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I. INTRODUCTION

ANY experiments have been carried out i
" recent years in an effort to clarify the nature o:
‘ atomic defects in metals. A series of such experiments
| by Simmons and Ballufii'=* has convincingly establishc
! that the predon nant thermally-generaied defects i
the noble met: : ana aluminum e v oant soes,

| reinforcing the ..ready general belief . diffus
; limited phenon. roceed by the vacancy me .
| in these metal: ifowever, many of the details per-
taining v he  .re of ... defects are still not well

defined, d « . are ome important gaps in the
experim: al v es of some of the basic properties

‘ of vaca sin  als. :
Of - ula: ¢ in clarifying the detailed nature of

wals are the values of the total activ.
the total .on volume of the

the de: in i
tion enc v anc.

defect:  well .5 the indepc. " v determined valu
‘ | of the cgies wad volumes ¢ rmation and motic
| Self-di  on e.periments are . sropriate for me:
‘ ing 1. values of the total aciivation energy

volume. The radioactive tracer and sectioning o

nique may be used for most metals in such measure-
| ments, although other techniques are sometimes usc,

such as measurements of anelastic relaxation in certain
1 alloys, or nuclear-magnetic-resonance techniques in
certain metals. Diffusion rates have been measurcd
for many of the pure metals at atmospheric pressure,
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! Force Office of =-..cntific Reccarch under Contract No. AIY
49(638)-79C and taier by the U. S. Atomic Energy Commniission
under Cou act Noo AT (11-1)-1041.
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quantitic: . The limiting source of error in pressure-diffusion expeiiaents of the present type was found to be
in controiing the measurement, reproducibility, and uniformity of the temperature.

yiclding values of the activation energy for these
meos. Relatively few of these metals have been sub-
jec.ed to self-diffusion studies at elevated pressures
beo use of the technical difficulties involved. For the
lower meiting-point metals, liquid pressure systems
and exievnal furnaces may be utilized. Nachtrieb and
co-workers have thus determined the activition volumes
for sodium,® alpha-white phosphorus,” and lead.®
Hudson ad Hofimaa® used a “belt”-tvpe pressure
system 11 their deteriination of the activation. volume
in lead; they used sili. une oil as the pressure fluid and
an internal heater to maintain the diffusion tempera-
ture. IHowever, seli-diffusion measurements of the
high-melting-point metals, such as the noble metals,
require the use of a gas pressure system to insure both
hydrostaticity, and chemica’ stability of the pr :<ure
meo uin at high temperatures. An internal .. ce
alsc i< recnced in order to make it possible to ni. Loain
the croperacare of the pressure vessel sufficiently low
by forced external cooling. Tomizuka'' used such an
arrangement to determine the activation volumc of
silver, and Albrecht and Tomizuka,' with the app... « us
in this laboratory, have recently completed a dete. . -
tion of the activation volumes for diffusion oi _
and silver tracers in a gold-34 atomic percent siwv
allov.

Most of the theoretical calculations o point wo.cts
have been done for copper,™ which is rej resentative of
the lice-centered cubic crystal structure, but for which

v . H. Nachtrich, J. A. Weil, E. Catalano, and A. W. Lawson,
J. Cliem. Phys. 20, 1189 (1952).
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? J. B. Hudson and R. E. Hofiman, Trans. Met. Soc. AIME 221
761 (1961).

1011, . Hall, Rev. Sci. Instr. 31, 125 (1960).

W C. T, Tomizuka, in Progress in Very Iligh Pressure I
edited by I'. Bundy et al. (John Wiley & Sons, Inc., New
1961), p. 266.

