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~IeasurclllcntH are reported fOl" fI -axis and c-axis l·wlr-diITIlRion in tin fl"OlI1 0 t.o 10 kl>cLrs and 
for \,elllp<'ra.t,1I1"<'.8 in the mnJ!:(' I (iO ·228 o. At Z('I"(\ prmiSllre, Da = 10.7 exp( - 2:), 100 ± 
800)/ 1l'J' and D. = 7.7 exp( - 2:i,nOO ± 10(0) / U'l'. Thc activa.tion volume is !i.:~ ± 0.3 
Cillo 3 g.-atclIn - 1 (a:l% or th(' J!:.-at.!llllic voillme) for hoLh principal dil'cctions amI appean, to 
he indcpcndcnt of tcmp('rat\ll"c. The data arc IllOHt. simply intcrprctcd in terms of a 
vacancy IllCcho.nisllI, in which two diHtinct. kind!! or jumps occur. 

Introduction 
Activat.ion energies 61/ detcrlllined from t,he tcmpern.­

tll\"C depcndence of the difTusioll rate in single crystals 
of thc clem('ntn.ry metals are most satisfactorily cor­
n,lated with t,hroret.icu.lly calculated activation cllerJ!:i!'H 
ror IL va.caJl(:y difrusion ll1eehanisll1. 1 lteccnt work on 
til(' pJ"(~"HUr(! dependencc, which load!! to the a(:t.ivnt.ioll 
VOllllllC 6 V, I ilLS Hupport.('d thi!! 11I!~(!11IL1liHIII.2 'I'll(' work 
of f:\illlillons and BallufJi3 provid(,H IHlar-c()lIehIHiv(~ 

cvid(,lIc!~ for the (lxiHt,eJl(!(! of hiJ!:h eonc(~lItrn.t.i()lIs of 
vn.caneieH in the nohle Illdais n.nd allllllinuill II('ar t,hc·ir 
Illelting point.s. llclIlce, a vacancy difTu:;ion niechanisill 
is reasonahle in these and similar metals. 

Solid-st,atc difTuHion has been considered nn 
activated Pl"Oc('::;s, wit.h a. Gibbs frce encrgy or aetiva­
tion 6(;. For the vacancy III cclltLni::;m , it i::; na.tural 
to distill~\lish between contrihutions to 60 frolll t.he 
forma.tion of sessile vacancies at equilibriullI in the 
lattice, 6(;" and f!"Om the additional free energy M:", 
necessary to move the vacancy from the equilihrium 
position to the midpoint of the difTusive jump. The 
activation enthalpy and volume have analogous 
components; diffusion studies yield only their SUIll. 

For close-packed hard spheres, 6 V f should be 1 molar 
volume, and 6 V m should be of this order.2 Other 
crystal structures will have smaller motional contri­
butions. Measurcd valucs of 6 V range from about 
25% of an atomic volume (lithium) to 90% (silver), 
and are greatcr than 50% for closc-pn.cked structurcs. 2 

Rice and co-workers4 - 6 have developed 9 . dynamical 
theory of difTusion which, while formally equivalent 
to activated state thcol'y, avoids the least tenahle 
assumptions of the activatcd state, and which identi-

fics the important microscopic contributions to the 
difTusive process. The activation energy is replaced 
by 

611 (1) 

where ([n is (,ll<! t,mnslo.tiolud ('II('rJ!:Y a difTusing aLOlli 
IlIlIHt oht.aill to Hlu!eessfully (~fT('(:t, t,lH) jUlllP, L U, is 

i 
l.Iw ('XC('SS ellC'r).!;y ov(:r t,he t,hnrllml u.v(!ra.go fOI' !Lily 
nt,olllS hilHkrillg t.lre lllotioll or thc dilTIIHinJ,!; atolll to 
movl: suffi ei('nt,ly aside for tlm(, at.om to pass, I1ml 
L Ilk! accounts for a.djustments of t.he surrounding 
k>! 

atoms not fipecirically included in the jump proccss. 
6//, iH tllC! formation cnt,hn.lpy of 0. va.cancy. 

Using t.his approach, H.ice and Nachtricb6 conclude 
that a cOITc!>pondcnce between difTusion and melting 
should exist ill the form 

constant (2) 

and that 

(I) n . Lnzl\ru~. "Advnnces in Solid Stnte Physics," Vol. 10, F. SeiLz 
nnd n. Turnbull. Ed., Acndemio PrcliS, Inc., New York, N. Y., 19()(), 
p.71. 

(2) n. Lnz"ru~ nn(1 N . n. Nnrhtrieb, "Solids Under Pressure," \V. 
Pnul nnd D. M. Wnrschnuer, Ed., McGraw-nill Book Co., Inc., New 
York. N. Y., 1963, p. 43. 

(3) 11. O. SimmonR and 11. W. Ballum, PhI/B. Rev., 117,52 (l9GO); 
119,600 (HlOO); 125, 8G2 (1962); 129,1533 (1963). 

(4) S. A. Riee, ibid., 112,804 (1958). 

(5) S. A. Ri(:e and N. n. Nachtrieb, J. Chern. PhYB., 31, 139 (11l59). 

(6) A. W. Lawson, S. A. Rice, R. D. Corneliussen, and N. H. Nach­
Lrieb. ibid., 32, 447 (11l60). 
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MI = MI"!.~V 
~Vn, 

\\"11('1"C' Lhe slinscripL III refers to fusioll. \\ i ii , (.~) 

alld (:{) hold remarkably well for a large' Idl llll )" 1" t)f 
metals to 10 kbars7 1I udson and IIolTll1an~ ha\,( ' found 
In rge deviations for lead aL higher pressure. TIl(' ('or­
rC', pondenee between diffusion and melLing P!'Oklhly 
exists ollly in the limit of zero pressure, 

