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ABSTRACT 

Th d . f f . f 13 1 . . e 1 us1on o I 1n s1ngle crystals and along 

the tilt grain boundaries of pure and calcium chloride 

doped (142±5 ppm) bicrystals of sodium chloride, grown by 

Czochralski technique, was investigated using a microtome 

sectioning technique. Results on bulk diffusion in pure 

NaCl agree well with the results of earlier investigators 

and are represented by 

2 
D = (504 em /sec)exp(-2.27 ev/kT). 

Enhanced diffusion of 
131

I is observed along the 

grain boundaries and the presence of the dopant lowers 

the grain boundary diffusivity over the entire tempera-

ture range of 430°C - 570°C studied in the present 

investigation. Thermal activation and electrical polari-

zation effects, acting simultaneously on the diffusing 

ion, determine the magnitude of the grain boundary 

diffusivity in these ionic bicrystals. In the low 

temperature range of 430°C - 490°C, the diffusion of 

131 I along the grain boundaries is described by the 

relationship 

where (D'o) has values of 8.45 x 10- 5 and 0.39 cm3/sec 
0 



for the pure and the doped bicrystals, respectively. 

Qb is observed to be 1.36 and 1.93 eV for the same two 

cases. In the high temperature range of 490°C - 570°C, 

grain boundary charge and ionic polarization cause 

distinct but similar diffusion anomalies in the grain 

boundary diffusivity plots of both the pure and the 

doped bicrystals, depending upon the proximity of the 

measuring temperature to the isoelectric temperature. 

Grain boundary diffusion seems to occur by movement 

of ions in the grain boundary core by an "interstitial" 

motion of iodine ions. 

iii 
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I. INTRODUCTION 

In any real crystalline solid, imperfections such as 

dislocations, free surfaces and grain boundaries exist, 

and the mean jump frequency of an atom in these regions 

tends to be much higher than that of an atom in the 

lattice. The diffusivity therefore tends to be higher 

in these regions and this has been well established in 

the case of metals. In ionic crystals, however, there 

have been conflicting reports about enhancement of 

cation and anion diffusivities at the grain boundaries. 

The difficulty in the grain boundary diffusivity studies 

in ionic crystals like NaCl arises because the disloca-

tions and grain boundaries in these crystals are 

associated with an electrical dipole layer. Since the 

movement of the ions occurs by means of electrically 

charged point defects, their interaction with the long 

range electrical fields arising from these line and 

surface defects can conceivably have a strong effect 

upon the dislocation and grain boundary diffusion. 

36 1 d 22 . b d Earlier work on C an Na gra1n oun ary 

diffusion in NaCl was done by Riggsl using the same 

technique of microtome sectioning which is employed in 

the present study. He showed an Arrhenius-type plot for 

anion grain boundary diffusivity in the temperature 

range of 420°C - 480°C. This temperature range is below 



the isoelectric temperature of NaCl. As Riggs did not 

explore grain boundary diffusivity behavior over a wide 

enough temperature range, his study was inconclusive 

2 

with regard to the effect of an electrical dipole layer 

on grain boundary diffusivity. It was therefore the 

purpose of the present work to extend the temperature 

range of anion grain boundary diffusivity study such that 

the effect of the charge on diffusivity could be 

established, and to determine, if possible, the effect 

of divalent cation dopant on grain boundary diffusion. 

The isotope 131 I was chosen for the present study 

instead of 36 c1 in order to reduce the experimental 

errors in counting due to the background activity, as 

131 I is available in much higher specific activities 

than 36c1. Iodine ion was also preferred over chlorine 

ion because, if there were to be any observable effect 

of the electrical dipole layer on anion grain boundary 

diffusivity, it was expected to be more evident with 

iodine ion as it is more polarizable than chlorine ion. 
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II. REVIEW OF LITERATURE 

A. Single Crystal Diffusion 

A large number of investigators have studied self-

diffusion of ions in monocrystalline alkali halides at 

high temperature (above 0.7 Tm) using both the conven

tional sectioning2- 5 and isotropic exchange techniques. 6- 8 

Fortunately, the available experimental results present 

an extremely coherent picture of the high temperature 

diffusion mechanism which is a single-vacancy mechanism 

for both the anions and cations. At high temperatures, 

the displacement of ions is attributed to the presence 

of Schottky defects, the validity of the Einstein relation 

and the values of activation energies being the strongest 

arguments in favor of this interpretation. 

At low temperatures, the number of thermal defects 

becomes small and the properties of ionic crystals are 

explained by the presence of defects more complex than 

Schottky defects. The explanation of the diffusion 

behavior of cations differs from that of anions in this 

temperature range. Diffusivity and conductivity 

measurements in NaCl by different investigators 3 ' 9 

indicate the existence of a low temperature region where 

the activation energy of cation self-diffusion is 

observed to be lower than at higher temperatures. This 

effect on the mobility of the cations is tied to the 



presence of impurities. The dissolved aliovalent 

impurities in NaCl (most frequently divalent) locate 

substitutionally on the sodium lattice site, thereby 

increasing the number of sodium vacancies. These excess 

sodium vacancies introduced with the cation impurities 

contribute to the reported increased cation diffusivity 

at low temperatures. The failure of the Einstein 

relation at low temperatures is also explained by the 

association of the excess cation vacancies with the 

divalent cation impurities; the complexes thus formed 

are neutral and do not contribute to the conductivity 

whereas the whole of the vacancies, associated and non

associated, take part in diffusion. 

It is difficult to increase the concentration of 

anionic vacancies in a like manner by adding multivalent 

anions which are in general not very stable in alkali 

halides.s The presence of divalent cation impurities 

lowers the concentration of the anion vacancies due to 

the law of mass action. 10 If the anion diffusion in 

NaCl were to occur by single-vacancy mechanism alone, 

the chlorine self-diffusivity should exhibit high and 

4 

low temperature ranges with the transition occurring at 

the same temperature as that of the "knee" in the cation 

diffusivity plot. However, the experimental observations 

of different investigators do not support this view. The 

results of Laurance5 and others11 , 12 indicate that the 



diffusion of anions such as chlorine in NaCl takes place 

both by a single-vacancy mechanism and by a vacancy pair 

mechanism, the latter process being preponderant at 

low temperatures and in the presence of divalent cation 

concentrations exceeding 100 ppm.s 

Some investigators have also studied diffusion of 

foreign ions in the alkali halides. Chemla2 studied 

-
diffusion of I , Br and Cl in NaCl and Beaumont and 

Cabane13 that of I in NaCl and KCl. Beaumont and 

Cabane found the activation energies of Cl and I in 

NaCl to be the same while in Chemla's work they were of 

the same order of magnitude. A single-vacancy mechanism 

has been shown to be most likely in such heterodiffusion 

studies. 

