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ABSTRACT 

Hydrostatic pressure experiments were made which have new and 

important relevance 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 transfonnations ,-rere 

characterized and the mechanism of the solid-state reactions was re­

lated to pressure calibration. The strain hystere'sis commonly asso­

ciated with the bismuth I-II point was shmm to be invalid and was 

alternatively explained on the basis of a thennally activated 

nucleation and grolTth mechanism ~Thich was demonstrated to govern these 

transformations. With hydrostatic pressure initiation of the I-II 

transformation was observed as 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 

42 hours were observed for completion of the transformat ion ,,,i t l;l very 

thin samples. Under hydrostatic pressure the bismuth I-II equilibrium 

point was not midway between the initiation of the I-II and 11-1 

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 equili bri urn point coincided vi th 

the initiation of the I-II transformation which should be employed 

as the pressure calibration. point. The bismuth I-II region of 

indifference vTaS 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 ,·ras measured at 56.27 kbar 

on the basis of a manganin gage under hydrostatic pressure. 



I. INTRODUCTlON 

The current hiBh pressure scale is based upon fixed-point pressures 

of solid-solid phase transforI~tions. Although the bismuth I-II point 

at 25.380 kbars at 250 C is fundamental to the high pressure scale and 

is universally employed for high p!'essure calibration, very little work 

has been done to characterize the nature of the 1*'11 phase transforma­

tions upon which the fixed-point calibration pressure is based. · In Vie'il 

. of experience and theory on the variable nature of solid-solid phase 

transformations such a characterization and relation to the calibration 

p!'essure is "rarranted both for hydrostatic p.cessurc systems which cali­

brate on the equilibrium point and for solid pressure systems which cali­

brate on the initiation of the trans formations. This is p<'1rticularly 

important for ultirr.ate accut'EICY 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 der;ree of sensitivity of pressure . l-Iore practically 

important at the present time is the resolution ill ~erms of phas.e 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-II and barium I-II points on the high pressure scale. In 
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view of the large aITDunt of information which resulted from these experi -

ments, the important r esults pertinent to pressure calibration and the 

goals of this conference are presented in the manuscript in summary f orm. 

More elaborate discussion and experimental detail will be orally presented 

and wi~l be subnutted to J. Phyn. Chern. Solids in the near future. 

To place the results of the present paper in context it is helpful 

to briefly revie,., the present concept of the bismuth I-II and 11-1 t rans-

formations. A perusal of the literature reveals that the general nature 

of these transformations, whether examined by means of electrical r esistance, 

volume change or x-ray measurements in either liquid or solid pr essure 

transmitting systems, can be schematically depicted as in Figure 1 f or 

the vicinity near the calibration point. With increasing pressure on a 

sample composed competely of bismuth-I, the I-II transformation in~tiates 

at a pressure corresponding to A. After sufficient overpressurization 

to completely convert all bismuth-I to bismuth-II, decreasing pressure 

causes the 11-1 transformation to initiate at a pressure correspondi ng to 

B which is substantially lower than A. Both transformations occur 1so-

barically in liquid systems but may have to be pressurized to completion 

in solid systems. Thus the transformations to completion, C and D, exist 

as illustrated for solid systems but are vertical for liquid syst ems. The 

pressure interval between points A and B is commonly denoted as a hysteresi s 

for the transforrrations. In liquid systems this pressure interval has been 

reported to have an average value of about 0.71 kbar (Ref . 1), whereas in 

solid systems the value is 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 transforrrations 
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can be made to reverse over a much ' smaller pressure range near the 
. 

equilibrium pressure if the hysteresis is entered, either by reducing 

pressure during the I-II transformation or by increasing pressUre during 

the 11-1 transformation, so that both phases are in intimate contact. 

