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An independent determination has been made of the transformation pressures assigned to the high-pressure
transformations in Ba and Bi which are generally used for calibration points. The metals were imbedded in NaCl,
and the transitions were detected by the resistance change of the metal while the NaCl lattice parameter was
simultaneously measured by x-ray diffraction. The NaCl compression values determined at the fixed points were
related to pressure by reference to the semiempirical compression curve of Decker. The Ba I-ll and Bi IlI-V
transformations at room temperature were assigned thermodynamic equilibrium values of 53.3 + 1.2 kbar and 73.8 £
1.3 kbar, respectively, corresponding to NaCl linear compression values of Da/a,=0.0510 and 0.0637, respectively.
Hysteresis in the transformation pressures was investigated and sample hysteresis was separated from apparatus
hysteresis. The hysteresis measurements imply a stress energy which inhibits nucleation of the new phase and causes

asizable sample hysteresis in solid-media systems.

[.INTRODUCTION

ACCURATE cdibration of very high
pressure devices has been a magjor problem since
the early days of high-pressure research. In
simple piston-cylinder devices, pressure can be
calculated from applied force per unit piston area
if sufficient corrections are included. In many
high-pressure devices, particularly the solid-
media systems, such a direct calculation of
pressure is not possible, and a calibration must
be made by other means. The pressure
calibration generaly used is based upon the
observation of certain "sharp" phase transitions
which occur in materials such as Tl, Ba, and Bi.
The pressures at which these transitions occur is
taken from previous measurements in an
apparatus where pressures could be determined.
Although no precise, fundamental determination
of the points above 50 kbar has been carried out,
the fixed-point calibration technique is in
widespread use.

Bridgman, in volume displacement® and
electrical resistance® measurements, determined
pressures by direct calculation based on force per
unit area in two different pressure systems.
Although he never intended these measurements
to represent precision calibration values, his

observations of phase transitions were used to
designate two different pressure scales, the so-
caled "volume" and ‘"resistance” scales.
Bridgman had forced agreement between the two
scales below 30 kbar, but rather large
discrepancies existed at higher pressures. For
example, a volume discontinuity was reported
for Ba at 59 kbar, and a resistance discontinuity
in Ba was reported at 78 kbar. Kennedy and
LaMori* first proposed these two transitions to
be the same phase transformation and the correct
pressure values to be given by the volume scale.
Barnett, Bennion, and Hall® demonstrated
experimentaly the identity of these two
transitions by measuring the volume and
resistance of Ba simultaneously, although no
pressure calibration was attempted. Kennedy and
LaMori® later redetermined the transition
pressures of Bi, Tl, and Cs with pressure to 50
kbar. Because of the generally good agreement
with Bridgman's volume scale, the latter is
currently accepted as the calibration standard
with minor corrections from Kennedy and
LaMori's work. Errors in the resistance scale are
now felt to be due to the unknown pressure
distribution in the Bridgman anvil device used in
the, resistance measurements. Attempts to check
the Ba point at 59 kbar by an independent
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method have not been conclusive, and no
attempts at independent pressure determinations
in static pressure systems have been made at
pressures above 60 kbar. Recent work by Stark
and Jura’ Giardini and Samara® and others
indicates  serious  discrepancies  between
Bridgman's pressure value of the upper Bi
transition and calibration curves based on the Ba
point.

Drickamer and co-workers™* have reported
static pressures of several hundred kilobars using
supported Bridgman anvils for resistance and x-
ray studies. The resistance cell® was cdibrated
by extrapolating Bridgman’s resistance data on
Pb, Pt, and In and using the Ba and high Bi
transitions (volume scale) as fixed points. The x-
ray cell'® was calibrated by observing the change
in lattice parameter of a "marker" of Ag, Rh, or
Pd and comparing with compression data
obtained in shock measurements. By shock
techniques™ dynamic pressures of over a
megabar have been obtained where pressures are
calculated using the basic conservation laws of
mechanics and measuring shock velocities.
Apparent support for the accuracy of the
Drickamer resistance-cell calibration was found
in the observation of a trangition in Fe at 133
kbar, corresponding to a shock-induced
transformation measured a 131 kbar'?. This
apparent agreement is in contradiction to the
results obtained in the present work as described
below and again raises the fundamental question
of equality of static equilibrium, quasihydrostatic
pressures in the solid systems, and the
unidirectional pressures created in the dynamic
shock front. Evidence is accumulating to indicate
that the pressure in shock measurements has a
much higher shear component than is present in
the static systems, and especially in those static
systems with a three-dimensional pressure
chamber. The amount of shear in the Bridgman
anvil device is dill undetermined but is
undoubtedly much greater than in the three-
dimensional high-pressure systemsin use.

