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Compressibility .of Solids and Liquids at High Pressures 
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/1lStitllte of Metals olld rt.1:jJlusivcs, University oJ Utah, Stilt Lake Cily, UI(th 

(Rcceived :10 Novemher 1%2) 

An equation for comprcs~iJ,ility (idenlica l in forlll to the Tait cqual ion) derived previously frolll thc 
viriall hcorcm and the Fermi-Thomas atomic model is m"dilie<\ on the assumption lh:lt onc of its paramelers 
(nf/o) is reciprocally rc1atrrl to th(' ill/cm,,/ f,res.Hlre when the COIICSh'c rlluf!.,v dellsily is :ts:;umed to bc an 
csscntial part of the intcrnal pressure. Pressure- volume data for ahout fifty hOnh)fluciear solids, Iwo 
alloy systems, twenty ioni c C(,ll'lpounds, and five secondary 1I<11Id(;<\ liquids :tre 3nalyzcci :t11r! I he ll10del 

found to lit wil h surprising :trcurac,v whcn duc consideral iolt is ~ivcn t,) pressure-inducer! phase or poly­
morphic chan~cs and thermodynamic "iwles" (most important ncar, and abovc, the melting point) l hat 
may contribute appreciably to specific volumc. Data from st:ttic and 5hock methods of comrrcssion arc 
considercd and the difTercnces noted . The model is apparently applical,lc to the eompressioll of homonu­
clear solids :tnd liquids, if indeed not all condensed nH\terials in gcneral. 

INTRODUCTION 

By application of the virialtheorem and the fermi­
Thomas model, · the fol!o~\ling equations were de­

rived l for thermal expansion and compressibility of 
homonuclear solids: 

a/3 = a' = C./2'1\, 

fJ= 9R(lv! / p)INI!4'1', 

(1) 

(2) 

where u= bulk thermal-expansion coefficient, 0:' = lin­
C::1.r thcrl11al-exp:wsion cocfficien t, fJ = comprcssibility, 
l' = average err ecliYe kinetic energy, '1\ = average kinelic 
energyin the valenceorbital,C.= heatcapacity,R= bond 

• PrLscnt address: Cornill~ Glass Works, Cornin~ New York. 
This :trticlc compriscs p:trt of the disscrtation submittcd by Leo 
A. Rogers to the Graduatc School, University of ul:th in ,iartial 
fulfillment of the requi rements for the 1)octor of Philosorhy 
degree, Jun e 1962. • 

I M. A. Cook, Discussions Faraday Soc. 22, 203 (1956)' 
':Propenies o~ ,)olid~," Jlulictin No. 53, University of Utah; 
September I?.)I; J. :\;lPI. Phys .. 3~, 72S (1959) i The .)eiwCt: of 
HIgh E~'ploHVCS (Remhold Pubhshmg Corporation, New York. 
1958), Chap. 9. 

distance, p=density, M=atomic weight, and .Y=.'\vo­
gadro's number. The basic ioea was simply that the 
Fermi-Thomas (or particle in a box) model, which im­
plies a deftnite relationship belween the average kinetic 
energy and the density ['1'= f(p)], could be llsed to 
describe changes in solids. Thus, in treating thd:11al ex­
pansion the energy 

was considered to lower the average kinetic energy by 
1I. Since the 'tot,tl energy j~ is negalive, a posiLi\'e 
energy Il decreases 1 E I. The virial theorem \\'as used 
to relate 'l' and E. for compressibility, on the olher 
hand, the' work of compression should increase '1' by 
- O)RFN, where F is the average force applied on 
each of the Londs. 

The theory was considered to expbin only the con­
tribution to densilY changes from lattice parameler 
changes, and did not include those changes attributed 
to thermodynamic defects. For example, the conlribu-
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tion to the volume (tlv') fr·om Schottky-type defects 
according to Moll and Gurney2 is given approximately 
by 

(J) 

(sec Ref. 2 for definition of constants >y,B, and wo) . For 
solids tlv' should become appreciable only at tempera­
tu res approaching the melting poinL. It may be neglected 
at room temperature in solids having high cohesive 
energies and melting points. 

