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The rate ~ ); 1" 11 wa :-, IIH';lsun .. '1 tilt' r,llil oa r ti\,c- lracc r b .. : Il~~ tec hnique a.t 
860,910, and " .. d alic prc:;slIr(':; f ... Jlll 2.()() I" I) .OX kimI'. The .Ii" .s . \I .. n. (' rverl to 
dccrca~c with .. ,I -~. I )I "::'>~ d' , and the acti\'aliol 'olullH' j - pli-dilTusinn \\,a l.;, ! Ii I', I'· ... 2. 1 0.4 
cn13/molc. ~rhi :- \, Ll l1~ i~ in J.:ood a~rcc mcnl wit:. il C Slt . .1 .It' cx pc rimtllt :lI \'; ~ILI\.: uj til l .U'!I\':Lti"rl 

volumes of format ion an d motion in I-:old, the , Illcnl .d , ... ,S oi the activation vOlumcs in ol il<'. ( 
metals, and many of the theoretical values calcu la1(" ior co":', r 'I' h l' prc:;ent value also is in fair-In ( d k ,lt 
agreement with the various eXflressions rcl;"tin)! llll! aCli\. L III I I Volllll1\' to oth .... f'xper imentally derived 
quanti lil . The limiting source of error in pressu re dllTusioll ,·xpc ..... cn is oi the I' ·,· ,,· lIt type w." found to be 
in cont ,.. .. ,ing the measurement, reproducihility, :lI1d ,mifol'lllily ol,he temper;"t ure . 

. INTRODUCTION 

1\ n ANY experiments have been carried ouL il 
~ V.! recent years in an effort to cla rify the na ture 0: 
atomic defects in metals. A series of such experiment s 
by Simmons and fi;dlulli '-

4 has convincingly establish, 
that the predon .]l'Lnt therm:tlly-gell er; u l" (idects 1'1 

the noble met; ) an" aluminum .• (~ \ .llIl l:o , • .,. 

reinforcing the .!'Cady general be liei . . dirru ~ 
limited phenon . )\'oceed by the vaca.ncy me( 
in these n etal· .Iowever, many of the deloLiI::; per-
taining 1 he ,fe oi . t . (Icfec ts are still nol well 
defined, ,d I are -",me important gaps in the 
expenn~ ,tl \ es of some of lhe basic properlies 
of vac:! ~ III '. als. 

Of - ula.. ,,; in clarify ing the detail ed nalure o j 

the de l 111 j .<Lls are the values of the lotal act i\. 
lion e •. < " a1" t.he total .on volume of ,tt 
defect , well .. :l I he indep<.. .' y delermined vall i 
of th , 'gies , .. lcl volumes (,,'malion and mol i, 
Self-di " on e.'l ,c:iments are ,ropriale for 111('; 

ing 1 i :t1 ues of the tot.al ,L, ,ivation ellergy 
volume. The radioaclive tracer and secl ioning 1 1 \ 

nique may be used for most melals in such llle;l.sure
ments, although other techniques are sometimes \1,, ('01 , 
such as measurements of anelaslic relaxation in cerl:l ill 
alloys, or nuclear-magnetic-resonance techniques ill 
certain metals. DilTusion rates have been llleaSUI cd 
for many of the r,t.re metals at atmospheric pressurt' . 
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under Co .. .lct 1\ , AT(1l -1)-10-l1. 
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yield ing values of t he activation energy for these 
me, ,so Relatively few of these metals have becn suh
jec ,\.' I to self-ditTusion studies at elevated pressures 
be, .~.,' of the technical difficulties involved. For the 
Iv\\ : 11h'i t ing-poin t metals, liquid pressure systems 
a110 eX it; , ". d fum." es may be util ized. ?\'achtrieb and 
co-workc- '~ have til :,.; determined the a.niv;l tion volumes 
for sodiulll,G alpha-wh ite phosphorus,' and lead .s 

lIuri::;(,;, .1(1 HOnlll il ,, ') used a "bel t"-I ype j»'('ssure 
SystClll jOl 

I 1 ;H:ir de t en •. i:.ation of the acti \·atiOl . ,,,Iume 
in lead; they used si l;. LIne oil as the prcs;, ure f. \..iJ and 
an inlernal heater tv ma intain the difiusion tempera
lure. Howeve r, self-d ifiusion measurements of the 
high-melting-point metals, such as the noble metals, 
require the usc of a gas pressure S)'Slt'1ll to insu r(' both 
hyd~ .staticily, a.nd chemic;] ' stability of the 1 ( " Ire 
me "ill :It high temperalures. An internal • . :ce 
,,1 st .' i' ,', I cd in order to make it possible to n" " " din 
Ih, Vi 'i.\.' " ""re of the pressure vessel sUf1icien t iy low 
IIY .orced externa l cooling. Tomizuka l' used such an 
arL lllgell1cnt to determine the activation volum(. of 
silvL'l', and Albrecht and Tomizuka,12 wilh the ap\J.,. uS 

in I his l:dJoralory, have recen tl y completed a dell I. 

lioll of the :Lclivation volumes for difiusion of ,_, 
and silver tracers in a gold-34 atomic percen ; ,,;,\. 
all!) \'. 

