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than our final procedure based on minimizing the free
energy. This can be seen in the fact that Ascher finds
an orthorhombic group, not allowed by our analysis.
Actually, Ascher’s procedure is correct when the
distortions form a two-dimensional representation, but
will permit too many groups for three-dimensional
representations. (We conjecture that the latter case
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will persist for the higher-dimensional representations
arising when translational symmetry is lost.) This is
because the maxima and minima of the lowest-order
polynomials occur at points where symmetry is maxi-
mal, but in three dimensions this is also true for saddle
points. It is also our opionion that Ascher’s method is
no simpler than Landau’s method, as used in the text.
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The analysis of available experimental data for self-diffusion in Al and Au shows that the apparent
activation energy increases with increasing temperature. It is shown that this behavior cannot be due only
to a divacancy contribution to the high-temperature diffusivity, since this contribution would have to be too
large. An explanation which is consistent with the results of quenching studies can be formulated in terms
of a temperature dependence of the motion enthalpy H,!” of single vacancies. In Al, H,! is found to
increase from 0.46 to 0.72 eV between 225 and 650°C, and in Au from 0.71 to 0.83 eV between room tem-
perature and 1025°C. The conclusions of this investigation are especially important for the identification
of quenched-in defects and for the study of thermally activated processes in general.

INTRODUCTION

IFFUSION theory shows that the activation
energy Q for self-diffusion by the vacancy mecha-
nism is equal to the sum of the enthalpies of formation
H;* and migration H,® of vacancies: Q=H "4 Hp".
This theoretical relation has frequently been used to
determine one of the quantities when the other two are
known. In equilibrium measurements, for example, one
determines H ;* experimentally and uses a known value
of Q to determine the motion enthalpy H,!” of single
vacancies. In quenching studies, one determines the
enthalpy of formation of single vacancies H;'* and the
migration enthalpy of the quenched-in defects H.,; if
Q is known, and if H,*+H,=(Q, the quenched-in
defects are identified as single vacancies. If, on the other
hand, H;!*+H,#Q, this is interpreted as strong evi-
dence that the defects involved cannot be single
vacancies.

Frequently, it has been found that H;*+H,,<Q. For
example, in gold, the formation enthalpy of single
vacancies H ;17 is generally accepted to be 0.974-0.02 eV
while the experimental value for the migration enthalpy
of quenched-in defects is 0.71+40.03 eV. The sum of
these two values, 1.68 eV, is less than the accepted
value of Q=1.81 eV. In aluminum, also, one would not
identify the quenched-in defects as single vacancies
when the data are compared with the theoretical re-
lationship. Here Q=1.48 ¢V and H,*=0.76 eV yielding

* Work supported by the National Science Foundation.

H,,=0.72 eV, which is higher than all values determined
for the motion enthalpy of quenched-in defects.

The fact that H'*+H,, is often not equal to Q is
usually interpreted by invoking the presence of di-
vacancies in the quenched metal as a result of vacancy
association during the quench. An important conse-
quence of this assumption involves the value of the
binding energy of the divacancy which is the subject
of much discussion. Another way of explaining some of
the results is to postulate a temperature dependence in
the motion enthalpy of single vacancies.! The object of
the present paper is to discuss in detail these two con-
cepts and their consequences, based on the critical ex-
amination of all the readily available and pertinent
information on aluminum and gold.

EXPERIMENTAL DATA

Figures 1 and 2 show the available data for self-
diffusion in Al and Au. The data for Al were determined
using radioactive tracers at high temperatures? and
nuclear magnetic resonance (NMR) techniques at low
temperatures.®* The lowest temperature data in Al, ob-
tained by observing void shrinkage,’ is not shown but

1T, G. Stoebe, Bull. Am. Phys. Soc. 12, 912 (1967).
( 2T. S. Lundy and J. F. Murdock, J. Appl. Phys. 33, 1671
1962). )

3T. G. Stoebe, R. D. Gulliver, II, T. O. Ogurtani, and R. A.
Huggins, Acta Met. 13, 701 (1965).
( ‘F ) Y. Fradin and T. J. Rowland, Appl. Phys. Letters 11, 207
1967).