From the fon·going it is evidf'nt LhaL V:tI'UII('Y dif­
fusion occurs in nldals which crystalli:1\C ill clos('- p~\(.: k('d 
st,I'uctures in whieh the void voluIne is a Illillillllllll. 
AnisoLropic sLrucLures typically have larg;I '1' \'oid 
volullles; and if interstitial self-diffuflion Oel'lIl'S in 
m tals, thos(~ wi Lh an isotropic strllcturf's should he 
relatively favorC'd. Since IlO Lheoretical clIi<:1I1:I I inns 
for acLivatioli energies have been made for slI('h 
sYflt.ems, it is necessa.ry to deternline the ael ivat ion 
':oluInes, as well as aciivation energies, to form rl'iiahlc 
conclusions about the diffusion mechanism. Whitc' 
tin is. anisotropic, with a void volume at, 2ijo of 4IiJi%, 
and IS thus a favorable meta.l. Self-diffllsioll f;t.lldies 
in tin at zero pressure have been reported hy FI'lIsiIall1!1 
and by Meakin and l\.lokhohn. lo The result.::; of 1-'<'118-

ham are anomalous, giving activation eneq.o;ip;. II hic:h 
disagree with results for similar metals. l\'ll'akill allJ 
Klokholm fOllnd close agreement with 01.l"·1' low 
melting metals, but eOllld show only that a Vllf':UlI',y 
mechanism was consistent with their result:.; , lloL thaL 
it was required. This study was undertaken to de­
termine unequivocally the dilTusion Jl1echani~;r11 ill 
tin, 

It is pprhaps desirable to ask at this poillt. \\,11:tt is 
the significance of the quantity (0 In /) / 01').,. ill an 
anisotropic system. Cit'ifalco alld Grillws ll have 
analyzed the effect of strain on the diffllsion 1'01 a I.iom; 
a8 developed by Vineyard. '2 Their resulLs arc general­
ized to anisotropic systems in the Appendix, and it 
is clear Lhat the measured quantity is indeed a volullle, 
related to .the usual activation volume in isotropic 
systems. This result adds confidence in the conclusions 
drawn from this study, 

Experimental 
Large single crystals were grown from 9()'!)!)fJ% 

tin l3 by a modified Bridgman technique. CrysLal 
quality was checked with a modified Laue hack­
reflection technique, in which the only collimation of 
the X-ray beam was a O.IO-in, diameter pinhole. This 
gave a beam which struck about I cm. 2 of the crystal 
surface. Any crystal defects in this are.'l. appeared 
as irregularities in the X-ray film spots. Only crystals 
which gave nearly perfect spots were accepted for 
diffusion studies. 

The Jourrud of PhYBical Chernutrll 
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Thl~ large cryst-ail; were oriented by the IIslIal Lalle 
ba,ek-rf'fl('<:I,ion technique. Cubes approximately 1 
rill. 011 all ('cl~e alld wiLh their faces oripn ted close to 
\Jl!rpelldieular to the (100) or (001) axis, principle 
axes for dilTusioll, were cut ou\' \\' ith a Servolllet spark 
C'lItter. These cubes were again checked for quality 
with larg<'- 'pot X-rays. No difTerence in quality of 
fa,I'es perpendicular or parallel to the tetragonal (001) 
n. ,is was uetl'ct,('u. Once again only the best crystals 
W('I'( ' 1'(·lained. Two faef's of ('ach cube were oriented 
011 a slllall goniometer head by X-rays so Lhat the de­
"in'd crystal axis and the goniometer axis were parallel 
to OJ)o of arc. The goniometer head was then 
n,lig;lH'd optically ill a microtome to cut the crysta.l 
fa(:I! p!'\'pendicular to the c\<'sired axis. i\ I icrotoming 
~a\'t' u. planc basal :<\I ), r , . .1 to within 2 1-', 

Thn crystal was alll lf'" \ to re11l0ve the 
sli!l:ht cold work in\'rodw'Pl1 ' ,Y ,,' lll ir' l'o t 'lme. 

Sn 113 in carrier metal was vapor depo'iteu on the 
diffllsion raees at pressures less than 10-6 mm. Typi­
ca.lIy, fi I illS 1('s8 than 1 I-' thick and having an activiLy of 
closo to 106 counts pCI' min. were achieved. 

The erystal was scaled in a Pyrex ampoule under 
vaellum and placed ill a wire-wound resistance furnace 
at. the dC'sirC'J temperature for the zero pressure all­
nrl.lls. Temperature was measured wiLh a carefully 
calibrated iron-constantan thermocouple positioned 
ncar the ampoule at the center of an aluminum bronze 
hlock which minimized temperature gl'll.dients around 
thC' ampoule. Temperature was measured to 0.1ijo 
and absolute temperature at the crystal was prohahly 
corrrct to within 1°. Correction for finite warm-up 
rate was applied, in IlO case being greater than 0.1)% 
of the anneal time. No cooling correction \Va: ncc·ded. 

lligh pn'SSUl'e was gellcrateu by a liquid hydraulic 
system of the Bridgman Lype,14 Pressure was tralls­
mil,ted by Dow-Corning 200 silicone fluid and measured 
with a mangflllin wire coil calibrated against the freez­
ing point of mercury (7G40 kg./Clll. 2 at 0°). Automatic 
pressure control, plus a continuolls pressure record, 
was obtained hy monitoring the imbalance of a Wheat­
stone bridge wiLh a recording potentionwter. Pres­
suro WIlS maintained to within 10 kg./cl11 , 2 of the Illean 

(7) ll. A. JIultsch nnd ll. G. Dnrncs, Phl/s. R,·v .. 125. 1832 (1962), 

(8) J. B. Hudson and R. E. lTolTmnn, Trans. ATM E. 221, 7GJ (1061), 

(0) P. J. Fensham. AUBtralian J. Sci. RrB .• 3A. 91 (1050) ' 4 229 
(1951). ' , 

(10) J. D. Meakin and E . Klokholm, Trans. ATME, 218, 463 (1960) 

(11) L. A, Girifalco and H. H. Grimes, PhYB. Rev" 121.982 (1961) 

(12) G. H. Vineyard. J. PhYB. Chern. Solids. 3, 121 (1957). 

(13) Purchased from Vulcan De-Tinnillg Company. 