B. Grain Boundary Diffusion 

Laurant and Benard's work14 was probably the first 

systematic attempt to study the diffusion phenomenon in 

sintered polycrystalline alkali halide samples. Their 

early work indicated that the activation energy for the 

diffusion of anions along the grain boundaries was 

essentially the same as the activation energy for anion 

single crystal diffusion. They further observed that 

the self-diffusion coefficients of the anions are 

increased by the presence of grain boundaries and that 

the migration rate of anions increases as the mean 

5 



dimensions of the crystal comprising the polycrystalline 

aggregate become smaller. They said that it is possible 

to connect this increase in speed of anion diffusion 

6 

with polarization of the ions. On the basis of their 

results of grain boundary diffusivity in different 

halides of potassium, they showed (Fig. 5 of their paper) 

that the increase in grain boundary diffusivity of 

different anions is directly proportional to the polar

izability of the anions. Thus they concluded that any 

tentative attempt at theoretical explanation of the grain 

boundary diffusivity phenomenon would have to take, as a 

base, the properties of the polarization of the ions. 

Cabane's work15 on polycrystalline KI subsequently 

showed that by improving the quality of the samples by 

exclusion of moist atmosphere during sintering and 

annealing, the activation energy of anion grain boundary 

diffusion was observed to be about half that in single 

crystalline material. His work on different anions also 

confirmed Laurant and Benard's relation between polar

ization of ions and their diffusion at the grain 

boundaries. The results of Riggsl also indicate an 

increase in Cl diffusion coefficient along the grain 

boundaries of pure and CaC1 2 doped bicrystals and a 

decrease in the activation energy in a manner similar 

to that of Cabane. 
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Riggs further observed that the grain boundary angle, 

the grain boundary character (tilt or twist) and the 

divalent cation concentration had no significant effect 

on the anion diffusion rates. The ionic movement was 

believed to occur in the grain boundary core region 

and to consist of the movement of 11 interstitial 11 type 

chlorine ions. This 11 interstitial 11 type mechanism was 

proposed on the basis of the measured activation energy 

values. Activation energy of 36c1 diffusion in NaCl 

bicrystals was observed to be almost half of the activation 

energy needed for single-vacancy mechanism and an even 

smaller fraction of the value for vacancy pair mechanism. 

Since activation energies for interstitial type mechanism 

in metals are observed to have such small magnitudes, an 

11 interstitial 11 type mechanism was thought to be operative 

along the comparatively open core regions of grain 

boundaries in NaCl. 

In contrast to the results of anion diffusion, the 

. . l "d 1,14-17 t" we1ght of the exper1menta ev1 ence on ca 10n 

diffusion in alkali halides shows that enhanced cation 

diffusion is not observed in the grain boundaries. 

It has always been difficult to interpret the 

diffusivity data in high-angle grain boundaries because 

the exact structure of these boundaries is not completely 

known. Although a large number of models have been 

d . f f . t . t 18 - 2 3 f th proposed by 1 erent 1nves 1ga ors, none o em 



8 

is fully satisfactory for the high-angle grain boundaries. 

Only the structure of small-angle grain boundaries in 

solids is well understood and is said to consist of 

stable arrays of dislocations. 24 It can be argued that 

the interactions between dislocations in the high-angle 

grain boundaries should tend to destroy their 

directionality. However, there have been a number of 

investigations 25 - 27 which indicate that high-angle 

grain boundaries are not isotropic and that even at 

maximum misorientation angles, they retain some 

characteristics of a dislocation structure. In a dis-

location core or in any hard sphere model of a grain 

boundary, there are many relatively open regions. In 

these regions, the energy to form a vacancy or move an 

atom into a vacancy will be lower than in the lattice 

and hence, qualitatively, the values of activation 

energy for self-diffusion in the grain boundaries are 

observed to be smaller than in the bulk. However, no 

quantitative treatment has been given in the literature 

to explain the enhanced diffusion observed in the high-

angle grain boundaries. 

During the last three decades, many investi-

28-33 gators have done a considerable amount of work on 

the theory of charged defects, with particular emphasis 

on alkali halide crystals. According to this theory, 

an electrical dipole layer develops around dislocations, 



external surfaces and grain boundaries of ionic crystals. 

The electrical fields developed due to the dipole layer 

could possibly have a strong effect on the movement of 

9 

a diffusing ion in alkali halides. Most of the research 

in the past has been on the development of this theory 

and on experimental investigation of the sign of the 

charge34- 36 carried by the dislocations in these crystals. 

It has now been well established that the edge disloca

tions are positively charged above the isoelectric 

temperature of the material while they carry a negative 

charge below this temperature. Screw dislocations 

remain uncharged at all temperatures. 35 , 36 Research 

work on establishing a relationship between the 

electrical dipole layer and the grain boundary 

diffusivity in ionic crystals seems to be lacking in 

the literature. 



III. THEORY 

A. Grain Boundary Charge 

The existence of an electrical dipole layer around 

the surfaces of ionic crystals, in which Schottky 

defects predominate, was first proposed by Frenkel 28 in 

1946. Since then, a number of investigators 29 - 33 have 

developed this idea into a theory of charged defects, 

applicable under varied conditions in ionic crystals. 

Qualitatively the surface dipole region arises in the 

following manner. In materials like NaCl, the free 

energy necessary to form a cation vacancy is less than 

that required to form an anion vacancy. Hence when 

the temperature is raised from absolute zero, an excess 

of cation vacancies is emitted from the surface into the 

crystal, leaving a net positive charge on the surface 

and a region of negative space charge beneath the 

surface. The resulting space charge distribution 

increases the energy of formation of cation vacancies 

in the interior of the crystal by the energy necessary 

to move them across the dipole layer. The energy of 

formation of anion vacancies in the bulk is reduced in 

the same manner. The result is that, in equilibrium, 

there will exist a dipole region at the surface across 

which there exists a potential difference which serves 

10 



to adjust the free energies of vacancies in such a 

way that the bulk of the crystal remains electrically 

neutral. 

The edge dislocations, being sources and sinks for 

vacancies, behave in many respects like a surface. One 

can therefore expect37 the edge dislocations in an ionic 

crystal to be charged and to be surrounded by a sheath 

11 

of vacancies of predominately the opposite sign. Clearly, 

a grain boundary or a mosaic boundary should also be 

charged and surrounded by a balancing layer of charge, 

whether one regards the boundary as essentially a 

junction between two separate blocks of crystal or as an 

array of dislocations. 

Since alkali halide crystals commonly designated 

"pure'' contain concentrations of divalent cations of the 

order of 10- 6 , it is important to consider their effect 

on the grain boundary charge. Kliewer and Koehler 32 

have shown that when divalent cations are present in the 

crystal, they strongly influence the magnitude and 

nature of the dipole layer. At sufficiently high 

temperatures where the concentrations of thermally 

activated vacancies are much greater than divalent cation 

concentration, the situation is essentially the same 

as for the pure crystal. But at lower temperatures, 

the concentration of thermally activated vacancies 

decreases and the relative concentration of divalent 



cations becomes appreciable. If the divalent cation 

impurities had no effect on the bulk cation vacancy 

concentration and thus on the dipole potential, the 

crystal would develop a net positive charge. This is 

prevented by an increase in the overall cation vacancy 

concentration which in turn causes a corresponding 

decrease in the potential across the space charge 

region. 