,\loSI ()f the theoretical ca.lculations on point (". ,., s 
h:L\ (! l,n'll donc for coppcr,13 which is rei 'cscntativc of 
the :.Ice-ccntcred cubic crystal structure, but for which 
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FIG. 1. Schematic drawing of the !In','',,,',· '. ' <"". 

many of the experiments are dinicult 11) J! 1'111 be-
cause of oxidation problems. Gold );,,, ' II (' II ,e IlH ,,1 

extensively studied fcc metal in illc "·.:j IC 'III, (':II;1I 
investigations, and it is the only one of 111<' """I , llu·l·tis 
for which independellt measurel11enls 1(:[\,(' I'l I 111:111,' 

of the volumes or formation and nlr)1 ion . 1',nl ril 'I,'" 
determined I he volume of III 0 I ion 6 V", I,)' "" '; I~ , lIr i ,..:. 
the errect of pressure Oil the annealing r.dl' oi Ilii'ncll"d
in resistivity. DeSorlJo lo derived <1 vallie (, f 1 I' Vnllll 11 L' 
of formation 6V1 by combining Ili-; ,·.I" rillleiri c 
measurement of the total energy 1"<:1 , : ' I .Iming till' 
:mnealing out of quenched -in \, :L," ,vies \\ i 1 h the 
resistivity data of Bauerle and Koehl<:I'H' Sillll110llS il11(1 
BallufTt3 likewise derived;? value of 61 '1 by cOI11t)in ing 
their vacancy-concenl ra tion data wi t h I he cia ta of 
Bauerle and Koehler, and also with th e dala of ']';,ka
mura,J7 both combinations yie!ding the sanH' value, hut 
dilfering from DeSorbo's value. A more direc t det.er
mination of tJ. V/ was accomplished by 11ll<'Ilener and 
Homan : s who measured the efiect of pressure on the 
quenchcJ-in resistivity of gold. The pu rpose ,)f the 

14l{.l\I. Emrick, Phys. Rev. 122, 1720 (1%1). 
16 \Y. UeSoriJo, Phys, Rev. 117, 44·\ (1%0). 
16 J. E. Baucrlc and J. S. Kochler, rhy~. I{c\.'. )117 I j<)3 (19.:;7) , 
17 J. Takamunl, Acla Met. 9,517 (1%1) , 
'" R. P. llueliencr and C. C. lloman, "h )·s. !{ . v. 129, 1162 

(1963). 

prescnt inycst igat ion is to provide all independen t 
determination of th e tolal act ivation volume, 611 
= 611/+ 61'"" by measuring the erfecl of hydrostatic 
pressure on the ratc of self-difTusion in gold. 

n. EXPERIMENTAL PROCEDURE 

A. Preparation of Specimens 

A single crystal of 99.99% pure gold (Sigmund Cohn 
Corporation), approximately ~. in. in diameter and -l 
iiI. in lenglh, \I' : I S grown under a vacuum of at least 
5X III ij mll1 of mcrcurv in a furn;Lce similar to that 
dcscr i! lcd hy Lazarus ;{nel Chipman. 19 The usual pre
C<lut ions \\'(:re t;iI;.('n 10 cle;lI1 and bake out the high
purity graph ite rrucii) le used for the crystal growth. 

The single crys tal was sec tioned with a jeweler's 
saw, and the standard ll1etallographic procedure was 
used lo polish, etl'l1, and anneal the cylindrical speci
mens. The fmal size of t he specimens was 0.410 in. 
in diameter and 0.2 10 in. in thickness. A light etch 
af ter annealin g showed that some recrystallization had 
occurred in some of the specimens, hut the :;tmy grains 
were few and large enough to preclude competitive 
grain-boundary diffusion. 

The Auw 8 isotope was obtained from Oak Ridge 
:\at ional Laboratory in the form of a very high-
5pecilic-activily sol ution of AuCI 3 in a mixture of HCI 
:lnd I r:\o ~. An ac live layer of Au l98 was electroplated 
01, c.ILh ::.pecimen just p~ior to the difiusion anneal. It 
\\"a~ ~stimated lhat the lhickness of the pl a ted Ia.yer 
lould not have exceeded 100 A. . 

B. Apparatus and General Procedure 

i\ gas pressure system similar to the one described 
1)\' Coldsmilh and JIea rd ~1I was used in the present 
( ·.~IH'rill1cllt. ,\ schematic drawing appcal's in Fig. I. 
,\ I1li"t ur ' of argon and helium was used, the helium 
bei ng ;Lddecl in a sm;L1 1 amount to mak!.! possible lhe 
lise of a mas:; spectrometer leak detc ·tur tuned for 
helium. Cas leaking from connections or other possible 
lea kage si tes was lrapped and carried ou I side the 
safety hal'ric:tde by a set of polyethylene tubcs. A 
sni ffe r allachmentto the leak detec tor was then used to 
lind the locations and magnitudes of any leaks that 
exisled. 