5 R. Balluffi and T. Volin (private communication in Ref. 4).
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Fic. 1. Self-diffusion data in aluminum. The straight lines
shown have been fitted to the extreme low- and high-temperature
data. The postulated divacancy contribution is obtained from the
difference between the high-temperature diffusivity and the ex-
trapolated low-temperature diffusivity.

agrees well with the continuation of the NMR data to
lower temperatures.

The data for Au were determined using radioactive
tracer techniques.®~® The low-temperature data of
Okkerse® have been criticized” for lack of a proper
warmup correction and a possible burring problem.
However, the warmup correction has been made by
Okkerse!® and the burring problem, which would lead
to consistently high values of D, is probably negligible
since these results agree well with others in the region
of overlap. Therefore, it is felt that the only reason why
Okkerse’s results differ from the others is the emphasis
on the low-temperature region. Pipe diffusion is unlikely
to play a significant role in Okkerse’s experiment since
for typical dislocation densities in Ag one does not ob-
servell this effect above 0.657,, and the effect in Au
should be comparable. Nor in Al can the low-tempera-
ture diffusion data be influenced by pipe diffusion,
because NMR techniques avoid pipe-diffusion problems.

It is apparent from the data that neither in Fig. 1
nor in Fig. 2 can one draw a straight line through all

6 B, Okkerse, Phys. Rev. 103, 1246 (1956).

7S. M. Makin, A. H. Rowe, and A. D. LeClaire, Proc. Phys.
Soc. (London) 70, 545 (1957).

8 D. Duhl, K-I Hirano, and M. Cohen, Acta Met. 11, 1 (1963).

9H. W. Mead and C. E. Birchenall, Trans. AIME 209, 874

1957).
10 H, M. Gilder and D. Lazarus, J. Phys. Chem. Solids 26, 2081

(1966).
1 P, G. Shewmon, Diffusion in Solids (McGraw-Hill Publishing

Co., New York, 1963).
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of the points; rather there is a trend of increasing slope
in the diffusivity plot with increasing temperature. For
simplicity of analysis, it is observed that two straight
lines may be drawn through both the Al and Au points
by fitting straight lines to the extreme low- and high-
temperature data. The resulting lines can be analyzed
in terms of the parameters in the diffusion equation
D= D, exp(—Q/kT). The resulting values are given in
Table I. While the NMR data have been corrected for
jump correlations, and the tracer data have not, this
in no way affects the results of the following analysis.

DISCUSSION
Divacancies

One may attempt to analyze the total diffusivity D
shown above in terms of a divacancy contribution at the
high temperatures, D=D"--D?, where 1v and 2v refer
to single and divancies, respectively. The resulting
parameters Do* and Q% for divancy diffusion are shown
in Table I, and the corresponding lines are given in
the figures.

If the high-temperature diffusivity contains a di-
vacancy contribution, the diffusivity at sufficiently low
temperatures must be due to single vacancies alone. In
Al, this means that for diffusion via single vacancies
the activation energy Q for single vacancy diffusion is
about 1.22 eV. Using this value, one can determine the
motion enthalpy H.!” of a single vacancy in Al from
1.22 eV=H;*+H,!». H'" has been determined by a
number of authors both by quenching and equilibrium
studies, over the temperature range 280-650°C. The
mean value of 10 determinations!?~2 (three equilibrium
and seven quenching) is 0.76 eV with a standard de-
viation of only 0.014 eV. From this it follows that H.,!®
=0.46 eV for AL

This value for the motion enthalpy of single vacancies
is not inconsistent with most of the low-temperature
annealing studies after quenching.’*16-2! This is es-
pecially true if one interprets the recovery data obtained
after low-temperature quenching (below 400°C) as due
to single vacancies, the data obtained by quenching
from near 470°C as due to divacancies, and the higher-
temperature quenching data as being influenced by re-

12T, Federighi, in Lattice Defects in Quenched Metals, edited by
R. M. J. Cotterill, M. Doyama, J. J. Jackson, and M. Meshii
(Academic Press Inc., New York, 1965), p. 217.

