AI P ‘ Journal of
Applied Physics

Hydrostatic limits in liquids and solids to 100 kbar

G. J. Piermarini, S. Block, and J.D. Barnett

Citation: Journal of Applied Physics 44, 5377 (1973); doi: 10.1063/1.1662159

View online: http://dx.doi.org/10.1063/1.1662159

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/44/12?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
The shock compression of liquid H2 to 10 GPa (100kbar)
AIP Conf. Proc. 78, 223 (1982); 10.1063/1.33363

Glass windows for hydrostatic pressures of 45 kbar
Rev. Sci. Instrum. 50, 962 (1979); 10.1063/1.1135978

Fundamental equation of state of liquid nitromethane to 100 kbar
J. Chem. Phys. 59, 6512 (1973); 10.1063/1.1680031

C u (T) Equation of State for Liquids. Calculation of the Shock Temperature of Carbon Tetrachloride,
Nitromethane, and Water in the 100-kbar Region
J. Chem. Phys. 53, 555 (1970); 10.1063/1.1674025

Technique for Obtaining True Hydrostatic Pressures to 60 kbar
Rev. Sci. Instrum. 38, 957 (1967); 10.1063/1.1720935

Y- -
NEW Special Topic Sections
—

o s Applied Physics
Lithium Niobate Properties and Applications: !
Reviews of Emerging Trends Al P Reviews



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/296339739/x01/AIP-PT/JAP_ArticleDL_021716/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=G.+J.+Piermarini&option1=author
http://scitation.aip.org/search?value1=S.+Block&option1=author
http://scitation.aip.org/search?value1=J.D.+Barnett&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1662159
http://scitation.aip.org/content/aip/journal/jap/44/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.33363?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/50/8/10.1063/1.1135978?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/59/12/10.1063/1.1680031?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/53/2/10.1063/1.1674025?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/53/2/10.1063/1.1674025?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/38/7/10.1063/1.1720935?ver=pdfcov

Hydrostatic limits in liquids and solids to 100 kbar

G. J. Piermarini, S. Block, and J.D. Barnett*

Institute for Materials Research, National Bureau of Standards, Washington, D.C. 20234

(Received 14 May 1973; in final form 6 August 1973)

The hydrostatic properties of the materials methanol, isopropyl alcohol, water, sodium chloride,
silver chloride, and the binary mixtures pentane-isopentane and methanol-ethanol have been
determined in the diamond-anvil pressure cell up to 180 kbar by line-broadening and line-shift
measurements of the sharp R | ruby fluorescence line. A liquid mixture 4 : 1 by volume of
methanol : ethanol remains hydrostatic to almost 100 kbar at room temperature. This mixture
exceeds the hydrostatic limit of the previous generally accepted fluid, 1: 1 pentane : isopentane which
has a hydrostatic limit of about 70 kbar. Silver chloride and water (ice VII) are better than sodium
chloride as pressure-transmitting media, but do not even qualitatively approach hydrostatic
conditions much above 70 kbar. The stress sensitivity level of the ruby limits the extent to which
slight deviations from hydrostatic conditions can be determined in solid systems and suggests the
qualitative nature of the method in characterization of quasihydrostatic states. The equilibrium
freezing pressure of methanol at 24 °C was redetermined to be 35.84-0.8 kbar.

INTRODUCTION

The most meaningful studies of the physical proper-
ties of materials subjected to very high pressures re-
quire a hydrostatic (zero shear stress) environment.
The use of an encapsulating fluid as a pressure-trans-
mitting medium generally fulfills this requirement as
long as the fluid does not solidify in the pressure range
considered. Often solids such as AgCl or NaCl with re-
latively low shear strengths are used as pressure-trans-
mitting media. These solid-medium pressure-transmit-
ting environments are capable of producing quasistatic
pressures to 100 kbar and above. However, the presence
of stress and the unknown magnitude of stress in such
systems has often cast serious doubt on the interpreta-
tion of the desired measurements.