In his liquid system Bridgman (Ref. 2) measured a pressure ·~ange of 

about 60 to 100 bars ylithin which the transformation ;'lould not percept-

ibly run in either the I-II or the 11-1 direction and denoted thi s 

pressure range as the region of indifference. It is generallYl'ls'sulned, 

priwzrily because of a lack of data, that the equilibrium pressur e, E, 

is situated half;'lay beti-recn the pressures at ;'lhich t he I -II and 11-1 

transformations occur when measured either at the hysteresis or at the 

region of indifference. Several investigators (Ref. 3, 4), however, have 

stated that such an occurrence·~tght not be true with respect to the 

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

3 



II. EXPERTHENTAL 

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 volmnc, 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 ahrays 

made on manganin and also on the samples whenever possible. The resistance 

-
of the manganin coil was measured with a Leeds and Northrup Hodel 8069 G-2 

l-1ueller Bridge ",ith a sensitivity of ::0.1 mohro 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 250 C) manganin gage. Relative pressures from an uncalibrated 

mangan~n coil sufficed for the examination of qualitative features of the 

mechanism of the bismuth I-II and II-I transformations. The sample 
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parameters investigated were purity (six nine J s vs. t"TO nine IS), micro­

structure (single 'crystal vs. po~crystal), and thickness (0.040 in. dia. vs. 

0.013 in. dia.). Samples were monitored with a sensitivity o~ at least 0.1 

per cent either by means o~ a Keithley Model l50A microvolt-ammeter with 

the output recorded on a Varian Model G-ll strip chart recorder, or directly 

by means of a four-channel Model 240 Brush oscillograph-recorder. In order 

to avoid heating the samples, the current level was adjusted such that the 

povTer through the sample vas kept at approximately 1. 54xlO-5 watts. Temper­

ature was measured to 0 •. 001 C by means of a platinum resistance thermometer 

immersed in a well 0f water which made contact through a brass plug with 

the anvil bearing on the pressure cell. Temperature corrections to 250 C 

were applied ~or the resistance of manganin and for the temperature 

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

III. THE BISHUTH 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 calibra~ion procedures are generalllf en~loyed 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 ~n 

the other procedure both the I-lI and 11-1 trans~ormation pressures are 

measured and the calibration point is associated with point E in Figure 1. 

Obviously these are different calibrations, and 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 
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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-II point, but each 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 obviou$ 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 11-1 transformations 

and the basis of the hysteresis. Actually, results published in the 

literature appeared to indicate a nucleation and gro'~h type of mechanism. 

Also, our general experience with multiple cycles in the hydrostatic 

system failed to reproduce a closed loop with respect to resistance or to 

reproduce either boundary "lith respect to pressure and cast additional 

doubt on a fixed strain basis for the nature of the hysteresis A-B as 
. 

represented in Figure 1. ' It was of particular interest to determine 

'\olhether or not this prespure hysteresis "ras real, i.e, if the initiati on 

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 gro"~h 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 '\o18S 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 bislUuth-I at constant 

pressure and temperature beloi" that represented by point A in Figure 1, 

the I-II transformat ion initiated as a function of kinetic time. The 

observation of waiting periods prior to initiation of the I-II and 11-1 

transformations at constant temperature and pressure '''ithin the aprarent . 

hysteresis has been noted numerous times for the I-II transformation 

and also for point B and the 11-1 transforr.1ation. Furtherr"ol'c the 

pressure coefficient of the rraiting periods for the I-II transformation, 

for eXBJ'lple, ivaS consistent with a thermally activated nucleation and 

growth mcc:1mnism; 10nc;er "raiting periods "rere observed for lover 

pressuxes tmrard the equilibrium pressUl'e. For the I-II transfo1.'rw.tion, 

point A '\-ras located '\-ri th a very slow pressurization rate of 1 bar/minute 

and then on different cycles pressure was maintained constant at various 

lover values. Haiting periods as long as 15 hours at constant pressure 

and temperature rrere measured prior to initiation of the I-II transforma­

tion. The imiting periods can be explained as a direct consequence of 

the kinetic time for nucleation of the new phase in a solid state trans­

formation. In the vicinity of 150 to 200 bars over the equilibrium 

pressure, the pressure coefficient of the vaiting periods appeared to be 

very large, about -6 minutes/bal'. The '\-raiting periods for the 11-1 trans­

formation did not vary in a consistent manner with hydrostatic pressure. 