18 J, Takamura, in Lattice Defects in Quenched Metals, edited by
R. M. J. Cotterill, M. Doyama, J. J. Jackson, and M. Meshii
(Academic Press Inc., New York, 1965), p. 521.

14 R, Feder and A. S. Nowick, Phys. Rev. 109, 1959 (1958).

1R, O. Simmons and R. W. Balluffi, Phys. Rev. 117, 52
(1960); 117, 62 (1960).

16 F, J. Bradshaw and S. Pearson, Phil. Mag. 2, 379 (1957);
2, 570 (1957).

( 1"’5% Panseri, F. Gatto, and T. Federighi, Acta Met. 5, 50
1957).

18 W. DeSorbo and D. Turnbull, Acta Met. 7, 83 (1959); Phys.
Rev. 115, 560 (1959).

19 K, Detert and I. Stander, Z. Metallk 52, 677 (1961).

20 D, Locati and T. Federighi, data given in Ref. 12.

22 M. Doyama and J. S. Koehler, Phys. Rev. 134, A522 (1964).
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arrangements of dislocations caused by quenching
strains.

The divacancy contribution to the diffusion process
at high temperatures may be analyzed by noting that
the activation energy of the divancy contribution is
given by??

Q2v=2H!1v_Hb2v+Hm2v, (1)

where H3?" is the divacancy binding enthalpy and H,2°
is the motion enthalpy of divacancies. For the case of
Al (see Table I), Q2*=1.8 eV. This gives H,2"— H3?’
=0.28 eV. For Hy**=0.1 eV one finds H,%*=0.38
eV.

The results of Simmons and Balluffi?? indicate a mono-
vacancy abundance in Al of more than 909 for a di-
vacancy binding energy of 0.1 eV. If the data in Fig. 1
are to be explained by the presence of divacancies,
however, the divacancy contribution must be extremely
large. Assuming that the observed high-temperature
increase in D over the extrapolation of the low-tempera-
ture data is entirely due to divacancies, one obtains
D1,/ D2,=0.55 at the melting point of Al.

The ratio of monovacancy and divacancy tracer
diffusivities may be written as?*

Dlv
D21:

3V1v Civ
= —_ exp[— (Gmlv_GmZD)/kT] ’ (2)

2020 C20

where ¢ is the concentration, Gn= H,,— 7S 1s the Gibbs
free energy of migration, and » is a frequency factor.
Since it is being assumed for this calculation that the
curvature in the diffusivity plots is due to divacancies,
the motion energy of single vacancies is taken as 0.46
eV, and the above-derived value of 0.38 eV based on an
Hy? value of 0.1 €V, is used for H,2*. For the other
quantities in Eq. (2), the following reasonable values
are used®: vy,=2vg, S1,"=2S2,"=2k. This gives
C10/€2»=0.5 at the melting point of Al, which indicates
amonovacancy abundance of only 339, in contradiction
with the Simmons and Balluffi result.?®

TaBLE 1. Summary of diffusion data.

Low T High T Divacancies
Aluminum
Range of good fit (°C) 225-325 500-650 500-650
Q(eV. 1.22 1.48 1.8
Dy (cm?/sec) 0.02 1.7 9.0
Gold
Range of good fit (°C) 600-750 875-1025 875-1025
Q (eV, 1.72 1.81 2.25
Dy (cm?/sec) 0.04 0.10 1.2

2 A. C. Damask and G. J. Dienes, Point Defects in- Metals
((gg;;ion and Breach Science Publishers, Inc., New York,
1 .

( 22(1){). O. Simmons and R. W. Balluffi, Phys. Rev. 119, 600
1960).

#R. O. Simmons, J. Phys. Soc. Japan 18, Suppl. II, 172

(1963).