120 D. Albrecht and C. T. Tomizuka, J. Appl. Phys. (to wc
pul, ..ned).
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many of the experiments are dithcult to p - i he-
cause of oxidation problems. Gold his heen e most
extensively studied fec metal in the experinmental

investigations, and it is the only one of the noble metals
for which independent measurements have heon made
of the volumes ol formation and motion. ek
determined the volume of motion AV, Ly mweasuriig
the effect of pressure on the annealing rate of juenched-
in resistivity. DeSorbo' derived a vilue of the volumie
of formation AV, by combining his cilorimetric
measurement of the total energy relecod during the
annealing out of quenched-in vucincies with the
resistivity data of Bauerle and Kochler.'0 Simmons and
Ballufli® likewise derived 2 value oi AV, by combining
their vacancy-concentration data with the data of
Bauerle and Koehler, and also with the data of Taka-
mura,’” both combinations yielding the samie value, but
differing from DeSorbo’s value. A more divect deter-
mination of AV, was accomplished by Huchener and
Homan,'® who measured the efiect of pressure on the

quenched-in resistivity of gold. The purpose of the,

M R. M. Emrick, Phys. Rev. 122, 1720 (1901).

18\, DeSorbo, Phys. Rev. 117, 444 (1960).

16 J. I, Bauerle and J. S. Kochler, Phys. Rev. 107, 1493 (1957).

17 J. Takamura, Acta Met. 9, 547 (1961).

18 R, P. Hucbener and C. G. Homan, I'hys. Rev. 129, 1162
(1963).
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present investigation is to provide an independent
determination of the total activation volume, AV
=AV ;4 AV, by mecasuring the cfiect of hydrostatic
pressure on the rate of self-diffusion in gold.

II. EXPERIMENTAL PROCEDURE

A. Preparation of Specimens

A single crystal of 99.999, pure gold (Sigmund Cohn
Corporation), approximately % in. in diameter and 4
in. in length, was grown under a vacuum of at least
SX 10 % mm of mercury in a furnace similar to that
described by Lazarus and Chipman.'” The usual pre-
cautions were taken to clean and bake out the high-
purity graphite crucible used for the crystal growth.

The single crystal was sectioned with a jeweler’s
saw, and the standard metallographic procedure was
used to polish, etch, and anncal the cylindrical speci-
mens. The final size of the specimens was 0.410 in.
in diameter and 0.210 in. in thickness. A light etch
after anncaling showed that some recrystallization had
occurred in some of the specimens, but the stray grains
were few and large enough to preclude competitive
arain-boundary diffusion.

The Au'™® isotope was obtained from Oak Ridge
National Laboratory in the form of a very high-
specilic-activity solution of AuCl; in a mixture of HCI
and HNO;. An active layer of Au'® was electroplated
on each specimen just prior to the diffusion anneal. Tt
was estimated that the thickness of the plated layer
could not have exceeded 100 A.

B. Apparatus and General Procedure

A gas pressure system similar to the one described
by Goldsmith and Ieard” was used in the present
experiment. A schematic drawing appears in Fig. 1.
A mixture of argon and helium was used, the helium
being added in a small amount to make possible the
use of a mass spectrometer leak detector tuned for
helium. Gas leaking from connections or other possible
leakage sites was trapped and carried outside the
safety barricade by a set of polyethylene tubes. A
snifler attachment to the leak detector was then used to
find the locations and magnitudes of any leaks that
existed.

Pressures up to 2 kbar could be rcached with the
separator alone. Higher pressures were attanied with
the Harwood intensifier. Inevitable leaks during the
diffusion anneals limited the runs to 9 kbar.

The sample vessel itself was machined {from
Bethlehem “Omega” tool steel and hardened to Rock-
well C-52. The volume available for the internal furnace
1), Lazarns and D. R. Chipman, Rev. Sci. Instr. 22, 211

(1951).
@ J. R. Goldsmith and II. C. Heard, J. Geol. 69, 45 (1961).
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I'16. 2. Cross-sectional view of the assembled higl ressure vessel and the high-temperature internal furnace.

was 1 in. in diameter by 6} in. in length. The vessel
was water-cooled during each of the runs.