The kinetic eriergy of the valence orbital [TI= f(PI )J 
was assumed to be given approx imately by the Fermi­
Thomas equation 

(4) 

where h=Planck's constant, m=electron mass, and PI 
was assumed to vary directly as the density of the atom . 
For all lhe other electrons, the kinetic energy '1\= f(p; ) 
('1'; the kinetic energy of the ith electron) was assumed 
to obey this "particle in a box" equation, or in other 
words, the p/s being determined by the Fermi-Thomas 
"orbital size" equation . However, the p;'s were not all 
considered to change in the sallle proportion as energy 
If was added to or taken from the system. In thermal 
expansion the only appreciable change considered was 
that in the valence electrons, since electrons in JilIed 
bands would not be excited thermally . In compression, 
on the other band, the kinetic energy was assumed to 
change in proportion to the "surface area" of the orbital 
computed on the basis of spherical charge distributions 
and the ratio '1''/']'1 . Thus, all oriJil<"d~ \\'ere considered 
to contribute to the "hardness" of an atom in proportion 
to '1'1/'1';. This crude approximation proved inaccurate 
in describing the distribution of the applied force among 
the (Z) electron orbitals. That is, it led to values of 
effective average kinetic energy as a func:.tion ~cf» of ~he 
kinetic energy of the valence orbital (1'=cf>'1\) some­
times considerably in error based on the v:uiance be­
tween calculated and experimental compressibilities. It 
may still be assumed, however, .i f the fermi-Thomas 
model applies, that changes in the 'I','s for compression 
of the atom are all related to the kinetic energy oi the 
valence orbital, such that ']'= f(p) and also cf>=g(p). 
This assumption alone permits integration of the last 
term or pressure coeflicient of compressibility in the 
equation 

, l"d{3 {3={3o+ -dp. 
. 0 dp 

(S) 

DilTerentiation of Eq. (2) with NIR (111/ p)! replaced by 
a constant times the specilic volume (v) gives the result 

dfJ =f3[~~- It InT]= ~{fl[l- It In1\_ (llncf>]. (6) 

dp dp dp rllnv d Inv 

t N. F. ::'Itnll and R. W. Gurney, Eleclronic Processes ill [onic 
Crysl,;ls (Oxford University Press, K ew York, 1953), p. 31. 
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Based on Eq. (-±) the term -d In'I'I/d lnv b(;comcs ju:-,t 
}. Then with the additional assumption tha.t 'I',r6- f(11) 
for i~ 2, on(; obtains -d lncf>/d Inv=6= i(l-l/ cf». This 
was the basis for the origin;d derivation of a= (5 / 3)+0. 
However, this assumption is clearly in error, and th~ 
theory for a should thus be modilied. For example, '1' 
should vary as 0 J), the Debye characteristic telll]>er.t­
tu rc, and, therefore, -d In'['/ rI 111t'=-y, the Griineis(;l1 
conslant. Thus while the previous derivation of b ~ive~ 
b~;t, the result should insl(:ad be -y- }, or about 1.3. 
Therefore, wc shall here replace the questionabk as­
sumption about the constant value of ~ by the :dterI1<tle 
assumption '1'= f(v), such that from Eq. (.1) onc oblains 
cf>=g(v) which leads to the result t1mt b is a COllstanl. 
Equation (6) then becomes 

d{3/dp= _(32(1+; +6) = -affl , (7) 

where a= (5/3)+6. Combining Eqs. (5) <md (7) and 
integrating successively by parts one obtains 

'" 
(3={3o.L (-a{3up)i={3o/(1+a{3op) . (8) 

i-O 

[l\lore simply, diflcrentiate Eq. (8) lo get Eq. (7).J 
We shall, however, use all alternate method described 
below to evaluale Cl. from w·hich b is obtained . Equation 
(8) has the same form oi the Tai t equ:ttion 

(:J=C/(L+p), 

and would be idcntical 10 it if the constants C and L 
were defined by a.-I and ((/{3 .. )-I, respeClively. 