(14) J>. W. Dridp:man. "The Phy~ics of High Pre~sure," G. Dell and 
Sons, London, 11158, 
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Table I: Thermal Expansion" and Linear Compression CII('l llI"i"nt,"" for Tin 

0'". dflg. - l #(". atm. - 1 I:Hic, d r l!. ,1 Ilbn. -Ie c5.,", lI.tm. - 2 .6.&c. deg. -I atm. - 'I d 

:3G . 4 X 10-· G. 6\13 X 10- 7 O. OO;J:3 X 10 - 7 1.0n X 10- 11 -0 .0037' X 10-11 

oft, deg.- I "n, atm.-I .6."0. "(",:t . - I atTn. -I' 

16.7 X 10- · G.008 X 10-7 0.0027 X 10-7 .; . l!) X 10- 12 0 .0013 X 10-12 

" S. Lee and W. Raynor, Pror:. Phys. SOI:., 867, n!l (10M). b [teL 14, p. 160; !11/1o = liP - 01'2. .!1" = dJljd T . d!1o =. do/dT. 

prCHHllrr. Thc bomh waH illlllH'rSCO in a Dow-Coming 
rl()() silicone oil bath at thc dcsireo tcmpcra.ture. Crys­
(,ILl t.Plllporn.tlll'e wo.:; nlrusured on a carefully cali­
hmL(·d chromcl- al\lll1d thermoco\lple Ileal' the crystal 
ill (, Il(~ homh. Telllpemt\lre wa:; ll1eaSIIIW\ to O.:2.'i°, 
hilt variable tell1p<'rature j!;moients prevent,l)d knowing 
the t.Pmperawre at the crystal 1.0 better than wit.hin 
n.ilollt 2°. Corrections were applied for finite wal'lllillg 
and cooling ratcs. The::>e were always less thall 2%. 

Aft!'r the o.llllcn.l, each nonactive face wo.s microtonwd 
to eliminat.e Hl\1'facc diffusion cffects. The COllHlllln 
edge lwtwcpn the two diffusion faces was also relllovt,d. 
Hadioactive slices 2 Il thick were grouped in thre('s; 
en.eh ~roup wo.s weighed to ± 10 Ilg., then counted in 
0. methane flow proportional counter operating in t,he 
pln.teau region . Tell thousand counts o.hove baek­
ground were collected from cn.ch sample. Approxi­
mate penetration profiles were determined as shown ill 
Fig. 1. Slice thickness and face misalignment cor­
rections were applied to the diffusion coefficient ca,l­
culations. 16 The relative error in the diffusion co('ffi­
cients is close to ± 5%. 

Experimental Results 
From the thermal expansion and compressibility 

data givell in Tahle I, the diffusion coefficients were cor­
rccted for the effects of thermal expansion and linear 
COlli pression. This effect is slllall, never much great.er 
than 1%. At the highest pressures it was occasionally 
negative or zero . The corrected diffusion coefficien t s, 
as well as othCl' pertinent quantities, are given in 
Table II. 

Isobars . A temporary value of (0 In D/oP)r was 
taken from a plot of the da.ta as approximate isohH I'!-;, 
o.nd this value was used to correct each diffusion co­
efficient to the nominal (i.e., 000, 2000, etc.) pressure 
of the run. Corrections were never greater than 3%, 
so that a more accuro.tc correction procedure is un­
necessary. The corrected isobars for a- and c-axis 
diffusion are shown in Fig. 2 and 3. The lines shown 
are not lcast-s<luares lines, but o.re instead intuitiv(' 
lines which show more clearly the trends in thc datil.. 

Table II: DifTusion DnLn 

P. nil x 1011, D, X 10" . D. 
kll;./e,,, .' 7'. oc. • em. 2/Boe. crn.'/sco. D, 

000 l!l(l .4 0 . 2113 
noo JG2.r. O.24!l 
()OO IGO .H 0.OOH6 
O()() 17li . :! O. iili7 O.2ii5 2 . 184 
000 1!l1 . 7 1 . 400 0.563 2.487 
(100 2117.7 3 .5Sa J . 5!)H 2 .3(j() 
000 22!) .X 10 .00 4 .82 2 .00:l 

21:,S lRH . r. O.!)))) 0.471 1. !J4!1 
1r.40 207 . !! 2 .8!):~ 1.360 2 . 127 
IH!I~ 22.'i.6 7.363 :3 . 403 2 . 164 
l!l:\~ 22H.8 7 .81)2 4.378 1 .803 
411t; IHO . l O.HOO 
:mHS H12 .0 0.:3(10 
:\!J07 211 .a 2.748 1 .2!)3 2 . 12.1 
4007 22!i. ) S.124 2.87G 1 .782 
:m77 2:;.').!) 1O.02!l 4.866 2 .062 
()()f'~1 Ultl . () 0.."i4H5 
fiO:\.') [!12 . (i O.67!! 0.272 2 . 4!)G 
r.III7 20~.1 1 .5!i7 0 . 701 2 . 22 1 
(iIO·1 22·I.G 4.RR:l 2 .anO 2 . 12:1 
(iO'20 2:~!) . 8 10 . 7GB 4 . lOG 2 .5G7 
7!l!ln 101 . !l 0.400 0 . J8:34 2.181 
7!)O!I 207 .8 0.471 
7n.')n 2()8 .8 l.aS!) 0 .664 2.O!J2 
7()iO 224.8 3.642 ) . 507 2 . 417 
R07!1 2an .8 7.6!l1 3 . 100 2.451 

lOOnO 1!l2 .0 0.:3467 0.159 2.181 
10120 207 .6 0 .O8!lO 0.422 2 .331 
1010.'1 225.3 2 .!)1O 1.368 2.127 
10134 244.8 7.765 2.727 2 .847 

This is jn::>tified since four points are inadequate for a 
IIlmningful least-squares treatment, pal'ticulo.riy in 
view of the scatter in the data. Activation energies 
a.nd Do vo.lues derivcd from these isobars are given in 
Tablc III. A reasonahle mean value of the standard 
deviations for the activation energies is 1.25 kcal., 
or 5%, while the relative error of the Do values is close 
to 10%. 

(15) G. A. Shirn, Eo S. Wajda. and H. B. Huntington, Acta Met .• I, 
514 (1953). 
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Figure 1. Typical c-lIxis pcnetmLion profile. 

