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ABSTRACT 

Studies have been made to elucidate the fundamental mechanisms 

of point defect transport in simple metals and in crystals of the silver 

halides. Experiments performed include: (a) effect of composition on dif-

fusion in silver-gold alloys and silver-cadmium alloys; (b) effect of a 

vacancy flux on diffusion; (c) diffusion of solutes in aluminum and its 

dilute alloys; (d) dislocation effects in Cu^Au; (e) role of electronic 

structure and ionic radius in diffusion of cations in AgCl; (f) effects of 

ionic radius on halide impurity ion diffusion in AgCl and AgBr; (g) ;iro-

duction of e/cess point defects in AgCl by deformation and by quenching; 

(h) the kinetics of the pinning of dislocations by point defects in AgBr 

crystals. The experiments on the silver halide crystals have raised a 

number of questions which are currently being pursued further. 



3 

Contract No. AT-(40-l)-2036 was initiated April 1, 1956, and it supported 

research on point defects in crystalline solids through August 31, 1972. For 

the first few years, the research dealt exclusively with ladiotracer diffusion 

in metals; later, various studies of point defect transport in crystals of 

silver halides were undertaken. 

During the contract period, the thesis research of 14 graduate students 

was supported. The following research assistants obtained Ph.D degrees under 

partial support of this contract: W. Alexander, A. Gardner, M. Greene, W. Huff, 

W. Mallard, R. Meyer, and G. Williams. The following research assistants 

obtained MS degrees: R. Bass, N. Gilliam, R. Hudson, H. Layer, R. Sanders, 

and'J-H. Song. Two post-doctoral research associates, A. Batra and A. Gardner, 

were also employed. 

The main results ol this research are summarized below. 

A. Diffusion in Silver-Gold Alloys. 

Silver and gold form nearly ideal solid solutions over the entire range 

of composition. Moreover, both constituents have the same valence and rather 

similar chemical properties; hence a study of self-diffusion in this system, 

as a function of both temperature and composition, provides a detailed set of 

data on the effects of small changes on the diffusion parameters. Approximately 

120 successful runs were made, giving data on the diffusivities of silver and 

gold tracers as a function of temperature, and over the entire alloy range. 

Thus, it was possible to obtain the dependences of D, the pre-exponential 

factor Dq, and the activation energy Q as a function of composition. 

The main conclusions to be drawn from this work are as follows: 

(1) The controlling error is uncertainty in the sample temperature. (2) For D 
—11 2 less than about 10 cm /sec, deviations from the Arrhenius equation 
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(presumably due to dislocation effects) are common although the penetration 

plots still obey the equation for homogeneous diffusion. (3) Q is larger for 

Au* than for Ag* over the entire range of composition, but both Q's decrease 

with addition of gold. (4) The mechanical theory of Swalin for Q does not 

agree well with our results in spite of this system being most favorable for 

its application. (5) The decreases in the Q's due to addition of gold consist 

of decreases in both the vacancy formation and migration energies of comparable 

amounts. (6) The decrease in migration energy upon addition of Au cannot be 

quantitatively understood on the basis of elastic constant changes alone. 

(7) For both tracers, the decrease in D from silver to gold is about a factor o 
of 8 and is due to a decrease in the entropy of activation of about 2R. (8) At 

any composition, the Dq for Au* is larger than that for Ag* by a factor of about 

1.4 and this can be quantitatively accounted for in terms of atomic mass, atomic 

"force constants," and correlation factors. (9) The diffusion coefficient of 

each tracer at a given temperature goes through a minimum when plotted versus 

composition, thus suggesting the feasibility of a test of the effect of a 

vacancy flux on tracer diffusion. (10) The addition of the fast diffuser silver 

to gold decreases the diffusion coefficients of both Ag* and Au*, in contrast to 

the predictions of theories based on local kinetics. (11) Correlation factors 

calculated on Lidiard's theory are of reasonable magnitudes. 

B. Vacancy Flux Effects. 

A chemical gradient in an alloy sandwich will in general produce a net flux 

of vacancies along the direction of the gradient. This flux, in contrast to the 

random motion of vacancies in a homogenous crystal, should produce a net drift 

of radio-tracers superimposed on normal diffusion. Normally, such a drift is 
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masked by dependence of the diffusion coefficient on position; in the 

silver-gold system, however, this dependence is fortuitously almost 

negligible over a large composition range. Thus, one is able to see the 

vacancy flux effect as a first order phenomenon in the silver-gold system. 