Maintaining hydrostatic conditions in systems at high
pressure involves the selection of an appropriate fluid.
This is not a trivial task because most liquids at room
temperature solidify below 20 kbar.'™® The use of room-
temperature gases is not feasible nor practical because
they present rather formidable handling problems for
pressure-generating systems capable of 100 kbar.
Bridgman and others have shown that many pure liquids
and liquid mixtures slowly vitrify rather than crystal-
lize as pressure is applied, and that some liquids re-
main hydrostatic to pressures well over 30 kbar.* % In
these cases, either a measurement of viscosity or a
measurement of the initiation of shear is required to
determine the limits of the hydrostatic pressure region.
Bridgman measured the viscosity of many liquids to 30
kbar and showed relative increases of factors as high as
10° in some cases over this pressure range.* Of the
liquids studied, pentane, isopentane, and methanol were
shown to have the smallest increase in viscosity with
pressure and to have relatively low absolute values at
30 kbar. All three of these substances have been shown
to crystallize when pure, but all three also demonstrate
a tendency to “super press” and vitrify.?:3

The use of a 1:1 mixture by volume of pentane : iso-
pentane has become rather widespread in many high-
pressure laboratories. Viscosity measurements by
Barnett and Bosco demonstrated its usefulness to at
least 60 kbar.® Methanol has not been used extensively
due to its unsatisfactory electrical properties associated
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with its polar nature and the absorbed water contamina-
tion. The undesirable electrical properties are of no
significance for some applications and according to
Bridgman become less of a problem at high pressures.*

Quantitative measurements of pressure gradients
within a specific apparatus using quasihydrostatic pres-
sure-transmitting solids have been rather difficult to
obtain and have been limited to rather specialized mate-
rials. Effects indicating the existence of pressure gra-
dients are rather common, but generally these gradients
are ignored and an average pressure is used.

To make meaningful pressure gradient measurements
one requires a pressure sensor which is dimensionally
small relative to the total sample and which also pro-
vides an observable signal continuously variable with
pressure. The use of fixed point phase transitions,
rather than a continuous pressure sensor, has been at-
tempted but only qualitative results have been obtained.
The advantage of an optical technique for isolating spe-
cific regions of the sample chamber was demonstrated
by Lippincott and Duecker, who carried out a study of
gradients in the diamond-anvil cell, 7 and studied the
gradients only in the sample of the material used as the
pressure sensor itself, namely nickel dimethylglyoxime,
by a spectroscopic absorption method in the visible
range of the spectrum. Their approach is similar to the
method which we will presently describe, except that
our technique employs the fluorescence of ruby as the
pressure measurement. The use of ruby allows us to
study many of the more interesting pressure-transmit-
ting materials because ruby is chemically inert and the
strength of ruby is much higher than the strength of
most of the materials of interest. The high strength of
ruby is significant because the weaker component of a
mixture of two or more materials will dominate in es-
tablishing pressure gradients in the chamber.

In this paper we address ourselves to two aspects of
the experimental problems associated with hydrostatic
and quasihydrostatic environments: (I) establishing the
pressure limits of a given pressure-transmitting fluid
below which the fluid can be considered truly hydrostat-
ic, and (II) the quantitative measurement of pressure
gradients and local shear stresses in quasihydrostatic
media.

Copyright © 1973 American Institute of Physics 5377
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FIG. 1. Pressure distributions in several materials enclosed in the diamond-anvil cell with Inconel gaskets at varying applied

loads.

TECHNIQUE

A recent development from our laboratory in pres-
sure-measuring technique for the diamond-anvil pres-
sure cell has provided a simple means of determining
not only pressure, but also pressure gradients within
the chamber.®'® The pressure measurement involves
recording the sharp-line (R,-line) luminescence spec-
trum of small crystals of ruby within the pressure
chamber. The pressure causes a wavelength shift of the
fluorescent R, line which was shown to be essentially
linear with pressure to about 23 kbar.® The R,-line
emission is a pure electronic quantum transition within
the chromium impurity atom, and the energy levels de-
pend only on the local environment of the chromium ion.
Since the fluorescence process is dependent on the envi-
ronment of an impurity ion on an atomic basis, local
uniaxial components of the stress will also influence the
spectral frequency of the emitted light as well as the
hydrostatic component. Thus, a spectral line broadening
in excess of that expected from simple spacial pressure
variations is evident in a nonhydrostatic environment.
By optically isolating light emitted from localized areas
of the sample, one can measure the local pressure over
a small region relative to the sample. With the present
apparatus using the diamond-anvil pressure cell, a cir-
cular area with a diameter as small as 40 u can be
isolated.

