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Abstract. A free piston gage capable of measuring pressures to 60 kb hns been constructed. 
The ballic elemcllt of the gnge is a supportrd clIJ'bide vessel entered by It rot :llil1g piston. With 
this apparatus the prc~ ,ure:s of various t· 1l1sitions have been determined with fnir preci~ion. 
We find the followin g preSSl1res: Tefloll, 5.43 kb; AgNO, I-AgXO. II, 9.i8 kb; 1(1 l-KI II, 
17.4S kb; KDr I-KBr II, 17.SS kb; KCI I-ECI II, 19.28 kb; KCN I-KCN II, J 9.72 kb; Ice VI­
Ice VII, 21.42 kb; AgNO, lI-AgXO, III, 212 kb; Cs I-Cs II, 22.6 kb; Bi I-Bi II, 25.38 kb; Di 
II-Di III, 26.92 kb; Tl II-TI III, 36.69 kb; Te I-Te II, 40.12 kb; Cs II-Cs III, 41.7 kb; Ba 
II-B:\ lII, 59 .6 kb. These results nrc in close agreement with earlier measurements of discon­
tinuities in volume mnde by Bridgman. 

INTRODUCTION 

A number of Dew lligh-pressure devices and 
systems h:lYe been described within the last few 
years. Among these arc the tetrahedral am'il de­
"ice of IIall [1958J, the piston-cylinder device 
de5cribed by Boyd and England [1960], and the 
belt ap,mratllS dc~cribed by Hall [1960]. Cer­
tain fixed pressure points are needed for the 
evaluation of friction in these and related types 
of. apparatus. Without a number of fixed pres~ 
sure points, it is exceedingly difficult to correlate 
force on a ram with pressure inside a pressure 
vessel. 

Most recent pressure calibrations have been 
based on the di~continuities in electrical resistiv­
ity at polymorphic fixed points in various metals, 
ns determined by B1"idg11lan [1952]. Unfortu­
nately Briclgman's 1952 data on discontinuities 
in electricnl resistiyit.y, with the exception of the 
Bi I-Bi II transition, do not agree with his 
own previously determined data for volume dis­
continuities. r-.fost of Briclgmnn's electricnl meas­
urements of polymorphic discontinuities were 
obtnined in a piston-am'il device, whereas his 
mensurements of volume discontinuities were 
obtained in a piston-cylinder deyice. Boyd and 
ElIglalld [1960] redetermined the Tl II-Tl 
III trnnsition pressure by electrical measure­
mrnts. Their value of 37 kb is some\yhat lower 

1 Publication 222, Institute of Geophysics nnd 
Planetary Physics, University of California, Los 
Angeles 24, California . 

than the value reported by Brid(J/Ilan [1952, 
1935] by both electrical nnd volume discon­
tinuity llleaSll1'ements. Our new determination 
of the transition pressure of thallium, by yolume 
measurement, elosely agrees with that of Boyd 
:\!ld England. ~ 

Our own experimental appnratus and tech­
niques as well as some preliminary results have 
been previously described [Kennedy alld La 
Mori, 1961] and will not be repeated here. 

EXPElU~[ENTAL RESULTS 

Results of our new experiments are shown in 
Tables 1 and 2. Insofar as the temperature co­
efficient of the transition was known, all runs 
were corrected to 25°C. 

Corrections of our rough values were ronde 
for tbe weight of the main ram. No corrections 
were made, however, for tile dilation of the ram 
cylinder or of the high-pressure piston. These 
corrections have been evaluated and lie well 
within the uncertainty of the method. Correc­
tions applicable to a free piston gage arc cli. ­
cussed at length by Johnson alld Newhall [1953]. 