The original model was inknded to apply without the 
use of empirical constants by providing theorelically 
computed values of a. Unfortunately, the theory for a 
proved inadequate giving theoretical value,; in th e ran~e 
1.8 <a < 2.3, while actual values required to giv(; the 
correct {3's fell in the range 1.8<a<6. :,'loreover, the 
required a's averaged about 3.0 which is greater than 
the upper limit of a, permi Lted by the theordical approxi­
nMtion in Rc£. 1. It is the purpose of this article to 
modify the theoretical basis for a and to show that the 
improved model provides a reliable model for the high 
pressure compressibility oi solids, if indeed not all 
condensed materials in general. 

MODIFIED THEORY OF "a" 

The proposed llloditication of the theory of ,L is 
based on the fact that Eq. (8) is of lhe form of Lhe suc­
cessful Tait equation, and that the L in the Tait 
equation has already been interpreted (alLhough some­
what intuitively) as an internal pressure.Hi Thus, it is 
here postulated that for homonuclear solids 

3 A. Wohl, Z. Ph~·sik. Chcl11. 99, 234 (1921 J. 
'A. Carl, Z. Phy,ik. Chrm. 101, 2.U! (1922). 
• R. Ginell, J. Chcm. l'hys. 35, 1776 (1%1). 
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where Pi is the internal pressure generalized. to include 
both the usual thermodynamic internal pressure 
(aE/av)'l" and the cohesive wcrgy dCllsity (p/) given by 
the rela tion 

p/ = EO/Vo, (11) 

where Eo is the cohesive energy at absolute zero. The 
internal pre!'sure as used in this study is, therefore, . 
pefllled by 

(12) 

The ratio of density (or specific volume) at pressure p 
to that at atmospheric pressure is found by combining 
Eqs. (12) and (8) with the definition of compressibility 
(/3= -cl lnv/dp) to give the result 

PO/P=V/VO= (1+P/Pi)-1/0. (13) 

Usually EO/ vo»( aE/ av)r; and, therefore, for evaluating 
this model, Pi is approximated by p/ = Pi. This is similar 
to ignoring 6v' as given by Eq. (3). 

Equation (13) predicts that plots of log(v/vo) against 
log(l+p/pi) should give straight lines of slope -1/a 
= E0/30/t'O' 13 efo n:: evaluating this prediction, it is oi 
interest to relate the present derivation to the GrUneisen 
constant, as expressed by 

"(=CWoj{3C.. (14.) 

from Eq5. (14), (1), and (2), one can obtain 

"(= 24>/3. (15) 

In the Gri.ineisen derivation 'Y is also given by 

"(= -d Invm/d Inv, (16) 

where Vm is the characteristic frequency of the vibra,­
tional modes of the solid. Since only vibrational energy 
is involved in 11 for thermal expansion of homonuclear 
solids (except near absolute zero and high temperatures 
where free electrons contribute appreciably to heat con­
tent), 'I' should vary directly as Pm, such that 

cllnvm cllnl\ dln4> 
"(=--= ----- (17) . 

d Inv d lnv cl Inv' 

which gives the result 

a= 1+24>/3= 1+"(. (18) 

APPLICATIONS TO HOMONUCLEAR SOLIDS 

Plots of log (vh'o) against 10g(1+p/pi) were made for 
many J1ietals, a.lIoys, and other homonuclear solids 
where data wen; available. The majority of data gave 
straight line plots satisfying the linearity criterion with 
excellent precision . Two types of (expected) irregulari­
ties were noted and explained. 

(1) . In the alka.li metals, forexan.1ple, straight line 
plots were obtained only at high pressure, deviations 
from linearity being prominent at low pressures. The 
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FIG. 1. Log-log plot for isothermal compression \)[ sodium 
and ccsium. Data from RcI'. 6. 

log-log plot for sodium (Fig. 1) dcvirlted from linearity 
in the range p<12 kbrtrs, but was lincur jor p>12 
kbars. In this case the linear part ot the curve exlra­
polates to zero pressure at about 11/ vu=O.02 indicating 
a 6v'/v contribution of about 0.08. All oi the alkali 
metals are characterized by low cohesive energie;, and 
melting points, and ha.ve a signiflGmt contribution of 
thermodynamic defects according to Eq. (3). The eIlergy 
required to form a hole should increase with pressure, 
however, according to the relation 

where pKI is the extra work required to f<lrm a bok (j[ 

volume](1 at pressure p over lhat at p=O. Other hOlllo­
nuclear solids (hat exhihitc(\ nonlillt'ar log log plots 
were :;ulfur, tellurium, and sOllle of the r:lre earths. ;\Tost 
of these have low melting points, and thus an appreci ­
able !1v' /v contribution <It ambient conditions. :\'lcrcury, 
on the oUter hand, exhibitcd only Lt straight line log-Jog 
plot despite its very low melting point. In some caseS 
gradual structure changes may also contribute to devia.­
tions from linear log-Jog plots . 

