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ABSTRACT

Hydrostatic pressure experiments were made which have new and
important relevence to high pressure calibration in both liquid and
solid pressure systems for the bismuth I-II and barium I-II points
on the high pressure scale. The bismuth I-II transformations were
characterized and the mechanism of the solid-state reactions was re-
- lated to pressure calibration. The strain hysteresis commonly asso-
ciated with the bismuth I-II point was shown to be invalid and was
alternatively explained on the basis of a thermally activated
nucleation and growth mechanism which was démonstrated to govern these
transformations. With hydrostatic pressure initiation of the I-II
transformation was obéerved aé a function of kinetic times as long as
15 hours while pressure and temperature were maintained constant. The
transformation behavior was a function also of the microstructure,
purity and thickness of the sample. The bismuth I-II transformation
was not necessarily sharp with respect to kinetic time. As long as
k2 hours were observed for completion of the transformation with very
thin samples. Under hydrostatic pressure the bismuth I-II equilibrium
point was not midway between the initiation of the I-II and II-I
transformations but was located appreciably closer to the former
transformation. The bismuth I-II calibration point was correlated
between liquid and solid pressure systems. For solid systems it was

shown that the "apparent" hysteresis was completely one-sided toward




the low pressure side and that the equilibrium point coincided with
the initiation of the I-II transformation which should be employed
- as the pressure calibration. point. The bismuth I-II region of
indifference was characterized with respect to nature of the sample
and manner of measurement. An experimental technique was indicated

by which the center of the region of indifference was reproducible

within + 5 bars. The barium I-II point wes méasured'at'56.27 kbar

on the basis of a manganin gage under hydrostatic pressure.




I. INTRODUCTION

The current high pressure scale is based upon fixed-point pressures
of solid-solid phase transformations. Although the bismuth I-II point
at 25.380 kbars at 25°C is fundamental to the high pressure scale and
is universally employed for high pressure calibration, very little work
has been done to characterize the nature of the I&II phase transforma-
tions upon which the fixed-point calibration pressure is based. In view
of experience and theory on the variable nature of solid-solid phase
transformations such a characterization and relation to the calibration
pressure is warranted both for hydrostatic pressure systems which qali-
brate on the equilibrium point and for solid-pressure systems which cali-~
brate on the initiation of the transformations. This is particularly
important for ultimate accurac& of the bismuth I-II calibration point in
the former pressure systems in which pressures can be measured with a ‘
sensitivity of 1 bar. The behavior of the phase transformations can
certainly be expected to display an influence on the calibration point
in terms of this degrec of sensitivity of pressure. More practically
important at the present time is the resolution in terms of phase trans-
formation theory of the‘several different calibration procedures employed
in solid pressure systems. During the last several years in the high
pressure laboratory at Fort Monmouth an incomparable hydrostatic pressure
capability was developed with a hexahedral press, and hydrostatic pressure
experiments were made which have new and important relevance to high

pressure calibration in both solid and liquid pressure systems for both

the bismuth I-IT and barium I-II points on the high pressure scale. In




view of the large amount of information which resulted from these experi-
ments, the important results pertinent to pressure calibration and the
goals of this conference are presented in the manuscript in summary form.
More elaborate discussion and experimental detail will be orally presgnted
and will be submitted to J. Phys. Chem. Solids in the near future.

To place the results of the present paper in context it is helpful
to briefly review the present concept of‘the bismuth I-II and II-I trans-
formations. A perusal of the literature reveals that the general nature
of these transformations, whether examined by means of electrical resistance,
volume change or x-ray measurements in either liquid or solid pressure
transmitting systems, can be schematically depicted as in Figure 1 for
the vicinity near the calibration point. With increasing pressure on a

sample composed competely of bismuth-I, the I-II transformation initiates

. at a pressure corresponding to A. After sufficient overpressurization

to complétely convert all bismuth-I to bismuth-II, decreasing pressure
causes the ITI-I transformation to initiate at a pressure corresponding to
B which is substantially lower than A. Both transformations occur iso-
barically in liquid systems but may have to be pressurized to completion

in solid systems. Thué the transformations to completion, C and‘D, exist
as illustrated for solid systems but are verticel for liquid systems. The
pressure interval between points A and B is commonly denoted as a hysteresis
for the transformations. In liquid systems this pressure interval has been
reportéd to have an average value of about 0.7l kbar (Ref. 1), whereas in
solid'systems the value 1is observed to be much larger and is of the order
of kbars due to the attendant and additional hysteresis of the pressure

transmitting medium, e.g., pyrophyllite or AgCl. The transformations
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can be made to reverse over a much smaller pressure range near the
equilibrium preésure if the hysteresis is entered, either by reducing
pressure during the I-II transformation or by increasing pressure during
the II-I transformation, so that both phases are in intimate contact.