Table 1 shows a. mean value and a best value 
for the pressure for each transition studied. Our 
mean value is the average of the means for the 
various experiments. These menns for the vari­
ous e:\"periment~ were determined by averaging 
the up-stroke transition pressure and the down­
stroke transition pressure. Our best value was 
selected in a di/)"erent fashion. It was assumrd 
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• TABLE 1. Expcrimrll t.:d Data for Ench Transition TABLE 1. Continued 



• TABLE I. K"l'l'liIlH' lI t:d )Ja ta for Eli ch Tr:t llsiLion TAnLE 1. Continucd - --- ----
Up Down Mcan Up Down Mean Correctcd Corrcct('d Pressure, Corrected COI .. 'ctcd Pressure, Pressure, Pressure, bars Uncertainty, Pressure, Prc,,;~ ure, bars Unccrtaillty, bars bars (at 25°C) bars bars bars (at 25°C) bars 

Bismuth I-Bismuth II 
1{] 1-1(1 II 25, 480 25,370 25,425 ±55 17,720 17,151 17, '1-10 ±200 25,375 25,285 25,330 ±.J5 17,772 17 ,2-11 17 ,505 ±265 25,535 25,380 25,4GO ±80 25,615 25,2-J5 25,430 ±185 Mean 17,470 ± 280 25,520 25,300 25,410 ±110 

Best value 17,485 ± 2-10 25,480 25,300 25,300 ±OO 25,422 25,350 25,385 ±35 
AgNO. I-AgNO. II ~.~r~25 ,~05' ~-8{)~ 10,807 8,260 0,538 ±1300 '"~~~ , -~ 10,2-16 Best valu~~~ 

10,813 9,307 10,060 ±750 
Bismuth II-Bismuth III 

Mean 9,800 ± 1000 27,157 26,78·1 26,0i2 ±185 
Best value 0,775 ± 470 27,144 26,770 26,057 ±185 27,171 26,756 26,9G·1 ±205 

Ag:-\O. II-AgNO. III 27,171 26,743 26,956 ±21O 
23,075 . 20,810 21,9-13 ±11:l0 Mean 26,962 ± 105 21,508 20,105 20,854 ±750 Best, vulue 26,065 ± 180 . Mean 21,400 ± 940 

Thallium II-Thallium III Best value 21,200 ± 400 
36,835 36,535 36,G85 ±150 

Teflon II-Teflon III 36,805 36,585 36,695 ±1l0 
5,642 5,338 5,490 ±150 Mean 36, GOO :l:: 100 bars 

5,280 
5,529 5,286 5,407 ±120 Cesium I-Cesium II 

23,250 21,950 22,600 ±600 Mean 5,450 ± 135 

Cesium II-Cesium III Best value 5,430 ± 95 
42,700 40,750 41,700 ±1000 Ice VI-Ice VII e 43,350 40,450 41,000 ±1400 21,462 21,310 21,386 ±75 

Mean 41,800 ± 1000 bars 21,533 21,370 21,452 ±80 

.. Best value 41,725 ± 1000 bars Mean 21,420 * 75 

KCI I-IWI II Best value 21,416 ± 45 

19,488 18,806 19,192 ±295 KCN II-KCN IV 
19,551 19,062 10,307 ±245 20,154 19,282 19,718 ±435 '19,504 18,951 10,227 ±280 20,167 19,172 19,670 ±500 

Mean 10,2'10 ± 270 
Mean 10,695 :l:: 465 

. Best value 10,275 ± 210 Best value 19,720 ± 430 
KBr I-Imr II 

Tellurium I-Tellurium II 17,997 17,3!J2 17,G94 ±300 43,538 36,693 40,125 ±3500 ·17,939 17,566 17,752 ±100 44,030 36,361 40,195 ±3800 17,987 17,820 17,900 ±80 
Mean 17,782 ± 100 Mean 40,160 ± 3600 