Thermocoupic and power leads were conducied
from the vessel through Chromel, Alumel, and sicel
cones scated in the pressure plug with unfired v
A (American Lava Corporation) conical sl
Chromel and Alumel (B. & S. gauge No. i, worce
selected as the thermocouple materials becanse of the
small pressure effect on the emf output reporied by
Bundy.* The high-pressure side of the plug wis covered
with Eccobond 76 epoxy to fill the gaps between the
plug and the metal cones. These gaps were caused by
crumbli. ¢ away of the insulating cor s when the metad
cones ¢ pressed in initially wiin an arbor press.
This «ajolication of the epoxy virtually eliminated
electric... arcing of the power lead cones to the plug,
which h.d frequently occurred prior to this inodification.

The internal furnace consisted of w L-in. inside-
diameter-threaded core closely wound (16 turns per
in.) with 0.016-in. platinum wire, an insulating sheith
surrounding this core, and a three-picce swmple holder
and thermocouple support assembly. All five picces
were machined from lava A. Tigure 2 shows a cross-
sectional view of the internal furnace and pressure
vesscl.

The dilfusion specimen was situated near the center
of the furnace with its axis of symmetry normal to
the hiorizontal axis of symmetry of the furnace. Its
cottom face, the face to be sectioned, rested on a
atinum disk 0.003 in. thick. Chromel and Alumel
vires ere spot-welded to the bottom side of this
voonum disk, creating a large thermocouple junction

2 I, P. Bundy, J. Appl. Phys. 32, 483 (1961).

spread across the face of the specimen. This type
of thermocouple was adopted for several reasons.
Earle tests with spot-welded Chromel-Alumel junction
thermocouples indicated that temperatuce gradients of
severil degrees existed near the center of thefurnace over
arepion as small as the extent of the specimen diameter.
Also, Turge vertical temperature gradients were observed
between a specimen and a Chromel-Alumel junction
when the specimen and junction were separated by a
thin mica sheet. FPurthermore, the carly Chromel-
Aumel junciion  thermocouples, used primarily in
conjunction with mica sheets, showed large and irregular
deteriorations in their emf characteristics in subsequent
calibrations. The platinum disk thermocouple assembly
was found to reduce greatly the magnitude of the
thermocouple deterioriiion which had been observed
with the previously used thermocouple assemblies.
The disk also provided i means to eliminate the vertical
temperature gradients and to give a better indication
of the average temperature of the face of the specimen
to be sectioned.

After most diffusion anneals, the platinum disk was
found to be adhered slightly to the face of the specimen,
but it was always possible to remove it with little or no
discernable damage to the specimen face. A new
thermocouple, including platinum disk, was used for
cach run.

A special calibration furnace was built in an effort
to approximate the steep temperature gradient in the
internal furnace from the center of the furnace to the
plug. Iach thermocouple was calibrated in this furnace
after the diffusion anneal against new Chromel and
Alumel from the same spools which were spot-welded
symmelricaily with the original wires on the opposite
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side of the platinum disk. Various portions of the spools
were calibrated against a standard Pt-109,-Rh-Pt
thermocouple which had been previously calibrated
ag: the melting points of several NBS metals.
I calibr. tions of the thermocouples used in these
run 50 showed the deterioration to be irregular, but to
ane asmaner degree than any of the previous thermo-
coupne configurations.

During the diffusion anneals, the temperature was
controlled manually. It was possible to maintain the
thermocouple emf reading at the desired value to
within 0.02 mV, which would ordinarily correspond to
0.5°C. However, since some runs indicated a gradual
thermocouple deterioration, maintaining a constant
thermocouple emf was not equivalent to maintaining a
constant temperature for these runs. The amount of de-
terioration was determined by subsequent calibration of
the thermocouple. Warm-up time was always 5 min or
less, and cooling time was 3 min or less. Corrections,
described in Part IV, were made for both. The total
effeci.ve times for each diffusion anneal are listed in
Table i.

The pressure was maintained constant to within 10
bars during warm-up, the extent of the run, and conling.
The pressure was measured with a coil of manganin
wire calibrated against the freezing point of mercury
at 0°¢ (7490 bar).