(2). Sharp pressure-induced phase (or polymorphic) 
transitions caused iirst-order discontinuities in the log­
log plots. Bismuth and cesium (figs. 1, 5, ~,nd 6) are 
examples of this. The fact that the Jog-log plOb are 
straight lines on either side of the transition is striking 
evidence for the validity of the present mode!. 

A few examples of lhe log-log plots "re given in 
Figs .. 1-6. Ta.ble I, howcver, summarizes t h(; informaLion 
obtained from plots made for all homonuclcar solids 
where data were available. The experimcntal p(v) dala 

FrG. 2. Log-log plot for isothermal compression of magnesium 
and aluminum. Data from Ref. 6. 
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FIG. 3. r.,,~-Iog plol for shock compression of magnesium 
and alll l1linllm. Dala fmlll Rrfs. l\ and 9 . 
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1'1e:. 4. l.og- lll )! plol for s hock compression of iron. 1)ala 
from Rds. 8, !I, 10, and 11. 

wcrc taken from llridgmanf' (static prcssure data), and 
from 1 he brilliant work pioneered .tt Lus I'damos using 
ciynamic (shock) mcthocis. 7 11, Data for f'l werc taken 
from Scit;,}f, and the Bureau of Standards.17 

\';tillCS ,If (/, found cmpirically frol1l the slopes of Lhe 
log log plots of data oi>!a illcd by thc shock loading 
mCl hod, \\'ere an :ll'cragc uf 15C;~ highcr than corre­
sjlonding valucs for static compression, owing ap[J:lr­
enLly to shock healing anti other tlissipalive faclors lS

.
19 

u 1'. W. Bridgl11:1ll, Tire Physics of lIigh Prcs.wres (G. Ddl and 
Sons, London, 1958); Proc. A 111. i\cad. Arls Sci. 74, 21 (19~O); 
76. J, 9 (19~5); 76, SS, 71 (1949): 8\ 1 (1954);S4, 131 (1957). 
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lI"uslrm. E. Y. Gcllings, and S. L. Landecn, J. AppJ. rhys. 26, 
1472 (1955). 
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Research [n'-l itult·, ";\[cnlo Park, California. 
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In F. ~I'il/', ni, ,l /or/all '1'11',,1')' of Solids (i\k(iraw Ilill Book 

COlllpany, I ne., (1).10). . 
"1I. S. ilure:!ll of Stundards, Sdulcd I'rliucs 4 Clwllir,J/ 

TllcrJ1(otiYII'l/lIir I'ro/,cr/i,s (ll. S. (;0\'[. I'rinlin(; Ollicc, Washin)(­
lon, n. C., (1)52). 

IS R. 11. Wenlorf, Motif'" J/cry lJigh i'l'cs.wrc Tcr/llfiqucs 
(lIullerworlhs ScienlifIC Puhlicalions, Lld., London, 19(2). 

19 G. R. Vowk,;, "Shock Wave Compression of Quarlz," 
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1,'1\;. 6. L()~ - II))( plol for shock COl11pression 01 iJisl11l1l h. 
[hla from R,'fs. 1\, 10, and 12. 

that dilTcrentiatc the "hock process from the ll10re 
cummon isothcrma I or ad ia IJa tic processes. Tilc' Lltio 
of isothermal compres~i bility (Ih-) to adi;lbatic COll1prl's­
sibility (138) is found irom thcrmodynamics to be 

(1 <J) 