Best value 17,880 ± 60 Best value 40,120 ± 3500 
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th:l t the trllc tr:1 n ~ ition pres:<lIrc mll~ L Jie sOl11r- proxim:ltely the uncertainty in reading OIlT 

where bclo\\" the lowe~ t t rnn~ition pressure ob- Heise-Bou rdon tube gngc wh ich moni tored the 
t:lincd on the up-stroke and somewhere nbove oil pressure . lc--mn~~1iol) 
(he highcst, trnnsition pressure outained on thea's-"lIl excellent ngreement with flrid(j IllQIl'S 
down-stroke. We h:l\'e ~akell the a.\'erage of U21.9~.L ue.; t \'olull1r-n}rn:<urement \'alue of 
thr;:e t\\"o \'n lues to obtam our best \'alue. The !251J.~0 ~:lI'S corrcc trcl to 2.i OC. } 'he fri ction on 
difirrrl1re bC't~\'rrn lI\1-1'troke and down-stroke BridgJll:1n's runs ranged froll1 4 to pcr cent, 
f r:1l1. it ion prr:;-:;-\lTes depcnd.'i very much on thc howc\,cr. The close agrccmrn t brt wccn the t\\'o 
mntrrin l inyoh·ed. Certain substanccs with ex- results is due to the fact that the fri ction i .. 
t rrl11rl)' sluggish transitions, such as tellurium, 'symmetrical'; i.e., up-stroke ami down-st roke 
~ho \\'cd \'Cry large hystercsis loops eYCIl after fri ction nrc the 1'amr, and thus Hridgmnll's mid­
rx(cnded piston rotation oyer a long time inter- point with large friction is vcry clooe to our 
val. The uncertainty we cite for ench value in- free-piston value for which friction is almost en­
dicates ·the breadth of the hysterrsis loop. Ho\\,- tirely relieved . 
C\'er, with the assumptions that residual friction The Bi II-Bi III trnnsition occurs at 20,975 
is rrn1'onably symmetrical and that the hystere, ± 190 bars. The mean of four determinations of 
sis loop is reasonably s)mmetrical around the this pressure is the 1'ame. This value is also in 
true value of the tran1'ition pressure, our best close agreemrnt with Bridgman's []O .. IO] vallie 
value is probably milch e10Eer to the true transi- of 26,540 bars. Bn'd(1man [] 9521 reported simi­
tion pressure than is indicated by the plus or lar values for the Bi II-Bi III trnnsition de­
minus uncertainty. In almost all cases our best termined by electrical rrsist ivity lIlea1'urrll1ents. 
value lind the mean value of the variolls de- Thallium. A supply of thallium was obtained 
terminations are fairly clo~e to each other. from the American Smelting and Rrfining COII :-

Bismuth, The bi~muth u~ed in the e:-'l)eri- pany. It has a stated purity of 09.95+ %. The 
ments was supplied by the American Smelting impurities detectable by ~t:1I1d:1rd spectl'ogrnph ic 
and Refining Company and had a purity of methods are Pb < O.OOV%, Cu < 0,0004%, Fe 
99.999%. Stated impuri tir::: , as determined by < 0.0001%, and Bi < 0.0001 %. The thallium 
standard spectrographic mcthods, arc j\Ig < metal was jacketed in a thin-walled steel tube 
0.0001 %, Pb < 0.0001 %, Fe < 0.0001 %, Cu because of the very deleterious effects of thal-
< 0.000] %, and Ag < 0.0004%. liUln on the carbide high-pressure coutainer. Our 

The Bi I-Bi II transition was readily de- value for the Tl II-TI III transition prc~sure 
termined. This tran~ition occurs exceedingly is 36,690 ± 100 bars. This determination is in 
rapidly. Only a frw minutes arc required until good agreement with Boyd and England's []900] 
equilibrium is reached. It contrasts sharply with electrical measurement of 37.1 kb. It is S0111e­
the Bi II-Bi III transition, which appears to what lower than Brid(1man's [1935, 1952] \'01-

be very sluggish and is thus much more difficult ume measurement of 41 kb and his electrical 
to determine. The mean transition pressure of measurement 9f 44 kb. 
Bi I-Bi II is 25,405 ± 80 bars. All seven de- Cesium. Our supply of cesium was obtained 
terminations of the pre~sure lie well within the from the American Potash and Chrmical Com­
uncertainty. pany. It had a stated purity of 99.0 per ccnt 