We have used two methods to determine the onset of
pressure gradients within a fluid subjected to increasing
pressure. The first method (I) uses finely powdered
ruby fragments (10% by volume) immersed in the fluid
within the sample chamber. The pressure is measured
at several localized areas across the diameter of the
diamond window of the pressure chamber. This tech-
nique is time consuming but yields quantitative mea-
surements of pressure gradients at different locations
in the chamber. At pressures below the glass transition
(the pressure where the viscosity has increased until the
shear stresses are not relieved within the experimental
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measuring time) no measurable pressure differences
are observed across the sample region within our ex-
perimental error of +0. 5 kbar.® The second method {II)
uses several small ruby crystals or just one large crys-
tal fragment in the sample chamber. The spectral line-
width of the R, line emitted from an extended region of
the sample chamber is measured. At pressures below
the glass transition, the linewidth decreases slightly
with increasing pressure but increases dramatically as
pressure exceeds the glass transition.

Technique (II) yields only a qualitative measure of the
pressure gradient but is much more rapid and estab-
lishes the glass transition pressure with as great a pre-
cision as the more time-consuming method (I). Tech-
nique (IT) takes advantage of the shear stress within the
ruby as well as the spatial pressure gradients within the
fluid environment, In this regard, care must be exer-
cised to prevent the buildup of uniaxial loads on the ruby
from the diamond anvils which may simultaneously come
into contact with the crystal.

RESULTS

In Fig. 1, we show a comparison of a2 few materials
with respect to pressure variation across the sample
region using method (I). Charts (A), (B), (C), and (D)
were determined from measurements made on gasketed
systems with the sample intimately mixed with finely
powdered ruby which had been passed through a No. 325
mesh sieve. The methanol : ethanol mixture (4:1 by
volume) was studied because of its potential importance
as a truly hydrostatic medium. NaCl and AgCl were
studied because of their wide usage as pressure-trans-
raitting media in solid-media high-pressure systems,
and H,0 was studied because of the general geological
interest in this fundamental material. In the charts in
Fig. 1, the abscissa is in mm, dimensions with the or-
igin representing the center of the circular shape of the
sample as seen through the microscope by the observer.
The direction is along a diameter, with the positive and
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FIG. 2. Pressure distributions in an ungasketed sample of
powdered NaCl in the diamond-anvil cell at two different ap-
plied loads.

negative direction arbitrary. The gasket diameter di-
mension is indicated by the heavy vertical demarcation
lines on each side of the origin for each chart. Note that
for (A) and (D), the gasket dimension is essentially con-
stant while for (B) and (C) it increases slightly as the
pressure is increased. Increase in gasket dimensions
indicates that the gasket wall has weakened and some
outward flow has resulted, which is not an uncommon
occurrence, particularly at extreme pressures. In
cases where gasket movement initiates it will continue
as pressure is increased until ultimately the pressure
seal has been broken,

Pressure values are based on a recent calibration of
the ruby R,-line shift up to approximately 200 kbar
using the lattice constant of NaCl as the pressure stan-
dard coupled with Decker’s equation of state. %!

Figure 1(a) indicates no measurable pressure gradient
in the sample of 4 : 1 methanol : ethanol until the pres-
sure on the system exceeds approximately 95 kbar. At
this pressure there appears to be a slight measurable
pressure difference across the sample which becomes
more pronounced at higher pressures. At extreme pres-
sures, differences as great as 40 kbar are supported by
the glass, indicating that very high coefficients of inter-
nal friction come into play. The dashed curve near 100
kbar is a series of measurements taken at the same load
as those immediately above it following a 16-h time
elapse, and illustrates the relaxation experienced by the
system with time. From other experiments, we have
determined that a major portion of the relaxation occurs
within the first few hours following a major load change.
Relaxation effects can be neglected over the period of
time involved (approximately 30 min) in making a series
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of measurements across the sample at a given load.