In his liquid system Bridgman (Ref. 2) measured a pressﬁre range of
about 60 to 100 bars within which the transformation Vould not percept-
ibly run in either the I-II or the II-I direction and denoted this
pressure range as the region of indifference. It is generally assuned,
primerily because of a lack of data, that the equilibrium pressure, E,
is situated halfway between the pressures at which the I-IT and II-I
transformations occur when measured either at the hysteresis or at the
region of indifference. Several investigators (Réf. 3, 4), however, have

stated that such an occurrence ‘might not be true with respect to the

. hysteresis, but in fact might be located at a higher pressure, E'.




II. EXPERIMENTAL

The Basic apparatus was a hexahedral press with 2000-ton capacity
rams and a cubic pressure chamber 2.25 inches on an edge. Hydrostatic
pressures were generated within a stainless steel cell which-contained an
equal-volume liquid mixture of normal- and iso-pentane. The stainless
steel cell was situated within a pyrophyllite cube. As force was applied
to the pyrophyllite cube the cell experienced the uneven solid pressures
within the cubic volume, but the sample within the stainless steel cell
was exposed only to those forces transmitted by the liquid. The original
hydrostatic pressure cell (Ref. 5) was improved to increase its reliability
and useable high pressure volume (7/16 in. dia. x 1 in. length) and to give
10 electrical leads for measurement from the hydrostatic pressure chamber.

This capability of volume and leads permitted four-terminal measurements,

. simultaneous comparison of several samples in the same experiment, and

simultaneous measurement of manganin and samples. For example, one experi-
ment comprised a manganin coil, mercury (for calibration of the coil), and
four different bismuth samples. Four-terminal measurements were always
made on manganin and also on the samples whenever possible. The resistance
of the manganin coil wés‘measured with a2 Leeds and Northrup Model 8059 G-2
Mueller Bridgé with a sensitivity of +0.1 mohm which for our coils was
equivalent to about +0.5 bar. Quantitative experiments were conducted
with a properly seasoned and calibrated (mercury L-I and bismuth I-II
points at 25°C) manganin gage. Relative pressures from an uncalibrated
manganin coil sufficed for the examination of qualitative features of the

mechanism of the bismuth I-II and II-I transformations. The sample



parameters investigated were purity (six nine's vs. two nine's), micro-
structure (single crystal vs. polyerystal), and thickness (0.040 in. dia. vs.
0.013 in. dia.). Samples were monitored with a sensitivity of at least 0.1
per cent either by means of a Keithley Model 150A microvolt-ammeter with
the output recorded on a Varian Model G-11 strip chart recorder, or directly
by means of a four-channel Model 24O Brush oscillograph-recorder. In order
to avoid heating the samples, the cwrent level was adjusted such that the
pover through the sample was kept at approximately l.5hx10’5 watts. Temper-
ature was measured to 0.001 C by means of a platinum resistance thermometer
immersed in a well of water which made contact through a brass plug with

the anvil bearing on the pressure cell. Tempefature corrections to 2500
were applied for the resistance of manganin and for the temperature

coefficient of 50 bars/deg. C for the bismuth I-II point.

III. THE BISMUTH I-II POINT UNDER HYDROSTATIC PRESSURE
A. The Apparent Hysteresis ’

The hysteresis has important relevance to pressure calibration in
solid pressure systems which comprise the bulk of pressure apparatus in
current use. Two calibration procedures are generally employed in these
systems: in one procedure only the I-II transformation pressure is measured
and the calibration point.is associated with point A in Figure 1, and in
the other procedure both the I-II and IT-I transformation pressures are
measured and the calibration point is associated with point E in Figure 1.
Obviously these are different calibrations, aﬁd pressures reported on the
basis of the one type of calibration will be different than those pressures

based on the other type of calibration. To resolve this discrepancy it




has been suggested (Ref. 4) that the former calibration method should
add a pressure corresponding to one-half of the hysteresis width, i.e.,
A-E in Figure 1. In any case, all of this type of calibration in solid
pressure systems depends upon the hysteresis (both for bismuth and for
the pressure medium) exhibiting a fixed and reproducible value.