Bismuth was the only ' matrrial studied in with determined impurities Rb ' = 0.5%, K = 
wl~rh"t'iie hysteresis loop of the tranSitIOn pre5- 0.04%, N'a = Om%, and Li = 0.005%. The 
sure was effectively zrro. In fact, in one meas- cesium was golden in color, suggesting the prrl'­
mrment of fhr up-stroke tran~it ion pressure, \\'e rnce of some di~soh'ed cesium oxides. The 111r.1n 
obtained a. value slightly lower than the highest \'alue for t\\'o determinations of the Cs II-Cs 
value obtained on one of the down-stroke meas- III tramition pre:;:sure is 41,800 ± 1000 bars. 
mements. Thus our brst valur of 25,380 bars The large uncertainty is believed to be due to 
for the Bi I-Bi II transition pressure was the fact that the ce;:ium was encapsulaterl in 
about 25 bars below the m('nn \'alue obtainrd. aluminum, and the aluminum was in con tart 
am l1ncert aint~r in determining the transition with the piston. Our cesium .was certainly i11l­
pressure for the Bi I-Bi II transition is ap- pure, and this value is presented as a tcntati\'c 
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• TABLE 2. COlll jl.lrison of Pr<'Sl'd ~ Results with 

1'h(ls':: of Bridgm .. n 

Bridg- Bridg-
man m:tll 

Kcnlledy nnel (Vol- (Elee-
L.'\ l\Iori, ume), trienl), 

T ra nsition kh kb kb 

Ten')I\ 5.4~ ± 0.00 
AgKO,I-.JI !l.'iS ± 0.47 9.56 

9.35 
K1 I-II 17 .4S ± 0.2·1 17 .S5 
KDr I- II 17 .8S ± 0.06 18 .05 
KCI I-II 19.28 ± 0.21 19.65 
KCN II-IV 19.72 ± 0.43 19.85 
Icc VI- VII 21.42 ± 0.04 2l.82 
AgN0 3 II-HI 21.2 ±OA 
Cs I- II 22.6 ± 0.6 22 .5 22.5 
Bi I-II 25.38 ± 0 .02 25.15 24.5 
Bi II-III 26. 96 ± 0.18 26.54 
Till-III 36.69 ± 0.10 4l.0 44.0 
Te I-II 40.1 ± 3.5 39.3 44-58 
Cs II-III 4l.7 ± l.0 44.1 53.9 
Bn. H-III 59.6 ±l 59-64 60-80 

one. Further eJTorts with better encap.;:ulating 
material and purer cesium a.re required. Our 
disagreement wit.h Bridgman's value is not to be 
taken seriously. Bridgman has reported two 
values for the cesium transition pressure, a 1948 
volume discontinuity measurement of 44 kb and 
a 1952 electrical discontinuity measurement of 
5-1 kb. HowC\'er, the mean pressure value of his 

. compression and decompression experiments on 
the electrical conductivity discontinuity was ap­
proximately 43 kb. 

We have determined the Cs I-Cs II transi­
tion pressure to be approximately 22,600 ± 600 
bars. This is in close agreement with Bridgman's 
[1938J value of 22.5 kb. 

Potassillm halides-KCl, KBr, KI. Baker 
and Adamson rellgent-grade chemicals were used 
in the determination of transition pressures in 
the potassium-halides, KCI, KBr, and KI. The 
"ariO\lS salts were dried for several hours at 
110°C before usc. Each salt was precompressed 
at 5 kb in It mold slightly smaller in diameter 
than the pressure vessel. This solid salt slug was 
then wrapped with a .002-inch sheet of lead foil 
and inserted in the pressure vessel. 

Each of the three salts showed transitions with 
"ery Inrge volume changes. However, the salts 

also had high intel'Jlal fri ction, and the transi­
tions do not occu r with anything like the desired 
'!harpness. Each point req\lired 4 to 5 hours of 
slow piston rotllt ioll before a good "alue could 
be obtllined . Our best value for the J{CI 1-
I(CI II transition prcssure is 10,2i5 bars. The. 
KUr I- KBr II transition occurs at 17,880 
bars, and the KI 1- KI II transition occurs at 
17,485 bars. As can Le seen in Table 2 these 
values are very close to those obtained by 
Bridgman [10-lOb]. Our new values average ap­
proximately 1 per cent lower than the corre­
sponding Bridgman value. 