A number of successful experiments were carried out and the expected 

tracer drift was found. The most important contribution arises from the 

gradient of the activity coefficient, the experimental results agreeing 

quantitatively with the predictions of the LeClaire theory. Also, within 

a rather large experimental uncertainty, that contribution attributable to 

vacancy flux effects is consistent with the values predicted by LeClaire and 

Manning. In addition, the effectiveness of the original weld interface as a 

barrier to diffusion has been observed and raeasuiad quantitatively. 

Several runs were also done with very long diffusion times, in order 

to improve the experimental accuracy. In order to avoid the formation of 

Kirkendall porosity, these long-time runs were carried out under high pressure, 

in the laboratory of Professor C. T. Tomizuka at Arizona State University, to 

whom we are greatly indebted These more precise results were found to agree 

quantitatively with predictions from the kinetic theory of John Manning, using 

an analysis based on the mean atom drift. This experiment thus gives weight 

to the contention that the LeClaire-Manning formulation of the kinetics of 

vacancies in non-dilute alloys represents a good description of the real system. 

C. Self-Diffusion in Alpha-Phase Ag/Cd. 

Atom mobility is often studied by means of Zener relaxation, which — 

in an oversimplified model — monitors the rotation of solute pairs. In 

several cases in which both radiotracer self-diffusion and Zener relaxation 

data have been available on the same system, the Zener activation energy appears 
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to be less than the tracer activation energies for the two components. 

During the period of this contract, Zener measurements on alpha-phase 

Ag/Cd alloys were being made by T. Turner and G. Williams at Wake Forest 

University. In order to be able to compare these results with tracer data, 

we undertook to make the necessary diffusion measurements. 

It was found that, for both components, plots of activation energy versus 

composition flatten out markedly as the composition approaches that corresponding 

to the alpha-phase boundary. Moreover, both activation energies, at every 

composition, were substantially greater than that measured for the Zener 

relaxation. Both of these observations could be interpreted in terms of the 

occurrence of short-range order, and its dependence on temperature and composition. 

D. Solute Diffusion in Aluminum and its Dilute Alloys. 

Successful measurements were made, in spite of surface oxidation difficulties, 

by incorporating a small amount of chlorine into the diffusion capsule. Using 

this technique, 16 diffusion coefficients for Ag*"^ were measured; seven of 

them in 1% Al-Cu, three in 1% Al-Ag, three in 1% Al-Zn, and four in pure Al. 
2 

In the Al-Cu alloy it was found that D = 0.1 x exp(-27 Kcal/RT cm /sec. The 
* 

activation energies for Ag in pure Al and the other two dilute alloys are also 

27 Kcal/mole. From specimens diffused simultaneously in the same capsule, it 
* 

was found that for Ag the diffusion coefficient in 1% Al-Ag is around 1% higher 

than in pure Al, while that for diffusion in 1% Al-Zn is about 5% higher and that 
in 1% Al-Cu is about 10% higher. Data were also obtained on diffusion of Au * 

and Fe in pure aluminum. 

The two most important results of this work are: (1) The anomalously low 

values of activation energy and entropy in the earlier literature are not valid; 

when proper precautions are taken to eliminate the blocking effect of surface 
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oxide on the aluminum crystal, reasonable values arc obtained. (2) The 

activation energies of impurities in A1 vary systematically with valence 

and electronegativity, as in the case of solute diffusion in silver, but with 

opposite sign. The sign of this effect, the very small dependence of activation 

energy on solute valence, and the effects of dilute alloying with Ag, Ou and V.n — 

all of these results could be quantitatively interpreted in terms of the 

Friedel oscillatory screening of the electrostatic potential about the solute 

ion. The alloy experiments, in particular, clearly illustrate the long-range 

effects associated with this screening. 

E. Self-Diffusion in Cu^Au. 

Self-diffusion coefficients for A u ^ ^ and C u ^ in Cn An were measured 

from near the melting point (930°) to 520°C by using tracer and lathe sectioning 

techniques. Good Gaussian penetration plots were obtained even for diffusion co-
-13 2 

efficients as small as 10 cm /sec. 