This can be demonstrated by the fact that the pressure
distribution in the hydrostatic region in (A) is essentially
uniform within the experimental error (+0. 5 kbar).

The measurements of pressure gradients taken for
AgCl to over 160 kbar are shown in Fig. 1(B). Although
effectively no gradient is indicated below 65 kbar, line-
broadening data, which will be discussed later, demon-
strate definitely the nonhydrostatic character of this
material even though the average pressures are uniform.
It is interesting to note that in the 150-kbar range,
pressure gradients are extreme, i.e., differences
greater than 40 kbar exist. Data for NaCl, Fig. 1(C),
indicate a similar behavior to that of AgCl, except that
gradients are built up at a much lower pressure and be-
come quite prominent above 40 kbar. However, it should
be pointed out that in these cases the gasket dimension
has increased, as indicated by the increase in distance
between the two small vertical lines which delineate the
gasket boundaries. The enlargement of the gasket un-
doubtedly plays a significant role in establishing the
magnitude of these pressure gradients. It appears that
for both AgCl and NaCl, a slight maximum in pressure
at the approximate center of the sample is generated
prior to observable gasket movement. However, this
pressure maximum could also be the result of gasket
movement so small as to be unobservable by our method.
In any case, the magnitude of the pressure gradients
appears to be directly related to the extent of gasket
flow for a given material, e.g., AgCl, as well as the
magnitude of the load on the anvils. For these reasons,
we are restricting our comparison of the relative merits
of these materials as pressure-transmitting media to
conditions prior to the onset of gasket flow. Neverthe-
less, the observed pressure distributions in systems
which have undergone gasket enlargement are certainly
a qualitative measure of the hydrostatic character of the
material. The dashed curve near 80 kbar again reflects
a relaxation time of over 16 h duration. Data on H,0
shown in Fig. 1(D) indicate an unexpected low-pressure
gradient to very high pressures (above 100 kbar) and
appear to be at least as good as and perhaps better than
AgCl. The relative stress state of these two materials
will be discussed ruther in connection with line-broad-
ening studies.

From pressure gradient measurements shown in Fig.
1 and also from line-broadening data discussed later,
H,O appears to have less shear strength than either
AgCl or NaCl. One might expect the pressure distribu-
tion to maximize at the center of the sample region as
is approximately demonstrated by AgCl and NaCl. This
is obviously not the case as is shown by both metha-
nol : ethanol and H,0. We attribute these effects to the
noncylindrical properties and the onset of flow of the
gasket. Note that the sample often distorts into noncir-
cular forms and the measurements are taken across an
arbitrary diameter,

In order to compare pressure gradient properties in
the gasketed and nongasketed diamond-anvil systems,
we have made pressure gradient measurements on NaCl.
Figure 2 illustrates the pressure distribution in an inti-
mate mixture of NaCl and ruby in an ungasketed system,
i.e., with the mixture (approximately 10% by volume of
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FIG. 3. Pressure broadening of the sharp ruby R, fluorescence
line for various pressure-transmitting liquids relative to the
1-atm linewidth.

ruby) squeezed between two anvils with the mixture it-
self acting as its own seal. The general feature of this
distribution is similar to that reported earlier using
nickel dimethylglyoxime as the pressure sensor.’

It is important to note that the coordinate scale fac-
tors are identical for both Figs. 1 and 2. Thus, a
comparison between the two figures illustrates clearly
that even for a small area within the sample, pressure
gradients in the ungasketed system exceed greatly the
gradients in gasketed systems. Even in the peak areas
of the ungasketed sample where there appear to be small
pressure gradients, line-broadening studies discussed
later demonstrate the existence of very large localized
shear stress.

In order to obtain a better characterization of the
stress state of the material, it is possible to measure
line broadening and obtain an indication of the local
stress state of the sample independent of the gross pres-
sure gradients. The line broadening observed in a truly
hydrostatic environment is independent of ruby particle
size and gasket dimensions. If nonhydrostatic stress
states exist, then the linewidth is dependent on ruby
particle size, the magnitude of the gradient, and the
local stress state.

