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A sample is enclosed in a liquid-containing steel capsule 3.81 cm in length and 1.27 cm in diameter, which in turn 
is placed in the pyrophyllite cube normally used as the sample chamber of a 2000-ton hexahedral press. 'When 
pressure is applied in the normal manner, it is transmitted to the enclosed sample by a 1: 1 mixture of isopentane 
and pentane. Successful measurements utilizing six electrical leads into the sample region have been made. A 
manganin gauge to 60 kbar is demonstrated and used to study previously unobserved time-dependent pressure 
variations attributed to the pyrophyllite flow in the solid-media apparatus. 

I. INTRODUCTION 

T HE study of materials subjected to very high static 
pressures can be separated, to a large degree, into 

two general areas: (1) a purely hydrostatic environment 
to maximum pressures below 30 kbar, and (2) a solid­
media or quasihydrostatic environment with pressures ex­
tending to several hundred kilobars. In general, measure­
ments at the higher pressures have been limited by the nOll­
hydrostatic environment to those bulk properties not sensi­
tive to microstressing at the atomic level and which can 
be observed using polycrystalline samples. 

There are a considerable number of experiments that 
would contribute significantly to tll,e modern theory of 
solids and the associated materials research programs 
which require single crystal samples free from shear. Many 
such studies have been carried out at the lower pressures 
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in hydrostatic systems to determine the pressure deriva­
tives of particular parameters. The elucidation of the 
functional relationships of these parameters with pressure, 
in most cases, requires higher pressures and correspond­
ingly greater changes in atomic separation. The emphasis 
on single-crystal studies for an understanding of phenom­
ena with device applications illustrates pointedly the de­
sirability of extending the pressure range of hydrostatic 
methods. 

It may be possible to some extent to extend the pressure 
range of the conventional piston-cylinder liquid chamber, 
developed by Bridgman.1 At higher pressures, however, 
such an approach would face increasing difficulties more 
severe than the already difficult problems associated with 
the solid-media, piston-cylinder apparatus. The technique 
reported herein approaches the problem in a completely 

I P. W. Bridgman, Phys. Rev. 48, 893 (1935). 
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different manner. The hexahedral press2 with 2000-ton 
capacity rams (operated in this Laboratory for several 
years) has a cubic pressure chamber 4.71 cm on an edge, 
with available pressures to 60 kbar. TtJ.is large working 
volume makes feasible the possibility of enclosing a liquid­
filled capsule of usable dimensions within the solid-media 
chamber. The sample is then placed within the capsule 
and surrounded by liquid. The capsule is placed within 
one of the standard pyrophyllite blocks generally used in 
the hexahedral press. As pressure is applied to the block 
in the conventional manner, the capsule becomes dis­
torted due to the uneven pressures within the cube volume; 
but the sample experiences only those forces transmitted 
by the liquid. This technique is essentially an improve­
ment of the technique used by Curtin, Decker, and Van­
fleetS at pressures to 40 kbar and Norris4 at pressures to 
60 kbar, in which relatively viscous liquids were contained 
in capsules placed in pyrophyllite tetrahedra used in the 
tetrahedral anvil apparatus. 

II. DESIGN CONSIDERATIONS 

Several items of major importance considered in the 
development of the technique are discussed here and com­
pared in a general way with . the standard piston-cylinder 
type liquid system. 

(1) The selection of a usable liquid is of prime im­
portance. Bridgman5 has measured the viscosity and freez­
ing points of numerous organic liquids to 30 kbar, but 
discovered only six such organic compounds liquid at 
atmospheric pressure and room temperature which do 
not solidify either by crystallizing or turning to a glass 
before 30 kbar. Bridgman6 also intimated that due to the 
logarithmic increase of viscosity with pressure, no liquid 
was truly hydrostatic much above 30 kbar; thus solid­
media systems would give comparable results at higher 
pressures. Munro,7 however, has more correctly pointed 
out that a viscosity of 106 poise (three orders of magnitude 
above that reported by Bridgman for isopentane at 30 
kbar) provides a relaxation time for bulk stresses of less 
than a second. 

