more rapidly than p with increasing
d. In order to determine p, at least an estimate of the value
of y must be known.

The surface energies of a number of common ceramics
have been estimated by Bruce (1965) from measurements
of the sublimation energy. For f-cristobalite, the surface
energy y, (averaged over all crystallographic planes) was
found to be 0.766 Jm~2 at 550° C and 0.708 Jm~? at
850° C. Bruce suggests that since c-quartz has a higher
density, it will have a higher value of y,, perhaps 1 Jm™2.
However, he also points out that y, is significantly reduced
by the adsorption of a fluid. For example, the value for
mica in air is about one-third the value in vacuum. Thus
for a quartz surface wetted with water in which it is slightly
soluble, y, may be similar to that of fused quartz. Bruce
quotes a value of y,=0.290 Jm™? measured on a fused
quartz fibre at 1,100° C, while the heat of solution of amor-
phous SiO, gave y=0.259 Jm ™2 at 23° C. In view of these
measurements a value of y,=0.3 Jm™~? is perhaps a reason-
able value to assume in the discussion of water bubbles
in quartz at temperatures in the range 550° to 850° C. Thus
Eq. (8) becomes

p= ®)

120
d(A)
As an example, consider a cluster or bubble of 300(4 H)g;
defects for which =28 A and, from Eq. (10), p=4.3 kbar.
The specific volume ¥;=1.25 and at 800° C the water pres-
sure P=7.5 kbar, from Fig. 21. Therefore, at this tempera-
ture, the bubble will grow without trapping any more
(4 H)g; defects. Bubbles of this initial diameter are expected
to grow at all temperatures down to 550° C where P=p=
4.3 kbar. Clearly, the minimum diameter d, of a bubble
which will just grow will decrease with increasing tempera-
ture. At 800° C, for example, d, =16 A. From Fig. 18 it
will be seen that for specimens heated to saturation at
850° C, the mean bubble diameter is about 480 A and it
has also been shown that the filling factor for such bubbles
is about 14% (corresponding to ¥V =7.1). Thus from
Eq. (10), p=0.25 kbar and from Fig. 21, P=0.5 kbar. The
values are not inconsistent with the suggestion that the
bubbles grow until P and p become equal.

If a cluster of (4 H)g; defects is formed at some tempera-
ture T, >ca. 550° C, and the crystal then cooled fairly rap-
idly to T,<550°C, it is possible that the cluster would
be frozen-in before it had time to grow. It is suggested
that this is the origin of the precipitates which give rise
to the strain-contrast features observed in the amethyst
quartz after heating for short periods at temperatures from
550° to 600° C. The similar features observed in the synthet-
ic quartz may have formed in the final cooling stages after
the crystal had grown. It is significant that these features
are larger and more common in the regions of relatively
higher hydrogen concentration in synthetic quartz and
along the twin boundaries in amethyst. Further, they are
not observed in crystals heated above ca. 600° C, and there
are indications, at low temperatures, that bubbles and asso-
ciated dislocation loops are generated in their neighbour-
hood.

The mechanism by which the bubbles grow is indicated
by the TEM observations. It has been shown that the
bubbles grow in association with edge dislocation loops
of b=2a<T120>. It is clear that if a bubble is to grow
without an increase in the number of (4 H)g; defects, then
Si and O must be removed from the bubble site. The TEM
observations indicate that these atoms form the edge dislo-
cation loops which must therefore be interstitial in charac-
ter. Since the bubbles lie on the dislocation loops, the diffu-
sion of the Si and O from the bubble to the loop must
take place by pipe diffusion along the dislocation. If this
is the mechanism by which both the bubbles and the dislo-
cation loops grow, then it would be expected that the total
volume of the bubbles £V, on a dislocation loop would
be equal to A4|a|, where A is the area of the loop, plus
the volume of the trapped (4 H)g; defects which is probably
less than 20% of LV, From seven of the closed loops
shown in Figs. 8a, 9, 14-16, it was found that £ ¥, and
Ala}] for each loop never differed by more than a factor
of 3. In view of the error involved in measuring the diameter
of the bubbles (which was usually about 200 A), this result
is not inconsistent with the proposed mechanism.

As already pointed out, the clustering of (4 H); defects
cannot of itself produce any expansion of the crystal. In
fact, it is the growth of the interstitial edge dislocation loops
which is directly responsible for the observed expansion.

It is clear that at any temperature 7'2 550° C, a bubble

p(kbar)= (10)



will grow (a) by the trapping of diffusing (4 H),; defects
which will increase (P—p) and (b) by diffusion of Si and
O away from the bubble into the associated interstitial edge
dislocation loop which will decrease (P—p) to zero. These
two processes will take place virtually simultaneously, and
the bubbles will continue to grow until all the available
(4 H)g; defects have been trapped. This situation is mani-
fested by the eventual saturation with heating time of the
intensity of the light scattering and the expansion, as shown
in Fig. 2 and Fig. 6a, respectively. Also, the higher the tem-
perature at which the bubbles are formed, the higher will
be the pressure developed in the bubbles and therefore,
on the average, the bubbles will grow larger by expanding
the dislocation loops. Thus, the magnitude of the expansion
at saturation will increase with increase in temperature, as
is observed in Fig. 6a.

Diffusion Kinetics

Since the light scattering and the volume expansion are
simply different manifestations of the same phenomenon,
the activation energies determined from the two types of
experiment should be the same for any given crystal. This
is shown to be so for crystal W2 in Fig. 3b. It was also
found that for all the synthetic quartz crystals studied the
activation energy E was about 60 kcal mole !, but for ame-
thyst it was only about 36 kcal mole ™.