Silver nitrate. The silver nitrate used in our 
experiments was Baker and Adamson reagen t 
grade. It was preeompressed and dried in the 
way described for the potassium halides. Two 
somewhat sluggish transitions were found. AgNO, 
I-AgNO. II at room temperature occurs at 
approximately 9775 ± 470 bars. Our value for 
the pressure for this transition agrees closely 
with the 9.5 kb founel by Bridgman [1937aJ. A 
second transition in AgNO. was found with a 
best pressure value of 21,200 ± 400 bars; this 
transition was readily observed in twelve suc­
cessive experiments. Pressure excursions up to 
50 kb did not show any further transitions in 
AgN03. These results contra<:trd markedly with 
the phase diagram of AgN03 p"resented by 
Bridgman [UJ37aJ, who reported a AgN03 II­
AgN03 III transition at approximately 32 kb 
and a AgN03 III-AgN03 IV transition at ap­
proximately 41 kb, both at room temperature. 
Bridgman did not report the transition in AgN03 

which we found at 21 kb, and we failed to con­
firm his two higher-pressure transitions. Bridg­
man [1937aJ notes a peculiar behavior of 
AgNO. and he states: 'On one occasion the 
modification II was held at room temperature at 
approximately 20,000 kg/em' for forty-two 
hours; it had then apparently lost the capacity 
to change to either of the high-pressure modifi­
cations, two excursions to the ma:-.;mum pres­
sure at 60°C did not give any transition at all.' 
This represents a most unusual behavior, and 
we find it most difficult to believe that a high­
pressure transition can be depressed by holding 
a material for a long time at a lower pressure. 

Teflon. A cylinder of Teflon, % inch in di­
ameter and 1 %. inches long, was machined from 
our laboratory stock. A sharp tranl'ition was en­
countered at 5430 ± 95 bars. This compares with 
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a yalile of approxi mately 5·160 ba rs for the 
'1", ,0" 11 l1 ··T (·lIo ll 1I J t ra n~ ili()n report ed by 
II' fir L I !It,:; I. 

W(lLcr. T he pha 'e d iag ram for water pub­
li5hed by Bridgman in 1937 suggests that the 
Icc '\"I- Ice VII transition should pro\ide an 
excellent fixed poin t in the high-pre~sure scale. 
This transition has a large yolume change and a 
yery low temperature coeffi cient in the yicinity 
of room tempera ture. 

Distilled wa ter was placed in a. cup of 'Wood's 
metal. A cap of Wood's metal was scaled on the 
cup with a. soldering iron. Wood's metal has 
very low strength and selTes as an excellent 
pressure-transmitting medium. Two determina­
tions of the Icc VI-Icc VII transition pres­
su.re were made and are reported in Table 1. Our 
best value is 24,415 ± 45 bars. This is a very 
sharp transition and the uncertainty could prob­
ably be reduced by further effort. Our value for 
the transition pressure is in fair agreement with 
Brid011lan's [1937b] value of 22,275 bars at 
25°e. Because of the sharpness of this transition, 
the ready avail ability of material of very high 
puri ty, and the lack of temperature sensitivity 
of the t ra nsition, fur ther ef'l'ort should be made 
on the Icc VI-Ice VII transition. This could 
well be established as a fi xed point with very 
high precision for calibration of high-pressure 
apparatus. 

Potassium cyanide . Baker and Adamson 
reagent-grade KeN' was dehydrated, precom­
pressed, and sheathed as described for the po­
tassium halides. Two determinations were made 
of the KeN II-KeN IV transition pressure. 
These arc reported in Table 1. Our best value is 
19,720 ± 430 bars. 

Bridgman [1937a] reported the phase dia­
gram for KeN. The diagram is somewhat com­
plicated; at least four phases are present at 
various pressures and tempemtures. Bridgman 
reported the KeN II-KeN IV transition to 
occur at approximately 19.8 kb at room tem­
perature. A further tmnsition, KeN I-KeN 
II, presumably occurs at about 5 kb but is so 
sluggi~h that it cannot be obsen'eel at room 
temperature. Our agreement with Bridgman's 
value is excellent, but we find the KeN lI­
KeN IV transition to be rather sluggish, and 
the transition pressure could not be accurately 
measured. 