Two publications (Ref. 1, 4) associate a real hysteresis with the
bismuth I-ITI point, but ecach also implies the possibility of a thermally
activated nucleation and growth mechanism. Since a fixed strain mechanism

- and a thermally activated mechanism are mutually exclusive of one another,
and in view of the obvious importance of the hysteresis for solid pressure
calibration, it was considered desirable to conduct hydrostatic pressure
experiments to determine the mechanism of the I-II and II-I transformations
and the basis of the hysteresis. Actually, results published in the

_ literature appeared to indicate a nucleation and growth type of mechanism.
Also, our general expcrience with multiple cycles in the hydfostatic
system failed to reproduce a closed loop with respect to resistance or to.
reproduée either boundary with respect to pressure and cast additional
doubt on a fixed strain basis for the néture of the hysteresis A-B as
represented in Figure i.' It was of particular interest to determine
vwhether or not this presgure hysteresis was real, i.e, if the intiation
‘of the transformations beyond the equilibrium point was dependent upon a
fixed strain energy which would yield a fixed pressure interval A-B. The
alternative explanation of this pressure interval as being due to a thermally
activated nucleation and growth mechanism requires that the pressure inter- =
val A-B be time dependent.

Experiments made under hydrostatic pressure showed that the hysteresis

A-B of Figure 1 was not a real strain hysteresis but was time dependent

according to a thermally activated nucleation and growth mechanism.
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By holding a sample comprised completely of bismuth-I at constant
pressure and temperature below that represented by point A in Figure 1,
fhe I-I1I transformation initiated es a function of kinetic time. The
observation of waiting periods prior to initiation of the I-II and II-I
transformations at constant temperature and pressure within the_apparent'
hysteresis has been noted numerous times for the I-II trensformation
and also for point B and the II-I transformation. Furthermore the
pressure coeffigient of thg waiting periods for the I-II transformation,
for exarmple, was consistent with a thermally éctivated nucleation and
growth mechanism; longer waiting periods were observed for lower
pressures tovard the equilibrium pressure. %or the I-ITI transformsation,
point A was located with a very slow pressurization rate of 1 bar/minute
and then on different cycles pressure was maintained constant at various
lover values. Vaiting periods as loné as lS‘-hours at constant pressure
and temperature were measured prior to initiation of the I-II transformz-~
tion. The waiting periods can be expiained as a direct consequence of
the kinetic time for nucleation of the new phase in a solid state trans-
formation. In the vieinity of 150 to 200 bars over the equilibrium
pressure, the pressure éoefficient of the waiting periods appeared to be
very large, about -6 minuies/bar. The waiting periods for the II-I trans-
formation did not vary in a consistent manner with hydrostatic preséure.
The initiation pressure of this transformation appeared to be dependent
on the pressure with wvhich the I-II transformation was overpressurized.

Hydrostatic pressure experiments in which several different samples

vere simultaneously examined and recorded showed very clearly that the




transformation behavior was a function of sample purity, nmicrostructure,
and thickness. At constant pressure and temperature, appreciably
different waiting periods for initiation of the I-II transformation were
observed for different samples. Also, the tires required for comp%gte
transformation to bismuth-II varied not only from sample~to-sample but
also as a function of the holding pressure. Slower transformation rates
were observed for lower holding pressure in accordance with a nucleation
and growth mechanism. Dramatically slow transformation rates were
measured for very thin samples. For example,,?:bismuth strip sample
0.000%4 in. thick required about 42 hours for complete transformation,
whereas under the same condifions in the samé.experiment a bismuth strip
sample 0.011 in. thick transformed completely in 1 hour. In the litera-
ture, "sharpness" of the transformations is sometimés invoked as a
criteria for "hydrostaticity" of pressure, but the role of kinetic time
in a solid-solid transformation mmst not be overlooked. Eveﬁ though the
transformations occur isobarically in a hydrostatic pressure system the
transformations may be very sluggish with respect to kinetic time. The
slow transformation rates are further support for a thermally activated

nucleation and growth mechanism. The fastest initiation and transforma-

tion rates were observed with thick (0.0%0 in. dia.) polycrystalline

' samples.