Due to the inherent pressure limitations of
pistoncylinder devices, it is commonly felt that
for pressures above 50 kbar a calibration must be
obtained by some other technique. We propose
the use of a pressure scale based on the atomic
separation of a simple substance for which the
compression can be theoretically predicted with
some degree of certainty. NaCl was chosen for
this substance because it is theoretically
amenable, experimentally easy to work with, and
there is alarge amount of accurate data available
to support the theory. One advantage of such an

approach, is that the pressure calibration points
are tied to a physical parameter independent of
any apparatus and, in fact, independent of any
theory. We report herein the actual compression
values, of NaCl. We then relate these values to
the absolute pressure scale by reference to the
semiempirical theoretical equation of state for
NaCl caculated by Decker® Should an
improved theoretical treatment become available,
the measured compression values would yield an
improved absolute pressure scale. Decker’s
equation of state has been solved to yield
pressure as a function of lattice parameter and
temperature over the range 0-500 kbar and 0°-
1500°C. Lattice perameters have been measured
a high pressure using the x-ray diffraction
tetrahedral press described previously.**

The use of a lattice parameter as a pressure
gauge as discussed herein has severa major
advantages over the fixed-point technique for use
in high-pressure studies. Firgt, it is a single-
valued variable with pressure; hence, the
pressure may be known for both increasing and
decreasing pressure cycles of a particular
experiment or after a number of cycles. This
makes possible a direct observation of hysteresis.
Second, the lattice perameter is a continuous
variable with pressure, which alows one to
obtain pressure values over an extended range
with one calibrant and to measure pressures at
any desired working pressure of interest. Third,
the calibrant is located within the pressure
chamber in intimate contact with the sample.
One can thus observe local pressure changes due
to effects within the pressure chamber itself,
independent of oil pressure. These advantages,
shared with the manganin gauge and similar
devices, have been taken for granted by workers
using hydrostatic liquid systems, but the lack of
them has been a serious limitation in high-
pressure studies with solid-media environments.

The primary purpose of this paper is to
determine the calibration values of the fixed-
point calibration transitions, in particular the Ba
[-Il and the Bi IlI-V transitions. It has been
necessary, however, to discuss hysteresis effects
in these transformations since they have a
bearing on the interpretation of the results. In
addition, the results of this work have value as an
important link between theory and experiment
for NaCl when correlation of other pressure-
calibration techniques at the lower pressures are
taken into account.

Much of the inherent advantage of the
techniques described herein would be lost if
NaCl were itself to exhibit a phase
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transformation under high pressure. The
transformation  previously  reported by
Evdokimova and Vereshchagin™ has not been
observed in our laboratory using the tetrahedral
apparatus, even to pressures of 100 kbar at 25°C
for periods up to aweek, and at 30 kbar at 600°C
for several hours. Other workersin the field have
aso searched in vain for this transition.’® It
seems probable that if such a transition does
exigt, it isinitiated by shearing forces present in
the apparatus. A recent indication of this
transformation by shock measurements'” seems
to indicate that this is the case. Since our
measurements are based on the x-ray diffraction
lines of the low-pressure form, and since we see
no indication of the transformation in our
apparatus on a microscopic level, we have full
confidence in the data reported here.

II. TECHNIQUE

Severa inherent features of the tetrahedral
x-ray diffraction apparatus make it feasible to
evaluate the fixed transition pressures in the
manner described herein. First, the pressure
resolution is grestly superior to other pressure
devices. This resolution is clearly demonstrated
in the work on cesum metal by Hall, Merrill,
and Barnett'® wherein the cusp in the resistance-
pressure curve of Bridgman near 42 kbar was
actually found to be a flat-topped spike only 0.5
kbar wide. This measurement implies that
pressure gradients over a sizable volume are
much less than 0.5 kbar, a condition highly
desirable in a calibration study. Second, the
precision of lattice parameter determinations

made using the "B" x-ray geometry of the press**
is approximately 0.1%. When used in connection
with the NaCl compression curve, this represents
a pressure difference of less than 1.0 kbar. Third,
simultaneous x-ray and electrical resistance,
measurements can be made, thus allowing the
measurement of the NaCl compression
coincident with the observation of the resistance
transitions in the calibration materials in the
same manner as generally used.