Sincc Cl' ;tnd Cv are nearly thc S;UllC for solids, liltle 
d ilTere-nee should exisl belween iso t hermal and ad iab;ll ic 
comJlrcssibilities as l'omparecl LO the larger dil·(en.:nc.; 
bctwcen lhe isolhermal and shock wave compressibili­
lies. From Eq. (10) and the expc;cted indeJlendence of 
Pi on the method used, one obtains 

(20) 

Gruneisen Constants 

A comparison of the I"S obtained from the a's and 
Eq. (18) wilh those obtained by more (lireel methods 
by Crlincisen,21l Slater/'1 and Denedek21 arc given in 
Table n. Includcd ill lhis comparison are results com­
Jluted irom Eq. (1.'i) using the data previously derived 
by the approximate mclhod givcn in Rd. 1. The ial'or­
al)lc comparison or results indicates that thc presellt 
theory of (/. is s;ltisractory. The -y's oillailll'd from the 
q>'s ;\lHI Eq . (lS) arc apparclllh' not seriollsl\' in l'rror 
eitlwr, \\'hich implies th'lt thc ;;pproxil1l:ltion-used pre­
viollsly to calculate 1) \\'as rc;tsol101bl.1 rtli.tI,k, but t.he 
1l1Clhod vC relating 1> to (/, which involved the change of 
1> with densiLY, 11':.\:'; seriously in crror. 

20 C. Kiuel, rH/rnr/lIe/;"" 10 So/ir/ S/a/e P/rl'sio (John \\,ii~y &:. 
Sons, Inc., New York, 1950j. 

21 G. B. l3enedck, Phys. Rev. 114, 467 (1!159). 
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TAl'LE 1. Summary of io formation from log(v/vo) vs log(l-l-p/p;) plots. 

Straight-line sections Discolltinuilics 

./v. hOlhcrmal Shock bot hennal Shock 
"Ict al (khars) 07' af( :;1,' /v COl11preSS ioll~ comprcssion" Coml)n.'!'osion a cr,l\.prn;:-;ion· 

ClI 475 2.92 .1.32 0.0 0-0.8th 0.7 - ut nOIl\! none 
Ai: 278 3.74- 4.33 0.0 0-1.2t 0.7 - 1.9t nOlle nOlle 
I\ U 335 4.47 5.19 0.0 0-0.7t 0.5 - 1.1 t nOlle none 

Li IHi 1.89 0.07 0.3-0.9'1 none 
Na 45 2.78 0.09 0.5-2.0t none 
K 20 3.35 O.O!> 0.7-5.0t no!\(" 
Rb IS VIS 0.03 O.2-6.6t nOlle 
Cs 11 2.66 0 ,03 0.1-2.1 2. \ (sll1all) 

2.1 -4.1t 4.1 (large) 

ne 6-11 1.79 2.32 0.0 0-0.17t 0,2 - I.st nOI1<': IlOIl<.! 

Mg 101 3.69 3.98 0.0 0-0.28t 1.1 - 2.4-t none none 

Zn 141 5.01 5.54 0.0 0-0.28t 1.4 - 3.3t nOlle non\! 
Cd 43 11 ,0 0.0 0-0.53j' 5.3 -11 t THine 

Hg 42 7.18 7.4 1 n.O 0-0.2~t 5.3 -lIt nolle none 
,\ 1 :l09 2.44 3.00 0,0 0-0.1 t 0 .13- .Dt none 11on(' 

La 162 1.83 0 ,0 0-0.14 
0.14-O.25t 0.14 (slight) 

Tll 154- 2.89 4.09 0.01 0.18-0.32t 2.0 - 4-.3t nOlle none 
'1'1 10.J, 4.89 0.0 0-0.24t 1.4 - 2.7t none 

Ti 458 2.18 2.94 0 .0 0-0.04 0.4 - 0.9t 0.04 (challge in IHIt1~ 

O.O,I-O,O()t Slllpt· ) 
Zr 370 2.:32 0.0 0-0.06 0 .6 - 1.1t O,(J(, (change in 

e 0.06-0.11 'I' ~1()I)e) 
Sn 184 3.05 4.61 0.05 0-0.16j' 1.0 - 2.3t 11tHlt' nOlle.! 