All evidence from these hydrostatic pressure experiments was consistent

with a thermally activated nucleation and growth mechanism. The hysteresis

which is generally associated with the bismuth I-II point is not a real
strain hysteresis buy is actuslly an apparent hysteresis due to a large

activation energy for nucleation and/or growth and the sluggish rates of



a solid-solid phase transformation. This apparent hystereis is variable
with respect to kinetic time, pressurization rate, and sample character-
istics. The assumption that the bismuth I-II equilibrium point is centered
within the apparent hysteresis is also invalid. The relationship of the
equilibrium point within the apparent hysteresis for liquid pressure
systems was determined and is illustrated in Figure 2. The apparent
hysteresis A-B was found with a slow and constant pressurization rate and
was then .entered as described earlier for the measurement of the region
of indifference within which is the equilibrium and calibration point.

The region of indifference was not at all midway between the initiation
pressures of the I-IT and II-I transformatioﬁs but was located appreciably
toward the I-II side. The calibration point, E, was about 150 bars below

point A which corresponded to about 1/3 of the pressure interval A-B in

" the liquid system. The transformations to completion, C and D, are

represented as vertical lines since each transformation occurred iso-
barically. The initiation pressure of the II-I transformation, point B,
was not reproducible on different pressure cycles and after completion of
this transformation the initial bismuth-I resistance was not recovered.
Additional evidence of tke variable nature of point B is shown in the next
section.

Superficially these results have serious and det;imental implic;tibns
for pressure calibration in solid pressure systems since without the
"hysteresis" there is no stable fixed point upon which to pin a calibra-
tion. - Consider, however, a nucleation and growth mechanism in the context-

of general experience with the kinetics of solid-solid phase transformations.

The observed waiting periods at constant pressure and temperature may be




associated with induction times for the nucleation of the new phase.
It is known that scratching or grinding a material will reduce and remove
an induction period, lower the activation energy for nucleation, and
facilitate the nucleation rate of the new ﬁhase. Clearly a scratching
and grinding effect on the bismuth sample can be expected from the
solid pressure medium and this would tend to eliminate the waiting |
periods observed under hydrostatic pressure. Theoretically, then, it
would be expected that initiation of the I-II transformation in a solid
pressure system should take place at a pressure which corresponds, or at
least is close to, the real equilibrium point. Evidence that this corre-
lation is velid is presented in the next secfion.
B. Correlation of the Calibration Point Between Liquid and Solid.

An experiment was designed to test the transformation hypothesis
Jjust mentioned in the previous section. An experiment in the hydrostatic
pressure cell was conducted with two identical bismuth samples: one
sample was directly exposed to the pentane-mixture pressure meéium and
the other sample was completely embedded in an epoxy solid (about 0.0LO
in. wall thiclkness) which in turn was directly exposed to the same
pentane-mixture pressure medium. These samples were simultaneoﬁsly
examined in the same experiment and gave a direct comparison of the
bismuth ISII transformations for a specimen subjected to a hydrostatic
pressure and one subjected to a solid pressure transmitting medium. The

samples were first pressure cycled with a slow, constant pressurization

rate of about 15 bars/minute in order to determine the apparent hysteresis

for both samples. In cycling the samples, pressure was taken well beyond
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the bismuth IT-III transformation in order to insure the presence of only
one or the other of phase I and II at the initiation of the transformations.
The true equilibrium pressure was then measured with the sample vhich was
directly exposed to the hydrostatic pressure rzdium.

The correlation of the bismuth I-II equilibrium point within the
apparent hysteresis for liquid and solid pressure transmitting media is
schematically illustrated in Figure 3. The equilibrium point, E; measured
with the sample in the liquid medium corresponded within a few baré to the
pressure, Ag, at which.the bismuth I-II transformation initiated in the
sample which was embedded in the solid pressure transmitting medium.
Verification of the theory of the mechanism 6f the transformation was
obtained and these results provided striking correlation between‘liquid
and solid pressure systems forfpressure calibration at'the bismuth I-IT
point. The hysteresis observed in solid pressure systems is completely
one-sided towards the II-I transformation. In solid pressure systems
calibration should be condﬁcted.with a slow pumping rate and should be fixed
to the initiation of the bismuth I-IT transformation.