In order to determine the pressure limits of a true hydro­
static environment, techniques have been developed in 
connection with the present program to measure vis­
cosities of the liquids of interest in the pressure region 
where their viscosities are high enough to have relaxation 
times through prescribed capillaries of the order of a second 

2 G. A. Samara, A. Henius, and A. A. Giardini, Trans. ASME, 
Ser. D ; J. Basic Eng. 86, 729 (1964). 
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or greater. In preliminary experiments using a 1:1 mix­
ture of pentane and isopentane, we have shown that pres­
sures within our system equalize by viscous flow in times 
of the order of seconds at SO kbar and of minutes at 60 
kbar. When petroleum ether is used, similar times are 
involved at approximately 45 and 55 kbar, respectively. 
Details of the viscosity measurement with numerical data 
as a function of pressure will be reported in a later com­
munication. Reeves, Scott, and BabbS have suggested 
several other possible organic substances, if means for 
filling the capsule under a pressure of a few bars can be 
developed at room temperature. Higher limiting pressures 
are feasible if capsule temperatures above room tempera­
ture are utilized. 

(2) After a suitable liquid has been selected, one must 
consider the problem of bringing electrical leads into the 
liquid chamber. Bridgman9 succeeded in containing liquids 
within a lead capsule inside his SO-kbar, piston-cylinder 
apparatus to make compressibility measurements on the 
liquids; however, he never reported any data in which 
electrical measurements were made in this type of system. 
The lack of such measurements is apparently due to the 
difficulty of simultaneously containing the liquid, main· 
taining electrical insulation, and obtaining the higher pres­
sure. It is in this particular feature that the present tech­
nique has an inherent advantage when compared with the 
conventional liquid system. In the present technique, the 
liquid seal and the high-pressure seal are not located in 
the same region. The liquid seal (including the electrical 
lead feedthroughs into the capsule) experiences the same 
nominal pressure on both of its sides. The pyrophyllite 
gaskets of the solid system provide the pressure seal. 

(3) The relatively high compressibility of the organic 
liquids usable for a hydrostatic environment at 60 kbar 
represents an obstacle to be overcome when utilizing a 
solid media pressure apparatus. Both the " belt" and the 
multi-anvil type apparatus are ultimately restricted in 
attainable pressures by the limited percentage volume 
change of the pressure chamber. If a sizable portion of the 
chamber is filled with a highly compressive material, lower 
pressures result; furthermore, a capsule of given dimen­
sions is severely distorted at high pressures. Herein lies 
the great advan tage of the piston-cylinder technique, where 
any percentage volume change can be achieved. Our ap­
proach to this problem is discussed below. 

(4) The only justification for the development of the 
present technique is the attainment of higher pressures in 
a true hydrostatic environment. Since the usable pressure 
range of present solid-media systems is well above that 
reported herein, there exists the possibility of still further 

8 L. E. Reeves, G.]. Scott, and S. E . Babb, Jr., J. Chern. Phys. 40 
3662 (1964). 

9 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 74, 425 (1942). 
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extending the range of hydrostatic measurements with 
modifications of the discussed techniques. If smaller anvils 
and, correspondingly, a smaller liquid chamber and cube 
are used, there appears to be no reason why the pressure 
range of the technique cannot be extended, provided a 
usable liquid can be found. This is in contrast to the piston­
cylinder approach which faces serious problems at higher 
pressures, even in solid systems. Mention should be made, 
however, of the inherent cost of the apparatus and the 
time involved in the procedures described in this operation, 
much larger probably than those involved with the con­
ventional procedures to 30 kbar. Prudence thus dictates 
use of the system described herein for those programs 
whose problems are not readily solvable at the lower 
pressures. 