The initiation pressure of this transformation appeared to be dependent 

on the pressure with '\-rhich the I-II transformation was overpressurized • 

. Hydrostatic pressure eA-periments in which several different samples 

were sinrultaneously examined and recorded shoved very clearly that the 
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transformation behavior was a function of sample purity, microstructure, 

and thickness. At constant pressure and temperature, appreciably 

different waiting periods for initiation of the I-II transformation ~Tere 

observed for different samples. Also, the tilT/~ S required for complete 
~ 0 

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 Im-Ter holding pressure in accordance with a nucleation 

and growth mechanism. Dramatically slow transformation rates ~Tere 

measured for very thin samples. For example" a .. bismuth strip sample 
;".'..;.;:; . 

o.oooh in. thick required about lt2 hours for complete transformation, 

whereas under the same conditions in the same .experiment a bismuth strip 

sample 0.011 in. thick transformed completely in 1 hour. In the litera-

ture, "sharpness" of the transformations is sometimes invoked. as a 

criteria for "hydrostaticity" of pressure, but the role of kinetic time 

in a solid-solid transformation must not be overlooked. Even though the 

transformations occur isobarically in a hydrostatiC pressure system the 

transformations may be ve~J sluggish with respect to kinetic time. The 

slmT transformation rates are further support for a thermally activated 

nucleation and grm-rth mechanism. The fastest init:i.ation and transforma-

tion rates YTere obser-ved with thick {o.oho in. dia.) polycrystalline 

samples. 

All ev:i.dence 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 actually an apparent hysteresis due to a large 

activation energy for nucleation and/or gr01·rth and the sluggish rates of 
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a solid-solid phase transformation. This apparent' hystereis is variable 

with respect to kinetic time, pressurization rate, and sample character­

istics. The assun~tion 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 "TaS fotmd ,\-lith a slow and constant pressurization rate and 

was then .entered as described earlier ·for the measurement of the region 

of indifference v,ithin '\-'hich is the equilibrium and calibration point . 

The region of indifference was not at all midi-ray between the initiation 

pressures of the I-II and 11-1 transformations but was located appreciably 

toward the I-II side. The calibration point, E, was about 150 bars beloi-l 

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 11-1 transformation, point B, 

"Tas not reproducible on different pressure cycles and. after completion of 

this transformation the initial bismuth-I resistance i-TaS not recovered. 

Additional evidence of the variable nature of pOint B is shoi-Tll in the next 

section. 

Superficially these 'results have serious and detrimental implications 

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, hOvlevcr, a nucleation and growth mechanism in the context 

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

The observed waiting periods at cons~ant pressure and temperature nEy be 
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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, lover the activation enere;y for nucleation, and 

facilitate the nucleation rate of the ne\'l phase. Clearly a scratching 

and grinding ef~ect on the bismuth sample can ~e expected from the 

solid pressure medi~~ and this would tend to eliminate the waiting 

periods observed illlder hydrostctic 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. Eviuence that this corre­

lation is valid is presented in the next section. 

B. Correlation of the Calibration Point BctW'een Liquid and Solid. 

An experiment was. designed to test the transforrra tion hypothesis 

just mentioned in the previous section. An experiment in the hyd~ostatic 

pressure cell was conducted with t\-1O identical bismuth samples: one 

sample \'TaS directly exposed to the pentane-mi:h.-ture pressure medium and 

the other sample vms completely embedded in an epoxy solid (about O.Ol~O 

in. "rall thic]mess) which in turn was directly exposed to the same 

pentane-mixture pressure medium'. These samples vTere simultaneously 

examined in the saw£ experiment and gave a direct comparison of the 

bismuth 1*11 transformations for a specimen subjected to a hydrostatic 

pressure and one subjected to a solid pressure transmitting medium. The 

samples were first pressure cycled ",1 th a slo,.;, constant press.urization 

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

for both samples. In cycling the samples, pressure "TaS taken well beyond 
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the bismuth II-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 "'hich was 

directly exposed to the hydrostatic pressure ~~dium. 

The correlation of the bismuth I-II equilibrium point within the 

apparent hysteres.is for liquid and solid pressure transmitting media is 

schematically illustrated in Figure 3. The eq1:rllibrium point, E, measured 

with the sample in the liquid medium corresponded within a few bars to the 

pressure, AS' at which the bismuth ~-II transformation initiated in ·the 

sample which "TaS embedded in the solid pressure transmitting medium. 

Verification of the theory of the mechanism of. the transformation was 

obtained and these results provided strildng correlation between liqui d 

and solid pressure systems for'pressure calibration at the bisrauth I-II 
. . 

point. The hysteresis observed ip solid pressure systems is completely 

one-sided towards the 11-1 transformation. In solid pressure systems 

calibration should be conducted ,nth a slow pumping rate and should be fixed 

to the initiation of the bismuth I-II transformation. 