Considerable enhancement from the short-circuiting by dislocations was 

observed at the lower temperatures. At 520°C, for example, D was twice as large 

as the extrapolation of the high temperature data would have predicted. Con-

sequently, results on both lattice and dislocation diffusion have been obtained. -11 2 

For diffusion coefficients above 10 cm /sec (corresponding to temperatures 

above about 700®C) only lattice effects were observed. The Arrhenius equation for 

copper tracer was found to be 
D = (0.36 ± .08)exp(- 1.96 ± .02 eV/kT) cm2/sec, 

while that for gold tracer is 

D = (.85 ± .20)exp(-2.07 ± .02 eV/kT)cm2/sec. 
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These results are very much in line with what is obtained for those tracers in 
£ 

pure copper and gold. The results for Au disagree somewhat, however, with the 

earlier data of Benci et al. 

The low temperature data seem to support the more generalized form of the 

Hart analysis suggested by Morrison. The deviation from the extrapolated high-
temperature data yield the activation energy for diffusion along dislocations: 

* * 
1.0 eV for Cu and 1.1 eV for Au . Thus 0(disl.)/Q(lattice) is approximately 

0.5. Also, the values of D for diffusion along dislocations were found to be o 
2 

of the order of 10 cm /sec. 

F. Diffusion of Rare Earths in Ag and Pb. 

In order to explore the effect of ion radius on solute diffusion, diffusion 

experiments on several rare earth tracers were undertaken, using silver and lead 

crystals as the hosts. Although the rare earths generally have vanishing 

solubilities in these metals, tracer techniques require such microscopic, 

quantities of solute that it was believed that the experiment had some chance 

for success. 

It was found that every penetration plot consisted of two segments: a steep, 

shallow segment, corresponding to an anomalously small diffusivity, and a deeper 

region which proved to be quite sensitive to the structural perfection of the 

crystal. It thus did not prove possible to obtain the information originally 

sought, but two interesting results did emerge: (1) for these ions, which are 

much larger than the solvent ions, the bulk diffusivities are extraordinarily 

small - typically smaller than the self-diffusivites of the host by a factor 

of about 10*; (2) even at temperatures near to the melting point, large effects 

of dislocations and grain boundaries are present. This latter fact is probably 

the result of a combination of small solute diffusivity and extensive segregation, 

and it suggests that these systems might be useful ones in which to study mobilities 

of solutes in dislocations and grain boundaries, over a wide range of temperature. 



9 

G. Diffusion of Solute Cations In Silver Chloride. 

The diffusion behavior of solute ions in crystals »if the silver halldes 

is of interest for a number of reasons. First, the si Ivor ha]ides are crys-

tals in which the dominant intrinsic defect is the cation Frenkel pair, which 

suggests that diffusion nay proceed by an interstitial, as well ,»s hy thu 

usual vacancy, mechanism. Secondly, as compared to the alkali halides, the 

polarization interactions in the silver halides are larger, introducing a 

covalert interaction among the neighboring ions. And last, anv information 

on the properties of defects and solutes in silver halide irystals Is of 

potential use in the understanding of the photographic process. 

Our first measurements were on the diffusion of Au+ i;i Af*>Cl . It was 

found that in intrinsic crystals, the gold ion diffuses interstitially 

with an activation energy of 0.47 eV. More interesting, perhaps, is the 

observation that below about 260 deg. C, the addition of chlorine to the 

ambient can suppress the diffusion coefficient of the gold. This can 

be understood in terms of the introduction of addlti0n.1l cation vacancies by 

the chlorine, and analysis of the data has yielded the energy required for the 

incorporation of additional chlorine into the crystal. 