ill. TECHNIQUES AND PROCEDURES 

A cross section of the hexahedral anvils forming the 
cubic pressure chamber, the pyrophyllite cube, and the 
capsule for containing liquids with associated electrical 
connections is given in Fig. 1. The capsule is illustrated in 
the position in which it is placed after being filled with 
liquid and all the electrical connections are made, but be­
fore the initial application of pressure. By allowing the 
filled capsule to extend out of the pyrophyllite block a 
distance (x) (see Fig. 1), one is able to contain, initially, 
a greater amount of liquid within the capsule, thus pre-

--------0 

FlG. 1. Cross section of liquid capsule and cubic chamber of hexa­
hedral press showing details of electrical-lead connection~ and sealing 
technique prior to applying pressure. A-capsule cap (stallliess steel) ; 
B-pressure-transmitting liquid; C-pyrophyllite cube with pre­
formed gaskets; D-Pb shim for liquid seal; E-steel intensifiers; 
F-pyrophyllite sleeve; G--capsuJe body (stainless steel); H­
sample region; I-electrical leads to anvils; J-Teflon closure; and 
K- insuJating lead feedtbrough. 

venting excessive distortion at high pressures. To apply 
pressure, the side and bottom anvils are brought into close 
contact with the cube with effectively no applied pressure. 
Then the top anvil is lowered to force the extended portion 
of the capsule completely into the pyrophyllite cube. In 
this initial thrust, the pressure in the liquid rises to some 
unknown value and expands the capsule into a "barrel" 
shape. Force is then applied to all six anvils, exerting pres­
sure on the pyrophyllite cube in the standard way, to 
obtain high pressure. This initial insertion of the capsule 
is our solution to the problem of high liquid compressibility 
alluded to in part (3) of the previous section and repre­
sents a piston-cylinder type action followed by the solid­
media action at higher pressures. 

The cylindrical capsule (Fig. 1) is made of stainless 
steel and constructed in two parts: (1) the capsule body 
( G), designed to allow passage of electrical leads from the 
liquid to the region outside the capsule with high reli­
ability, and (2) the capsule "cap" (A) used for filling and 
allowing the initial insertion described previously. This 
two-part construction permits one to place the sample in 
position and bring all electrical connections outside the 
capsule before filling. The cap is mated to the capsule 
body with a!O taper, and two or three layers of 0.025 rom 
Pb sheet (D) are wrapped around the cap before it is in­
serted. The Pb provides the liquid seal and allows motion 
of the cap relative to the body during the insertion. The 
electrical leads passing through the Teflon closure (J) are 
made of 0.406 rom diam copper wire inserted into under­
sized holes drilled through the Teflon. Since positive pres­
sure is always exerted on the ends of the capsule to main­
tain the liquid seal, the body of the capsule is made to 
extend to the anvil. Also, electrical insulating feedthroughs 
(K) are provided to permit electrical leads to pass out of 
the capsule proper and make connections to the wires im­
bedded in the pyrophyllite block. 

In order to clarify the purpose of each feature of the 
design, an outline of the steps followed in assembling and 
making a pressure excursion is given. Well in advance of 
assembling the sample, the pyrophyllite cubes are pre­
pared with the pyrophyllite sleeve (F) in position, holding 
the electrical leads (I) in place for easy positioning, thereby 
permitting connection to be made within the feedthroughs 
(K) at ' thE! appropriate time. The sample itself is first 
electrically connected to the leads within the Teflon 
closure (S). The closure is inserted into the capsule body 
and the leads from the closure are placed through the feed­
throughs (K). With the electrical leads extended out of the 
capsule proper but not connected to the leads in the 
pyrophyllite cube, the capsule is filled with liquid by 
simply immersing it, body (G) and cap (A), in the liquid 
to be used. With the Pb CD) in place, the immersed cap is 
inserted into the body. A temporary liquid seal is made 
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FIG. 2. (a) Expanded view of capsule, cube, and associated pieces; 
(b) capsule after excursion to high pressure, illustrating distortion; 
(e) enclosed sample after excursion to high pressure, and (d) capsnle 
which suffered a gasket blowout. 

by pushing the cap into the body of the capsule with a 
force of several hundred kilograms, using a small hand­
operated, lever-type press. The filled capsule is then placed 
in the pyrophyllite cube; the electrical leads (I) are in­
inserted into the feedthroughs (K) to make the pressure 
contact shown, and the cube is placed into the hexa­
hedral press. 