Table Ill : Activation Energics and Do Valucs 

PrC8811rc, kg.fem.' 
000 2000 4000 6000 8000 111.100 

All., kcnl./mole 25.12 25.57 25 .61 26 .:13 27 .2-\ 27 .!)O 
All., keRl./molc 25.55 25 .81 26.70 27 .48 28.06 2S .48 
D.G

, em.'/aee. !L06 10.7 !)'40 15 .2 2H .O 42 . I 
D.-, em.l/see. 6 .23 7 . 16 13.4 21.7 28 .8 35 .2 

The trcnd toward highcr 6.f{ values with increased 
pressure implies an activation volume grcatcr than zcro 
since thermodynamics givcs 

( OMI) = T ( 06.S) + 6.V (4) 
oJ> r oP r 

}'rom the development of 6.S by Keyes l6 (neglccting 
the pressure variation of thermal expansion, a) we have 

(~~S)r = 2 (r - D a6.V (5) 

where r is the Gruneisen constant. Combining (4) 
and (5) 

The Journal 0/ Phllairol Chcm~trll 
.J 
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Thus, a posit.iv(' chunl!;(' ill off with preSf;lII'C assures 
that 01' is l!;rcater than zero. This is consistcnt with 
prcvious Itil!;h presslll'(, d i {'fusion stud iCf;. 2 

An approximatc valuc of (oMljoJ')r = 12.5 cm.aj 
molc lea.ds to the valuc a V = 12.0 cm. 3• This rcsult 
docs not al!;rce with the vulue oht.aincd rrolll the usual 
mcthod of dctc!l'Illininl!; a V and undou!>kdly reflects 
the ulleertaint.y ill higher pressure isobar slopes (Fig. 
2and 3). 

4.0 

3.0 

1.0 

1.90 

Figure 2.1.a-Axis dilTusion isobars. 

0- axis 

o 0000 kg/cm2 

A 2000 
04000 
.6000 
.8000 
.10000 

The most striking fcatu re of the data in Table III 
is that thc activation cncrgies for both a- and c-axis 
diITusion arc the same to wcll within experimental 
error. This is surprising, in view of the definite an­
isotropy in thermal cxpansion and compressibility 
shown in Table 1. l\forc important, l\Ieakin and I\lok­
holm 10 observed considerable diffusion anisotropy in 
their work on tin. This discrepancy is discussed 
more fully in a later section. The similarity of activa-

(16) It. W. Keyes. "Solids Under Pressure." W. Paul and D. M. 
Wllrschlluer, Ed .. McGraw-Hill Book Co., Inc .• New York. N. Y., 
1903, p. 71 • 



Table IV: Activation VOIUIIlCH 

a Rxis ---~ c tlxia 

'I',oC. 22.'i . G 20S .S 1\12. 0 22ii .6 208.8 Hl2 .0 
A 1', I'm . ' 4 . \H; ± O.:1H 

3.0 

1.0 

0.0 

1.90 

Figure 3. c-Axis difTII8ion i~obnr8. 

5 .20 ± 0 .25 

"(;-oxis 

o 0000 kg/cm2 

A 2000 
c 4000 
.6000 
A 8000 
• 10000 

5 .!)1 

tioll C'llcrgies for diffusion in intrinsically diffcr<:'lli di­
rcctions plays an important role in the discussion of 
possiblc diITusion mechallisms in tin. 

I so/herms. Values of (0 In D / o1')p from the isobars 
were IIsed to correct the data to the appropriate nominal 
temperatures (22.').6, 208.8, 192.0°). Corrections were 
generally less than .')%. The least-squares isotherm 
at 2_.).6° is shown in Fig. 4. Activation volumes de­
rived from these isot.herms via the usual formula2 

(
0 In (Dha2 /J)) = -llV/RT (7) 

OP T 

are given in Table IV, along with their standard devia­
tions. 

As for MI values, the activation volumes are essen­
tially equal for both a- and c-diffusioil directions. The 
apparent variation in a-axis llY values mayor may not 

± 0.50 5 .3l ± 0.38 

4.0 

.') . 2:.1 ± 0 .30 

o a-oxis 
.. C-O)(js 

5 .36 ± 0 .30 

Figure 4. Diffusion isotherms (225.6°) for a and c axes. 

be I'cal since it is just outside the limits of experimental 
error. For the purposes of this discussion, II V can be 
considcred constant, equal to 5.3 cnl. 3/ mole for both 
a- and c-axis diffusion. This rcsult is central in the 
discussion of pc)ssihle diffusion mechanisms. 

Corresponding Slates Test. The isobar data and the 
change ill melting tcmperaturc of tin with pressure are 
sufficient to test the corresponding states relation (2) 
of Riee anel Nachtrieb. 6 The most accurate determi­
nation of the melting curve to 10 kbars has been made 
by Babb. 17 From his resu lts, T", / T was found for 
each value of D. Figure i5 is a plot of In D against 
'l'm/T for diITusion along eaeh axis. The lines shown 
are least-squares lines for the respective axis. Ap­
parently the corresponding states relation is quite 
closely satisfied. 

It is interesting to eompare a- and c-axis values of 

(17) S. E. Babb, J. Chern, Phys., 37, 922 (1962). 
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I 

li 
I: . 

~3.0 
N 

Q 
x 
e-
.E 

2.0 

1.0 

o 0000 kQ/cm2 

o 2000 
A 4000 
• 6000 
• 8000 
.. 10000 

Figure 5. a- and c-axis difTusiun coelficicntB I1S a fUllctioll 
of reciprvcai reduc.cd tempcrature. 

several quantities derived from the data in Fi~. I). 

Since 'iT
m is a function of pressure, eq. 2 may be WI'ittcn 

Ml 

(8) 

or 

Ml = -RTrn(constant) (0) 

lIenee, if thc corresponding states law holds, thc acti­
vation enthalpy should vary linearly with '}'",. Slopcs 
of the '1'1n / '1' curves and rcpresentative valul's of !:J.JI 
at thrce pressurcs from eq. !} arc given in Tablc V. 
Comparison with similar MI values from Table III 
supports the conclusion that the slopes of thc isohars 
as drawn in Fig. 2 and 3 arc probably too steep at 
high l' prcssurcs. 

The incrcase in !:J.H with pressure, taken from Tahle 
V, may be used in cq. 6 to calculate a mean activation 
volume of 6.1 cm. 3, in satisfactory agreement with the 
value of 5.3 cm. 3 derived more directly f!'Om the iso­
therms. Since the latter give 6. V more directly, the 
lower value is considered more reliable. 

The Journal 01 Phllsical Chemutrll 

Tabl .. v: quanLitiCB Dorivoc.l (rum Curresponding i:'itlltcS 

Test. 

Qlln.nt.ily 11 luis C I\xis 

Slope -25 .61'6 -25 .4Ia 
SI :lIIdnrd deviatiun" 0 . 142 0 . 14.8 
0/1 (P = 0 )6 25,71iU cal. 25,500 cal. 
611 (/' = 5uool 26,570 cal. 26,2!1O cal. 
611 (I' = 1O,100)b 27 ,a50 cal. 27,060 cnl. 
til' 6 . 1 (,Ill.' 6 . 1 CIll.' 