SELF-DIFFUSION AND QUENCHING STUDIES IN Al,

Au 623
600 700 800 900 1000°C
T T T T
10°%-
E Au SELF-DIFFUSION
- ® OKKERSE
i O MAKIN, ROWE & LeCLAIRE
[ oo & DUHL, HIRANO & COHEN
107
::1 3 A MEAD 8 BIRCHENALL /
@] r /
n [
8 L _/“—DIVACANCIES
= 10"
Q
14 r
@9 r
) L
g
8 }
a) 10"
6 ] | ! ! 1 L1
155 0 105 100 095 0% 085 a8 07’

~——1000/T (K)
Fi1c. 2. Self-diffusion data in gold. (See also the caption of Fig. 1.)

This derived value, in turn, may be used to calculate
the binding energy of divacancies using the equation

C2o=0C1,2 eXp(sz”/kT)

C1o/C20=5 exp(Gs**—Gv**) /R T, (3)

where G»?? is the Gibbs free energy of binding of a
divacancy, Gy2*=Hy2*—71.5:%". Using Eq. (3) and as-
suming®® S;'*=2k, and taking S»?*=0, this yields
Hy?*=0.8 eV, which further emphasizes the inconsis-
tency of the divacancy model. This high value of H3*"
is a consequence of the high divacancy concentration
(low monovacancy abundance) necessary to account for
the temperature dependence of D and has a weak de-
pendence on the assumed entropy values.

One can also attempt to analyze the diffusion results
in Au in terms of a divacancy contribution at high
temperatures. The resulting parameters have been indi-
cated in Table I, and the corresponding line has been
shown in Fig. 2. Using an analysis similar to that of the
previous case, the activation energy for diffusion via
single vacancies must be 1.72 eV in Au. The enthalpy
of formation of single vacancies in Au is 0.97 eV with a
standard deviation over ten measurements!?16:25-81 of
0.010 eV in the temperature range 550-1030°C. Using
these values, one obtains H,,'*=0.75 eV.

This value for the motion enthalpy of single vacancies
is closer to the value usually observed for the migration

or

% J. E. Bauerle and J. S. Koehler, Phys. Rev. 107, 1493 (1957).

26 W. DeSorbo, Phys. Rev. 117, 444 (1960).

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

38T, Mori, M. Meshii, J. W. Kauffman, J. Appl. Phys. 33,
2776 (1962).

2 J, Takamura, F. Furukawa, S. Miura, and P. H. Shingu, J.
Phys. Soc. Japan. 18, Suppl. III, 7 (1963).

30 D. Jeannotte and E. S. Machlin, Phil. Mag. 8, 1835 (1963).

3'W. J. Spoelstra, thesis, Delft, Netherlands, 1959 (un-
published).
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energy of quenched-in defects in gold than is the nor-
mally assumed value,??-3¢ H,!*=0.83 eV. Apparent
motion enthalpy values usually observed in quenching
experiments?3:3* range from 0.6 to 0.76 eV. The former
value is normally observed at high quenched-in va-
cancy concentrations®® and at the lowest annealing
temperatures and might very well be due to a divacancy
contribution to the measured enthalpy of motion. The
mean of the remaining values is 0.71 eV and is measured
at about room temperature.

The analysis of the high-temperature diffusion data
in terms of a divacancy contribution in Au using Eq. (1)
and Q2?=2.25 eV (see Table I) yields H,2’— H?**=0.29
eV. This indicates a value for H3?** of about 0.3 eV if
H,? is taken as 0.6 eV. These values appear to be
reasonable in terms of the annealing data discussed
above.

However, by analyzing the data in terms of Egs. (2)
and (3), with D;/D;=3.0 as observed at the melting
point, H,*=0.75 eV, H,?*=0.61 eV, and assuming?®?
S;*=% in Au, one obtains ¢;/ce=1.3. This indicates a
monovacancy abundance of 579, at the melting point
and a divacancy binding enthalpy H?*=1.03 eV.