With a further decrease in temperature, the 

magnitude of the space charge and the potential of the 

dipole layer continue to decrease until they finally 

go to zero and thus the grain boundaries, surfaces and 

dislocations become uncharged at that temperature. 

The temperature at which this occurs is called the 

isoelectric temperature (T0 ) because it is here that the 

innate difference between concentrations of anion and 

cation vacancies is precisely equal to the concentration 

of free impurities,3 2 or 

(l) 

where N is the total number of lattice sites per unit 

+ volume, F and F are the free energies of formation of 

cation and anion, respectively, and nif is the density 

of unassociated divalent cation impurities. 

12 



For temperatures less than T
0

, the anion vacancy 

concentration becomes negligible in comparison to the 

cation vacancies. As the temperature is reduced below 

T0 , the cation vacancies will continue to precipitate on 

the linear and planar defects of the crystal (which act 

13 

as vacancy sinks due to falling temperature) since the 

tendency is to maintain a concentration based solely on 

thermal considerations. This precipitation of negative 

charge will attract positively charged divalent impurities 

(the only remaining source of positive charge) and the 

result will be a low temperature electrical dipole layer 

in the vicinity of the vacancy ''sinks" which consists of 

excess cation vacancies on the vacancy sinks and a space 

charge layer in the adjacent bulk consisting primarily 

of divalent cation impurities. The dipole potential thus 

developed decreases the effective free energy of formation 

for cation vacancies, thereby making further precipitation 

energetically unfavorable and preserving bulk neutrality. 

Kliewer and Koehler's theory32 is particularly 

helpful in interpreting the results of the present 

investigation because of its predictions concerning 

the number and density of defects and the dipole 

potential in the region of a grain boundary. They have 

developed mathematical expressions showing the variations 

of the above quantities with temperature and divalent 

cation concentration. The variation of the dipole 



potential with temperature and the divalent impurity 

content is well depicted in Figure 3 of their paper.3 2 

It is shown in the same figure that the isoelectric 

temperature of grain boundaries (dislocations and 

surfaces) in NaCl increases with an increase in the 

divalent cation concentration. 

14 

According to Kliewer and Koehler, the grain boundary 

region can be treated as composed of a core region and a 

surrounding space charge region in the lattice. The 

grain boundary core region in NaCl, 38 as also in the 

case of metals, 39 is assumed to be of the order of 2 to 

3 atomic diameters and this width is assumed to be 

independent of both temperature and divalent cation 

concentration. The magnitude of the charge on the grain 

boundary core can be obtained from the equation derived 

by Kliewer and Koehler for the surface charge obtained 

by putting two surface solutions back to back. 30 The 

charge on the internal surface being Q' = 2Q. This 

charge changes with temperature and divalent cation 

concentration in the manner described earlier. The 

charge density in the space charge region can also be 

calculated from an equation developed theoretically by 

Kliewer and Koehler. The sign of this space charge 

varies with temperature and divalent cation concentration 

in a manner exactly opposite to that of the grain 

boundary or surface charge. 



B. Bulk Diffusion Coefficient 

The diffusion coefficient for an isolated ion in 

a pure NaCl-type lattice is given by 24 

2 D = 4fa nw, 

15 

(2) 

where f is the correlation factor 40 introduced to account 

for the fact that successive jumps of the tracer ion are 

not random but correlated, a is the anion-cation 

distance, n is the mole fraction of vacancies in the 

lattice and w is the probability per unit time that a 

vacancy will jump from one particular site to another. 

An expression for the jump probability of ions in 

ionic solids has been derived using several different 

approaches, 41 e.g., absolute rate theory, many body 

theory of equilibrium statistics, and the dynamical 

theory of diffusion. All these derivations have resulted 

in an expression of the following form 

w = vexp(-6g/kT), ( 3) 

where 6g is the height of the free energy barrier the 

ion must surmount to pass to the adjacent vacant site 

and v is an effective vibration frequency of the ion 

in the initial site. 

The vacancy concentrations in NaCl-type lattice 

are given by 



n n a c 
2 

n , 
0 

where n and n are the anion and cation vacancy a c 

concentrations, n is the fractional concentration of 
0 

( 4) 

Schottky defects, and g is the free energy of formation s 

of a Schottky defect. On substituting the appropriate 

expressions for w and n in Eq. {2), it can be written 

in the familiar form 

D = D
0

exp(-Q/kT), ( 5) 

where Q, the activation energy, is the sum of the 

enthalpies of vacancy formation and motion while D 1s 
0 

the frequency factor. 

For actual diffusion experiments, phenomenological 

diffusion equations are used to calculate single crystal 

diffusion coefficients. For a thin film source 

configuration of the type used in the present investi-

gation, the solution of the one dimensional diffusion 

16 

equation for the bulk diffusion (assuming film thickness 

h << Dt, where tis the diffusion time) is of the forrn, 42 

c = 
c h 

0 

hrDt 

2 exp(-x /4Dt), ( 6) 

where C is the concentration of the diffusing particles 

in the single crystal at a distance x from the surface 



and C is the initial concentration of the radioactive 
0 

source deposited on the single crystal sample. 

The bulk diffusion coefficient can be obtained by 

assuming C proportional to the radioactivity of a thin 

slice of the crystal at a distance x from the surface of 

the crystal on which the tracer is originally deposited. 

A plot of the logarithm of the radioactivity C(counts 

per unit time) versus x 2 is made. From Eq. (6) it is 

seen that this is a straight line of slope (4Dt)-l so 

that if t is known, D can be calculated. 

C. Grain Boundary Diffusion Coefficient 

In grain boundary diffusivity studies, the quantity 

determined experimentally is D'o, the product of the 

grain boundary diffusivity and the grain boundary width, 

because it is almost impossible to make an independent 

17 

determination of o. Although a large number of different 

solutions 43 - 48 have been proposed for the grain boundary 

diffusion problem in the literature, only the approximate 

solution by Fisher43 can be used directly and more 

conveniently. 

According to the Fisher solution, as applied to the 

grain boundary diffusion measurements using a sectioning 

technique, the concentration of the tracer, C, present 

a distance x from the surface is an experimentally 

determined quantity and is given by 



C = 4(Dt)~C exp[ -12x J' 
Tr 0 (TrDt)!a(D'o/D)~ 

( 7) 

where C is the concentration of the radioactive source 
0 

initially deposited on the surface of the bicrystal 

sample. The quantity D'o can be obtained by assuming 

C proportional to the specific activity of a slice of 

bicrystal at a distance x from the surface on which the 

source is originally deposited. A plot of logarithm of 

C versus x is made. The linear part of these plots, 

based on Eq. (7) will have a slope, 

-12 
m = 

(rrDt)!a(D'o/D)~ 

Experimentally determined values of m, t and D can be 

used to calculate D'o 

D I 0 = 
1.128(D/t)~ 

2 m 

In interpreting the grain boundary diffusivity 

( 8) 

( 9) 

18 

results in metals, D'o is assumed to obey a relationship 

of the form 

( 10) 



where Qb is the "activation energy'' of grain boundary 

diffusion and (D'o) is the pre-exponential factor. 
0 

In alkali halides, however, because of comparatively 

few published experimental results, this assumption 

has not been fully tested for a wide enough temperature 

range. Riggsl showed that a relationship of the above 

form for D'o exists for chlorine ion diffusion in grain 

boundaries of NaCl for a temperature range of 420°C 

19 
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IV. EXPERIMENTAL PROCEDURES 

A. Crystal Growing 

Single and bicrystals were grown in an NRC Model 

2804A Czochralski type crystal growing furnace using the 

technique of Fuschillo, Nelson and Gimp1. 49 Harshaw's 

optical grade NaCl (see·Table I) was used to grow ''pure" 

crystals. High purity alumina crucibles were used for 

melting of the salt charge. These crucibles were 

precleaned and fired at "1100°C for 24 hours and were 

leached with molten high purity NaCl prior to actual use. 