• This corresponds to 1\ di/Tcrcnrc ill D valucs uf ""'15% . 
6/, is ill k~./l'lIl". 

The cOIT('sponding states relation (3) Illay be tested 
IIsing the values 6.11 = 25.3 kcal. and !:J. V = 5.:3 cm. 3 

(derived from this study), MII1I = lUno cul., 18 and 6. V". 
= OAS-l cm. 3• 19 The right-hulld s ide of (:3) predicts 
that MJ = l!1 .7!i kcal., only 80% of the observed 25.:3 
ken.l. The discrepa ncy is outside of the accumulated 
experimental error, and hence this relation docs not seem 
to hold well for tin. This is surprising in view of the 
agrcenlCnt ohserved for a large llumher of othel' llletals. 7 

Dn/ Dr Ratio. Examining the isotherms (Fig. 4) 
more closely shows that the isotherm points tend 
to deviate ill pairs from their "best" positions, being 
both high or both low at each pressure. This variation 
is probably the result of uncertainty in temperature 
ut the position of the crystal, as mentioned previously. 
Figurc I) shows that a- and c-axis diffusion coefficients 
differ by only a con::;tant factor close to 2.2 over the 
entire temperature and pressure range, and that no 
significant tlifTerenee in 6.11 exists for the two directions. 
Table V gives the spread in the data for this plot. 
Devia.tions from this plot, too, arc pairwise, and the 
Illost meaningful comparison between a- and c-axis 
diffusion rates is not found here. I nstead, the D.I Dc 
ratios given in Table II for those runs in which both 
quantities were determined successfully have been used 
to calculate 0. mean value (Da/ Dc)"v = 2.20 ± 0.15. 
The ratio of difTusion rates in fundalllentally difTerent 
crystal directions evidently varies little over the 
t,clllperature and pressure range used in this study. 
Thi::; is truly a remarkable result. FurthermOl'e, the 
large spot X-rays used to determine crystal quality 
arc illdistinguishable in terms of crystal perfection 
for either axis. The explanation of the remarkable 
sameness then must lie in the nature of the funda lllcn t (, ' 

diffusion process in tin. 

(IS) u. S. Nationnl Bureau of Standards Cirrulnr liOO, i: ]to" mi. 
Ed .. U. S. Government Printing Office. Wnshillgton. D. C ., 1952, 
p.649. 

(19) S. G. Kuba8chew8ki. Trans. Faradall Soc .• 45, 931 (1949). 
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SELF-DrFFU~ION 10'> TI:\, AT lflGl1 PIn;sHtlHE 

• Meakin and Klokholm a - oxis 

• Meakin and Klokholm c- axis 

o This experiment a axis 

" This experiment c axis 

O.I~=----L __ ::.:-!-:::--_-'-_~~_--'_~~ 
2.00 

Fil/;lIT<' G. COll1pariRon of a- and c-llxill difTuaion 
codTi{'ienls wilh datu of Meakin alld T(lllkh"lm. 

Discussion 

Thc zcro prcssurc rcsults of this cxpcriment arc 
cOlllpn.red with thc prcvious rcsults of i\Il'n.kin and 
l\:Iokholm in Fig. U. Evidently, the I1bsoll1(,c valucs 
of D agrec vcry wcll betwcen thc two studics, though 
the D valucs of thc prcscnt cxpcriment arc gcncrally 
slightly smaller, particularly at lower tempcratures 
for a-axis values. 6.H and Do valucs dcrived from each 
study arc given in Table VI. 

Table VI: Compa.rison of Zero Pressure Results 

~-Mcnkio and Klokholm~ ~Thi •• tudy~ 
a Qxia c axie a ",xie C luis 

Do, em.'/ 
Bce. 1 .4 ± 0 .5 8.2 ± 0 .6 10 .7±1 7.7 ± a 

l!.H, keal./ 
mole 23.3 ± 0 .5 25 .6 ± 0 .8 25.2 ± 1.0 25 .6 ± 1.2 

The differences in Mi and Do· values in Table VI 
seem outside experimental enol'. In view of the con-

2225 

st.u,llt D./ Dc rat.io foulld ill thiH Ht udy, t.ll(' prcsent 
n.llthors CU,1l1l0t but fcd that, t1H'ir a-u,xiH r('sult.s arc 
more closely COlTeeL than t.he ('arliN vaIU!'H. Thc 
p;rc'a\'('r tcml)('mLure range of this l'xpl'ri nJ('1l t. illcreases 
tIl(' :l('c\II'acy of t.lH' isobar slope, and IH'llce :::"11, which 
suppor\'s this conclusion. 

Lack of agrecment, hetwc('11 the a-axis ('('suIts of the 
two s\'udips is puzzlin~, palticularly in view of the 
Cxc('llcnt c-tl,xis fiL, The only significunt divergence 
of thn ('xp('rinH~nl,!L1 t('e1tlliqlJ('s involved cuLLing Oil!. l.he 
difTllsioll speeilllcn. ;\Imkin and l';:lokhollll IIscd a 
finc j!'wcler'H saw, while u. Hpark ell!.!.('r was elllployed 
in t.hifl study. en'aLer long-range crYH!.I1.1 damage 
result,H from sawing !.hun spark erosion, which might. 
aceollilt for the lower]) values for 1110st of this study. 
TIl(' cl'Ossovnr for a-axis ditTlIsion is not, cxplaincd on 
thiH hasis. 

TIl{' conclusioll that. hlllk ditTllsion is observed rests 
Pl'illllll'ily 011 t.he Iincarity of the penet,ration profiles 
ohlaincd (Fig. 1) over more than all order of magnitude 
change in act.ivity. Assuming that this conclusion is 
valid, we inquire in\'o the nature of thc diffusive proc­
ess. 

In close-packed Inctu,ls, activation volumcs on thc 
order of half the nlOlar volumc are assullled to indicate 
vacancy difTusion. 2 A smaller 6.V/V (=2(i%) in 
the nonr,]m;ie-paeked Illet.al lithium hus led to specula­
t.ion t.hat in \'erstitial d itT usion m igh t he operating in 
t.haL IlIeta\.7 The present study has observed n. rela­
tive aetivu,('ion volume of vcry similar sille (:t3%), 
Iwnee intersl,itial diffusion Hhould he considered. That 
it is not likely nlay he scen hy considering the queneh­
resisk-wce studies of vacancies in gold. From thc rate 
of annen.lin:; under pressurc of quenched-in resistivity, 
Emrick 20 concluded that the motional act.ivation 
volulIlc of vacancies in gold was only l!i% of the atomic 
volume. The rcsistivity qllenched into gold at high 
pressures by TIcubcncr and IIoman21 indicates that the 
formation volumc of vacancics is 53% of an atomic 
volume. It is difficult to sec how in tin a largcr rela­
tive volumc would be needed for motion than in the 
close-packed gold structurc. Hence, an upper limit 
of 6. Vmob/V = 0.15 implies a lower limit of 6. Vrorm / V = 

0.18, and this positive formation volume implics a 
vacancy diffusion mechanism. A similar analysis 
leads to vacancy diff usioll for lithium. 