The metal calibration specimen was
imbedded in NaCl to insure equal pressure in
both materials and was placed in such a position
that the x-ray beam passed through the NaCl
which was in intimate contact with the metal.
The x-ray beam itself is approximately 0.020 in.
wide. Two geometries used are illustrated in Fig.
1. The sample of Fig. 1 (top) alows for x-ray
diffraction patterns to be recorded for both the
NaCl and metal specimens simultaneously while
the resistance of the metal is being measured.
Volume and resistance transitions in the metal
are thus measured coincidently. For the sample
of Fig, 1 (bottom) only the NaCl diffraction
pattern is recorded, and the transition in the
metal is detected by the resistance change aone.
The Ba transitions were recorded using both
techniques whereas the Bi were recorded using
only the latter. As the calibration points were
determined, the pressure was increased very
dowly as the transition point was approached.

All of the calibration experiments have been
conducted using 50-50 wt% boron-plastic
tetrahedra described elsewhere.* Two different
anvil sizes were used depending upon maximum
pressures desired. Three-quarter-inch anvils were
used with 1-in. tetrahedra for most experiments
in the range from 0-50 kbar. For experiments to
100 kbar, a modified anvil was used which was
tapered in the normal gasket region such as to
produce a wedge-shaped gasket of 8° angle
followed by the normal parallel gasket area. The
face of the anvil was 5/16 in. along the triangular
edge, and the tapered area was 0.150 in. wide. It
has been our experience that having the positive-
wedge region before the parallel-gasket region
results in greater gasket stability at higher
pressures.

1. MEASUREMENTS

The major effort of this work was directed
toward determining the pressures associated with
the Bal-Il and the Bi 111-V transformations since
these two calibration points are the most widely
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Table . NaCl linear and corresponding pressures from Decker’s theory with sample hysteresis and a comparison of
previously accepted values for each transition.

%NaCl compression at transition ~ Corresponding pressure (kbar)
Transition Increas- Decreas- Equi- Increas- Decreas- Hys Equi- Bridg- Discre-
ing ing librium ing teresis  librium® man's pancy
volume® (Pb- PNaq)
Bi I-11 (Strip) 297+0.07 2.70£0.07 2.84+0.07 26.2+0.8 23.4+0.8 28 24.8+0.8 254 0.6
Bi I-11 (Wire) 2.99+0.12 249+0.12 2.74+0.12 26.5+1.3 21.2+1.2 53 23.8+1.3 254 16
Bi I1-111(Strip) 3.23+t0.07 3.03+0.07 3.13+0.07 29.1+0.8 26.9+0.8 22 28.0+0.8 27.0 -1.0
Bi ll-111(Wire) 3.28£0.12 2.89+0.12 3.09+0.12 29.7+14 25.5+1.3 4.2 27.6x1.4 27.0 -0.6
THH-I 3.77£0.17 3.63+0.17 3.70+0.17 354+21  33.8%+21 16 34.6+£2.1 36.7 21
Ybl-1l 3.99+0.12 1.82+0.12 38.2£1.5 14.7+1.1
Bal-Il 519+0.06 5.01+0.10 5.10+£0.08 54.6+09 52.0+15 2.6 53.3t1.2 58.8 55
Bi 1l1-V 6.49+0.07 6.27+0.07 6.37£0.07 75.7x1.3 71.9+1.3 3.8 73.8+1.3 88 14.2
Sni-ll 7.36+0.15 92.0+£3.0 114 22

aBi and Tl taken from Ref. 6 and Sm from Ref. 25 in which correlation is made to Bridgman's volume scale.
b Average of increasing and decreasing transition pressure as “best” estimate of equilibrium value from data. See text for details on Bi.

used, and the higher pressure data are almost
completely based upon them. One measurement
each was also made on the Tl, Yb and Sn
transitions as supporting data. An associated
study was also made of the Bi I-Il and Bi 1I-I11
transitions to determine hysteresis effects and to
check on the accuracy of Decker's theory. During
many of our high-pressure experiments, x-ray
data were taken at regular intervals to determine
the efficiency of pressure transmission of the
tetrahedral press, the characteristics of the
pressure release cycle, and pressure cycling
effects. A compilation of the NaCl linear
compression data taken at each of the seven
transformations studied is given in Table I. The
vaues for Ba and for the three Bi
transformations represent the average of several
measurements taken on both increasing and
decreasing pressure cycles as indicated. Only one
measurement was made on each of the other
three transformations. The actual NaCl linear
compressions are given for future reference, as
well as the associated hysteresis intervals and
equilibrium pressure values as determined using
Decker's theory. All measurements correspond to
atemperature of 25°C. The nomenclature for the
Bi IlI-V transition reported at 88 kbar by
Bridgman in volume measurements follows that
of Klement, Jayaraman, and Kennedy.’® This
transition is commonly known as the "upper
bismuth" transition and is dearly the "VI-VIII"
transition reported by Bundy® at 122.5 kbar on
the resistance scale.