0 Ph 106 4.08 4.96 (l.0 O-O.<JSt 2.0 - 4.Xt nOlle nOlle 
;-

As 192 2.'l2 0.0 0-0.21 t nonc 
Sh 1.\7 3.S() 0.0 0-O.2It none 

») Hi 97 3.47 0.0 0-0.28 0,2 - 0.28 
0.28-O.S2t 0.28- 4.8t 0 ,2S (large) 0.28 

le 
ic Fc 565 2,99 0.0 O-O.OS[ 0.1 - 0.25 none 0.25-0,4 

0.4 - O.xt 
'e Co 660 2.90 3.44 0.0 0-0.0St 0,38- 0.7St none none 
1- Xi 636 2.90 3.28 0.0 0-0.05t 0.38- 0.85t none none 

bf 
H. u 797 3.62 0.0 O-O.04-t none 
]{h 692 3.73 4.32 0.0 O-O.OSt 0.4 - 0,8t none none 
1'(\ 434 4.20 4.57 0.0 O-O.77t 0.6 - 1.4;- none non(:: 
Ta 70.J, 2.90 0.0 0-0.05t none 
-;.;rb i09 2.49 2.69 0.0 0-0.05t 0.33- 0.7St none nOrlt; 

~[o 6SS 3.83 3.94 0 ,0 0-0.05t 0.38- 0.8t nonc nonl! 

1d W 87i 3..1·8 0 ,0 O-O.04t none 

Is Cr 459 4.20 4.31 0.0 0.55- LOSt none 
Ir 798 4.31 0.0 O-O.O·lt none 

III l'L 560 4.74- 4.78 0.0 0-0.06t 0.54- LOt none none 
1- , CeI 180 2.45 0.0 0-0.2t nOlle 

cl Ho Jr.5 2.62 0.0 O-l1.2t nonc 
Pr 173 I.SO 0 ,0 0-0.2t nOll(' 

r- Cc 170 0.9 0 .0 0-0.06t O.()S~ 

nt 

11e ~(,n· 

mClals 
or 

Si 30 1 3,85 0.0 O-O.lt nOlle 
-c- <;c 2,10 3.CJO 0.0 O-O.13t nonc 
le Te 96 2.58 0.03 0.15-0.4 0.4 (large) 