This phenomena was investigated in another experiment in which a AgCl 

pressure transmitting medium was employed. The same effect was clearly 

evident although it was less pronow~ed than for bismuth in epoxy. Compari-

son of the transformation curves from initiation to 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 

nucleation mechanism in which nucleation of the new phase was acceler ated 

by the pressure medium which was more non-isotropic, i.e., from penta'ne t -6 
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AgCl to epoxy. Initiation of the I-II transformation occurred at the 

highest pressure, AL, for the bismuth sample in the liquid medium. The 

11-1 transformation, D, v~dS very fast in all cases but the initiation of 

this transformation, B, occurred at a much lower pressure when the 11-1 

transformation was preceded by the II-III transformations in the pressure­

cycle. In this case the equilibrium point, E, vTaS located about the 

same pressure interval belm., AL as '\-Then "the II-III was not included in 

the pressure cycle, but liL-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 presstITe calibration in hydrostatic pressure systems. 

According to Bridgrn,an (Ref. 2) -the rcsion of ina,ifference is measured as 

the pressure range over "rhich 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 vvith 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 reverse over a pressure'range less than 100 bars. 

Although hydrostatic pressure systems ' comprise the minority of pressure 

apparatus in cu~rent use, there are an increasing number of laboratories 

utilizing these systems in which small pressure changes of about 1 bar 

can be measured v~th a manganin pressure gage. This precision cannot be 

utili~ed for pressure calibration with a comparable accuracy, hOi-rever, 

since the equilibrium point has not been characterized vvith respect to 

12 



• 

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

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

the variation of the equilibrium point w~th 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 "'hich it is based. 

General experience ,nth high temperature trensfor~tions shows tr~t trans­

formations in the solid state are influenced by these factors mentiol}ed 

above. Characterization of the I-II equilibrimu point is therefore 

important for the ultimRte accuracy of hydrostatic pressure calibration, 

particularly in terms of the current techniques .. rhich measure pressure 

with a sensitivity of 1 bar. HYdrostatic pressure experiments were made 

to uear 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 constant pressure. 

After the completion of an individual sample trace, pressure was altered 

either up or d01m 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 potential vs. time were zero within the region of 

indifference; positive f,or the 11-1 transformation, and negative for the 

I-II transformation. The rranganin resistance was measured at the beBinninG 

and at the end of each trace and .. ras .monitored on the recorder simultaneous­

~ with the sample trace. Pressure was constant 'nthin 1 bar over the 

duration of each rate record of the sample. The I-II and 11-1 boundaries 

of the region of indifference were noted as the pressure at which the 

semple rate trace deviated from zero in the negative and positive direction, 
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respectively. The equilibrium pressure ",as thE!ll taken at the center 

of the region of indifference. By this procedure and with the sarople 

and manganin sensitivity employed, 20 bars '-TaS commonly measured for 

the width of the region of indifference. Th;l,r.: is the sma.llest region 

reported to date. 

\iith respect to the equilibrium point the question arises as to 

the existence of a pressure region or a single pressure value over 

which or at "rhich the transformation "Till reverse. Theorctically 

there cannot be a single value of pressure for the equilibrium point. 

The bismuth I-II point is based on a solid-solid phase transfoITu4tion 

in which strain energy is a thern~dynamic variable. In the phase rule 

sense, this extra degree of freedom means that the transformation must 

occur over a range of pressures at constant temperature instead of at 

a single pressure as normally expected for a pure compound. 'Vhile 

greater sensitivity than that employed in the present investigation 

might reveal a region of indifferencc 4.ess than 20 bars, the region 

of indifference will nevertheless not be zero. The small value of 

20 bars, however, is favorable for utilization of the bismuth I-II trans­

forrriation for high pressure calibration. In terms of this discussion, 

the nature of the region of indiff~rence is based on the strain energy 

resulting from the volULle change bet"lcen phases I and II and this is 

really the strain hysteresis for the bismuth I-II point. 
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The nat.ure of the region of indifference with respect to ' 

pressure direc tion of n:easurement "TaS investigated with a polycrystalline 

bismuth sample of six nine's purity and 0.040 ·in. dia. Since the 'deter­

mination of an equilibrium point should be made by approach from each 

side of the equilibrium, there are tvo possible ways in vThich the region 

of indifference may be measured: (1) I-II in the up-l,ressure direction 
, . 

and 11-1 in the dmm-pressure direction, and (2) I-II in the down-

pressure direction and the 11-1 in the up-pressure direction. Four 

determinations ",ere made by each method ui th h5 to 55 percent bisrirUth-I 

present in the srunple for each deter-.nination, and the results favored 

the former procedure as employed by Bridgman. The width o:f the region 

of indifference determined in" this manner was 20 + 6 bars ,.,hereas a 
. . . 

region of indifference of 27 ~ 12 bars was determined by the latter 

procedure. The average of each set of four dete~~nations gave the 

same absolute value for the center of the reeion of indifference for 

each method of measurement. 