TeUurium. A supply of tellurium was ob-

(ai ncd from the American :::1Il C'lt ing and Refi lli ng 
COIllp3 ny. The materia l W;l S of semiconductor 
grade, of stated purity 9(J .~)'J9 Jler cent. It was 
kept scal ed in an argon-filled container until 
ready for usc. Stated impurities arc l\Ig < 
.0001%, Si < .0001%, Se < .001%, and ell < 
.0001% . 

Two determinations were lIlade of the Te I 
-Te II transition pressure. Our bes t value is 
40,120 ± 3500 bin s. Unfortu na tely, tellurium 
has a very high shear strength, and it is ex­
tremely di ffi cult to detect the onset of this tra n­
sition. The hysteresis in the transition is Inrge. 
Tellurium docs not make a satisfactory calibra­
tion material. 

Bridgman [19/lOb] reported that the Te 1-
Te II transi tion occurs at approximately 39.4 
kb. This contrasts somewhat with his earlier 
studies [Bridgman, J 035], in which he reported 
tIro transitions at room temperature, one occur­
ring at approximately 35 kb and a second at ap­
proximately 43 kb. Our determina tions of \"01-

ume versus pressure gi\"e no indication of a 
double transition of this sort, :lI1d Bridgman ap­
parently did not encoltl ~ t(' r the double t ransition 
in his later work in 1940. Bridgman [J 952] ex­
amined the elect rical resistance of tellurium in 
his piston-anvil device. He found a large drop 
of resistance 'at a pressure never lower than 
45,000 kg/em' and never higher than 59,000 
kg/ cm'.' He attributed the higher values to 
superpressing and accepted the lower value as 
general confirmation of the pressures achie\"ed 
in his piston-anvil device. 

Barium. A transition at high pressures is 
known in barium and has been widely used as a 
calibration point. Bridoman [1942] reported on 
volumetric measurements of barium at high 
pressures. In the table of results accompan)ing 
his paper, he listed the transition pressure as 
60,000 kg/em'. Bridgman [1952] reported thnt 
the transition in barium, as determined by elec­
trical resistivi ty measurements, occurs at ap­
proximat ely 80,000 kg/cm' on the increasing 
pressure stroke and at appro;...imately 60,000 
kg/cm' with decreasing pressure. Unfortunately. 
the barit:m transition lies at just the upper 
limit of pressures obtainable in our apparatus. 
We have a prellllunary value of 09.6 kG from a 
single run during which a piston broke just as 
the transition was e'ntered. Further work will be 



• ; 

KEr\NEDY AND LA ~lOm 

DI SC USSION 

T hc rewl ts of our volume measuremcnts on 
the pres5ures 3t, which ccrtain transitions take 
pIncc are in Ycry closc agreemellt with similar 
measuremen ts by Bridgman. Our determillations 
of pressures of tranoitions for most of thc sub­
stanccs we ha\'e studied average approximately 
1 per cent below those cited by Bridgman. 
IIowe\'er, in the specific case of bismuth which 
we have studied most extensively, we find our 
transition pressure slightly above that cited by 
Bridgman. Our results and his arc summarized 
in Table 2, The uncertainty we cite represents 
one-half thc double value of friction and hy­
steresis in our apparatus for each transition. 
Only if all friction and hystercsis were one­
sided would the uncer ta inty be as great as is in­
dica.ted. Because sluggishness, hysteresis, and 
friction arc more or lcss the same on both up 
and down strokes, thc mean value we cite for a 
transition is probably much bettcr than is in­
dicated by thc plus or minus uncertainty. Thc 
problem of systematic error or systcmatic bias 
in our expcriments toward higher or lower value 
is a much more difficult maHer. Wc can, how­
ever, see no inherent reason for a systematic 
bias toward high or low rcsults in the mcthod 
of our measuremcnt. 
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