This phenomena was investigated in another experiment in which a AgCl

v

pressure transmitting medium was employed. The same effect was clearly

evident although it was less pronounced than for bismuth in epoxy. Compari-

son of the fransformation curves from initiation td completion of the trans-

formation, C, revealed a dependence on the nature of the pressure trans-

mitting media. This observation was consistent with a thermally activated

—— .
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nucleation mechanism in which nucleation of the new phase was accelerated

by the pressure medium which was more non-isotropic, i.e., from pentane to
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AgCl to epoxy. Initiation of the I-II transformation occurred at the
highest pressure, A;, for the bismuth sample in the liquid medium. The
II-I transformation, D, was very fast in all cases but the initiation of
this transformation, B, océurred at a much lowver pressure when the II-I
transformation was preceded by the II-III transformations in the pressure-
cycle. In this case the equilibrium point, E, was located about the
same pressure interval below Ap as when the TI-ITI was not included in
the pressure cycle, but AL-E became only about 1/6 th of the apparent
hysteresis AL-B.
C. The Region of Indifference Equilibrium Point.

The region of indifference comprises the equilibrium point and is
employed for pressure calibration in hydrostatic pressure systems.

According to Bridgman (Ref. 2) - the region of indifference is measured as

. the pressure range over which the transformations can be made to run in

opposite directions when starting from a pressure at which no transforma-
tion is perceptible. The region of indifference is determined %ith about
equal amounts of both phases I and II present in the sample. Nucleation
is no longer a consideration as the apparent hysteresis and the transfor-
mations can be made to feverse over a pressure’range less than 160 bars.

Although hydrostatic pressure systems comprise the minority of pressure

apparatus in current use, there are an increasing number of laboratories

utilizing these systems in which small pressure changes of about 1 bar
can be measured with a manganin pressure gage. This precision cannot be
utilized for pressure calibration with a comparable accuracy, hovever,

since the equilibrium point has not been characterized with respect %o




the purity, microstructure, and thickness of the sample, the width of

the region of iﬁdifference, the pressure direction of measurement, and

the variation of the eguilibrium point with respect to the relative
proportions of bismuth-I and bismuth-II present in the sample. The
pressure calibration point must be evaluated and considered in the

context of the solid-solid phase transformation upon which it is based.
General experience with high temperature'transformations shows that trans-
formations in the solid state are influenced by these factors mentioned
above., Characterization of the I-II eguilibrium point is therefore
important for the ultimate accuracy of hydrostatic pressure calibration,
rarticularly in terms of the current techniqﬁes which measure pressure
with a sensitivity of 1 bar. Hydrostatic pressure experiments were made

to bear on such a characterization. The technique which was experimentally
employed to investigate the region of indifference was as follows. The
sample potential was recorded for 15 minute intervals at conétant pressure.
After the completion of an individual sample trace, pressure wa; alteredA
either up or down in increments of 5 to 8 bars and the sample potential
was again monitored for about 15 minutes at each pressure. The rate

traces of sample poteﬁtiél vs. time were zero within the region of
indifference, positive for the II-I. transformation, and negative for the
I-IT transformation. The manganin resistance was measured at the beginning
and at the end of each trace and was monitored on the recorder simultaneous-
ly with the sample trace. Pressure was constant within 1 bar over the
Guration of each rate record of the sample. The I-II and II-I boundaries
of the region of indifference were noted as the pressvre at which the

sample rate trace deviated from zero in the negative and positive direction,
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respectively. The equilibrium pressure was.then taken at the center
of the region of indifference. By this procedure and with the sample
and manganin sensitivity employed, 20 bars was commonly measurced for
the width of the region of indifference. Thic is the smallest region
reported to date.

With respect to the equilibrium point the question arises as to
the existence of a pressure region or a éingle pressure value over
which or at which the transformation will reverse. Theoretically
there cannot be a siﬁgle value of pressure for the equilibrium point.
The bismuth I-II point is based on a solid-solid phase transformation
in which strain energy is a.thermodynamic Qariable. In the phase rule
sense, this extra degree of freedom means that the transformation must
occur over a range of pressufes at constant temperature instead of at
a single pressure as normally expected for a pure compound. W£ile
greater sensitivity than that employed in the present investigation
might reveal a region of indifference less than 20 bars, the region
of indifference will nevertheless not be zero. The small value of
20 bars, howevef, is favorable for utilization of the bismuth I-II trans-
formation for high pre;sure calibration. In terms of this discussion,
the nature of the region of indifférence is based on the strain energy
resulting from the volume change between phases I and II and this is