Pressures up to 2 kbitr could be reached with the 
separator alone. lligher pressures were allanied with 
th e Ji arwood intensifier. Inevitable leaks during the 
diffusion a.nncals limited the rUll s to C) kbar. 

The sample vessel il self was machined irom 
Bethlehem "Omega )) tool sleel and hardened to Rock
well C-S2. The volume available for the internal furnace 

10 n. J.az:t rll s and 0 . R . Chipman, !{cv. Sci . Tnslr. 22, 211 
( 11)51 ). 

::I, J. R. (~uJtlsmith anti n. c. Hcartl, J. Cco!. 69, 4S (11)6/) . 
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FIG. 2. Cross-scction:t\ vicw of thc asscmhic·.j :,;,:1 ";,,s" lIre " esse! and the hi;;h-tcl1lpcrature intcrnal fllrnace. 

was 1 in. in diamcter by 6~ in. in Icngth. Th c \'<': · ~cl 
was waLcr-coolcd during cach of the runs. 

Thennocoupk and powcr Icads were ('ollfitl( f cd 
from the vessel through Chromel, Alumcl, and s, l' .j 

cones se:ttcd in the pressure plug with unfi red 1 \. 
A (American Lava Corporation) conical ii.st.",. , . 
Chromci and Alulllel (n. & S. gauge No . .' i, .\ :r(' 

selerl ,-( , ;lS the thermocouple mat erials bec:l lI.e "f I hl' 
slll;dl l,r-.;ssure cITed Oll the clllf output re, ' ,r l,·'] III 
llundy.!: ' The hi~h-pressure side of t he plug \\';, . r(1\ ('rl'd 
with J~ ,.·obond 76 epoxy to fdl the g;lps hel ll", II ;hr 
plUg.l1 d the I11c[;11 cones. Thes,' ~:tps \ITn' ('all ";"'] 1'.1'.1 
cruml): ( away of the insulatii l,.., ,,)!.'" \\'h('n the 111 ('\;1, 

cones c p'\'<;sed in initially wi i ., ., n arbor prl·ss. 
This ;tt ll icat"',l of the epox~' ,i i'l u;dl .\' clilllin:tlcd 
clect ri, ... arCilll-, of the powcr lc;Hl 1'( "1('S I () \ hc plug, 
which h. ld frequently occurred prior to this l'lOdiricat ion. 

The inlernal furnace consi"II' r1 ,,' ;t ~- ill . insidc
diameler-Lhreaded core closely \\'(,lilHI (10 turllS ]In 

in.) wilh O.016-ill. platinum wire, all insulating shc:tth 
surrounding t his core, and a three-piece s;ullple holdcr 
and lhcrmocouple support assembly. All rive pieces 
were mach ill cd from bva A. Figure 2 sholl's ,l rl"Oss
sectional view of the internal furnace :md pressure 
vessel. 

The dilTusion specimen was situated ne;lr thc n:lller 
of the furnace with its axis of syml1letry nOi'lll;ti 10 

.l lc ilO.-izontal axis of symmetry of the fU1'Il ;He. ll ~; 

, 1l.tO:1 face . the face lo be sect inlled, rest ('.1 no! a 
.'" ;lI ur,~ disk 0.003 in. thicle Chromel and . I. h" \lei 

.... · .. es . ~re Spot-welded to t he hot tom sidl' flf 1 hi :, 
~, , ,,,Lim disk, creating a large lhermocouple ju 1('1 illn 

2' F. P. Dundy, J. Appl. Phys. 32, 483 (1961). 

spre:td across the facc of the speCimen. This lype 
of 1 her11lo"ollplc II':tS adopted for several reasons. 
E: 1'1,' : ('st s wi, h spot-welded Chromcl-Alul1lel junclion 
IlwrllHH'oupies indicated lhal lempcraLdc gr;;dients of 
sc\cral r1q!;rees existed ncar lhe center of the furnace ovcr 
:t rq' i'!Il as small as the exl en t of the specimen diamet cr. 
;\ \:-0, LI rge "ert icaltemperat urc gradicnts were observed 
bet 1\ CC'1l a specimen and a Chromel-Alul1lel jUllction 
11'11<'11 tlie spcl 'im('n and junction wcre separated by a 
thin lllir:l sheet. Furlhermore, the early ChrOlllel
.. \ !lllllel jUlle! illl) t Iicrlllocouplcs, used primarily in 
I (Ii 1 jU1lcl iOIl lI'i t h III iC:l sheet s, sholl'e<ll:uge and irregular 
IIc!cri()l"ltiIiIlS ill Iheir emf characteristics in subsequent 
c;J1il)rallOlis. The platinum disk thermocouple assembly 
\Vas found to reduce gre,uly the magnilude of the 
t herillocouple det crior"t :011 which had been observcd 
with the pre\'iousi~ used lhermocouple assemblies. 
Th e disk also providc(1 , L means to eliminate the vertical 
tcmperature graclients :mel Lo give it beller indicalion 
of the avcrage temperature of the face of the specimcn 
to be sectioned. 