The proposed mechanism of bubble formation involves
two diffusion processes: (a) the diffusion of (4 H)g; into the
bubble and (b) the diffusion of Si and O away from the
bubble directly into the linked interstitial edge dislocation
loop. There is no direct information to indicate which is
the slower of the two processes. Process (a) is similar to
Si self-diffusion by a vacancy mechanism and process (b)
is similar to pipe diffusion along a dislocation core. Intui-
tively, one would expect process (a) to be the slower. If
it is assumed that the same process is the slower in both
amethyst and synthetic quartz, then in order to determine
the rate-determining process it is necessary to find which
of the two possible processes (a) and (b) is the more likely
to give rise to the different activation energies observed
in the two materials. Although it seems unlikely that type
(b) diffusion will be different, this may not be true of the
diffusion of (4 H)g; defects. In synthetic quartz these defects
diffuse in random directions, but in amethyst (since there
is evidence that the hydrogen is concentrated locally in the
Brazil twin boundaries where the bubbles form preferen-
tially) the (4 H)g; defects may diffuse preferentially in the
twin boundaries with a lower activation energy. In addition,
it is perhaps possible that the presence of a relatively high
concentration of Fe** ions in amethyst (McLaren and Pit-
kethly 1982) may also influence the diffusion of species
such as the (4 H)g; defects.

An estimate of the value of the diffusion constant D
for the (4 H)g; defects in synthetic quartz can be obtained
from the TEM observations using the analysis of the kinet-
ics of precipitation given by Shewmon (1963). He has shown
that if the precipitate particles are randomly distributed
then it is possible to treat the specimen as a close-packed
collection of spherical cells of radius r, (each containing
one precipitate particle) across the boundaries of which
there is no net flux. Thus diffusion in one cell only need
be considered. Assuming the precipitate to be a sphere of
radius a<r, then, for the initial period of precipitation,
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it follows that the rate of change of the average concentra-
tion C of the solute in solution is given by

ac_sp
dr 3

€

(Co—=C) () 11

where C=Cyatr=r,and C=C atr=a.

In applying Eq. (11) to the present problem we put
dC/dt= C,/t, where t, is the time taken for all the hydrogen
in the crystal to be precipitated as water in the bubbles
at any given temperature T — this can be estimated from
Fig. 6a. We also put C'=0. Thus Eq. (11) becomes

D=r3/3t,0. (12)

An estimate of r, can be obtained from the electron
micrographs if it is assumed that r,=(1/2)d, where d is
the average distance between bubbles. If we take r,=
0.25 um, «=240 A and t,=1,000 min then D=3.6x
107 '* em? s~ 1. It is clear that r, is the most difficult of
these parameters to estimate and also the one which most
influences the calculated value of D. For example, if r,=
0.1 um then D=2.3x10"*>cm? s~ 1.

If the (4 H)g; defects diffuse like Si vacancies, then the
activation energies and diffusion constants may also be sim-
ilar. Giletti et al. (1976) measured the diffusion of 3°Si in
natural quartz over the temperature range 912° to 1,028° C
and found an activation energy of 55 kcal mole™!. How-
ever, the diffusion constant D was about 2x 10" ¥ cm? s~ !
(extrapolated to 727°C). The estimate of D=
10~ cm? s~ * is similar to the value measured by Giletti
and Yund (1982) for the self-diffusion of oxygen in quartz
under hydrothermal conditions at 727° C. However, the ac-
tivation energy was only 40 kcal mole™!. Thus no general
conclusions can be drawn from these comparisons.

Conclusions and Application to Hydrolytic Weakening

The mechanisms which have been proposed for the forma-
tion and growth of strain-free water bubbles and associated
dislocations in heat-treated synthetic quartz may be sum-
marized as follows:

(1) It is assumed that hydrogen is incorporated in the
quartz structure by means of (4 H); defects.

(2) On heating, these defects diffuse and clusters devel-
op. A cluster of n(4 H)g, defects produces a water bubble
containing (#-1) H,0, without any increase in the volume
of the crystal.

(3) For all nz 10, the specific volume of water in such
a bubble is ¥;=1.25, corresponding to 80 percent full. At
any temperature T there is a critical bubble diameter d,,
(which decreases with increasing 7) above which the
“steam’ pressure P exceeds the pressure p for a spherical
bubble in mechanical equilibrium.

(4)If P becomes greater than p, then the bubble in-
creases in volume until P=p, the increase in volume being
achieved by the pipe diffusion of Si and O away from the
bubble site into a linked dislocation loop of b=21a <1120>.
This process produces the observed increase in volume of
the specimen.

(5) At any fixed temperature T, the diffusion processes
(2) and (4) take place virtually simultaneously and continue
until all the (4 H),; defects have been trapped in the bubbles.

(6) The growth and interaction of the dislocation loops
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provide mechanisms for isolating bubbles from the disloca-
tions.

(7) Arguments are presented which suggest that the dif-
fusion of the (4 H)g; defects is the rate determining process
and values of the activation energy and the diffusion con-
stant are deduced.

Perhaps the most important aspect of this work is that
it appears to establish the (4 H)g; defect as the “hydroxyl
species” responsible for the hydrolytic weakening of quartz.
If this is so, then it is now necessary to investigate how
these defects interact with, and influence the glide and climb
of, the dislocations involved in the deformation process.
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