Single crystals were grown in the laboratory for 

bulk diffusion studies and for getting large enough seeds 

for growing the bicrystals. The techniques used for 

growing single and bicrystals were essentially identical 

except for the difference in the original seed 

configurations in the two cases. For single crystals, 

rectangular parallelepipeds were cleaved from the 

crystal cuttings supplied by Harshaw so that (100) planes 

were perpendicular to the four-fold axis. The paral

lelepiped was fastened to the pulling rod of the 

Czochralski crystal puller using platinum wire. Care 

was taken to make the four-fold axis coincident with 

the axis of rotation of the rod to ensure that the 

crystal grew straight. For growing tilt bicrystals, 

a stainless steel chuck with exactly half of the 
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TABLE I 

TYPICAL ANALYSIS OF HARSHA\v SODIUM CHLORIDE 

IMPURITY CONCENTRATION (ppm) 

A1 6 

Ca 3 

cu 1 

Fe 2 

Mg 1 

Si 2 

15 ppm 



intended angle machined on each side of a wedge was 

used. Two identical seeds, like the one for the single 

crystal growing, were held flush against the wedge in 

the center by two exterior clamping bars. This whole 

chuck assembly was attached to the bottom of the pulling 

rod of the crystal grower. 

The NaCl crystal cuttings supplied by Harshaw were 

washed in deionized water and methanol, dried in a 
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stream of hot air and then placed directly in a precleaned 

and prefired alimina crucible. Any residual traces of 

moisture were removed by preheating of the crucible and 

the charge under vacuum in the crystal grower at 400°C 

for about one hour. The salt was then melted in an 

atmosphere of prepurified 99.996% argon gettered with 

87 at.% Zr-13 at.% Ti. Once molten, the salt was allowed 

to "equilibrate" for about two hours at 20°C above the 

growth temperature. The seeds were then immersed 0.1 in. 

in the molten salt and after the tips of the seeds were 

molten, they were allowed to rotate for about ten 

minutes to completely remove all polycrystalline growth 

on them. The temperature was then lowered to the growth 

point of the salt. The two seeds were allowed to grow 

together, forming the grain boundary and then the vertical 

growth of the bicrystal was initiated by starting the 

pull motion. Initially the pulling rates were kept very 

low, but once the bicrystal had grown to the desired 



cross section, pulling rates were gradually increased. 

The crystal and the crucible were both rotated during 

the growth of the bicrystals to get a radially symmetric 

temperature gradient in the system. The growth of the 

bicrystal was terminated after a suitable size of the 

crystal was obtained by slightly raising the crystal 

above the bath surface and the furnace was cooled at a 

rate of about 2°C per minute. Bicrystals of about 

1 x 1 x 2 in. size were grown in the present study. 

Spectroscopic examinations showed that no detectable 

impurity was introduced during the crystal growth 

procedures. 

A systematic procedure was followed to get a 

desired doping level of about 150 ppm CaC1
2 

in the doped 

bicrystals. The phase diagrams for NaCl-CaC1
2 

system 

available in the literature50 give a crude estimate for 

the distribution coefficient (K). Therefore, initially, 

a trial bicrystal was grown by using the reported K 

value of 1/9.88. The concentration of CaC1 2 in the 

trial bicrystal as determined by atomic absorption was 

observed to be 560 ppm thereby indicating a K value of 

1/2.65. A new bicrystal was grown from a fresh bath 

with CaC1
2 

concentration corresponding to the observed 

distribution coefficient. Cuttings taken from different 

sections of this bicrystal were analyzed and the results 

(see Table II) showed an average CaC1 2 concentration of 
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TABLE II 

ANALYSIS OF SODIUM CHLORIDE BICRYSTAL 

DOPED WITH CALCIUM CHLORIDE 

SAMPLE 

A 

B 

c 

D 

CALCIUM CHLORIDE (ppm) 

143.9 

137.1 

147.7 

143.3 
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142±5 ppm. No significant concentration gradients were 

observed in the bicrystal. 

Fisher's reagent grade anhydrous calcium chloride 

and Harshaw's NaCl were used to grow the doped 

bicrystals. The salt bath for the doped bicrystals was 

prepared by stirring the molten charge for about 24 

hours under argon atmosphere to allow complete mixing 

of the charge. Both ''pure" and doped bicrystals 

contained 45° (100) planar symmetric tilt grain 

boundaries. 

B. Sample Preparation, Sectioning, Counting and 

Autoradiography 

The samples used for bulk diffusion measurements 

were parallelepipeds cleaved from the single crystal 

boule with a typical size of 5/8 x 3/8 x 1/16 in. The 

samples containing a symmetrical tilt grain boundary 

were cleaved from the bicrystalline boule and were 

similar in size to the single crystal samples but 

pentagonal shaped (see Fig. 2) because of the misorien

tation of the (100) planes in the two adjoining crystals 

forming the grain boundary. The samples were initially 

flattened with an American Optical Spencer Model 860 

microtome. The upper surface of a detachable sample 

mounting block was permanently aligned parallel to the 

plane of movement of the microtome knife edge by using 

a binocular microscope. Salol was used to hold 
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the samples firmly on the mounting block and after 

flattening, it was removed by washing the sample in 

acetone and then toluene. 

In the present investigation, the radioisotope 

131 I was used as a tracer for both bulk and grain 

boundary diffusivity measurements. It was received as 

Na131 I in O.lN NaOH solution with a concentration of 

about 250 millicurie per milliliter. This solution was 

diluted with deionized water and then neutralized to a 

pH of 8 using an NH
2

0H•HC1 solution. Diffusion couples 

were prepared by vapor deposition of the isotope from a 

platinum crucible using a tantalum heating coil in an 

NRC vacuum evaporator at a pressure of less than 

-6 3 x 10 torr. The evaporated layer thickness on the 

samples was about 3 x 10- 6 em with a total isotope 
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activity of about 200 microcurie. Following the evapora-

tion procedure, each sample was wrapped in platinum 

foil, encapsulated in a vycor ampule at a pressure of 

-6 less than 5 x 10 torr, and then put in the furnace 

for diffusion annealing. The temperature of the 

furnace was controlled to ±.05°C. The short-time 

temperature fluctuations in the annealing furnaces 

were observed to be negligible while the long-time 

temperature stability was always better than ±1°C. The 

spatial variation of temperature over the volume 

occupied by the sample was always less than 0.5°C. The 
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temperature was measured with a chromel-alumel thermo

couple which was placed in contact with the outer surface 

of the ampule. 