A more eomplete description of thc white tin stl'llC­
ture is necessary before discussing the proposed jump 
mechanism. Two interpenetrating body-ccntered 
tetragonal lattices give a unit cell with atoms at 

(20) R. M. Emrick, PhY8. Reo. , 122, 1720 (1961). 

(21) R. P. IIeubcner and C. G. Homan, ibid., 129, 1162 (1963). 
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(000), CI? 0 II I) , CI 2 1/ 2 1/ 2), and (0 1/ 2 ~ /II ,,-ilb III Ii I, 
cell dimem;iOlls at. 2r;0 of a = !i.820 K., (: = :~.17 :", \., 
so tha.t ci a = O.:i"\:i(i. I~a.ch aton1 has fotll' 111·:I l'P"t. 
neighbol':; at n disk1.nce of :~.OJ(j 1\., din'(·I.l'd '"' 1:,0 
Ollt. of t.II(' a-axis pl:.1IH', anu two next 11('.111'(':;1. lH'igb bon; 
along t.he e-axis at. :~.17!) A. 

In this stl'uct\lrt' t.WO di:;tinct kinds of jump an' po,;­
sible fol' bllik diffusion via v:1canciC's. Tf ill Fig; . ill. 
the vacancy is at the ite lal)('lcu 1, it nlny C'xr'h: lllg;e 
with C'ithl'r of four nean'st lH'ig;hboI'H Inllt'l('d ., or 
two next-lIeal'('Ht neighhors labeled :t Oldy 111" 1'(' 
jlllllPS arc consiucred; othC'r jllmps are (' ';Sf'lIt i: lil,v 
blocked hy the atoms nC'ighboring t.he va(:alJ{·Y . For 
convC'lliC'll(,C', a v:t('nncy jump from site I t.o I'itr' '1 - hnll 
be called an "a" jump, not exactly in t.he CL-lixis d irr'(:­
tion, and a "e" jump will he t.he vncancy jlllllP 1'1'0111 

site 1 to siLc :3. Note that the "a" jump ('ollt.nim; a 
component in the e-ax is direction which contribut( ·s 1.0 

e-axis diffusion, while "e" jumps do not COlli rihllt (· tn 
a-axis diffllsioll. 

In view of the cssC'nt.inlly idcntical (,1H'rg;i( 's (111< 1 
volumes associat.('d wit.h diffw,ion aloll!!; t.he difY( 'I't'llt 
:1.xes, it is attractive to post,uln.t.e t,hl1t ollly one jlllllP, 
the "a" type, might sati:;fn.ctorily account, for t.he I'('sults 
of this study. We check this possibility hy fonnillg; t.he 
ratio 

(10) 

where all terms have their usual meanillg. rr ollly "a" 
jump:; are assumed thC'1I D.!J" = D./l/, D.8. = D..'-i/, 
and v. = v/, and (10) becomes 

Dc 'Yc'e2 

D. = 'Y.a2 
(11) 

The component of an Ha" jump in the a-axis direction 
is one-half the length of an a edge of the nnit cell. 
There are four possible jumps of this type, only two 
of which contribute to difTusioll along a given a-axis, 
so 'Yaa2 = '/2(2)(aI 2)2 = a2/4-. All a jumps contain 
components in the c-axis direction of magnitude el l, so 
'Yc'e2 = 1/2 (4)(e/4)2 = c2/ 8. The factor liz ill front. 
of each pl'Oduct ar ises from the definition of thl' 'Y­

values. 22 Since Dal Dc = 2.20, we have 

1/2.20 = O.4M -;-;6. (1 / 8)e 2/ (1 / 4)a 2 = 
(1 /2 )(e2Ia2) = 0.1;; (12) 

since Lhe ratio (c 2 I a2) is 0.208. Hence, the 0 ],"11'\, ol 
rate of e-axis difTusion is a factor of tlU'ee too high to be 
explained by ollly "a" jumps. The missing two­
thirds of the observed rate must be assigned to "e"­
type jumps, so that c-axis diffusion is a combination 
of both elementary jumps. 
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Atomic Positons in While Tin 

Figllrt· 7. At.onti(· posit.iolls in t.ill. 

4.0 

3.0 

2.0L __ L __ ..l..-__ -L __ -L __ -L_-:~ 
2.0 2.10 

Figllre R. Cont.ribut.ions of a- and c-t.ype jIlI1lPS. 

Similar to Meakin and Klokholm,lo we compare 
the diffus ion coefficients for "a" alld "e" jumps scpa­
rn tely by subtracting 0.1;;]). frol11 C'ach Dc value at 
t. samc temperature. This removes the "a"-juillp 
rOllLributioll to e-axis diITusion. Figure 8 shows the 
zero-pressure isobars for D., D" and Dc', where Dc' = 
Dc - 0.15D". Least squares gives Do' = 4.6-1: cm. 21 
sec. and D.H c' = 25.6 kcal., essentially unchanged in 

(22) C. Zener, J. Appl. PhI/8 .• 22,372 (1952). 



,j.JJ and ;;olllewhat lower in Do than the uncorrec!.cd 
isobar results. 