Due to the magnitude of the sample
hysteresis effects measured in this work, an
understanding of the hysteresis phenomena
becomes important in relationship to calibration

of high-pressure systems by the fixed-point
method since sizable errors can result even when
one has a calibrant within the pressure chamber
and measurements are being made near one of
the calibration points. The error intervals
associated with the NaCl lattice compressions in
Table | arise from two sources. (a) the variation
of lattice parameter as determined by various
lines in the x-ray pattern and (b) the variation of
the determined parameter from experiment to
experiment. For Ba and Bi, different orientations
and configurations were used to demonstrate any
systematic errors, but these variations were of
the same order as the experiment to experiment
variations and are thus ‘included in (b) above.
Since each diffraction line determines a lattice
parameter with compound errors associated with
both sources above, the eror interval was
evaluated by assuming the error in each lattice
parameter obtained from each diffraction line of
all paterns at a given transformation was
Gaussian. An estimate was made of the standard
deviation or for this statistical error by analyzing
the Bi I1l-1V and Ba I-Il data in which several
independent experiments were made each
involving several x-ray lines. The error interva
given in Table | is 2s,, where sn=s/On is the
estimated standard deviation of the mean of n
measurements. Error intervals in pressure values
were taken from corresponding errors in NaCl
compressions using Decker's theory. The
decrease in compressibility at higher pressures
thus yields higher pressure error intervals at the
higher pressure points. If absolute pressures are
desired, an alowance reflecting the reliability of
the theory must also be made in addition to the
experimental errors given here.
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Fic. 2. Apparatus load vs pressure curves for the two different
anvil sizes for both increasing and decreasing pressures. The
separation of apparatus hysteresis from sample hysteresis in the
Yb I-IT and in the three Bi transitions is clearly evident.

A. Apparatus Calibration

A typical calibration curve for a solid-media
high pressure apparatus gives sample pressure as
a function of ram load or hydraulic oil pressure.
Calibration curves for the tetrahedral apparatus
with ¥4 in. anvils and the modified 5/16 in. anvils
discussed above are shown in Fig. 2. The lower
and upper curves, corresponding to the %2in. and
—5/16 in. anvils, respectively, were obtained
during calibration experiments on Yb and Bi.
The points at which the transitions occurred are
indicated, both on the increasing and decreasing
cycles, and the effect of pressure cycling around
the upper Bi trandgition is aso indicated. The
anomalous curvature at very low pressures for
the 3/4 in. anvils and the decreasing efficiency at
higher pressures, especially for the 5/16 in.
anvils, are clearly reveded. The loss of
efficiency at higher pressures which has often
been discussed qualitatively by various workers
is in direct contrast to the linear calibration
curves often assumed, and implies that at the
higher pressures, previoudly reported values have
been overestimated. Apparatus hysteresis due to
gasket friction is clearly shown in Fig. 2 by the
displacement of the calibration curve to the left
on the decreasing pressure cycle. Sample
hysteresisin the Yb and three Bi transformations

is also illustrated on the graph by the vertica
displacement of the transition point between the
increasing and decreasing cycles. This clearly
shows the separation of the apparatus hysteresis
from sample hysteresis, and in the case of Yb
defines the region of metastability. This same
measurement was made on each of the
transitions studied, and a measurable amount of
sample hysteresis has been exhibited in each
case, although none is as dramatic as Yb. Such
measurements have not previously been possible
in solid pressure systems. The curve for the 3/4
in. anvils shown in Fig. 2 is reproducible in
actual pressure values at a given load within 2
kbar on the increasing pressure cycle, but the
curve for the 5/16 in. modified anvils is only
representative, since pressures at a given load are
not as consistent with the smaller anvils.
Apparently the calibration curve depends rather
critically on the initia size of the tetrahedron
used, and adeguate control has not been
exercised in this regard. The use of a calibration
curve without reference to an internal calibrant is
not as meaningful for the small anvil design as
with the standard size tetrahedron.