If the roeion of indifference is a strain hystereSiS as mentioned 

above, then this region could be a function of the r elative proportions 

of bismuth-I and bismuth-II present in the srunplc. ConsequcntJy 
. . 

measurement of the equilibriunl point for high presGure calibration 

might like"rise be a funct10n of the phase composition of the sample. 

To examine this phenomena the region of indifference vas measured at 
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bismuth-I proportions between 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 \Tidths of the region of indifference, about 20 

bars in each case, overlapped. For bismuth-I proportions betioTeEm 

about 20 and 60 percent the centers of the region of indifference 

were within about 5 bars of each other, hovever there appeared to be 

a definite bias, about 10 bars, tmmrds 101-rer prescures for the 

measurements at higher proportions of bismuth-I. This effect vTaS also 

observed fOT different samples ,-Ti th larger grain size (sinC;le crystal) 

and less purity (tlTO nine's). In terms of the sensi ti vi ty of our 

pressure and srunple measurer,lents this bias appears to be real although 

it is clifficu..lt to make such a conclusion ",ith certainty for such 

small IJressure values in view of possible and un!;.nO\.'l1 nystemat;i..c errors 

of measurcl1lent. Invc$tigation of this point b~' ot.her laboratories 

seems desirable. In OIly case it appcar~ that highest reproducibility 

(several bars) of the calibration point is achiev~d "Then the pressure 

is adjusted so that about 50 percent of phase I exists in the sample 

when the region of ind;i.fference is measured. 

As indi:: ated abov·S!, the region of indifference Has investigated 

as a fu..'1ction of the purity (six. n:i.ne t s vs. tvo nin-:;: ' s), microstruc­

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

din. vs. 0.013 in. eli a.) of the fw.mple. The cen~er of the region of 

indifference was reproducible within ~ 3 bars with respect to 

16 

• 



.. 

- microstructure. and thickness. Surprisingly, but favorable for 

pressure calibration, t?ere \-Tas very _ little ,differenc_e betHeen six 

nine's and tyTO 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 effect of these sample characteristics "Tas that the Hidth 

of the reGion of indifference became about twice as large as a 

function of sample thickness from O. CY+O in. dia. to 0.013 in. dia., 

eyen though the center of the region ",as the srune in each case. This 

width of the region "'as even 50 percent larger (ab:)ut 70 bar::» '\;hen 

measured by r,le t.hod (2) rather than by method (I) reentioned earlier. 

For all samples except the latter, ,_the Yr.i_dth of the region of 

indifference was about 20 bars. 

The results described above have the following relevance to 

hydrostatic pressure calibration ,dth the bismuth I-II point. First 

of all the calibration point is reproducible at least ylithin 50 bars 

regardless of pressure direction of measureoent, proportion of bismuth-I 

in the sample (betweep 20 - 80 percent), and sar.~le characteristics 

(wi thin tr:e sC'Jl1l)le variation inves-t.igated) of purity, microstructure 

and thic}~ess, except for the mde region for ver:! thin sa-rnples. vTi th 

the exception noted, all of these factors displayed their influen:::e 

mthin ~ 25 bars of the calibration point. The influence of these 

factors on the nature of the I-II transformations has been asstrr.1ed 
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to be negligent in previous hieh pressure calibration, but these 

factors have a basis in phase transfon~ation theory and in experience 

with high temperature transfonJations and it is comfort~ng to have 

experimental verification of the extent of their influence. These 

results further indicate that the absolute reproducibility and 

accuracy for pressure calibraGion could be reduced to about ~ 5 bars 

for the center of the region of indifference and to about ~ 13 bars 

for the complete ,·ridth of the region of indifi'erencc by employing a 

pressure and sruJlple sensitivity comparable (or better) than that in 

this work .and if the calibratio:1 is conducted starting "rith 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. ~he Barium I-II Point Under Hydrostatic .Pressure 