After most diffusion annc<lls, the platinum disk wa.s 
found Lo be :l<lhered slightly to lhc face of thc specimen, 
but it W:lS;J1w;tyspossible lorcmoveit with littlcorno 
disccl'Il:lble damage to thc specimcn face. A new 
thcnnocollplc, including platililim disk, W;tS used for 
cal h rUIl. 

:\ special calii>ration furnace was built in an effort 
10 approximate the steep temperature gradient in the 
illtern :t1 furnace from the center of the furnace to the 
plug. E<1.ch thermocouple was calibrated in this furnace 
aft er t he di ffusion anneal against new Chromel .. nd 
:\ Iulllel from th same spools which were spot-welded 
sym ll1l' trically. <l h the original wires on the opposite 
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side of the platinum disk. Various pOri ions of I he spools 
were calihrated against a standard PL-1W~J-Rh - Pt 

thcr.nocouple which had ueen previously calibrated 
a~' th r melt ing points of several ~13S metals. 

I·alibr. ions of the thermocouples used in these 
(W ' .so sho\\'cd the deteriora tion to he irregular, but to 
, l 111. a sma ,~r degree than any of the previous thermo-
• -Olq}' C confl ,~urations. 

During the difTusion anneals, the t eillperat ul'e was 
controlled manually. It was possible to main tain the 
thermocouple emf reading at the desired value to 
within 0.02 mV, which would ordinaril y correspond to 
O.S°c. However, since some runs indicated a gradual 
thermocouple deterioration, mainta ining a constant 
thermocouple emf was not equivalent to maintaining a 
constant temperature for these runs. The am ount of de
terioration was determined by subsequent calibmtion of 
the thermocouple. Warm-up time was always 5 min or 
Jess, and cooling time was 3 min or less. Correct ions, 
described in Part IV, were made for both. The tot al 
efTecu e t imes for each diffusion anneal arc lislc'd in 
T able- •. 

The pressure was maintained constant to with in 10 
bars during warm-up, the extent of the run, and cooling. 
The pressure was measured with a coil of manganin 
win calibrated against the freezing point of Il1Crl:ury 
at 0° (7490 bar). 

T Ill ;ual lat he -sectioning and weighing tcrhll i'lWS 
describ"c\ by Tomiwka22 were employed. Aft er 11 111 ' h 
trial ;'nd error, a lathe tool was ground which Il ,,, ci c 
possib ,,' the cutting of sections as thin as 0.0002 i, l., 
often III the form of a single lathe turning, and le<l\-ing 
behind a mirror-like surface with no burr_ 

An RIDL model 34-12B 400-channel analY;Jcr :11 1(1 

NaI(Tl) scintillation counter were used to ('ollnt the 

22 C. T. Tomizuka, in !If clllodJ of E.'tperilllclllal Physics, cci ill'd 
by K. Lark-Horovitz and V. A. Johnson (Academic Press Inc. , 
New York, 1959), Vol. 6, p. 364. 

TAIILE T. Sclf-c1ifTusion coefficients for gold . 

Tem-
P)('SSllrC peratllre f"u Dr D. 

(kIJa r) (OK) (sec) (cm2/scc) (cm2/sec) 

000 II.H 8.20X 10- 10 8.20XHr10 

2.0(, Il.Il 1O~26 (i.').1 7.06 
·1.0.1 11.lf> lOX7S 7. 11 O.X2 
(,,()() 11.iI 72X<J S.I)S 6. 1.1 
7 . .17 11.11 101'30 .1. 7') 4.X7 
" .OX 1131 (, Iit \ ,1.'16 4.61 

0.00 11 ~3 I.~OX 10- 9 1.1l0 X lo--g 
2.00 II ')·1 IOYI7 US UO 
-I .OS I IK·I 10S.H 1.34 l.J2 
6.!)() 11 H2 I 01l,1 5 1.16 1.IS 
7.S7 11 112 IOS58 X.Y.IX 10- 10 9.08XIO- 10 

').OX 11 11 1 108(,0 X.90 9.18 

0.00 123.\ 3.73X 10- ' 3.73XIO-g 

4.05 12.1 1 7202 2.70 2.7S 
o.Oe, I 23() 7240 2.77 2.66 

gam.nUl activity, at th e O,4ll -MeV peak. of the lathe 
scct ions. The liv~-t ime counting mode automaticall y 
correc ted for dead-lime, and the usual corrections for 
lXlckground were made. 

III. EXPERIMENTAL RESULTS 

Twelve successful difTusion annrals were completed . 
Penet ration plols for each run are shown in Figs. 3- 5, 
and ,hey show that the specific act ivity decreases ex
ponrntially as the square of the penetration distance. 
The val ues determined fo r the difTusi0n coefficients at 
I.:ach temperature and pressure are listed il' Table I, 
t oget her wi th temperature-corrected values of the 
di ffusion coefficient D j , and values from the data of 
Makin, Rowe, and LeClairc.23 Figure 6 shows a semilog
arithmic plot of the temperature-corrected values of 
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tion curves for self
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ZJ S. M. l\ofakin, A. H. Rowe, and A. D. LeClaire, Proc. Phvs. 
Soc. (London) D70, 545 (1957). -



S E LF - D IFF U S IO N I~ i\ ' I ' " ,'l :-) 1 .,, ( ; 1.1 :: C RY S TAL S OF Au A 617 

FIG. 5. Penetra
tion curves for scl f
difTusion in gold at 

_ 960°C. 

o 10 

.4.05 I<bor 

06.06 1<1>0< 

20 30 
x' ,N MILl 

J 
j 
.J 

the dilTusion coelTlcient versus pressure, The error limiLs 
of D shown in the figure correspond to the estima t(,1 
uncertainty in the temperature correction of ±5°C. 