A second series of experiments involved the study of a number of 

divalent cations in AgCl. The main goal of this work is to elucidate the 

roles of the ionic radius and the electronic structure (e.g., number of 

d-electrons, if any) in determining the diffusion activation energy. Data 

were obtained for the diffusion of the alkaline earths calcium and strontium 

(which have no d-electrons), the transition ions cobalt and manganese, and 

the B-group ion zinc (which has a filled d-shell), For all of these, the 

diffusion proceeds at least predominantly by the vacancy mechanism (we had 
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2+ earlier reported a second, interstitial, mechanism for diffusion of Mn , 

but have since found this to be an artefact due to the influence of traces 

of divalent impurity on the defect concentrations at lov temperatures). The 

activation energies are typically in the range of 1.0 to about 1.5 eV, except 
2+ 

for Zn , where an exceptionally high binding energy of the Zn-vacancy complex 

causes the uiffusion activation energy to be only 0.77 eV. This experiment 

has been continued since the expiration of the present AEC contract, and a 

pattern seems to be emerging. 

H. Halite Ion Diffusion in AgCI and AgBr. 

The diffusivities of the various halides ions in AgCI and AgBr were 

measured. One of the most interesting of the results obtained from this 

experiment is that the activation energy for diffusion of an impurity halide 

is exactly the same as for the host whenever the impurity halide is larger 

than the host. This unexpected observation can be understood in terms of the 

relaxation, during the jump of the halide ion, rsf the silver "gate" ions 

into the metastable interstitial sites. 

I. Defect Production by Deformation or Quenching of AgCI. 

Pulsed deformation of very pure (better than 1 ppm) AgCI produces a 

transient increase in the ionic conductivity, which decays out in milli-

seconds at room temperature. This excess conductivity appears to be due to 

point defects created by the moving dislocations. If it is assigned to the 

motion of excess silver interstitials (the more mobile component of the Frenkel 

pair), then the results give the number of jumps until annihilation of an excess g 
interstitial to be 2 x 10 ; this corresponds to a migration distance of a few 

microns, which is the distance to one of the nearer dislocations. Also, one 

obtains as the defect creation rate about 10 ^ atom fraction per unit strain, 
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a value somewhat lower than expected. 

One can also Introduce excess ionic conductivity intn very pure AgCl 

by quenching. From the temperature dependence of this extra conductivity, 

and the presumption that Schottky defects have been quenched in, one can 

deduce the binding energy of the vacancy pair in AgCl to be 0.42 eV. Also, 

the decay of the excess conductivity gives a migration energy of 1.0 eV. 

Further, X-irradiation of the freshly quenched crystal results in a persistent 

electronic conductivity, apparently reflecting the presence of free electrons 

held in the conduction band because of the trapping of holes at defects 

introduced by the quenching. 

J. Internal Friction Studies of Dislocation Pinning in AgBr. 

The experiment, performed at 35 kc/sec, consists of oscillating the 

crystal at a sufficiently high strain amplitude to break the dislocations 

away fr"*n their pinning points, and then monitoring -- by observing the inter-

nal friction at low amplitudes — the re-establishment of the atmosphere of 
1/3 

pins. It was found that this recovery proceeded according to a t law, 

as has previously been found in this laboratory for AgCl. 

Studies of doped AgBr crystals, however, have revealed an anomaly: 

the rate of pinning as a function of temperature goes through a region 

of apparent negative activation energy. This phenomenon will be pursued 

further. 

K. Novel Experimental Innovations. 

In the vacancy flux experiment on Ag/Au alloys, we developed a technique 

for marking the original interface of the diffusion couple which uses very 

fine, radioactive hafnium oxide precipitate. This refractory substance is 

significantly superior to the wires, etc. previously used as markers. This 

technique has now become standard practice in the study of diffusion in metals, 

and is frequently used elsewhere in contemporary electromigration experiments. 



An analysis of the detailed data on self-diffusion in the Ag/Au alloy 

system demonstrated that the limiting error was due to an uncertainty in 

the specimen temperature, of about one degree. The importance of radiation 

losses at the ends of the furnace cavity was stressed. Thus, this observation 

has contributed to the present recognition of the importance of great homo-

geneity In the temperature of the furnace cavity. 

In the Ag/Au experiments, it was necossary to know the composition of 

the samples of an accuracy greater than available from ordinary chemical 

methods. We developed a technique in which a simple determination of 

density could be used for analysis of a two-component system. Providing 

the specimens have been prepared in n vacuum, so that there is no perturbation 

from porosity, this technique is not only quicker, but is also much more precis 

than are the usual chemical methods. 
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