After annealing, the diffusion profiles of the 

samples were obtained by microtome sectioning and 

measuring the section activity. If the pre-flattened 

sample suffered no deformation during the annealing run, 

it could be repositioned on the sample holder of the 

microtome without any misalignment of its top surface 

with respect to the knife edge. Before sectioning, the 

sides of the annealed sample were cleaved off to remove 

any surface diffusion effects. An autoradiograph of the 

sample was taken at this stage to make sure that no 

radioactive debris were left on the sides of the sample 

due to cleaving. Any deformation caused by cleaving was 

removed by grinding the back of the sample and the 

resulting misalignment of the sample surface during 

sectioning was always observed to be less than 4 microns 

per em. The sections for counting were obtained by first 

painting the top sample surface with a solution of Duco 

Cement in 2-pentanon, allowing the solution to dry, and 

then slicing off the sample surface w1th the microtome. 

The resulting sample section, consisting of a very thin 

layer of Duco Cement to which the powdered salt adhered, 

formed a compact, cigar-shaped roll which furnished a 

very reproducible counting geometry. Self absorption 



does not constitute a source of error for this counting 

geometry as gamma radiations are being counted for the 

. 131 
1sotope I. A slice thickness of 4 microns for the 

single crystal samples and 10 microns for the bicrystal 

samples was generally used. 

A scintillation counter was used to determine the 

activities of the sections containing 131 r. The 131 r 

spectrum between 0.332 and 0.372 MeV was counted and the 

background rate for this range was 3 cpm. As 131 r 

isotope has a half life of only 8.05 days, the elapsed 

times between counting of the first section and the 

remaining sections of each sample were duly recorded and 

the counting rates were then corrected for the loss in 

activity due to the radioactive decay. 
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During different stages of sectioning of the samples, 

autoradiographs were taken to insure that the section 

activities being counted were only due to the isotopes 

that had diffused through the sample either through the 

bulk or along the grain boundary. Figs. 1 and 2 show the 

131 r penetration profile and accompanying autoradiographs 

for a typical "pure" bicrystal sample. The enhanced 

grain boundary diffusion is very clearly seen in the 

autoradiographs. 

C. Experimental Data and Estimation of Errors 

For single crystal diffusion, the logarithm of the 

radioactivity of a section in counts per minute was 



Figure 1. 131rodine Penetration Profile of a 

"Pure" Bicrystal Sample Showing the 

Bulk and Grain Boundary Diffusion. 

5 
Annealed for 1.405 X 10 sec. at 

539.5°C. 

The numbered positions 1 through 4 

indicate the depth ~.;here the 
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autoradiographs of Figure 2 were taken. 
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Figure 2. A Typical Series of Autoradiographs of 

the Bicrystal Diffusion Sample of 

Figure 1 Taken During Sectioning at 

Various Penetration Depths. 

#1. Original evaporated surface after 
diffusion anneal 

#2. 42 microns from original sample 
surface 

#3. 132 microns from original sample 
surface 

#4. 212 microns from original sample 
surface 

The photographs are positive prints of 

the original autoradiographic negatives. 
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plotted against x 2
• These plots were generally linear 

over two to five decades of count values (see Fig. 3). 
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The best line for each set of log (counts per minute) 

versus x
2 

data was determined by the least squares method. 

The slope of the line and Eq. (6) were used to calculate 

the diffusion coefficient, 

D = 1 (11) 

where (C 1 , x~) and c2 , x~) are the coordinates of the 

two points of the best line, with x being in microns and 

t, the measured diffusion time in seconds. 

Fisher's solution43 was preferred for determining 

the grain boundary diffusion coefficients in the present 

investigation, because when it is applied to sectioning 

techniques it causes small but correctible errors in the 

measured values of D'o and almost negligible errors in 

d . . . f d. ff . 51 the measure act1vat1on energ1es o 1 us1on. As the 

corrections to the measured values of D'o due to applica-

tion of Fisher's solution to the present study were found 

to be within the limits of experimental uncertainty, the 

data for "pure" and doped NaCl bicrystal samples were 

analyzed using the Fisher solution with no correction 

for the formalistic error. 

For determining D'o, the logarithm of the radio-

activity of a section of bicrystal in counts per minute 
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. 3 T . 1 131 d' . f"l Flgure . A yp1ca Io 1ne Penetrat1on Pro 1 e 

of a Single Crystal Sample. 

5 Annealed for 1.324 X 10 sec. at 560.5°C. 
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was plotted against x. These plots were linear over one 

to three decades of count values (see Figs. 1 and 4). 

The linear region in these plots indicates the contribu

tion to diffusion due to the grain boundary alone while 

the initial curved region is due to both the bulk and 

the grain boundary diffusion. The best line for the 

linear region was determined by the method of least 

squares. The slope of the linear region and Eq. (9) 

were used to calculate D'o 

2 -8 (x -x ) x 10 
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D'o = 1.128(D/t)~ 2 l 
( 12) 

where (C 1 , x
1

) and (C 2 , x 2 ) are the coordinates of the 

two points of the best line. Using earlier experimentally 

determined values of D, D'o was calculated for each 

sample. 

The temperature stability of the annealing furnaces 

was determined by repeated measurements of temperature 

for each sample in any particular furnace. It was 

observed that the precision of temperature measurements 

was always better than ±1°C. The accuracy of the 

annealing temperature, as measured by a chromel-alumel 

thermocouple, was found to be ±l°C. Therefore, the total 

uncertainties in the measured values of D and D'o were 

determined by 



. 4 . 1 131 r d' . P f'1 F1gure . A Typ1ca o 1ne Penetrat1on ro 1 e 

of a CaC1 2 Doped (142±5 ppm) Bicrystal 

Sample. 

Annealed for 1.252 X 10 5 sec. at 
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6D 
D (13) 

These were found to be approximately 4.5% for 131 r bulk 

diffusivities and 2.5% for grain boundary diffusivities. 

The systematic error in the value of D because of 

the finite section thickness, sectioning misalignment 

distance, and the evaporation layer thickness is given 

by 52 

D 
true (14) 

where d is the section thickness, s is the misalignment 

distance (the misalignment distance is equal to the 

product of the crystal width and the misalignment angle, 

for small angles) , and h is the evaporation layer thick-

ness. The systematic error thus calculated for bulk 

diffusion was always found to be less than 1.2%. However, 

in grain boundary diffusion, where the logarithm of the 

section activity of a sample is assumed to be proportional 

to x, Shirn, Wajda and Huntington53 showed that an 

analysis of the type which leads to Eq, (14) yields no 

systematic error in the measured values of D'o due to the 

section thickness and slicing misalignment distance. 