IV. DISCUSSION 

The geometry and initial corditions for the present 
difTusion analysis give the specific activity c(x,t ) at a 
distance x from the initial plated surface a fter a 

difTusion anneal time t as 

c(x,t)= [c (O,O)j (II'Dt)Jl2] exp ( -:\..2j4DI), 

where D is the difTusion coefficient 
The specific activity of each section was cOmpu l( ,. 

from the observed counting rate and the mass oj I I II' 

section . I ~ach was corrected for the radioac tive de! ':l ~ 
of the Au,08 isotope. The midpoint x of cach secl ion 
was c:l(('ul ated in the usual way, and the slope of lit e 
straigh li ne for each penetration plot was del enn illu i 
by a I, ,Ls t-sqUJ.res analysis. The effective t imc l " lf of 
each dlJ,usion :LIlneal was calculated from 

In this expression, the integral was approximated by a 
sum of several terms during warm-up and cooling, 
plus the measured time at the diffusion anneal tem
perature TA • A value of AH was calculated for each 
pressure from the relation 

AH=AHo+PAV(l-Ta) , 

where All 0 was taken as 41.7 kcal/mole,23 A V was 
approximated i 7 cm3jmole, and a, the volume 
coeffici . 'I t of th..:rmal expansion, was approximated as 
6X 10 :, 'C-I fo : tile high tempemtures involved . 

The Lemperalure of each run was determined i;-,,,n 
the calibration procedure described in Part I I. ' I Be 
deterioration which took place during some of I he 

di::' .. .;ion :tllneals was assumed to be approximately 
li li c.lr, and onc-half the magnitude of this deterioration 
was uscd to a rrive at the final temperature. Each value 
of DT \\',LS thcn correc ted for one of the isotherms of 
in terest by 

D ,= Ih· exp(AlI[T,- T ]/ RTT,) , 

where D, is lhe cor rec ted di ffusion coefficient on the 
iso t Ll' rill T, . 

COllsi<ie rillt,; dilTusiOi . ,. ) he an ac tivated process with 
an ac tivation free energy t::.G, the d ilTusion coefficient 
may be written 

D= 'Ya2
" f exp( - t::.Gj RT) , 

where'Y is a constant depending on the crystal s tructure, 
a is the i:lll ice constant, " is a vibrational frequency, 
and f is the correla tion factor. The activation volume is 
then given by 

AV= (aAGjaP )-r 
= -RT[(a InDj aPh·- (a lna2j ap)-r 

- (a lnv, 'ap)-r] 
= -RT[(a lnDj aP)r+ j K-r-'YaK-r], 

where J\. -r is the iso thermal compressibil ity and 'Yo 
is the t ;rli ncisen consta nt. 

, he st ra ight lines shown in Fig. 6 were determined 
by least-squares analyses and are expressed by the 
fol lowing '-, lua tions: 

8<>O°C : loglOD = (O.9215±0.0217) 
- (O.02750±0.003KO)P , 

910°C: 10g loD = (1.2525±0.0127) 
- (0.033 72±0.00221) I) , 

9<>O °C : log loD= (1.5675±0.0234) 
- (0 .025()9± 0.0055Cl) J> , 

where t he p ressure P is expressed in khar n.nd D is in 

FIG. 6. Varia tion 
wilh pressure of the 
d ifTU ~lOn coefiicicnt 
a t 860, 910, and 
960°C. 
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TAIlI.E 1 r. Activatioll ""Iumcs for gold. I ',, : 
molar volume uf guld, 10.2 cm~/mole . 

L\ I'm ..\1 
(cm'/lllOlc) (cm'/molc) (cm'/mole) ..\ I '/ I' .\{ ..\ 1'/1' 1' " 

7.2" 
.~. ()" 1.."n 7.1 
S.Hf' i .S 7 .. 1 
4.,,01 I.S (, .1 

• I'n'f4(' lIl "XI H'ri1llrnt. 
II 111H'1"' IH'r 11 1111 110ll1ltl1 (ltd. 1M). 
• I "'Sotl ,o (Rd. I~ ). 
• Sllllll10 tl O atlt! 1I.,lItlfli ( Ref. J). 
'Icmtick (Rcf. 14). 

(l71 
n.70 0 ·5 
0.72 1) , -; 

\l .W I) ,.' 

cm2/sec. Thc error limit s shown arc lil e sl:lnd a rd 
dev ial ;OIlS. 