B. Hysteresis Phenomena

In the initial measurement on the Bi I-lI
transitions made to establish confidence in the
technique and the theory, sizable sample
hysteresis was observed even though the average
of the up and down cycle pressure
determinations agreed well with the accepted
equilibrium value for the transformation. Further
work indicated a larger amount of hysteresis for
cylindrica wire samples than for flat strip
samples of Bi when imbedded in NaCl. The
transitions are also “sharper” for strips than for
wires when imbedded in NaCl. Under liquid
hydrostatic conditions, Bridgman® measured a
“region of indifference” of from 60 to 100 bars
necessary to cause the transition to "run" in the
two opposite directions sarting from an
equilibrium point where a portion of the sample
was dready transformed. Davidson and Lee?
also using a hydrostatic system, have measured
the sample hysteresis in the conventional manner
in which the pressure at the initiation of the
transformation on the up and down cycle was
measured. .They reported hysteresis of from 0.55
to 0.90 kbar, which is approximately ten times
the region of in-difference reported by
Bridgman. With the Bi sample surrounded by
NaCl, an average hysteresis of 5.3 kbar for a
cylindrical wire 0.010 in. in diameter and 2.8
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kbarfor a 0.002-in. thick flat strip was observed
where pressures were measured at the initiation
of the transformation. The best explanation of
the sample hysteresis measured in this
investigation. and also by Davidson is found in
the nucleation process of the new phase, which
would not be of importance in Bridgman's
measurement of the "region of indifference’
since large amounts of both phases were
simultaneously present.

The thermodynamic equilibrium
transformation pressure is defined by the
equality of the Gibbs free energy for the two
phases. If one approaches the equilibrium
pressure from phase 1, for example, there will
exist with increasing probability satistically
created nuclei of phase Il having some
probability distribution with respect to size.
When the equilibrium pressure is reached, since
the Gibbs free energy in the two phases is equal,
the transformation will take place only if the
nuclei surface energies are less than or equal to
zero so0 that nuclei growth would result in a
lower energy state for the system. In real solids
one would expect the nucleus surface energy,
which is nothing more than the microscopic
strain energy of a nucleus of phase Il in a matrix
of phase I, to be positive with the result that
there is no nucle growth; hence, the
transformation does not occur. In fact it can be
easily shown that the condition for nuclei growth
is that the pressure must be increased above the
equilibrium pressure by an amount DP,,, such
that G|(P)'GII(P)>23VOS/R, where G, (P) and Gy,
(P) are the Gibbs functions per atom a a
pressure P for the phases | and 11, s is the energy
per unit surface, a is a factor of order unity
which depends on the geometry of the nuclel, V,
is the atomic volume, and R is a characteristic
dimension of the nuclei. It should be pointed out
that this surface energy will vary with (a) the size
and shape of the nuclei, (b) the.elastic properties
and configuration of the surrounding media, (c)
the crystal structure and crystalline orientation of
the nucleus and its surrounding media, and (d)
particularly the volume change associated with
the transformation.

It is now easy to understand Bridgman's small
“region of indifference” with half of the sample
being in phase | and half in phase Il, R is very
large and hence a very small DP,;, and DP,,,, will
satisfy the growth inequality for either direction.
However, if oneisrelying on statistically created
nuclei where the nuclel have at least a dimension
large enough to define a new phase, a hysteresis

of DP., + DP,., characteristic of the nuclei
involved will be observed. It should be pointed
out that the size distribution of these statistically
created nuclei may depend on the purity and
shear strain within the sample, and in some
instances the probability of creating a minimum
nucleus may increase in a strained system. There
exists, in addition to the above phenomena, an
effect due to pressure gradients that may be
produced in solid pressure-transmitting media as
a result of the phase transformation itself. If
phase 1l has a smaller volume than phase | and
the system is surrounded by a nonhydrostatic
solid pressure-transmitting medium, the net
result will be that the pressure relative to the bulk
material will decrease at the nuclel by dP,;, on
the forward transition and increase by dP,, on
the reverse transition by an amount characteristic
of the critical nucleus size. The measured sample
hysteresis in this case will be the sum DP, +
dP..; + DPyy + dPy..

One must clearly distinguish between ' the
strain energy associated with the nucleation
center, as discussed above, and any gross strains
or pressure gradients inherent in the apparatus. It
must be remembered that the discussion above
relates to the balance between growth and decay
of nucleation centers, and that at the initiation of
the transformation the size of these nuclei are
dill very small, containing a most a few
hundred atoms?  After initiation, the
transformation will continue to progress until the
pressure within the calibrant and environment
decreases because of volume contraction to the
point where the growth criterion is violated and
then will cease. In order to cause further progress
of the transformation in a solid system, one must
increase the ram load continuously to cause the
transformation to complete. In a good
configuration with Bi (for example) surrounded
by AgCl, over half the resistance transition will
usualy take place following the initiation. The
latter "dluggishness' which exists after
stabilization following the initiation is well
known to workers in the field, and is caused, we
propose, by the pressure gradients mentioned.