Most high prefJsure measurements above 40 }~bar depend upon a 

calibration curve based, on the barium I-II point. The importance of 

the point for accurate high pressure measurements is clearly evident, 

particuJ.arly for prcssures greater tha...'1 60 kbar. Thc barium I-II point 

has been measured (Ref. 6, 7, 4, 8) "rith piston-cylinder devices and 

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

techniques in conjunction with equation-or-state. In vie", of the present 
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uncertainty assQciated with the c~i~ration pressure for this trans-

formation, the hydrostatic pressure cell described earlier was 

employed to provi~e 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 1:1 volume mixture of normal- and iso-pentane in which pressures , 
equalized by viscous flow through a prescriQed capillary tube in times 

of the order of seconds at 50 kbar and of minutes at 60 kbar (Ref. 5). 

An approximate value of 108 poise 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, ~ r/ro' of a properly seasoned 

manganin coil was calibrated with pressure by means of a quadratic 

equation. 

• p; 

whose coefficients A '~'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 



allo,ved. The ruanganin relative resistance associated with the region 

of indifference of the barium I-II transformation "ras measured and the 

pressures corresponding to the ",idth of the reeion of indifference 

were calculated from extrapolation of the manganin calibration ClL.""Ve. 

Usine; this same experimental and extrapolation technique, good agree­

ment was obtained for measurement of the thalliwn II-III calibration 

point. 

The "idth of the barium I-II region of inclifference "Tas 2.32 

kbars according to ma'1gan:i.n. This ITidth is appreciably larger than 

the region of indifference measured irlth this same technique for bis­

muth I-II and thallium II-III, and is probably a reflection, at least 

to some extent, of tbe decreasing degree of Ithydrostaticity" of the 

pressure TflGdium. Hevertheless the pentane-mixture pressure roed:}.um 

is certainly 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 reported for this transformation. Accord­

ing to the usual procedure the equilibrium pressure was determined 

from the center of the region of indifference and ~as 56.27 kbars. 

This value is 2.5 kbars lm-ler than the presently accepted value of 

58.8 kbars employed for hieh pressure 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 ruanganin curve changes qui tc sharply between 37 and 59 kbars. 
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Several other recent measuremf.mts of this transfonnation have indicated 

that this calibration point should be lO';>1t:~red. Bot,h of these measure-

ments, 54.h ~bar (R~f. 4) ~md 55.0 kbar (Ref. 8), are still lower than 

the value obtained on the basis of mang?-nin. 

The results pres ented e~rlier for · the . COlllpD.rison < of the bismuth 

I-II point in solid and li9,uid pressure media h3.ve an interesting and 

potentially significant Lr"plicnt:i.on for measurement and calibra.tion at 

the barium I-II point. I.f the mechanism of thE) bu.ri um I-II ·tramforma-

tion is one of the:ml.ll1y activated nucleation antl grmth then, analogous 

to phase trarlsfo:nnation theory and verification in the case of bismuth 

I-II, in solid pressuro sys tems one l·:ould expect. th! ~ real o.quilibrium 

point to be closer to initiation of the bp.riU!ll I-II tra.nsfonnation tha.'l 

to the aV8rage of the I-II and 11-1 initiation p:re3~UrGS, part:i:cularly 

in vie,,! of the very. Hide pressure interval measured. bet~~een .these trans-
~, '. 

formations in the solid syste~G. 
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Figure 1. 

Figure 2. 

Figure 3. 

Uf-C () \1M-DC-NB S 

Figure Ca.ptions 

Schel:Latlc representation of the rel~tive reslstance of 
bismuth for increa.sing and docrea~dng pr.:<1 sure in the 
vicinity of t.'rJ.e I-II calibr~tion 1 "~ ,into 

Schematic rapre~entation of the rel:~t.:tv0 resi~tance of 
bislIIUth for increas :ing and decre3.sin6 Pl" ," f; lU1'9 :iH the 
vicinity of the I-II calibration point nr,'l Gr hydrost(\tic 
pressu:..~e . 

Location lmd cO;0.pal'ison of the eq'l.:'.:lllbd n ~ l point in solid 
and 1iquld prE' -; [:iUl'O tl'a.'1Smit.tins media f or the bis,~1uth 

I .~ II t l'ansfor:nations. 
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