This divacancy binding enthalpy in Au, as in Al is
much higher than values consistent with experimental
results. These values for H,?? are higher than would be
indicated by Simmons and Balluffi’s monovacancy
abundance plots?4:3 because of the different values of
H,, used here as well as the fact that larger vacancy
clusters are ignored. However, neither the inclusion of
trivacancy considerations, nor the assumption of en-
tropy values differing by a factor of 2 from those used
here, would reduce the H3?* values to reasonable ones.
It therefore must be concluded that the increase in
slope of the diffusivity plot with increasing temperature
in Au and Al cannot be explained solely by the presence
of divacancies at the melting temperatures and that
one must look for another explanation for this

phenomenon.

Temperature Dependence of H,!* and S,

An alternate explanation for the observed tempera-
ture dependence of the diffusion activation energy Q
may be formulated in terms of a temperature depen-
dence of the enthalpy and entropy of motion of single
vacancies. Theoretically, it has been shown that the
temperature dependence of H,'* and Sy is too small

32 A. Seeger and D. Schumacher, in Lattice Defects in Quenched
Metals, edited by R. M. J. Cotterill, M. Doyama, J. J. Jackson,
and M. Meshii (Academic Press Inc., New York, 1965), p. 15.

3 M. Meshii and J. W. Kauffman, in Lattice Defects in Quenched
Metals, edited by R. M. J. Cotterill, M. Doyama, J. J. Jackson,
and M. Meshii (Academic Press Inc., New York, 1965), p. 77.

3¢ J. A. Ytterhus, R. W. Siegel, and R. W. Balluffi, in Laitice
Defects in Quenched Metals, edited by R. M. J. Cotterill, M.
Doyama, J. J. Jackson, and M. Meshii (Academic Press Inc.,
New York, 1965), p. 679.

3R, O. Simmons and R. W. Balluffiy Phys. Rev. 125, 862

(1962).
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to be detected using current experimental methods.3¢
Experimentally, it has been shown above that H,!* is
temperature independent within about 1.5%,. The ob-
served temperature dependence in Q is several times
more than this as has been noted in Table I.

There is no theoretical reason why H,!* should be
temperature-independent. This is especially true for the
case where the vacancy jump is not reversible and if
one takes anharmonic terms into account.®” Since the
reaction rate model does not show that Dy and Q are
necessarily temperature-independent, and one has only
the thermodynamic identity,

(0H/3T)p=T(3S/9T)y,

it is impossible to separate a temperature dependence
in Hp,'" from that in S,
One can determine an effective activation energy for

diffusion by writing
D=4 exp(—G/kT), 4)

where G is the Gibbs activation free energy for diffusion.
For the case of diffusion via single vacancies alone, one

has
G=G"+Gn'". (5)

If G is temperature-dependent, the effective activation
energy at any temperature Ge; is defined as®®

d1nD oG

R T

Gest=

Expressing G as a power expansion around a tempera-
ture T, one has

0
G=<G)To+<£) (=10

+§<g>n(r— T+ . (1)

Substituting Eq. (7) into Eq. (6), this yields

d 1/0%G
Gesi= (G)To—<'—— TO"“(—‘) (T*~T¢). (8)
0T/ 7, 2\o87T?/ 1,

Since
Ie] %G aS
(- 6,
oT. 072/ 7, 9T/ r,

and substituting Eq. (5) into Eq. (8), one obtains
Goit= (H""+Hyp'*)ry—3Go(T2—T?). %)

( ;“6% M. Levinston and F. R. N. Nabarro, Acta Met. 15, 785
1967).

3 D. Lararus, in Diffusion in Body Centered Cubic Metals
(American Society for Metals, Cleveland, Ohio, 1965), p. 155.

8 G. J. Dienes, in Diffusion in Body Centered Cubic Metals
(American Society for Metals, Cleveland, Ohio, 1965), p. 377.



166

This equation may be used to evaluate the temperature
dependence of the diffusion activation energy. Since
S=S541"4Sn1* and S;* is nearly temperature-inde-
pendent as discussed above,

i) ASm! 1 /0H,Y"
(), (),
a7/ r, oT /r, To\ 9T /r,

is a measure of the change in motion enthalpy and en-
tropy with temperature.