Errors in time measurement were quite small. Errors 

in the measurement of diffusion time are caused due to 

the non-ideal heating and cooling conditions in starting 



and terminating a diffusion anneal. Since the diffusion 

times for the single and bicrystal samples ranged from 

1.2 x 10
5 

to 2 x 10 6 seconds, the heating and cooling 

times for any sample were kept less than 1% of the total 

diffusion time. 

The random errors from statistical fluctuations in 
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the counting rate were kept low by counting at least 1000 

counts on any slice and by continuing counting only in 

slices whose counting rates were about twice the back-

ground count. Values of D and D'o and their 95% 

confidence limits were obtained by fitting the single 

and bicrystal data to Eqs. (6) and (7) by the method of 

least squares using a computer program. The uncertainties 

in the values of D due to the error in the slope and in 

the diffusion time measurement were determined by 

( 15) 

Eq. (12) was used to determine the uncertainties in the 

values of D'o due to the above two factors to get 

fi(D'o) 
D I 0 

values of m used in Eqs. (15) and (16) were the ones 

determined by the computer program. The total error 

limit in the values of D was found to be 5% while the 

(16) 



error limit for all values of D'o, on the average 

was observed to be approximately ±10%. 

41 



42 

V. EXPERIMENTAL RESULTS 

A. Single Crystal Diffusion Coefficients 

The iodine bulk diffusion coefficients for single 

crystals of "pure" and calcium chloride doped sodium 

chloride are shown as functions of temperature in Fig. 5. 

The 131 r diffusion coefficient in "pure" sodium chloride 

is well represented by 

2 D = (504 em /sec)exp(-2.27 eV/kT) (17) 

over the temperature range investigated. These results 

are in very good agreement with those of Beaumont and 

Cabane13 for sodium chloride of similar purity 

D = (500 cm 2/sec)exp(-2.23 eV/kT). ( 18) 

Chemla2 observed an activation energy value of 2.29 eV 

and the same value for the frequency factor as that of 

Beaumont and Cabane. 

Because of such good agreement for the iodine single 

crystal diffusion coefficient measurements of "pure" 

NaCl with those of other authors, it was decided not to 

repeat single crystal diffusion work for doped NaCl but 

to use the data available in the literature. A number 

of investigators5 ,ll,l2 have measured anion diffusion 

coefficients in sodium chloride and they all seem to 

agree with the main conclusions of Laurance 5 that single 



Figure 5. Arrhenius Plots of 131 Iodine Single 

Crystal Diffusion Coefficients for 

"Pure" and CaC1 2 Doped Sodium 

Chloride. 

The doped plot is based on results 

5 
of Neal Laurance. 
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vacancies are responsible for diffusion in pure single 

crystals while the vacancy pair mechanism dominates the 

diffusion process in doped crystals. Laurance varied 

45 

calcium chloride dopant from 100 to 1000 ppm and reported 

that the diffusion coefficient in the doped crystals is 

lowered but this decrease is insensitive to the differ-

ences in calcium concentration. Also, activation energy 

36 131 . 
values of Cl and I for s1ngle crystal diffusion in 

pure NaCl are reported to be about the same. 13 , 54 It was 

therefore decided to assume the proportional decrease in 

iodine diffusion coefficient due to doping to be the same 

as that reported by Laurance for chlorine diffusion in 

the doped single crystals. The lower solid curve shown 

in Fig. 5 is obtained in this manner and can be 

represented by 

2 D = (1421.4 em /sec)exp(-2.48 eV/kT). (19) 

This procedure seems satisfactory as the main results of 

the present study, namely the anomalous behavior in the 

ln D'o vs 1/T plots, are not affected qualitatively and 

only weakly quantitatively, as seen later in the 

Discussion. 

B. Grain Boundary Diffusion Coefficients 

The iodine grain boundary diffusivity data in NaCl 

bicrystals showed a very unusual shape of the curves in 



ln D'o vs 1/T plots in comparison with the usual linear 

behavior expected in the case of metals (see Fig. 6). 

It is important to note that both the curves in this 

figure show identical principal features. Fig. 7 

represents a schematic diagram of four major temperature 

regions, marked I through IV, observed in both "pure" 

and the doped bicrystal diffusivity plots of Fig. 6. 

The minima in the ln D'o vs 1/T plots of "pure" and 

doped bicrystal samples occur at 519°C and 493°C, 

respectively. Regions I through III are quite 

distinct while the transition between regions III and 

IV is very gradual. 

In region I, the iodine grain boundary diffusion 

coefficients were found to satisfy a relationship of the 

form shown in Eq. (10). Pre-exponential factor (D'o) 
0 

and the activation energy Qb were calculated from Fig. 6 

and are given in Table III. 
-14 

The values of D'o were observed to be between 10 

-13 3 -16 and 10 em /sec for the "pure" and between 10 and 

lo- 15 cm 3jsec for the doped bicrystal, for the entire 

temperature range studied (430°C to 570°C). Values of 

bulk diffusion D in the same temperature range vary 

between l0-14 and 10-11 cm 2/sec for the "pure", and 

between 10-15 and l0-12 cm 2/sec for the doped single 

crystals. The exact width of the grain boundary core 

region in NaCl is not known; however, it is reasonable 
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Figure 6. Plots Showing the Variation of the 

131 d. G . d . ff . Io lne raln Boun ary Dl uslon 

Parameter, D'o, With Temperature for 

"Pure" and Cacl 2 Doped (142±5 ppm) 

Sodium Chloride Bicrystal Samples. 
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Figure 7. A Schematic Sketch of the ln D'o vs 

1/T Plots Shown in Figure 6. 

The numbered regions I through IV 

are typical of the plots shown for 

11 pure 11 and doped bicrystals in 

Figure 6. 

A is defined in the text. 
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TABLE III 

ACTIVATION ENERGIES AND PRE-EXPONENTIAL FACTORS 

OF IODINE GRAIN BOUNDARY DIFFUSION 

BICRYSTAL 

"pure" 

CaC1 2 Doped 

(142±5 ppm) 

ACTIVATION ENERGY 

OF 131 I GRAIN 
BOUNDARY DIFFUSION 

Qb (eV) 

1. 36 

1.93 

PHE-EXPONENTIAL 
FACTOR <o' o) , 

3 0 
em /sec 

8.45 X 10-S 

0.39 
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to assume it to be in the range of 10- 7 cm-10-s em on 

the basis of the results of Sun and Bauer3 8 on NaCl and 

the reported range of grain boundary widths of metals. 39 

Therefore the present results show an enhancement of 

diffusion owing to symmetrical tilt grain boundaries 

by a factor of 10 5 to 10 7 over the bulk diffusion in 

single crystals. 

52 



VI. DISCUSSION 

The 2.27 eV measured value of activation energy of 

iodine diffusion in "pure'' NaCl single crystals agrees 

well with the sum of the free energies of formation and 

motion of an anion vacancy (1.11 + 1.11 = 2.22 eV) in 

sodium chloride as shown in Table IV. This confirms the 

conclusions of earlier authors 2 ,S,ll-l3 that the single

vacancy mechanism is responsible for anion diffusion in 

pure single crystals of NaCl. The close agreement of 

the presently measured bulk diffusivity data with the 

data reported in the literature and the autoradiographs 

for the grain boundary diffusion (Fig. 2) indicate that 

the data acquired in the present study are of sufficient 

quality to warrant the following discussion. 