The sual lathe-sectioning and weighing techniques
described by Tomizuka® were employed. After nwich
trial ond error, a lathe tool was ground which e
possibic the cutting of sections as thin as 0.0002 ia.,
often in the form of a single lathe turning, and leaving
behind a mirror-like surface with no burr.

An RIDL model 34-12B 400-channel analyzer and
NaI(Tl) scintillation counter were used to count the

2 C, T. Tomizuka, in Methods of Experimental Physics, edited
by K. Lark-Horovitz and V. A. Johnson (Academic Press Inc.,
New York, 1959), Vol. 6, p. 364.
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Tanwe 1. Self-diffusion coeflicients for gold.

Tem-
Pressure  perature Lotr Dy D;

(khar) (°K) (scc) (cm?/scc) (cm?/sec)
0.00 1133 sy 8.20 1010 8.20X 10710
2.00 1132 10826 0.94 7.06

4.05 1136 10875 7.11 6.82

0.00 1131 7289 5.95 0.15

7.57 1132 10830 4.79 4.87

0.08 1131 0183 4.40 4.61

0.00 1183 v 1.80 10 1.80X10~°
2.00 1104 10917 1.75 1.50

4.05 1184 10834 1.34 1.32

6.06 1182 10845 1.16 1.18

7.57 1182 10858 8.94X 1071 9.08X 10710
9.08 1181 10860 8.90 9.18

0.00 . 1233 v 3.73X107° 3.73X107*
4.05 1231 7202 2.70 2.78

6.06 1236 7240 2.77 2.66

gamma activity, at the 0.411-MeV peak. of the lathe
sections. The live-time counting mode automatically
corrected for dead-time, and the usual corrections for
background were made.

III. EXPERIMENTAL RESULTS

Twelve successful diffusion anneals were completed.
Penetration plots for cach run are shown in Figs. 3-5,
and they show that the specific activity decreases ex-
ponentially as the square of the penetration distance.
The values determined ior the diffusion coefficients at
cach temperature and pressure are listed in Table T,
together with temperature-corrected values of the
diffusion coeflicient D;, and values from the data of
Makin, Rowe, and LeClaire.® Figure 6 shows a semilog-
arithmic plot of the temperature-corrected values of

02.00 Kbor
A4.05 kbar
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®7.57 Kbar
9,08 Kbor
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#S. M. Makin, A. H. Rowe, and A. D. LeClaire, Proc. Phys.
Soc. (London) B70, 545 (1957).
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the difTusion coeflicient versus pressure. The error limits
of D shown in the figure correspond to the estimated
uncertainty in the temperature correction of -£5°C.

IV. DISCUSSION

The geometry and initial corditions for the present
diffusion analysis give the specific activity c(x,l) at a
distance x from the initial plated surface after a
diffusion anneal time ¢ as

¢(x,)=[c(0,0)/ (xDt)""* ] exp(—a*/4DL),

where D is the dilfusion coeflicient.

The specific activity of each section was computcc
from the observed counting rate and the mass of (he
section. tsach was corrected for the radioactive decay
of the Au'® isotope. The midpoint x of cach section
was calculated in the usual way, and the slope of the
straigh. iine for cach penetration plot was determined
by a lcast-squares analysis. The effective time 4 oi
each diiusion anneal was calculated from

lott= l vrexpL—-AII/RT(I)]dll /cxp(—AIl/RTA).
J

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 T'4. A value of AH was calculated for each
pressure from the relation

AH=AH+PAV(1-Ta),

where A, was taken as 41.7 kcal/mole,® AV was
approximated s 7 cm?/mole, and «, the volume
coeflicicnt of thermal expansion, was approximated as
6X 10 ¢ °C~" for tne high temperatures involved.