Line-broadening data using technique (II) are illus-
trated in Fig. 3 for four liquids: (i) isopropyl alcohol,
(ii) 1:1 mixture by volume of pentane : isopentane, (iii) a
4 :1 mixture by volume of methanol : ethanol, and (iv)
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methanol. The broadening shown represents the change
in half-maximum linewidth from the measured half-
width at 1 atm and 25°C, in equivalent pressure units,
and is shown as a function of line shift also in equivalent
pressure units. Note that the linewidth actually de-
creases with increasing hydrostatic pressure. The ini-
tiation of broadening is rather abrupt, and the increase
of broadening with increased pressure is very large
above the initiation point for all four fluids studied. The
points P,, P,, P,, and P, are interpreted as an approxi-
mate measurement of the glass transition pressure at
room temperature for each fluid, and are determined by
extrapolation of lines drawn by inspection through points
above and below the abrupt increase. The estimated
reproducibility in the determination of these glass-tran-
sition pressures in our limited experiments is approxi-
mately 3 kbar. When studying pure methanol the sample
may crystallize, in which case the glass transition is
not measurable. The data shown in Figs. 3 and 4 for
methanol were on a sample in which no crystallization
occurred. The scatter in the points along the line at
pressures below the transition are indicative of the
measurement sensitivity. The slight negative slope of
the line below the transition must be attributed to a
fundamental decrease in the true width of the spectral
line which at room temperature is significantly tempera-
ture broadened. This small decrease in linewidth with
pressure is probably related to a small increase in the
Debye temperature for ruby at these pressures.

The broadening at each pressure above the transition
is a qualitative measure of the nonhydrostatic stress
within the glass at that location. As the pressure is in-
creased the stresses increase proportionally, giving an
approximate linear curve. The slope of the lines above
the transition depends on such things as the dimensions
of the pressure gasket, the size of the ruby crystals,
and the mechanical properties of the glass and the gas-
ket material.

In recording the data for Fig. 3, pressure was in-
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FIG. 4. Extrapolations of viscosity data to measured glass-
transition pressures for isopropyl alcohol (Py), 1:1
pentane : isopentane (P,), and methanol (Ps).
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creased at intervals of from 10 to 20 min. Relaxations
of a few percent were observed if periods of hours were
allowed to elapse. The use of 4:1 by volume of metha-
no! : ethanol mixture was dictated by the desire to inhibit
crystallization of pure methanol in our early experi-
ments. An isopentane : pentane 1:1 by volume mixture
was studied to demonstrate the greater hydrostatic
pressure range of the methanol-ethanol mixture, and
also because the former mixture was considered to be
the only one to provide hydrostatic conditions to 65—"T70
kbar. Isopropyl alcohol was selected in order to cor-
relate our data with previously reported viscosity mea-
surements near the glass transition. &

A correlation of the approximate glass-transition val-
ues as measured herein with available viscosity data is
shown in Fig. 4. The solid lines represent viscosity data
reported by Bridgman® and by Barnett and Bosco. ® The
pressures P,(43 kbar), P, (74 kbar), and P, (86 kbar),
taken from Fig., 3, are shown as vertical asymptotes on
Fig. 4 which the viscosity curves must approach. The
broken lines on Fig. 4 are hand-drawn asymptotic extra-
polations. The consistency for isopropyl alcohol and for
the pentane-isopentane mixture is very good and gives
support to the methanol correlation. Since viscosity de-
pends strongly upon temperature, as well as pressure,
a relatively small increase in temperature influences
the pressures P,, P,, and P,. This was demonstrated
in two different experiments in which the temperature
of the cell was raised to values between 50 and 125°C
after pressure well above the glass-transition pressure
for the liquid had been established. In each case, the
strains were dramatically reduced only after a suffi-
ciently high temperature was reached. No quantitative
data were taken.

The advantage of using a methanol-ethanol mixture
instead of pure methanol can be seen by comparing line-
broadening data for the two fluids. Note that pure metha-
nol deviates from hydrostatic conditions at a significant-
ly lower pressure than the methanol-ethanol mixture,
which indicates the onset of vitrification at a lower
pressure than the mixture. The respective glass-tran-
sition pressures are P, (86 kbar) and P, (104 kbar).