Hince the isobars in Fig. 8 arc essentially parallel, 
we can determine the relative jump frequencies, 
defined 4 as 1'1 = IIleAS;/fle-MI;/Ur for the ith jump type, 
by substituting 'Yaa2 = 1/ 4a2, 'Yce2 = 1/2(2)(e)2 = 
c\ and D./ Da = 0.:306 into eq. 10. Thus 

1.19 !! 
l'a 

or 

1'. = 0.2;)71'a 

Tlence, !.ho jUlllP froqllt'l1cy for direct vacancy Illot i(l ll 
alollg the c-axis is only roughly 2:)% of t.he frequ('lw,\ 1) 1 

"n;' jumps. This result provides considern1>lp illr<ll' 
nw t ioll a,holl!. the details of the jlllllP lllechanisl1l ill t ill , 

H iec nnd co-workcrs 4-6 have analyzed the conc! it ,io lll"l 
for a difTusive jump, Briefly, t.he atom must kwe a 
erit.ical alllplitude in the direction of the vacaIW,)', nlld 
sinIlJlI,aneo\l;;ly, and also most rcst rictively, all hl()f'ki ll i!: 
:d,OllIS mu;;t move a;;ide with a Im'ltthing mode or 
suflicient amplitude to allow the difTusing atom {,(l pass, 
These cri!.eria may be visualized for tin ill {,el'l llS or 
Fig. 7a and 7b. l"i~ure 7h is a view of tlw a- r pia Ill ' 
looking alollg the a-direc!.ion in the tin crystal. HIiPPOKl' 
that in Fig, 71> the s it.e laheled 1 is vaeant,. rr a "I'" 
jUlllP is to ocellr (exchange with Lhe sit,e Ittbell 'cJ :\), 
t,he ll ho!.h utoms labeled 4, pillS the two hody-c('llI rl 'pc\ 
!LtOI1lS not shown, must move aside. Thus, hol.h t lH' 
conditions of sufficient amplitude of the difTlisinp; at.OIlI 
and a suitable breathing Illode of the foul' blocking 
at.ollls mllst be satisfied. But from Fig. 7a it is evid(,llt. 
that allY one of the atollls laheled 2 may move in I 0 t 1)(' 
vacancy at 1 without interference from blocking; nLOI I I"; . 

lIence, the only condition for "a" jumps is th nt. (!tv 
diffusing atolll have sufficient amplitude to eff(·('t (Ill ; 

Jump. Relaxation of the atoms toward the V!1l'll.II('Y 
will modify this picture only slightly, since 111)11' ,I 

breathing motion is required for the other atoills la\)ehl 
2 in Fig. 7a if one of these is to jump. But the required 
amplitude is small, and should be easily achieved. 
Thus, "a" jumps are greatly favored, s ince the fre­
quency of occurrence of the necessary breathing mode 
in hoth pairs of blocking atoms involved in "e" jlllllPS 
is expected to be l11uch lower than the frequency with 
which the amplitude conditions arc fulfilled for either 
jump. This agrees with (14). 

But the activation energies should be different for 
these jumps, since the jump conditions are different. 
We use eq. 1 to compare the relative importallce of 
various contributions to !:lH . !:lH/ is the same fo r 
each jump type, since all vacancies are presumed equiv-

2227 

alent. The StllllS L: !:llh, should be very nearly the 
k>l 

Rame for hot h jump !.ypes. The terms Uo will he close 
\'0 equa l for each jump type, though perhaps s lightly 
Iargr l' fo r "e" jumps. At first the energy contributions 
from L: Uj appear quite anisotropic, since the sum is 

j 

zero for "a" jumps, but finite for "e" jumps into all 
unrclaxcd vacancy. Helaxn.tioll should increase this 
cont.ribuf,ion Heady equally for each type. To de­
tnrmine the a.llisotropy in !:llf, it is necessary to form 
SOlllC estimat.e of L: Uj for "e" jumps. 

j 

TI\(~ dYIHtlllical theory, as developed by l\Ianley,23 
idC'llt.irips aR Lhe critical variable for each atom j the 
.1ifTl·I·(' IH!e !:lqj hetween the maximulll attainable 
'1I Ilp lit,llde, ![},n"x, and the neceRsary amplitude to just 

pf'l'lliit t.he. ,jump" q/, ,,,;:,. J~I: tin L1~e g~ol,n~tr~ i~ such 
Lhut, If}"';,, IS O.lOr) A. <It 2.) , and lL dCClrases slightly 
wit.h (.( ' 111 pl'mLlII'e. But from i\ IOssh:llIer ll1 easure­
Illell t.s in tin24 t he root moan sq1la red vibrational 
~.mplitlldes of atoms in t.he (100) direction at. :300 0 1\:' 
is roo.. 0. [.;0 .\.. and incl'(~ases to 0.178 A. at 400 ° K. and 
t.o O.:.W·I _\.. at ;)00° I\". Apparently, at the diffusion 
t.empl'ra(.urt:s Lhe root, llIoan squa red amplitudes 
[L rO Iwariy a fact.or of t.wo hrger than qi'" in, and the 
:d,OlllS.i do IlOt lI eed to acquire extra energy for a dif­
fusivl' jllilip. Ohviously, they 1l1llst still satisfy the 
hr('uLilili g nlode requin' ll1ent, and this will limit the 
JUIlIJ) rat!'. But anisotropy ill !:lll due to difTerent 
eOlltl'i\)IILioll8 from L: Uj will be s ll1all, since both jump 

j 

t,yp('s require litUc or no increase over the mean thermal 
C' nergies for t.he interfering atoms. 

1 t ean still be a rgued that the activation energics 
('.l)uld l)( ) qui te unequal if the admittedly nonidentical 
fact.or:; Uo a lld L: U, of (1) were dominant. It ha:; been 

j 

l'Stillln,kci1i t hat the various tel'ms for a simple l110del 
Ilav(' I,lll) ILpproximate weigh ts !:lH/ = 20-40%, Uo = 
:1O- r;Q%, (lj = 1:)-2.')% , and L: Mhz = !)- 1O%. 

k>l, 

l1ecellt l'e,'mlLs of qucnching measurements and lattice 
dilatation st,udies in Ag,25 AU,2G and eua show that a 
more probable \H'igh t for !:lIl r for the noble metals is 
close t.o 00% . While tin is far from a noble metal, 
it st'l' IllS likely that. the formation enthalpy is still 
close to iiO% of the total efTect. Thus, anisotropy in 
the activation energies must be small as observed. 

Entropy. The activation entropy, !:lS, was calcu­
lated from the usual relation 1 

(23) O. 1'. Manley. J. Ph1/8. Chem. Solids. 13,244 (960). 

(24) A. J. F. Boyle. D. St. P. BunbuTY, C . Edwards, and H. E. Hall, 
Proc. Ph7l8. Soc. (London), A77, 129 (1961). 

(25) M. Doyama and J . S . Koehler, Phvs. R ev. , 127,21 (1962). 