of 0.4 -O,53t 
S 143 2.81 0.12 0.35-0.7t none 

& ·lnlerllls of ,'l / Pi. 
b t dcnot('~ lli)pCr limit or experimental data . 

~~~~~~~~~--~~~~~~~~:~. ~(~.~.~.~~~~~~~,I~~~~~~~~~~--~~~~~~~~~~~~.*r-~~~~~--- -- ~~~ 
'- < 
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TA11U: IT. C')rnp~ri~on of Grilneisen constants obtained 
I'i din'crcnt investigators. 

Metal Griineisrn- Slater-

Copper 
Silver 
Sodium 
Potassiull1 
Alumillllll1 
r-Ian!:ancsc 
Iron 
Coball 
Nickel 
Platinum 
Palladium 
Tungsten 

• Sec Hef. 18. 
b Sec Ref. 19. 

1.% 
2..10 
1.25 
U4-
2.17 
2..12 
1.60 
1.37 
1.88 
2.54 

'5<'c Rer. I. . 

1.U3 
2.2 
1.50 
2.52 
2.:12 
5.5 
1.4 
1.8 
1.9 
3.0 

nencdckb 

1.9 
2.5 

. i. 

1.68 
2.1 
2.2 
3.3 
2.5 
1.7 

d Usillg rOlllplitcd ",'s and Eq. (1$). 

Cook"·,1 

1.94-
2.40 

1.63 

• From El]. '(18) and or data laken from tho lOll- log nlots. 

Compressibilities 

This study" 
,aT 

1.92 
2.74-
1.78 
2.3,0; 
1.44 
2.4 
1.99 
1.90 
1.90 
3.74 
3.20 
2.48 

Table III presents a comparison of observed compres­
sibilities with those obtained from the slopes of the 
log- log plots and the equa.tion 

flo=vo/ato (21) 

obtained by combining Eqs. (10) and (11). The agree­
ment is quite good . Elements such as sodium in which 
~v' is appreciable were not included in this comparison, 
since a direct compa.rison is possible only when the 
log-log plots extrapolate to i'/Vo= 1 at p=O. 

ALLOYS 

Figure 7 presents logv/vo against 10g(1 + p/ jJ;) plots 
for the Cu-Ni and Ag-Pd alloys. The internal pressure 
was calculated from the relat.ion 

(22) 

where ~E is the energy of solution or reaction, and vo is 
the molar volume of the alloy. For the Cu-Ni system, 

TABLE HI. Theoretical vs observed {lo's for metals. 

Metal {lo (calc.)- po (obs.) - Metal {lo (calc)- {lo (obs.)-

ne 8.72 8.55 Pd 5.50 5.28 
Mg 25.6 29.5 Pt 3.78 3.60 
La 33.7 35.1 eu 7.22 7.19 
Ti 10.5 7.97 Ag 9.62 9.87 
Zr II.G 11.0 Au 6.00 5.77 
Nb 5.66 5.7 Cd 21. 18. 
Ta 4.90 4.97 Al 13.2 13.4 
]\[0 3.81 3.61 In 22.4 25.0 
\V :U8 3.18 Tl 19.7 27.7 
]0" 5.9·1 5.117 Si 8.6 :u 
Ru 3.4 6 3.72 Cc 11.6 13.8 
Co 5.32 5.39 Pb 23.1 23.7 
Rh 3.1\4 3.72 Bi 27.2 29.2 
Ir 2.110 2.68 
Ni 5.42 5.29 

• Expressed in unit. of kbaro- I XI()4. 

vI y. 

096~--------------------------~ 

F1C. 7. Log-log plot for isothermal coJl1pr~ssion of .h-: Cu-:\i 
and Ag-Pd alloy systems. Data from Rei. G. 

the slopes of the log-log plots were essentially equal ior 
the pure metals with ~t and the change in molar volumes 
being negligible. Thus, all the data from the CLt-~i 
system fell, as expected, on the same log(v/vo) against 
10g(1+p/Pi) plot. 

For the Ag-Pd system, log-log 1>lots ior the pure 
metals were dirierent, and the log-log plots for the allo)'!"> 
thus fell between those for the pure metals, and an 
approximate linear rela tionship was found b(·tll eell 
the value of a and the composition. For ideal alloys a 
linear relationship between composition ;,nd a. would bc 
expected, but systems where ~E and changes in mobr 
volume are appreciable should exhiIJit a more compli­
cated relation between a. and composition. 

HALIDES 

Figures 8 and 9 present log-log plots for some halidcs. 
While in the si lver h:tlides the~e plots were lincar all 
the way, with discontinuities due to phase changes, in 
the alkali halides the linearity criterion was not observl:d 
in all cases. 

LIQUIDS 

Figure 10 presents the log-log plot for \I'ater using 
shock-loading data. The log-log plot is nonlinear in the 
region O<P/Pi<O.S, and linear for pfp.>O.5. The ex­
trapolation of the straight line section to zero pres"ure 
yielded a ~V'/v contribution of 0.14. This volume frac-

IIV. 

05~------------------------------~ 

FrG. 8. Log-log plot for isothermal compression oi some 