One must remember, however, that even in liquids,
time-dependent shear stresses do exist and the rate of
change in pressure for a given system must be carefully
considered. In large-volume systems such as a piston-
cylinder apparatus, the rate of pressure increase may
become critical when the viscosity of these hydrostatic
fluids exceeds roughly 10'° P. Under these circum-
stances it is likely that plastic deformation will occur
in low-shear-strength solid specimens as a result of
low-magnitude stresses which are insensitive to the
ruby monitor.

The rate of pressure application on a given system
depends on the geometry of that system and the viscosity
of the pressure-transmitting fluid in the pressure range
considered. Therefore one can, in principle, calculate
the time-dependent shear stresses for the system if the
viscosity and system geometry are known. An estimate
of the viscosity for the desired pressure range can be
made from the extrapolations shown in Fig. 4. With an
appropriate margin for error, it is possible then to es-
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tablish a rate of pressure increase for a given system
which may help to avoid the problem of plastic deforma-
tion of the specimen.

Based on the conclusions of Barnett and Bosco, ° time-
dependent shear stresses in a sample surrounded by a
highly viscous liquid (greater than 10® P) will be negli-
gible if pressure changes are made on a time scale of
a few seconds or longer. This suggests that in most
static generating pressure systems, the 1:4 etha-
nol : methanol mixture will provide a stress-free envi-
ronment for even low-shear-strength samples to ap-
proximately 90 kbar, provided reasonable pressurization
rates are used.

In the course of these experiments, the equilibrium
freezing pressure of methanol was determined at room
temperature to be 35.8+0. 8 kbar based on a calibration
presently in preparation for publication. This value
was obtained after partial crystallization and observing
an equilibrium situation between solid and liquid. This
value is greater than the 30 kbar reported by Bridg-

 man, % but is contrary to the suggestion put forth by

Davies'® that the methanol freezing pressure is in excess
of 38 kbar. This suggestion was made because the re-
ported data on the pressure shift of the visible absorp-
tion band in nickel dimethylglyoxime indicated significant
curvature above 20 kbar. Qur value of 35. 8 kbar pro-
duces somewhat less curvature than that reported in
Davies’s results, particularly above 15 kbar.

From a practical standpoint, the significance of this
study on liquids is the establishment of the fact that a
liquid mixture exists that is hydrostatic to pressures
near 100 kbar at room temperature and to even higher
pressures at higher temperatures. This mixture exceeds
the previously accepted attainable hydrostatic limit of
about 70 kbar obtained by using a 1:1 by volume mixture
of pentane-isopentane.

It is important to note that the above technique [method
(I)] for measuring local stresses has potential in a
fundamental study of glasses and glass formation induced
by pressure, i.e., particularly with respect to the
variation of the glass-transition point as a function of
both pressure and temperature.

Linewidth measurements of the ruby R, line are re-
latively simple in an hydrostatic environment. In solids,
however, where the pressure environment is not hydro-
static, such measurements become somewhat less
meaningful. For example, the results are not too con-
sistent because of the many variables involved such as
ruby size and distribution, gasket material and diameter,
sample material, properties, and size.

Linewidth data obtained with powdered ruby in NaCl,
AgCl, and H,0 were not defined well enough to be de-
scribed graphically because of the many variables men-
tioned above. Nevertheless, the results appear to be in
agreement with the distribution data shown in Fig. 1,
namely, that the increase in linewidth, and hence the
pressure gradients and localized stresses initiated at
lower pressures, are greater in NaCl than in either
H,O or AgCl. The supporting data which are typical are
shown in Table 1.



5382 Piermarini, Block, and Barnett: Hydrostatic limits to 100 kbar

TABLE 1. Line-broadening data on the ruby fluorescence R,
line for several materials in the diamond-anvil pressure cell.