The values of H;'* and the H,!* values determined
from the diffusion data may be used to estimate Go.
Since the straight lines drawn previously in Figs. 1 and
2 are only approximations to the curves, the corre-
sponding enthalpies are assigned to temperatures near
the extremes. The motion enthalpy of quenched-in de-
fects in Au, measured at room temperature, is 0.71 eV
and is interpreted here as H,!” at that temperature.
Since H;*=0.97 eV and is temperature-independent, an
additional point of 0=1.68 eV at room temperature in
Au can be included. One obtains Ge=—1.6X10"7
eV/°K?in Au and Go=—1.2X107¢ €V/°K? in Al.

There is at present no other information in fcc metals
with which these values of G2 may be compared. The
estimated value®® of G, for the diffusion of C in Fe is
much less than the current values; however, it is un-
certain that this is a good example of a temperature-
dependent activation energy, since very reasonable
results are obtained using a two-site model for diffusion
in the Fe-C system.%

Of course, one cannot exclude a divacancy contribu-
tion to diffusion at high temperatures in Al and Au. An
upper limit for this contribution may be obtained by
setting an upper limit for the binding enthalpy at 0.3
eV, the highest commonly quoted value. Using Eq. (3),
and the enthalpy and entropy values quoted above, the
calculated monovacancy abundances in Al and Au are 86
and 969, respectively. Using these values and Eq. (2),
a ratio of D1/D; may be calculated at the melting point.
This gives Dy/Ds as 24 in Al and 16 in Au. This calculation
was made by assuming (Gn!"—G.2) to be temperature-
independent; however, other reasonable values for G,*®
do not change D,/D, appreciably.

This indicates a divacancy contribution to the ob-
served diffusion rate which is about 50 times less than
is necessary to explain all of the curvature in Al. In
Au, the corresponding factor is five. This verifies that
the temperature dependence in the motion enthalpy of
single vacancies could be an important factor in causing
the observed temperature dependence of the activation
for self-diffusion.

¥ R. B. McLellan, M. L. Rudee, and T. Ishibachi, Trans.
AIME 233, 1938 (1965).
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TasLe II. Best values for formation and motion enthalpies of
single vacancies as a function of temperature.

H flv Hmlo

Aluminum

0.76 eV; 300-660°C 6 eV; 225-325°C

0.4
0.72 eV 500-650°C
Gold
0.97 eV; 550-1030°C 0. ;1 eV 25°C
0.
0.83 eV 875-1025°C

CONCLUSIONS
In summary, it is concluded that:

(1) The experimental diffusion data in Al and Au
cannot be represented by astraight line on a logD versus
1/T plot.

(2) The observed increase with temperature in the
slope of the diffusivity curve cannot be explained by a
divacancy contribution alone with reasonable values
of the divacancy binding enthalpy.

(3) A consistent explanation of the increase in slope
with temperature is obtained by postulating a tempera-
ture-dependent motion enthalpy for single vacancies.

(4) In quenching and annealing studies, one should
not compare the enthalpy values obtained with high-
temperature diffusion data to identify the species
involved.

The best experimental values for the enthalpy of
formation and motion are given in Table IT where the
room-temperature value for the motion energy of a
single vacancy in Au is taken from quenching studies.

The possible temperature dependence of H,!* has
not been investigated in theoretical models. Several
models could be proposed to explain this effect, including
ones related to relaxation around a vacancy and ones
related to the temperature dependence of the excitation
of phonon modes.* The detailed calculation of migration
enthalpies of lattice defects involves difficult many-
body problems with relatively large uncertainties in
the interatomic interactions and their temperature de-
pendences. A complete theoretical investigation of the
vacancy-jump process would be necessary to substan-
tiate theoretically the postulated temperature depen-
dence of the migration enthalpy of vacancies.
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