The temperaiure of each run was determined {rom
the caiibration procedure described in Part II. ‘iue
deterioration which took place during some of the
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dirfosion anneals was assumed to be approximately
lincar, and one-half the magnitude of this deterioration
was used to arrive at the final temperature. Each value
of Dy was then corrected for one of the isotherms of
interest by

D.=Dy exp(AH[T—T]/RTT;),
where D; is the corrected diffusion coefficient on the
1sotherm 1y,
Considering diffusion <o be an activated process with
an activation free energy AG, the difiusion coeflicient
may be written

D=~a*vf exp(—AG/RT),

where v is a constant depending on the crystal structure,
a is the lattice constant, v is a vibrational frequency,
and fis the correlation factor. The activation volume is
then given by
AV = (dAG/dP)r

=—RT[(dInD/dP)r— (9 Ina*/dP)r

— (3 v/ 0P)r]

=—RT[(0 InD/3dP)r+3Kr—veKr],
where K7 is the isothermal compressibility and vygq
is the Griineisen constant.

The straight lines shown in Fig. 6 were determined
by least-squares analyses and are expressed by the
following Cqjuations:
860°C: logiD= (0.9215-£0.0217)

— (0.027500.00380) 7,
910°C:  logioD= (1.25254:0.0127)

—(0.033724:0.00221) 7,
960°C: logD= (1.56754:0.0234)

— (0.025694-0.00550) 7,

where the pressure P is expressed in kbar and D is in

I16. 6. Variation §
with pressure of the
diffusion  coeflicient UMO"J
at 860, 910, and Z
960°C. 9
O Present Experiment
" A Mokin, Rowe, and Lo Cloire
2n0™! 1 1 1 1 L

o] 2 4 6 8 10
PRESSURE IN KILOBARS




A 618 DICKERSON, 1.0 XNE
TanLe IL Activation volumes for gold. 17y
molar volume of gold, 10.2 cm?/mole.

A"/ AV AV )
(em?/mole)  (em®/mole)  (cm?/mole) AV/Var AV Vo
e e 7.2n 0.71 (i
.00 1.50 7.1 0.70 0.55
5.8¢ 1 7.3 0.72 IR
4.01 1S 0.1 0.0 0.3

& Present experiment,

b Huehener and Homan (Ref, 18),
® DeSotho (Ref, 15).

d Simmons and Ballufi (Ref. 3).

o limrick (Ref, 14),

cm?/sce. The crror limits shown are the standard
deviations.

Co.oming the slopes of these lines with the much
smallc. erms involving Kr and yg in the expression
for AV above, one obtains the following values of AV:

860°C: AV=06.140.8 cm*/mole,
910°C: AV=7.7+0.5 cm®/mole,
960°C: AV=06.24-1.4 cm*/mole,

where the error limits here are derived from the stand-
ard deviations of the slopes.

It was assumed that the temperature dependence of
the activation volume, il any, is very small conipared to
the uncertainties in the present results, and a weighted
average of AV was computed from the 860 and 910°C
values. The result is

AV=T7.2+40.4 cm¥/mole,

where the error limit here is the standard deviation of
the weighted average. The difficulties encountered in
making successful runs at the highest temperature,
960°C, limited the data to such an extent that the
uncertainty in AV for that temperature was greal
enough to produce a negligible effect on the value of
the weizited average.

Table 1T shows values of AV, for gold determined by
other cxperimental investigations. These are combined
with wmrick’s value for AV, to give atotal value for the

TaAnLE 11, Activation volumes for fcc metals.

AV Vo

Metal (em?/mole)  (ecm*/mole)  AV/Var
Aur 7.2 10.2 0.71
Agt 9.2 10.3 .80
Au in AuAg® 7.5 10.3 0.74
Ag in AuAg® 7.2 10.3 0.70
AgZn? 5.4 10.0 0.54
Phe 13.0 18.2 0.71
Pbf 11.6 18.2 0.64

» Present experimeciit.

b Tomizuka (Ref. 11).

¢ Albrecht and Toiaizuka (Ref. 12).

4 Tichelaar and Lazarus (Ref. 24).

* Nachtrieb, Resing, and Rice (Ref. 8).
'Hudson and Hoffman (Ref. 9).
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activ o novolume, Comparison of these values with the
resuit occhie present investigation shows good agreement.