The grain boundary diffusivity data follow an 

Arrhenius-type plot in the low temperature region I 

(see Figs. 6 and 7). Large deviations from Arrhenius

type behavior are observed in the high temperature 

regions II through IV and this is the key result of the 

present investigation. Any proposed mechanism for 

diffusion along the grain boundaries should explain the 

experimental observations of the enhanced diffusion of 

iodine in the grain boundary diffusivity data at higher 

temperatures in both the ''pure" and calcium chloride 

doped bicrystals. The principal features observed in 
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TABLE IV 

ENTHALPIES AND ENTROPIES OF FORMATION AND MOTION OF VARIOUS DEFECTS IN SODIUM CHLORIDE 

ENTHALPY ENTROPY OF 
OF FORMATION ENTHALPY OF ENTROPY OF 

DEFECT FORMATION (eV) (eV/°C) MOTION (eV) MOTION (eV/°C) 

Cation Vacancy 
55* k55 56 56 

1.0734 6.1 0.80 3.1 k 
Vacancy 0.95 

Anion 
55 

0.1 k
55 

1.11
11 

1. 053 4 
Vacancy 1.17 

Schottky 2.12
56 

6.2 k56 -- --
Defect 

Vacancy 
1.27 11 

Cation Anion 
Pair Jump Jump 

1.46 10 1.27 10 

Divalent Cation-
0.656 

Cation Jump 
Cation Vacancy 0.713 
Complex 

*Small numbers in this table refer to the reference numbers. 



Fig. 6 could be due to either some intrinsic phenomenon 

at the grain boundaries or they could be extrinsic 

effects due to some foreign agent such as moisture 

present at the grain boundaries. 

C b 15 . h' 1' a ane 1n lS ear 1er work on diffusion in poly-

crystalline alkali halides, reported some influence of 
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moisture on diffusivity data of samples not prepared in a 

moisture free atmosphere. Since elaborate precautions 

were taken to exclude water from the sample environments 

of the present study, an extrinsic effect due to its pres-

ence on grain boundary diffusion seems unlikely. Also 

calcium ion impurities do not seem to be the cause of the 

observed diffusion anomalies because both "pure'' and doped 

curves (Fig. 6) exhibit the same four major regions. 

The failure of extrinsic effects to explain the 

observed results indicates that an intrinsic grain bound-

ary phenomenon must be responsible for the observed grain 

boundary diffusion. In metals, where an Arrhenius-type 

plot is observed for grain boundary diffusion, the mass 

transport carriers are essentially point defects and the 

grain boundaries are uncharged. But in alkali halides 

like NaCl, electrically charged defects take part in the 

diffusion. It is also known that surfaces, dislocations 

and grain boundaries in NaCl are electrically charged. 

Hence it seems reasonable to look for an explanationof the 

observed diffusion anomalies in terms of the concept of 
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space charge theory in ionic crystals. Kliewer and 

Koehler's theory of charged defects in ionic crystals3 2 

and ionic polarization effects on anion diffusion as 

observed by Laurant and Benard, 14 when used to analyze 

the present results, seem to explain the present results 

satisfactorily. Kliewer and Koehler's theory essentially 

states that the dipole potential around the surfaces, 

dislocations and grain boundaries in NaCl becomes zero 

at the isoelectric temperature and the magnitude of 

the potential increases as the difference between the 

measuring temperature and the isoelectric temperature 

increases in either direction. Laurant and Benard 

observed that the increase in the diffusivity in poly

crystalline alkali halides was directly proportional 

to the polarization of the anions. 

It is essential to know the value of the isoelectric 

temperature for the material under study in order to 

determine the effect of the electrical dipole layer upon 

the grain boundary diffusion at a given temperature. 

Kliewer and Koehler's theory predicts an isoelectric 

temperature of an external surface or a dislocation to 

be approximately 300°C for NaCl of the purity investi-

gated in the present work. Indirect measurements of 

the dislocation isoelectric temperature by the same 

authors,55 based on internal friction results, yielded 

a value of about 460°C for NaCl. Thus their theory 

seems to only approximately predict the isoelectric 



temperature. In contrast to these results, Davidge34 

reported a directly determined experimental value of 

511°C for the dislocation isoelectric temperature in 

NaCl of the same purity as the "pure" bicrystal used 1n 

the present study. Although the structure of the large 

angle grain boundaries is not completely known, these 

boundaries still retain some characteristics of a 

dislocation structure even at maximum misorientation, 
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as pointed out by Hoffman, 25 Smoluchowski26 and Bishop.27 

It is therefore reasonable to believe that the disloca-

tion isoelectric temperature in NaCl is close to the 

grain boundary isoelectric temperature in bicrystals of 

NaCl. In the present investigation, the minimum in the 

ln D'o vs 1/T curve in "pure" bicrystal occurs at 5l9°C 

which is about the same as the isoelectric temperature 

of NaCl reported by Davidge. The following discussion 

will therefore be based on the assumption that the 

temperature where the minimum in D'o is observed 

corresponds to the isoelectric temperature of NaCl, 

denoted by T
0
p· 

The regions I through IV in the ln D'o vs 1/T plots 

(Fig. 6) then develop due to two competing effects acting 

simultaneously on the grain boundary diffusion in NaCl 

bicrystals. These two effects are the dipole potential 

due to the charge cloud around the grain boundary and the 

thermal activation. The combined influence of these two 



effects on D'o varies in regions I through IV depending 

on the proximity of the region to the isoelectric 

temperature. A semi-quantitative explanation of these 

two effects on the grain boundary diffusivity plots 

can be given by deriving a general mathematical expres-

sion for D'o. This approach is independent of the 

mechanism of diffusion at the grain boundary. 

The grain boundary can be assumed to be a continuum 

region like the bulk. The diffusivity in the bulk in 

NaCl is given by 
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D = fkT]Jn, 
e 

( 2 0) 

where l.l is the mobility of the diffusing ions, n is the 

mole fraction of the point defects and e is the electronic 

charge. Using Einstein's relationship, this expression 

can be shown to be equivalent to Eq. (2) shown earlier. 