Co., "I nill~ the slopes of thesc lines wil h I he 11lllt'h 
small, . crms involving J\.r and "Yo in lile expression 
for Ll it .liJove, onc obtains thc following values of Ll V: 

860°C: Ll V=6.1±O.R cm3/ mole, 

910°C: .:lV=7.7±O.S cnNmolc, 

960°C: Ll V = 6.2± 1.4 cmJ/molc, 

where lhc error limits herc arc derived frolll Ih e sland
ard deviations of the slopes. 

It was assumed that the temperature deJl(,ndelll '(' of 
the activalion volume, if any , is very slll:dl cOlllp:m'd I() 
t hc lInec rl Oli nl ies in I he presen I res lI Its, and a \I'( ·igh It'd 
average of LlV was ('ollllHlled frolll the X()() :11111 I)\O" C 
valucs. The rcsult is 

Ll V = 7.2 ± O. ·1 cm3/ lllolc, 

wherc Ihe error limit here is the standard d( :vi :llion of 
thc weighted average. The diflirullies t'1l('OIIlII('1'('d in 
Illak ing sun',',;s f\ll runs at Ihe highest. ICIII(H'r:illIIT, 
960°C, lilllited th e dala 10 such an exlelll Ill. ll IIII' 
unccrt:linty in LlV for that tcmperature was greal 
enough LO producc a ncgligible erred on I he value of 
thc wCI ._ n lcd averagc. 

T;lblv II shows valucs of Ll V f for gold determinl'd 1)\' 
oth er ('perilllelll :ti investi g:llions. These :lrc ('olllilinl';1 
with ,i·. lIlrick's value for Ll V m to givc a tot al va lue for I he 

TAIlLt: If!. Acti\'atioll votumcs for fcc metals. 

AI' I'M 
Mcllli (cm3/mole) (clll'/mole) 

----.- -
All" 
A~h 

A\I in A\ll\g· 
I\g in I\lIl\g· 

AgZn,1 
Ph" 
I'b r 

• Prescnt expcrfmL .. t. 
b Tomizuka (Ref. II). 

7.2 
11 .2 
7.,", 
7.2 
,",.'1 

13.0 
11.6 

• Alurcchl and TOI.lllUka (Ref. 12) . 
d Tichelaar and Lozaru. (Rei. 24 ). 
• Nachlrieb. Resin R. and Rice (Ref. 8). 
'liudoon lind lIoffman (Ref. 9). 

JO .2 
.10 .. \ 
10 .. \ 
1O .:~ 
10.0 
18.2 
18.2 

L\ I' / I' M 

n.71 
(UN 
0.7.\ 
0 .70 
n.,",·1 
0.71 
0.&\ 

:l, .' \ '1 volume. COlllp:lr ison of these val ues with the 
n · ~' . 11 " .• IIC prescn tin vestig:Ll ion shows good agreemen t. 

j'>q)l'I'imen t:ti resulls for aClivation volumes in 
~t·\ · ('r.tl oi I he fcc mel nls nre collected in Table 1 I r. 
TIll' raciioaclive trace r and sect ioning teclmique was 
lI ';"') ill all II1It one of these inves ligations: 'J.'khel:l:lr 
:llIcI LaZ:lJ' lIs:' 4 determined the :Lct ivat ion volul lle for 
Agl. n hy 1IH': ls liring I he el'feet of pressure on the :UH'I:lSI ic 
r, ·I.,'(a lion ill Ihal a lloy. 

The v:llu('s I!,iv('n for t he al'l ivai itlll voluilles in 
'J'.ti) Il'!-; I I :l l1(1 III indir:llc that considerab lc rel:Lx:l lion 
occurs :tiHlllt :l V:lc:tIll lattice sitc in :lIl fc(' uyslal. 
Many Iheo relical ca\rula tions are in dis:lgreemtnl wi l h 
Ihis finding. For example, Kanzaki2f, and :\"ardl'lli 
and l{cp:ln:li2n prC'dil't a volume coni rac tion about a 
vac:lIl('Y ill :lll kc l:lll ice of Icss t h:m \ (1<) of an :ltomic 
volume. Nq~ligiblc rclaxations abo arc predicted by 
c:ticu lat ions of st :11 ic lallice energies and configurations 
by Ha1l 27 and by Girifalco and Strcetman.28 Lawson, 
Ricc, Corncliussen, and Nachtrieb29 argue thal the 
above calculat ions could not have correclly predicted 
thc rel:lxalion, since they did not include thc anhar
monic forces which are responsible for relaxation. They 
perform a calculation which includes such anharmonic 
lerms, and predicl a volumc rclaxal ion of 33% ahout a 
v:lc:lnl laltice sile in a cubic rryslal. 