The existence of the sizable hysteresisin the
Bi I-11 transformation when measured in a liquid
hydrostatic system as reported by Davidson and
Lee indicates that the nucleation centers are
dtatistically formed at points within the bulk
region of the sample rather than on the surface
since any strain energy for a nucleation center on
the surface would be relieved by the hydrostatic
liquid pressure. Furthermore, since they reported
no essential difference between polycrystalline
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samples and single-crystal samples, one can infer
that the nucleation centers are not associated
with grain boundaries but rather with lattice
vibrations, dislocations, or other crystal defects
within the crystal proper.

One would expect a significant increase in
the microscopic strain energy discussed above
and thus a change in the hysteresis
accompanying the transformation when one
includes the strain in the environmental media
due to nonhydrostatic conditions inherent in the
apparatus. This nucleation phenomenon also
explains the smaller hysteresis measured using a
flat, metal calibration strip rather than a
cylindrica wire since the more favorable
configuration would result in reduced pressure
gradients around the sample. Although only in
the case of Bi do we have hydrostatic data to
support the above interpretation in hysteresis
effects, we assume the same basic phenomena
are involved in the other transformations
reported herein. The Yb transition exhibits, in
addition, a rather large distinctive metastability
which might well be due to other phenomena.
Since the primary objective of this work was the
calibration of the fixed points, thin-strip calibrant
specimens were used for all higher pressure
calibration studies in order to reduce the
hysteresis effects.

The  equilibrium  values of the
transformations were taken as the average of the
increasing and decreasing pressure cycle
transitions, since there is no way with the present
data to ascertain with any certainty in which
direction the nucleation energy might be the
largest. There is no reason, however, to expect
the overpressure in the up cycle and the
underpressure in the down cycle to be equal. A
dight indication of differing energiesin the Bi |-
Il and Bi Il-I transformations can be obtained by
noting that the average transition values obtained
for the wire calibrant is lower than for the strip
calibrant. If one assumes the ratio of the amount
of overpressure in the Bi |-l transition to the
amount of underpressure in the Bi 11-1 transition
is the same for the above situations, the
measured average values can be explained by
letting this ratio be less than one. This
interpretation would mean the nucleation energy
in the Bi I-Il transformation is less than in the
reverse Bi 1-I transformation.

A second minor point of interest arises due
to the small pressure interval between the Bi 1-11
and Bi Il-I1l transformations, which implies the
nucleation for the Bi II-1ll transformation -
probably takes place in an environment which is

still under gross strain resulting from the Bi 1-11
transformation. Similarly, on the pressure
decrease cycle the Bi Il-I transformation is
affected by the Bi IlI-1l transformation. Since
strain energy varies as the sguare of the strain,
this would tend to place the Bi II-111 transition
average higher than its equilibrium value and the
Bi I-11 average lower. A perusal of the literature
in which both the Bi I-1I and Bi I1-111 transitions
are shown on a calibration curve indicates a
consistent and significantly larger pressure
interval between these two transitions when
measured in a solid medium compared to
measurements in a hydrostatic medium, a result
consistent with the above reasoning. It should be
emphasized that the differences implied here are
not measurement errors, rather, the initiation of
the transformation actually takes place at
pressures different from the equilibrium
pressures, and the error is in assigning the
equilibrium values to the pressure a the
transition point. The implications of this are
discussed later.

C. Higher-Pressure Transformations

The thermodynamic equilibrium pressure
value of 24+0.8 kbar (see Table 1) obtained for
the Bi I-1l transformation is in good agreement
with the accepted value as determined by more
precise techniques in hydrostatic systems. In the
light of the discussion in the previous section,
the dightly lower value (although within the
estimated accuracy) is to be expected. Thus, the
Bi [-IlI transformation results provide good
evidence for the feasibility of the calibration
technique and also for the accuracy of Decker's
theory, a least to 25 kbar, and gives one
confidence in the method and theory at higher
pressures.

Due to the unexpected low value determined
for the Ba -1l transition in early experiments, an
extensive program was initiated to eliminate
possible systematic errors. The transition was
measured three or more times with each of two
different sized anvils. The different sized anvils
required drastically different load pressures,
which one might expect to give systematic errors
due to warping of the press and associated x-ray
geometry. Two different orientations of the x-ray
system relative to the pressure system were used,
and both resistance and volume change
associated with the transformation were
monitored. A comparison of the measured values
under any of these differing conditions showed
no variation greater than the estimated error
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described above. Asindicated in Table 1, the Ba
I-Il transformation was measured at 54.6+0.9
kbar and the Ba II-1 a 52.0+1.5 kbar. A
hysteresis of more than 2 kbar was observed in
each measurement with the indicated error being
largely a result of experiment-to-experiment
variation. Sample hysteresis was also implied by
X-ray measurements of Ba compressions in
which the compressions at the Ba Il-I were
smaller than at the Ba I-Il transformation. The
resistance of Ba has been measured to 105 kbar
as determined by the NaCl scale, but the high Ba
transition reported by Balchan and Drickamer® to
occur at 144 kbar has not been reached.