really the strain hysteresis for the bismuth I-II point.
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The nature of the region of indifference with respect to
pressure direction of measurcment was investigatéd with a polycrystalline
bismuth sample of six nine's purity-and 0.040 in. dia. Since the deter-
mination of an equilibrium pdint should be made by approach from egch
side of the equilibrium, theré are two possible ways in which the region
of indifference may be measursd: (1) I-IT in the up-pressure direction
and II-I in the down-pressure direction, and (2) I-II in the down-
pressure direction and the II-I in the up-pressure direction. Four
determinations were made by each method with 45 to 55 pércent bismuth-I
present in the sample for each determinatidn, and the results favored
the former procedure as employed by Bridgman. The width of the region
of indifference determined in this manner was 20 + 6 bars whercas a
region of indifference of 27 + 12 bars waé determined by the latter
procedure. The average of each set of four determinations'gave the
same absolute value for the center of the region of indifference for
each method of measurement.

If the region of indifference is a strain hysteresis as mentioned
above, then this regioh could be a function of the relative propbrtions
of bismuth-I and bismuth-II present in the sample. Consequently
measurement of the equilibrium point for high pressure calibration
might likewise be a function of the phase composition of the sample.

To examine this phenomena the region of indifferencc was measured at
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bismuth-I proportions betwsen about 20 and 80 percent with a poly-
crystalline sample of six nine's purity and 0.040 in. dia. In this
percentage range the widths of the region of indifference, about 20
bars in each case, overlapped. Fdr bismuth-I proportions betweéﬁ
about 20 and 60 percent the centers of the region of indiffercnce
were within about 5 bars of each other, however there appeared to be
a definite bias, about 10 bars, towards l§wer pressures for thc
neasurcnents at higher proportions of bisrmuth-I. This effect was also
observed for differcnt samples with larger grain size (single crystal)
and less purity (two nine's). In terms of the sensitivity of our
pressure and sample measurerents this bias appears to be rcal although
it is difficult to make such a conclusion with certainty for such
small pressure valucs in view of possible and unknown systematic errors
of measurement. Investigation of this point by other laboratories
seemé desirable. In any case it appears that highest reproducibility
(several bars) of the calibration point is achievcd when the pressure
is adjusted so that about 50 percent of phase I exists in the sample
when the region of indifference is measured.

As indicated abovz2, the région of indifference was investigated

as a function of the purity (six nine's vs. two ninz's), microstruc-

ture (single crystal vs. extruded polycrystal), and thickness (0.040 in.

dia. vs. 0.013 in. dia.) of the sample. The cenier of the region of

indifference was reproducible within + 3 bars with respect to
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-microstructure_ and thickness. Surprisingly, but favorable for
pressure calibration, there was very little difference between six
nine's and two nine's purity, the center of the region of indifference
being about 10 bars higher for the less pure sample. The widths of
the region of indifference overlapped for all samples. The most
noticeable elffect of these sample characteristics was that the width
of the region of indifference became abbut twice as large as a
function of sample thickness from 0.040 in, dia. to 0.013 in. dia.,
even though the center of the region was the same in each casc. This
width of the region was even 50 percent larger (about 70 bars) when
measured by method (2) rather than by method (1) mentioned earlicr.
For all samples except the latter, the width of the region of
indifference was about 20 bars.

The results described above have the following relevgnce to
hydfostatic pressure calibration with the bismuth I-II point. First
of all the calibration point is reproducible at least within_SO bars
regardless of pressure direction of measureﬁent, proportion of bisrmuth-I
in the sample (between 20 - 80 percent), and sarple characteristics
(within the sample variation investigated) of purity, microstructure
and thickness, except.for the wide region for very thin samples. With
the exception noted, all of these factors displayed their influence
within + 25 bars of the calibration point. The influence of these

factors on the nature of the I-II transformations has been assuned
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to be negligent in previous high pressure calibration, but these
factors have a basis in phase transformatiop theory and in eiperience
with high temperature transformations and it is comforting to have
experimental verification of the extent of their influvence. These
results further indicate that the absolute reproducibility and
accuracy for pressure calibration could be reduced to about + 5 bars
for the center of the region of indifference and to about + 13 bars
for the complete width of the region of indifference by employing a
pressure and sample sensitivity comparable (or better) than that in
this work and if the calibration is conducted starting with a pure
single crystal sample about 0.040 in. dia. and by measuring the region
of indifference after the manner of Bridgman with about 40-60 percent

bismuth-I present in the sample.