i\f:lny del :liiC'd calculal ions of energies and lat t irc 
dislllrt iOI1S of various defects in copper h.lvc ileen m:lde 
dur ing I he past fl'w years. Allhough (;i\'son, Col:lnd, 
I\lilgr:lIll, a lld Vineyard;") find thc volume rela);:llion 
:i1)I)lIt a V:lC;1I 11 silc to lIe quilc snlall- IO(Yc) at I!losl -
nl hers have calcul:\ led mu('h i:tr~cr relaxat ions. Cal
cuial ions hy ' l't,:' \'ordl':" Tcwordl and Bennemalln,:l2 
S('t'l-ier ;lIlri i\1:llln,"" 1!\'nnem:lnn,J4 and lohnson 'and 
IlroWll la yield vallll 's of LlVJ!V M which' arc in good 
a~re('nl('nL wil h I he exp('I'imenlal indical ions of COIl 

s iderablc voluille rclax:lI ion about vaclnries in fcc 
nlCl:ll s. Table IV conlains most of Ihe results of thesc 
(' :ticui:tlions, in the forl1\ of LlV,/VA(. It should bc noted 
t ha l I hese calrulal ions of the lallice dis tortion take into 
arrounl an imporlant ciTed first pointed ouL by 
Esil (' lby Y' li e showcd Ih:'l Ihe slress-free surface of a. 
f'llile nyslal gives rise to an image term in Ihe dis
placcment ahoUI a point impcrfeclion i this terlll has a 
largc erred upon the magnitudc of the volume relaxa-

~4 (; . \~. Tich~'laar :\lHI.I). Lazarus, l'hys. Rev. 113,4]11 (19.19). 
.1, II. Ka ll7.ak l, I'hys. ( hem. Solids 2 :H (11),",7). 
2' (;. Nan lelli alltl 1\. Rcp:\nai, I'ilysi'ca 2,1, S!.'<2 (\9S8). 
27 (; . I.. lIall , I'ilys. Ch clIl . Solids 3 210 (11),",7). 
'" 1,.1\. (;irifalco and J. R. St rcclI;lllll, I'hrs. Chcm. ::;o lid ~ 'I, 

J.~2 (19,",11). 
'.1\. W. Lawso n, S. A. Rice, R. D. CornC\illssc lI, alltl N. 11. 

Naclilril'h, ,1 . CI,c'h. l'hys. 32,4·17 (1%0) . 
"" J. I!. (;i ilsl) lI ,.'\. N. (;oland, M . Milgram, and (; I!. Vincyard, 

l'hy~. Rev. 120, 1229 (J~)(iO) . 
31 I.. Tcwordt, Phys. Rcv. 109, 61 (1958). 
3~ K. II. Bcnllcmalln and L. TClI'ordt Z. Naturforsch. 15(1, 

772 (1%0). ' 
"' .\ . Sceger and E. Mann , Phys. Chcm. Solids 12, 326 (1%0) . 
~I K. Il. ilCnnCll13nn, Z. Physik 165, 445 (1961). 
3' J. D. Eshclhy, J. Appl. Phys. 25, 255 (1954). 

po---
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I" ""lit ;\ vaC: ll,cy, :1.11<1 il must be included I" :" 
,;·.-l il'al caku ialion of the rel;lxalinn :tboul a , I ' 

il l ' i!l an infinile latlice Ill:t)' be dirertly COlllpan ',j , .. j,l, 
"\f ' 'rimelltal resull s. 

L IS also possiblc to compare the result of the IJl'Cs"1l1 
"xpcriment with cxpressions rclating the acti\'(\1 illli 
volul1le t,l other knowll quunt ities. Nachtricb Resin" 
and RiceS und Rice and Nachtrieb"G showed tJ;at ~' 

t.V= (MI/ Mlrn)t.Vn" 

where t.lJrn and t.Vrn are the enthalpy and VOit ;II , · 

change upon melting. Using 42 kcal/molc23 for t.11, .1.1 1 
kcal/mo1c~7 for t.fI ... , and 0.51. cm3/molcH for t.1·,,,, 
onc finds that t.V is equal to 7.1 cm3/mole, in st.:lrtlill )' 
agreement with thc prcsen t rcsult s. 

Keyes38 noted that many materials follow the sCllli 
empirical relationship 

t.V= 4KTMI . 

Using 6.0X 10- 7 bar-I for J( T, and ·12 kc;tI/lllo1c fill' 
t.lf, one obtains the value 4.2 cm"/mole for t.V. In ;, 
later p:tpel"'o Keyes derived t he expression 

t. V = 2 ('Ya - ~) K'/'t.G. 

Thcrc is somc doubt about thc correct value of "I t; IlI r 
gold. 40 A compromise between th e value of 'Yo d"riwd 
from compressibility da ta and from shock-wave c\ j>lI"i 
ments suggests the value 2.0. With this valur, a nd 
with t.G"", t.Il = 42 kcal/mole, t. V is equal to on'" 
2,8 cm3/mole. However, a derivat ion of 'Yo from the hl'; ~1 
cn.pacity at constant volume gives a value of 3.0. Ti 
this is used in the above equation, then t. V is equal to 
4-.9 cm3/mole. 

L:twson ct al. 29 also derived an approxil1lat e rela Ii" " 
between the activalion volumc of formation t.1', ;Lll' i 
the molar volume 

t.V,/VA/= l /('Yo - A). 
With 'Yo = 3,O, t. II, is 3.8 clll"/lllole, l)\It with 'Yu 2,1l, 
t. V I is 6,1 cma/mole. 