The Bi I11-V transition was observed to take
place a 75.7+1.3 kbar in three separate
experiments, and the reverse transition Bi V-III
was observed at 71.9+x1.3 kbar in three
determinations. Due to the consistency of these
experiments it was felt that no further data were
necessary. Again a sizable sample hysteresis was
evident. One experimental determination was
also made of the transition pressure in thallium,
ytterbium, and tin to see if there was general
agreement or if serious discrepancies would
arise. The data on these three transitions are not
intended to represent precise calibration data, but
are given rather to indicate the consistency of the
data on the Ba -1 and Bi I11-V transformations.
Values of 35.4+2.1 kbar and 33.8£2.1 kbar were
obtained for the TI I1I-11l respectively. The
decreasing pressure value is rather poorly
defined due to a poor-quality x-ray diffraction
pattern of NaCl in that particular measurement.
The data indicate a rather small hysteress,
however, which is consistent with the small
associated volume change. The Yb |-l
transitions was carefully measured at the value of
38.2+1.5 kbar and the reverse Yb 1I-I transitions
a 14.7+1.1 kbar. No equilibrium vaue is
recorded for this transformation because of the
pronounced metastability. The Sn I-lI
transformation®* was detected by the structure
change in the tin itself, and no resistance
measurement was made. Tin powder was
intimately mixed with NaCl, and both x-ray
patterns were observed simultaneously. A value
of 92+3 kbar was obtained for the Sn I-I
transformation, but the reverse Sn Il
transformation was not measured. Thus, no
hysteresis value was previously reported at 113
to 115 kbar by Stager, Balchan, and Drickamer®
by resistance measurements.

V. Discussion
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Fic. 3. Differences between NaCl pressure scale and Bridgman’s
volume scale. The volume scale used here includes Sn at 114 kbar,
which was not measured by Bridgman but was determined using
apparatus calibration curves based on Bridgman’s data.

A comparison of the measured transitions
pressures reported in this work with the accepted
scale from Bridgman’ s volume scale as corrected
by Kennedy and LaMori is given in Table I. The
differences are surprisingly large even at the Ba
transformation, athough at lower pressures
agreement is much better. The discrepancy
between the two scales is shown in graphical
form in Fig.3 to illustrate the smooth departure
of the two scales at the higher pressures. In
reality the complete volume scale above 40 kbar
is based on the Ba and upper Bi transformations
since the Sn transformation was tied to Ba and
Bi by Stager, Balchan, and Drickamer.

In the present work as well asin Bridgman’'s
original volume work measurements were made
on both the increasing and decreasing pressure
cycles, and an equilibrium value estimated for
the transformation. Thus, the curve shown in Fig.
3 corresponds only to equilibrium values. For
this reason, the Yb point is not used. The Sn
point is utilized, however, since the measurement
by Stager, Balchan, and Drickamer and the
measurement reported here were both increasing
pressure measurements. Overpressuring effects
would thus tend to compensate.

The discrepancy (Pg-Pnaci) iS plotted against
Bridgman’s pressures in Fig. 3 for convenience
in using the curve as a correction curve for data
previously reported relative to the volume scale.
Curioudly, a plot of log (Pg-Pnaci) VS 109(Pnaci)
yields a straight line, implying a power-law
relationship. Whether this is coincidental or has
significance is not obvious, and we can offer no
explanation.

Since generally in solid-media systems one
calibrates on the pressure-increase cycle only, a
most important result of this work is the
elucidation of the effect of nonhydrostatic
environment on the transition pressure. Many
workers in the field have been assigning
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equilibrium pressure values to transitions which
have actually taken place at a significantly higher
pressure depending on the calibrant environment.
If an accurate calibration is to be obtained, some
knowledge of the environmental effect must be
known. This implies that one does not, in
general, know accurately the pressure even if a
calibrant is included within the pressure chamber
and measurements are made near the transition
pressure. It is felt that improved pressure data
will result if this problem is understood and
some allowance made for it. For standard
calibration of solid-media systems we propose
the use of flat strip configuration and the use of
the transition pressures given in Table | for the
pressure increasing cycle rather than the
equilibrium pressure value.