(26) J . E. Bttuerle and J. S. Koehler, ibid., 107, 1493 (1957). 
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The choice of " is diflicult. and has been rcln.kd to :L 

normal lIlOde analysis of laLtice vibrat.ioll!:l I)y sevcml 
nllt.hol'~. 4,12 In pmet.ic:C', the I)chyc frcqumwy i:; used 
as thc best available est.illmt.c~. In this cXp<'I'illll'nl the 
jump rates diffcring by n. facLor of 4 call only h(' t,he 
1'0sIIlt of diffcrC'lIcC's in fl8 and ", and the uncertainly in 
" is cOlllpounded furt.her. Considcr L1l1'! 'e rascs; 
"a = ". and I.he Do difTercnccs are reflc'ekd ill t.8; 
"0 = .1110 (he jump mte di[fcrC'nce IwillJ.,C almost ('Ill in'iy 
clue to "difTcrellcC's; "a = 2"<1 an illt,erllw<iialc C·[lS(: . 

These cast's arc presented in Tahlc VII, with calcula­
tions 1mBI'd on "0 = "0, wherc OJ) = 1·12° 1\. 27 II itl 
int.c r('st.il1J.,C that fl8. = fl8. if "0 = 211.. The fl8 v:dlll'tl 
do not ltJ.,Crce well with :\fcakin amI Klokholll1, \\'ho 
apparently used a milch difTerent Dchye tcnlJwratme. 

Tablc VII: Act.ivllt.ioll Ent.ropicB 

CROll 68. o.U. 6S,.o. u. RelationAI,i l18 

1 Hi .O 17 .8 ". = 'Iv, 
2 W .O 15.1 Vo = P, 

3 10.0 lOA v. = ::lv, 

Keyes I6 has used continuum theory to write 

flS = 2(1' - 1/ 3)aflG (l6) 

where a and l' are the thermal expansion coefTicient 
and thc Griineisen consl;ant. To a first approximation, 
this study gives flG ~ MI = 25.3 kcal. and flS = :).2 
c.u. From this estimate flO = flll - 'J'fl.') = 2:3.0 
kcal., a.nd flS = 4.7:') e.u . This is 11111ch lo\\'(~r t.han t.he 
observed flS values amI seems to cast douht on the ap­
plicability of the theory. 

Volume. It is interesting to note that DeVries , 
Bakel', and Gibbs,2ij in a preliminary report, have found 
an activation volume for creep in tin of ahout. 30% 
of the molar volume, in close agreement with the :~:3% 
observed in this study. Theil' results have not been 
fully published to date so further comment is difficult. 

Keyes '6 has also developed the relation 

~ V = 2 ( l' ~' D KflG (17) 

where K is the compressibility. Using i:!.G = 2:·tO 
kcal., we have fl V = 5.1 cm. a, in excellent aJ!;rcement 
with the observed 5.3 cm. B• Hence, the strain £'nergy 
approach gives quite good agreement for fl V, though the 
predicted ~S is not good. 

We can get some indication as to why no alli!'ot ropy 
in fl V was observed in this study from con idcr;ug eq. 
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l~a in the AppC'ndix. Th£' S, arc Slllns of clastic con­
sLallttl, the tlallle for all k ciircctiolls, so allil;otropy 
ConWH only from the Jlf ,k (t.he 'YU'l'S'JO,t terlll is small, 
so :LnisoLropy from this somce is negligihlc). 13ut 
the M / are ddinct\ by eq. 8a ill terllls of a formation 
alld a nlot.ion contribution, w, and m/; ollly the lattcr 
ca.n be anisot.ropic. But we havc seen t.hat. in gold 
this Lei'll) is only 22% of the tot,al activation volume 
unt! ill general w, ~ m/ is probably valid. Therefore: 
any aniHotropy in mt" for different k is largely masked 
hy t.he isot.ropic w, contrihution. 

Probahly the largest. contribut.ion to anisot.ropy in 
flV",nl, arises heca.lIse the blocking atoms Illust :lstlume 
a hrmt.hing moJe beforc thc diffusing atom lIlay ex­
change wit,h 1.he vacancy. But the prcviolltl comments 
ahoul, vibrat.ion umplitudes in tin show t.hat this efTect 
will be small at. hest, since littlc or no "excess" volume 
is required. Hcnce, ~ Va should be almost equal to 
fl Vc. 

From eq. lOa we can get some idea of the magnitude 
of I.he AIt The tin elastic moduli were taken from 
l\ hltlOn and BOlllmel. 29 For the a-axis isotherm at 
22!i.6° we have 

4.82 CIl1. 3 = (111 1
1 + M21)(10.3 X 10- 13) + 

Ma ' (7.8 X 10- 13) (18) 

so t.hat an upper limit for iIf / is ,....",!i X 10 12 ergs = 
103 kcal. The work of Liu and Dl'ickamel'30 on the 
effect of uniaxial compression on diffusion in zinc can 
he used in a consistent way31 to evaluate some individual 
ltI ,k values. From t.he clast.ic data fol' zinc of IIcar­
l11on,32 we find that. M I 3 = 35 X 103 kcal. and Jlf~3 = 
HlO X 103 kcal. These values arc up to two orders of 
ma.gnit.ude greatcr t.han the upper bounds found for 
tin and also exceed similar upper limits determined 
from thc hydrostatic pressure results for zinc by the 
same margins. '1'\\'0 possible explanations of this dif­
ficulty are: (1) the effect of pressure is not adequately 
accounted fol' by a sum over the individual stress com­
ponents of the form of eC[. lOa; (2) some gross difficulty 
exists in the experiments. Neither alternative is 
favored; indeed both may be partially correct. 

(27) n. E . DeWames, T. Wolfram, and G. W. Lehman PhV8. Rev. 
131,529(1963). ' , 

(28) K. L. DeVries, G . S. Baker, and P. Gibbs, Bull. Am. PhY3. 
Soc., [TIl 6,169 (l961). 

(29) W. P. Mnson and W. E . Bommel, J. Acou3t. Soc. Am. 28 030 
(1956). ' , 

(30) T. Liu and H. G. Drickamer. J. Chem. PhY8., 22, 312 (1954). 

(31) S~c A. W. Lawson, ibid., 22, 1948 (1954). However, if the stress 
rnl~gc. lR great enough. 0 In Dk/OPj mny be evaluated lIsing only 
uniaXIa l stress data. This avoids the inconsis~ncy. 

(32) n. F . S. Hearmon, Rea. Mod. Ph1l8 .. 18,409 (1946). 
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