Many of the calculations cited arc hut rough apprr)\i 
mations. However, many of the experimental results 
cited also are quite limited in their ce rtainty by large 
experimen lal errors. In the presen t inves tigation, 

3G S. A. ]{icc anrl N. lI. Nachlrieh, J. Chem. l'hys. 31 1.39 
(1959). ' 

11 C. J. Smilhclls, AI clals Ncfcrcllcc Book (Hlillerworlhs Scientific 
Puhlications Ltd. , Lonclon, j'9(2), 3rd cd ., Vol. 2, p. 618. 

'8 R. W, Keyes, J. Chem. Phys. 29, 467 (1958) . 
3D R. W. Keyes, in Solids UlIder PresSIIrc, ediled by W. Palll 

and D. M. Wnrschaucr (McGraw-Hili nook Company, Inc., 
New York, 19(3) , p. 71. 

• 0 K. A. Gschneidner, Jr., Solid Siolc Physics, edited by F. Scil z 
and D. Turnbull (Academic Press Inc., New York), Vol. 16 
(to be published). 
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'1',, : " 1\'. " il .. "relical \'~llIes for voll/me relaxation al,(lI, l 
\ ;1,';11 tl in C"Pllel" . Pcd cntials n, ", 1"1 , ;lnt! 1'2 arc Horn-i\lavcr 
1'l l'III , il,ill,. TIl<' "'I'lici t form of I' , is .tile to 1!lI l1tiil);-
1"11 ." "',. il .. , 1 .. [ I', i, d',e to Il ulllill);lon anrl Seitz." V, is a 
.\t o r~, r"l'I "-;\'r polenlial whose explicit form is due to Girifalco 
anrl \\ I·'·<,'r .' T Ill' c"n~lant ii is the Eshelby factor (Ref. 35), 
which i, "'1 l/al to 3( 1-0') / (1+0'), where 0' is Poisson's ralio. 
-. 

Nearest- Fractional 
neighhor volullle 

~'H lrcc pOlen lial relaxation 

TCI\I)nlt" V, -0.53 
(0= 1. '=;) 1', -0.·15 

Ser;!cr alld ~I.lnn° /I -O.O() 
(II 1 .. ') b -0.19 

1', -0.29 
Bl'lIn"' ll ;1I111 ,,"01 Tl'lI'onll l 1', -0 .. 11' 

(~ 1.:') V, -0.32 
I' , -()A ·~ 

V, -n.·1(j 
(0 I.S) ]f, - 0.39 

1'. -O.S.1 
iknnl'll1" nil" V, -0.40 

(0 1.2) 

Johnsoll .l nol Brown" 1', -0.48 
(.5 1. .1) 

• II. II . Ilnnlington, I'h v • . H",·. 01, Ion (t?5.1). 
10 II. It. 11Hlltinl!ton 0111(1 F. S t·iC1- . Phys. Rev. 61, .115 ( 1942). 
• I.. II. (,\tiL,ko ami V. G. Wcizcr, (,hy •. Rev. 114,687 (1959). 
d ~ (' r Rd . . ~ 1. 
• ~c,' I{d. J.l. 
t Src l{r i. .1 .l. 
• SIT R,·r. 3 1. 
"Sec Hd. 13. 

6 V!iV M 

0.4 7 
0.55 
0.91 
0.X1 
0.71 
0.(i2 
O.()X 
I).S6 
O.S·1 
0.61 
0.47 
0.60 

0.52 

iil11it ;l tiol1s in accuracy of the experimental (bta m:tde it 
il1lp()s~ ibl c to draw :lIly conclusions with respect to the 
tel1lpc: ra tl:re depcndcncc of the :lctivation yolume or the 
prcssur(; d(;jlenden ce of the :lcl ivat ion encrgy. These 
iimit a ti"ns arc due 10 the difliculties involved in the 
'lieasure'lient, rep['IHlucil,ility, and \(ml rol of Ihe 
I clllpcr:LI 111'(;. A rt';lsoll;lble va luc for the error in the 
tC lllll('/':lIll re 11It';ISI/I'C'llt' nt W;IS (;st illla.tcd to l,c :1: 5°(', 
. IIHI ,Iii' 1'/ i'llI' lill,ih ill Fig. () arc ba sed UpOIl thi s 
,·s li' ",l it' . It is prol, ;d,ie Ih:lt the ,'ause of Ihe irregul ar 
IIll' rll"" 'IJllpit' dl'lcrio r:l l i"IIS which were ol)se rved was 
dlle to cont ;lI11ill;llioll of Ihe ther l1lOcouple wir(;s by 
unronl roll;I1>le impuri t ics in t he gas, [umal'c part s, or 
v('ssel paris, although precautiolls w(;re takell 10 mini
mi",c this )lossihlily. Measurcmcnl of all accurate km

pcr;dure in a sm; t1l furnace of the type used in this 
expcri ment also is I imi t ed iJ y thc preseJlcc of t ell1per;\
tu re gradients. Once these diOiculties are overcome, 
more reliahle dala c;tn be obtained from measuremcnts 
of the type made ill this investigation. 
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