Several possible systematic errors which
would give rise to the divergence of the higher
pressure scales shown in Fig. 3 come to mind.

1) A systematic error exists in our x-ray
geometry at the high load. As mentioned above
the use of both small and large tetrahedra sample
chambers should have demonstrated the
existence o such an error. Furthermore, the sign
of the discrepancy observed would indicate that
our measured compressions are too small,
whereas compression data on Ba® and Cs'®
measured with our apparatus have yielded
compressions dlightly larger than those reported
by Bridgman. In fact, in two experiments
simultaneous compression vaues of Ba and
NaCl were measured.

2) The theory used to determine pressures
from compressibility data could be in error at the
higher pressures. Decker claims an expected
pressure accuracy of 2%-3%. His estimate is
based on agreement with shock data at very high
pressures where such data are generally thought
to be more accurate, Bridgman's own NaCl
volume data, and the lack of variation due to
changing parameters in the theory. Further
confirmation of Decker's theory is found by
comparing the theory with recent data by Perez-
Albuerne and Drickamer"? in which the theory
fits the data better than the empirical eguation
used by the authors. Decker's theory also gives a
better fit to the shock data of Christian,”’
exhibited for comparison by Perez-Albuerne and
Drickamer. Since the theory agrees with
Bridgman's NaCl compression values, the
present work demonstrates that Bridgman's
volume pressures are not consistent but depend
upon sample material. One must thus choose to
calibrate on Bridgman's NaCl data or his Ba and
Bi data where the discrepancies are

approximately as shown in Fig. 3. In the absence
of a good reason to select one set of Bridgman's
data and reject the other, we fed it only
consistent to base a calibration on a theoretical
curve and thus be completely independent of
Bridgman's data. The correlation of Decker's
theory with the Bi I-1I transition and Christian's
shock data does however indicate Bridgman's
NaCl compressibility data is more reliable than
his corresponding Ba and Bi data.

(3) The third possible explanation of the
divergence illustrated in Fig. 3 is that in
Bridgman's system an unknown and differing
percentage of the load at higher pressures was
taken up with friction in measurement of each
different sample material. The existence of errors
in the correction made to Bridgman's raw data is
not at al unlikely. Bridgman himself did not
hesitate to correct previous data in light of new
measurements in order to obtain consistency. We
propose this is necessary at this time. It should
be noted that Bridgman never intended these
volume measurements to be used for calibration
points when the measurements were made. Even
a casua reading of his origina paper indicates
that this was the case. If he had so intended, he
would have expended much more effort as he did
for the Bi I-11 transformation.

Recent results of other workers have also
given indications.of inconsistencies in the high-
pressure range. Klement, Jayaraman, and
Kennedy® in a phase diagram of Bi to 70 kbar
found indications that the Bi I1I-V phase line
extrapolates to room temperature at about 78 to
82 kbar. Stark and Jura’ and Giardini® have also
found indications that Bi Il1-V transition takes
place at pressures much lower than 88 kbar.
Since these determinations were themselves
based upon the Ba point at 59 kbar, alowering of
this point will reduce the Bi point even further.

V. CONCLUSIONS

Due to the inconsistencies in Bridgman's
volume data above 40 kbar, we conclude that it
is not meaningful to utilize any of his data as
calibration points since they were not so
intended. Because of the inherent pressure
limitations of the piston-cylinder type apparatus
and the excessive correction terms involved at
the higher pressures, we conclude that a pressure
scadle must be defined in some manner
independent of a given apparatus. We propose an
NaCl pressure scale based upon, the linear
compression of NaCl in which pressure is
defined by a theoretically predicted equation of
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state, and we accept Decker's equation as the
best available equation evaluated in the pressure
region of interest. We propose that where
possible, other transitions be related to the
compression of NaCl and that the compression
values themselves be reported in the literature,
thus tying to a substance rather than a particular
theory. We report our determinations of the Ba |-
Il and Bi I1lI-V equilibrium transformation
pressures at 53.3 kbar and 73.8 kbar as the initia
secondary calibration points on such ascale to be
improved upon as improvement in technique
arises. Data given for Tl, Yb, and Sn are not so
intended. In light of the increasing divergence of
the previously accepted scale at higher pressures,
we propose an examination of pressure
calibration points above 100 kbar along the lines
followed here. We further conclude that
transition pressures as typicaly measured in
solid-media apparatus are not equilibrium
pressures and that measurable and significant
errors result if they are thus assumed. The
existence of hysteresis effects in the sample itself
due to its environment as measured by the
initiation of the transformation in the increasing
and decreasing pressure cycles has been
demonstrated for al transformations studied.
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