IV. The Barium I-II Point Under Hydrostatic Pressure

Most high pressure measurements above 40 kbar depend upon a
calibration curve based on the barium I-II point. The iﬁportance of
the point for accurate high pressure measurements is clearly evident,
particularly for pressures greater than 60 kbar. The barium I-II point
has been measured (Ref. 6, 7, 4, 8) with piston-cylinder devices and

rotating free-piston techniques and with tetrahedral apparatus and x-ray

techniques in conjunction with equation-of-state. In view of the present
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- uncertainty assqQciated with the calibration pressure for this trans-

formation, the hydrostatic pressure cell described earlier was
employed to provide an independent measurement of the barium I-II
point, this one with hydrostatic pressure and based on a calibrated
manganin pressure gage.

Pressure is hydrostatic to the extent that the viscosity of the
pressure medium permits a fast relaxation time for bulk stresses.
The pressure-transmitting medium in the hydrostatic pressure cell
was a 1l:1 volume mixture of normel- and iso-pentane in Yhich pressures
equalized by viscous flow through a prescribed capillary tube in times
of the order of seconds at 50 kbar and of minutes at 60 kbar (Ref. 5).
An gpproximate value of lO8 pqise at 60 kbars has been measured for
this pressure medium (Ref. 9). The pressures generated at the barium
I-II point were hydrostatic within this context.

The relative resistance change, A& r/ro, of a properly seasoned
mangenin coil was calibrated with pressure by means of a quadratic
equatioﬁ. |

P=A(Ar/r,) +B(ar/r,) .

. - B
whose coefficients A a®f' B were determined by a two-point calibration
with the accepted pressures and the measured relative resistance change
of the manganin coil for the mercury L-I (Ref. 10) and bismuth I-II

(Ref. 11) transformation at 25°C. At the barium point slow pressuriza-

tion rates were employed and adequate time for pressure equilibrium was
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ellowed. The manganin relative resistance associated with the region
of indifference of the barium I-II transformation was measured and the
pressures correspording to the width of the region of indifference
were calculated from extrapolation of the manganin calibration curve.
Using this same experimental and extrapolation technique, good agree-
nment was obtained for measurement of the thallium II-IIT calibration
point.

The width of the barium I-II region of indifference was 2.32'
kbars according to manganin. This vidth is appreciably larger than
the region of indifference measured with this same techniqﬁe for bis-
muth I-IT and thallium JI-III, and is probably a reflection, at least
to some extent, of the decreasing degree of "hydrostaticity" of the
pressure medium. Neverthelesé the pentane-mixture pressure medium
is éertainly more hydrostatic than the solid systems employed‘for the
barium I-II point, and the present measurement of the region of
indifference is the smallest repérted for this transformation. Accord-
ing to the usuel procedure the equilibrium pressure was determined
from the center of the region of indifference and was 56.27 kbars.
This value is 2.5 kbars lower than the presently accepted value of
58.8 kbars émploycd fof high pressurc calibration. Based on this data,
therefore, either the presently accepted equilibrium pressure for the
barium I-II transformation is high by about 2.5 kbars or the curvature

of the manganin curve changes quite sharply between 37 and 59 kbars.
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Several other recent measurements of this transfommation have indicated
that this calibration point should be lowered. Both of these measure-
ments, Sh.l kbar (Ref. l) and 55.0 kbar (Ref. 8), are still lower than
the value obtained on the basis of manganin.

The recsults presented earlier for the comparicon of the bismuth
I-II point in solid and liquid preésufé media have an interssting and
poteﬁtially significant impliecation for measzurement and calibration at
the barium I-II point. If the mechanism of ths barium I-IT transforma-
tion is one of therntally activated nucleation and grosth then, analogous
to phase transfomnation theory and verification in the case of bismuth
I-II, in solid pressufe systéms one would expect the real equilibriunm
point to be closer to initiation of the barium I-II transformation than
to the average of the I-II and IX-I iniﬁiation pressures, particularly
. in view of thé very wide pressurs interval neasured betireen these trans-

formations in the solid systems.
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Figure Captions

Schemati.c representétion of the relabtive resistance of“
bismuth for increasing and decreacing pru:isure in the
vicinity of the I-II calibraticn i -int.

Schematic reprecentation of the relative resistance of
bisuuth for increasing and decrezasing pr.:wre iu the
vicinity of the I-II calibratioa point under hydrostatic
pressure.

Location and coiparison of the equilibriua point in solid
and liquid pressure transmitting mcdia for the bisimth
I = IT transfornations.
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