silver halides. Data from Ref. 6. 

IV;OS:: 
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VI v. 

0.6. L --------,--------l 
FIG . 9. LoS-lo~ plot for isothcrmal comprcssion of some 

alkali halidcs. Data from Ref. 6. 

"~:~{23 

R~~~~ 
0 .4 '------------------====---1 
FIG. 10. Log-log plot for shock comprcssion of water. 

Data from Rcfs. 13 and 23. 

(I. P/Pj I 

:3 4 5 6 78910 20 30 

o.~ 

n4L----------------~ 

• Oenl1ne 
• M.U'Ianol 

• Carbon 0I1uUid, 

FIG. 11. Log-log plots for shock compression of several 
liquids. Data from Ref. 13 and Table IV. 

tion of void space in the liquid is in excellent agreement 
with 'the Eyring theory of holes in liquids.22 

Figure 11 presents log-log plots for methanol, ben­
zene, and carbon disulfide. Additional shock compres­
sion data, using the aquarium method,!' were obtained 
in this sturly, and the results arc given in Table IV 
along with those obtained from the log-log plots. Again, 
straight lines characterized the log-log plots at high 
pressures. 

Murnaghan Equation Comparison 

Finally, it is of interest to compare Eq. (13) to the 
:'Il l1rnrl~imn eqll'ation of slllte23 derived from fLnite 

2% 11. Eyrin)i, Il. J, Stover, E. M. Eyrin~, and D. J. Hendcrson, 
Slnlislicai Mcclrnllics nml DYll(llllics {John Wiley & Sons, Inc., 
KclV York, tCl l,e puhlished) . 

21 f . D. Murnaghan, Finite DeforIJlG/io" of all Elastic Solid 
(John \Viley & Sons, Inc., New York, 1951). 

TAilLE IV. 

A. Experimental data for shock compression of four liquids. 

Liquid 

Methyl 
alcohol 

Carhon 
tetrachloride 

Benzene 

Carbon 
disullide 

Sht,ck 
velocity 
km/sec 

5.50 
5.30 
5.34 

4.20 
3.29 
2X'i 
2.1 8 
1.93 

4.:;9 
4.59 
3.16 
2.77 
2.47 
1.97 

3.1l3 
3.7:; 
3.6.1 
3.2<) 
3.11' 
2.70 
1.91 
1.90 
1.65 

Particle 
vclocity 
km /scc 

2.·+6 
2.30 
2.42 

1.93 
1.:\6 
1.10 
0.605 
O .. WO 

1.92 
u;x 
0.(1)0 
OJ,iO 
O.5()() 

0.211 

1.28 
1..16 
1.12 
1.21 
1.(,8 
OJ,,, 
0.30 
0.28 
0 .19 

p 
kbars ;'/;'0 

107 0.':;':;2 
<)(, 0. S(,6 

102 0.546 

12') O.S·12 
72 O.SI\S 
SO 0.(,14 
21 0.712 
12 0.7<)8 

7;, O.SS I .,. 0.:;')0 ,., 
2S o.mo 
i(, 0.7SS 
12 0.774 
4 .8 0.8.:8 

62 0 .6(,6 
()7 il.() to 
SI 0.1>')2 
So 0.6.12 
.1-.1 i.G6Il 
21 0 .7(,7 

7.3 n.M3 
7.0 0.SS3 
.J..O O.KSS 

11. Illformation for log-log plots of liquids used. (Sec Fig. 11.) 

Liquid Pi (khars) UV'/l'O 

1['0 2,\.3 (l.l:; 
CC!. .l.O7 0.11 
CS, ·HO 0.02 
Cc. If r. 3.H 0.0.; 
('If,OlT 8.(,1\ U.1O 

• ITigh·prcssurc rct:ion where straii;ht-l ine resulls. 

strain theory, namely, 

110/11= [l+kPl(Ao+~}lOnlk, 

·u 
7.') 
S.6 
(, . 1 
5.1 

(23) 

where Ao and }l0 arc the Lame elastic constants, and k 
is a constant which was assumed to be 1 from the 
"(drastic) assumption that A and}l arc independent of 
po." Equation (23) becomes identical with Eq. (13) jf 
onc assumes that a= I/ k and p.= (i\o+}llo) / k. ~Iurnag­
han also points out that as 11 -rco, p -r - (:\0+ 5J.<o)/k , 
and that the medium in theory wouid support a hydro­
static tension of (Ao+}}lo)/k before rupture. This i~ the 
force required to overcome the cohesive forccs ef the 
medium, and onc can conclude that the assumption of 
p,= Ec/vo= (i\o+}}lo)/I~ is not u nrca,;oll:tll le . On the 
other hand, out:tining good workable values ior k has 
presented some diJ1iculty; nd el11piriCll v.dues arc gellcr­
ally used. From the values of It given in T,dJic r, onc 
observes that the rough assumption of 1.= ~ is quite good 
in many cases, out is also seriously in error for many 
cases compared to tLe prcsent \\'ork. The fact that the 
present theory yields an equation of state of the ~al11e 
form as that of Murn:J.ghan, however, lends support to 
the validity of the present theory. 

! 
t 

r 
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