After insertion of the extended portion of the capsule, 
as described above, pressure is simultaneously applied to 
all six hexahedral rams and the pressure in the capsule 
rises. Measurements are never made at pressures less than 
approximately 3 kbar, since the solid-media gasket of the 
hexahedral apparatus is not well-formed below this pres­
sure and the stability of the pressure is not good. 

Although the inside dimension of the capsules presently 
in use is 1.27 cm diam by 3.81 cm length before applica­
tion of pressure, the usable working volume is smaller. 
The deformation of the capsule at high pressures restricts 
the usable volume allowing only 0.794--0.952 cm diam, 
and 2.54-3.18 cm length, depending upon the liquid used 
and the maximum pressure desired. A capsule with its 
component parts before assembling is shown in Fig. 2(a). 
Figures 2(b) and 2(c) show a capsule which has been 
subjected to 55 kbar, returned, and then cut open. [Figure 
2(b) shows the open capsule; Fig. 2(c), the undistorted 
sample.] The result of the unpredictable "blowout" ex­
mrienced in solid-media systems at the higher pressures is 
pedraatically illustrated in Fig. 2(d). This capsule reached 

pressures to 55 kbar, but ruptured during the pressure­
release cycle. The "blowout" problem remains unsolved 
when pressures above 50 kbar are desired. Since the 
"blowout" always occurs on the decreasing pressure cycle, 
measurements can be made to 60 kbar with no difficulty, 
and frequently samples can be retumed undamaged to 
one-bar pressure. Present reliability in retrieving samples 
that have gone to maximum pressure is not satisfactory. 
However, we feel the "blowout" problem is not an in­
herent limitation, but rather a problem that requires some 
a Hen tion and time for each particular size chamber. 

IV. USE OF A MANGANIN GAUGE TO 60 KBAR 

One of the serious limitations of all solid-media pressure 
systems is the lack of a pressure sensor that is simple and 
rapid to use, has the ability to accurately detect the sample 
pressure, and is reproducibly independent of whether one 
is on the increasing or the decreasing pressure cycle or 
has traversed several cycles. Recent development of x-ray 
diffraction methods at high pressure has made such mea­
surements of the sample pressure possible to some degree; 
however, the time involved in the x-ray measurements 
limits the day-to-day usefulness of that technique. The 
use of a manganin gauge in the liquid system reported 
herein represents a greatly improved means of measuring 
pressures in the sample region of a solid-media apparatus 
and provides the first possibility of observing time-de­
pendent effects. 

Data obtained here on measurements made with a man­
ganin gauge not only have direct bearing on the use of the 
liquid-solid hybrid system reported herein, but also have 
meaning when applied to the hexahedral press and to 
other solid-media apparatus used in the conventional man­
ner. Manganin coils between 50 and 100 n, previously 
annealed at 140°C for periods in excess of a week and 
quenched periodically to liquid nitrogen temperature, were 
used. Of prime importance is the magnitude of any zero 
shift of the gauge after an excursion to pressure. Several 
coils have been retumed from pressures between 50 and 
55 kbar and measured zero shifts were less than 0.003 n. 
This represents a pressure error of approximately 20 bars. 
Four-lead resistance measurements were made using a 
Kelvin bridge having a smallest scale division of 0.005 n 
with estimated readings of 0.001 n. This zero shift is not 
excessive since no temperature control was used for the 
zero pressure measurements, the gauges were not pressure­
seasoned, and the zero shift was of the same order as the 
sensitivity of the bridge. Thus we maintain that manganin 
coils properly annealed and seasoned can be used as 
secondary pressure standards to 60 kbar with the same 
reliability as that currently being used to 30 kbar. In no 
case, when a properly annealed coil was retumed visibly 
undamaged, was a zero shift greater than 20 bars observed. 
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