Experimental  results  for activation volumes in
severil of the fee metals are collected in Table 11
The radioactive tracer and sectioning technique was
used inall but one of these investigations: ‘Tichelaar
and  Lazarus®™ determined the activation volume for
AygZa by measuring the effect of pressure on the anclastic
relaxation in that alloy.,

The values given for the activation volumes in
Vables THand H indicate that considerable relaxation
occurs aboul a vacant lattice site in an fee crystal.
Many theoretical calculations are in disagreement with
this finding. For example, Kanzaki** and Nardelli
and Repanai®® predict a volume contraction about a
vicancy inan fee lattice of less than 197, of an atomic
volume. Negligible relaxations also are predicted by
calculations of static lattice energies and configurations
by Hall* and by Girifalco and Strectman.?® Lawson,
Rice, Corncliussen, and Nachtrieb® argue that the
above calculations could not have correctly predicted
the relaxation, since they did not include the anhar-
monic forces which are responsible for relaxation. They
perform a caleulation which includes such anharmonic
terms, and predict a volume relaxation of 339, about a
vacant lattice site in a cubic erystal.

Many detailed calculations of energics and lattice
distortions of various defects in copper have heen made
during the past few years. Although Gibson, Goland,
Milgram, and Vineyard® find the volume relaxation
about a vacant site to he quite small-——107%, at most-—
others have caleulated much larger relaxations, Cal-
culations by Teword(,™ Tewordt and Bennemann
Sceger and Mano,® Bennemann,® and Johnson and
Brown'™ yicld values of AV,/Va which are in good
agreement with the experimental indications of con-
siderable volume relaxation about vacancies in fec
metals. Table TV contains most of the results of these
calculations, in the formof AV ;/V . It should be noted
that these calculations of the lattice distortion take into
account an important effect first pointed oul by
Iishelby® Te showed thet the stress-free surface of a
finite crystal gives rise to an image term in the dis-
placement about a point imperfection; this term has a
large effect upon the magnitude of the volume relaxa-

G, WL Tichelaar and D, Lazarus, Phys. Rev, 113, 438 (1959).

1L Kanzaki, Phys. Chem. Solids 2, 24 (1957).

G Nardelli and AL Repanai, Physica 24, S182 (1958).

ZC L Hadly Phys, Chem, Solids 3, 210 (1957),

L. AL Girilaleo and J. R. Streetman, Phys. Chem. Solids 4,
182 (1958).

# A, W, Lawson, S. A. Rice, R. D. Corncliussen, and N. II.
Nichtrieh, J. Cheni. Phys. 32, 447 (1960).

 J. B. Gibson, A. N. Goland, M. Milgram, and G. 11. Vineyard,
Phys. Rev. 120, 1229 (1960).

SELL Tewordt, Phys. Rev. 109, 61 (1958).

K. H. Bennemann and L. Tewordt, Z. Naturforsch. 15a,
772 (1960).

“ AL Seeger and I5. Mann, Phys. Chem. Solids 12, 326 (1960).
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U bout a vacancy, and it must be included belo
coretical caleulation of the relaxation about a va .
ite in an infinite lattice may be directly compared wiith

experimental results.

1. is also possible to compare the result of the present
experiment with expressions relating the activation
volume to other known quantities. Nachtrieh, Resing,
and Rice® and Rice and Nachtrieb®® showed that

AV = (AH/AH ) AV w,

where AH,, and AV, are the enthalpy and volume
change upon melting. Using 42 kcal/mole® for A/, 3.0
kecal/mole?? for Alf,,, and 0.51 cm?/mole’” for AV,
one finds that AV is equal to 7.1 cm?/mole, in startling
agreement with the present results.

Keyes®® noted that many materials follow the semi
empirical relationship

AV=4KAll.