Substance Data points® Line broaden- Pressure
ing (kbar) © (kbar)
MeOH: EtOH? 1 d 90
AgCl I 7 95
NacCl 111 11 87
H,O v 6 92
NacCl \% 62 142
NaCl VI 60 104
NacCl v 27 32

2MeOH: EtOH is a 4:1 by volume mixture of methyl alcohol
and ethyl alcohol, respectively.

bData points I—IV are identified in Fig, 1, while V—VII appear
in Fig, 2.

¢ Line-broadening data represent the difference in full width at
half-maximum (FWHM) between the 1-atm-room-temperature
value and the value at pressure in equivalent kbar units.

9The pressure broadening is negative, indicating hydrostatic
environment surrounding the ruby crystals.

GASKETED VERSUS UNGASKETED
DIAMOND-ANVIL TECHNIQUE

The diamond-anvil pressure cell has been used ex-
tensively with a metal gasket to study liquids and some-
what less in studies of samples embedded in liquids.
The cell has been used more extensively without a metal
gasket to study solid materials in which the solid acts
as its own gasket. This ungasketed technique has been
used to much higher pressures than the gasketed tech-
nique, but the pressure gradients are very severe. We
have studied pressure gradients within the sample using
both of these techniques in order to evaluate the relative
merits in obtaining low-shear-stress conditions. These
data are also used to compare the gradients in some of
the commonly used pressure-transmitting media of
quasihydrostatic techniques with the vitrified liquids
above the glass point.

The pressure profiles for measurements in NaCl in a
gasketed and ungasketed sample are shown in Figs. 1(C)
and 2, respectively. The pressure distribution curves
for the ungasketed sample (Fig. 2) are similar to those
reported by Lippincott and Duecker who used nickel
dimethylglyoxime as the pressure sensor. " The localized
nonhydrostatic stresses in equivalent kbar units as
determined from line broadening are shown in Table I
for two points along one of the curves. Note that the
pressure differences in the region of the peak in the
curve are small and one might conclude, as some have
done, that by sampling this small-peak region, pressure
gradient effects can be minimized. However, linewidth
data over this same peak region indicate localized ex-
treme nonhydrostatic stresses which can be as large
as 62 kbar as sample V in Table I demonstrates. Hence,
the assumption that low pressure gradients at the peak
region of the distribution curve produce a low localized
stress state is not valid.

Comparison of the line-broadening data in Table I and
line shift in Figs. 1 and 2 demonstrates dramatically
that NaCl in gasketed systems exhibits significantly
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lower localized nonhydrostatic stresses and also less
pressure differences than the same material in ungas-
keted systems. Hence it is concluded that, in general,
in any high-pressure experiment using the diamond cell,
it is desirable to use a gasketed system to produce
really quantitative results. At present this may not al-
ways be possible, particularly when pressures above
200 kbar are required. However, it should be noted that
in our calibration work'! we have attained a maximum
pressure of approximately 195 kbar with localized non-
hydrostatic stresses of about 15 kbar in a gasketed
system. Owing to an elastic bending of the Waspaloy cell
body, the calibration was not continued to higher pres-
sures.

CONCLUSIONS

In summary the following conclusions can be listed:
(1) A liquid mixture 4 :1 by volume of methanol : ethanol
remains truly hydrostatic to almost 100 kbar at room
temperature. This mixture far exceeds the hydrostatic
limit of the previous generally accepted fluid, 1:1
pentane : isopentane, which has a hydrostatic limit of
about 70 kbar. (ii) Liquids exhibit gradient effects only
when the glass-transition pressure is reached or ex-
ceeded. (iii) Solids in gasketed systems have dramati-
cally lower localized stress states than solids in ungas-
keted systems. In any quantitative high-pressure ex-
periment with the diamond-anvil pressure cell, it is
therefore desirable to use a gasketed system. (iv) AgCl
and H,0 are better than NaCl as pressure-transmitting
media, but do not even qualitatively approach hydro-
static conditions much above 50 kbar. (v) The solids
NaCl, AgCl, and solid H,O are dominated by local shear
effects. (vi) Stress and gradient phenomena are not
simply related as often thought. (vii) Uniform average
pressures do not necessarily imply zero local stress.
(viii) The freezing pressure of methanol at 24 °C is
redetermined to be 35.8 +0. 8 kbar.
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