Using 6.0X10-7 bar~ for K, and 42 kcal/mole for
A, one obtains the value 4.2 em®/mole for AV. Ia o
later paper™ Keyes derived the expression

AV = 2(‘)’0— ";)K'I'AG

There is some doubt about the correct value of ¢ for
gold.® A compromise between the value of vq derived
from compressibility data and from shock-wave experi-
ments suggests the value 2.0. With this value, and
with AG=AH=42 kcal/mole, AV is equal to only
2.8 cm*/mole. However, a derivation of y¢ from the heat
capacity at constant volume gives a value of 3.0. It
this is used in the above equation, then AV is equal to
4.9 em?/mole.

Lawson et al.* also derived an approximate relation
between the activation volume of formation AV, and
the molar volume

AV /Vu=1/(va—13).

With v4=3.0, AV, is 3.8 cm?/mole, but with ¢ 2.0,
AV, is 6.1 cm?/mole.

Many of the calculations cited are but rough approxi
mations. Ifowever, many of the experimental results
cited also are quite limited in their certainty by large
experimental errors. In the present investigation,

(1:;58) A. Rice and N. H. Nachtrieh, J. Chem. Phys. 31, 139

3 C. J. Smithells, Melals Reference Book (Butterworths Scientific
Publications Ltd., London, 1962), 3rd ed., Vol. 2, p. 618.

3 R. W. Keyes, J. Chem. Phys. 29, 467 (1958).

¥ R. W. Keyes, in Solids Under Pressure, edited by W. Paul
and D. M. Warschauer (McGraw-Hill Book Company, Inc.,
New York, 1963), p. 71.

“ K. A. Gschneidner, Jr., Solid Stale Physics, edited by T. Scit
and D. Turnbull (Academic Press Inc., New York), Vol. 16
(to be published).

SINGLE CRYSTALS OF Au AO619

Taree IV, “Cheoretical values for volume relaxation about
vacans i in copper. Potentials a, b, 17y, and Va are Born-Mayer
repiloy e ntiadss The explicit form of 1V is due to Hunting-
ton,® oo that of Vs is due to THuntington and Seitz.b V; is a
Morsc repulsive potential whose explicit form is due to Girifalco
and Weizer.e The constant 6 is the Eshelby factor (Ref. 35),
which is cqual to 3(1—e)/(14-), where o is Poisson’s ratio.

Nearest-  Iractional
neighbor volume

Source potential relaxation  AVy/Var

Tewordt! i} —0.53 0.47

(6=1.3) 172 —0.45 0.55

Seegzer and Mann® a —0.09 0.91

(6=1.5) b —0.19 0.81

Vi —0.29 0.71

Bennemann and Tewordt? 41 —0.38 0.62

B 1.2 Va —0.32 0.68

173 —0.44 0.56

Vi —0.16 0.51

< (6= 1.5) Va —0.39 0.01

Vs —0.53 0.47

Bennemanne Vi —0.40 0.00
(6=1.2)

Johnson and Brown" Vi —0.48 0.52
(5--1.5)

» 11, it iluntington, Phya. Rev, 91, 1092 (1953).

BOL B Thuntington and 7. Seitz, Phys. Rev. 61, 315 (1942).
o L. A, Girifuleo and V. G. Weizer, Phys. Rev. 114, 687 (1959).
4 See Ref, 31,

* See Ref. 33,

fSee Ref. 32.

& See Ref. 34,

bk See Ref. 13,

limitations in accuracy of the experimental data made it
impossible to draw any conclusions with respect to the
temperature dependence of the activation volume or the
pressure dependence of the activation energy. These
limitations are duc to the difficulties involved in the
measurcment, reproducibility, and  control of the
temperature. A reasonable vadue for the error in the
temperature measurement was estimated to be «:5°C,
and ibe error Timits in Fige 6 are based upon this
estinade. TUas probable that the cause of the irregular
thermocouple deterioritions which were observed was
duc to contamination of the thermocouple wires by
uncontrollable impuritics in the gas, furnace parts, or
vessel parts, although precautions were taken to mini-
mize this possiblity., Measurement of an accurate tem-
perature in a small furnace of the type used in this
experiment also is limited by the presence of tempera-
ture gradients. Once these difliculties are overcome,
more reliable data can be obtained from measurements
of the type made in this investigation.
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