If D' is the anion grain boundary diffusivity, then as in 

the bulk, it can be written as 

( 21) 

where n' is the mole fraction of the negatively charged 

point defects while w' is the jump probability in the 

grain boundary region. Further, 

w' = vexp(-6g'/kT), (22) 
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where 6g' is height of the free energy barrier that the 

anion must surmount to pass to the next available site in 

the grain boundary. It is hypothesized that 6g' is com

posed of two components due to simultaneous presence of 

the thermal activation and the electrical effect at the 

grain boundary, 

6g' = 6g + 6g ' o e 
( 2 3) 

where 6g
0 

and 6ge are the free energy barriers for the 

diffusion jump in the grain boundary due to the thermal 

and the electrical effects, respectively. Eq. (21) can 

therefore be written as 

2 D' = 4fa vn'exp(-6g
0
/kT)exp(-6ge/kT). ( 2 4) 

As observed by Laurant and Benard, the electrical 

field influences the diffusivity mainly through the 

polarization of the anions. Thus, if a is the polar-

izability of the diffusing anions and E is the electrical 

field strength of the dipole layer around the grain 

boundary, then 

6g 
e 

1 2 = --aE 2 

( 2 5) 

Following Kliewer and Koehler's treatment for calculations 

involving a free surface region, consider an electrically 

neutral crystal having free (100) surfaces at x = 0 and 
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x = 2L and of infinite extent in the y and z directions 

so that the problem becomes one dimensional. The 

electrical field is therefore given by 

E = dq> 
-dx 

1 d (eq>) = -- I 
e dx (26) 

where q> is the potential due to the electrical dipole 

layer around the surface. Expanding the last term in 

Eq. (24) in a series, 

D' = 4fa 2 vn'exp(-.6g
0

/kT) [1 + a {d(eq>) }
2
]· (27) 

2e 2kT dx 

A grain boundary can be treated as an interface composed 

by putting two external surfaces back to back and the 

charge on the grain boundary Q' = 2Q, where Q is the 

h . 1 30 charge on the external surface of t e same mater1a . 

Therefore, 

2 I ) [ 1 a { 2d ( eq>) } 2] . ( 2 8) D' = 4fa vn'exp(-.6g
0 

kT + d 
2e 2 kT X 

If o is the grain boundary width, then 

D' 0 ~ 4fa 2 vn' Oexp ( -~g0/kT) [ 1 + 

X { d ( ~~ ) } 2 J • (29) 



Now one defines a normalized dipole potential z(x) 

and a normalized coordinate s as 
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z(x) = {e~(x) - e~oo}/kT (30) 

(31) 

where 2 8nNe 2 + 
K+ = EkT exp{(e~oo- F )/kT}. (32) 

~oo is the value of the dipole potential in the bulk, 

where electrical charge neutrality exists. K~l is 

effectively the width of the space charge region in the 

temperature range of interest here. Kliewer and 

Koehler in their paper, show that 

( 3 3) 

( 3 4) 

The theoretical treatment of space charge theory in 

ionic crystals in the case of surfaces, dislocations and 

grain boundaries is very similar. 30- 32 Therefore, as 

shown in Fig. 8, the potential ~ due to a dipole layer 

around the grain boundary is zero at the axis of the 

grain boundary core and it approaches a value ~oo within 

the bulk where electrical neutrality exists. Kliewer 

and Koehler have shown 1n Fig. 1 of their paper that the 

potential achieves its bulk value (~00 ) essentially 



Figure 8. Sketch Showing Variation of e¢ with 

Distance x from the Grain Boundary Core 

Into the Bulk for Temperatures Other 

than the Isoelectric Temperature in 

Ionic Crystals. 

K+ and 8 are defined in the text. 
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e~entially for jz
0

j ~1 and even more rapidly as z
0 

increases beyond 1. Thus to determine the value of the 

electrical field in the grain boundary, it is appropriate 

dz to find the slope ds at the axis of the grain boundary 

core. By differentiating Eq. (33), one gets 

and 

d4l 
dx 

so that 

D I 0 

x=O 

dz kT 
= dS eK+ 1 

s=O 

= 4fa 2vn'oexp(-6g
0

/kT) [1 + 
32

akT 
2( -1)2 

e K+ 

e4loo 
tanh (-4kT) 

e4loo 2 
tanh(-->} 

4kT 

( 3 5) 

(36) 

( 3 7) 

For considering only the diffusion in the grain boundary, 

it is reasonable to limit the width of the space charge 

layer up to the grain boundary width. Therefore, in Eq. 

(37), K~l can be replaced by 6/2. Thus 

D'o = 4fa 2 vn'oexp(-6g
0

/kT) [1 +A], ( 3 8) 

where now 



e¢oo 
tanh(--) 4kT 

2 

65 

A= 
32akT 

e
2

(o/2)
2 

{ 
e¢oo l 2 

( 3 9) 

1 - tanh (- 4kT) f 

Eq. (38) can be used to explain the anomalous behav

ior of the ln D'o vs 1/T plots in Fig. 6. This equation 

clearly shows that two different factors contribute in 

evaluation of D'o: thermal activation contributes the 

term outside the square brackets multiplied by 1 while 

the electrical (polarization) effect contributes the term 

outside the square brackets multiplied by the factor A. 

The numerical values of the factor A from the 

experimental plots (see Figs. 6 and 7) are observed to 

be 1. 35 and 1. 55 for the "pure" and the doped bicrystals, 

respectively. These values can be reproduced through 

Eq. (39) by substituting for the different parameters 

involved. Although the exact width of the grain boundary 

core is not known it can be approximated to be about 6A 0 

as reported by Sun and Bauer39 on the basis of their 

results on the mobility measurements of low and high-

angle tilt grain boundaries in NaCl. For iodine a is 

reported 57 to be 9 x 10- 24 cm3
• As region I is below 

the isoelectric temperature, it is reasonable to evaluate 

A for a temperature of 400°K, which is below the 

theoretical isoelectric temperature of "pure" NaCl 



predicted by Kliewer and Koehler's theory. Using 0.19 

eV and 0.20 eV for e~oo (these values are in the range 

reported by Kliewer and Koehler) , calculated values of 

A are found to be 1.20 and 1.55, respectively, for 

11 pure 11 NaCl. Th d'ff · d'ff · e 1 erence 1n 1 us1on behavior of a 

hypothetical uncharged grain boundary and a real one 

can thus be accounted for by Eq. (38) thereby lending 

support to the model presented here. It is thus possible 

to reconstruct a schematic diagram (Fig. 7) of the ln D'o 

vs 1/T plots (Fig. 6) by means of Eq. (38) in the follow-

ing manner. 

In region I, the low temperature range, the high 
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temperature equilibrium charged defects and the electrical 

field due to them are frozen in. Therefore, the dipole 

potential ~ present in this region is constant. The 

lower straight line in this diagram in region I corre-

sponds to the thermal contribution to the grain boundary 

diffusivity. Due to the presence of the electrical field, 

the polarization of the iodine ions is increased which in 

turn increases the value of D'o by the factor A. When 

the temperature increases to a value T , then according op 

to Kliewer and Koehler's theory, the dipole potential 

and the electrical field due to the dipole layer around 

the grain boundary become zero at this isoelectric 

temperature. As polarization of the ions is directly 

58 
proportional to the electrical field present, the 



polarization of the iodine ions at T is minimal. Hence 
op 

at T , factor A becomes zero and D'6 shows a minimum -op 

the observed D'o value at this temperature being due only 

to the thermal contribution to the grain boundary diffu

sivity. Region II corresponds to the transition range 

between region I and the minimum value of D'o at T 
op 

As the temperature is increased above T , the 
op 

dipole potential increases according to Kliewer and 
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Koehler's theory thereby giving increasing values of A with 

rising temperature. D'o is therefore effectively increased 

because of both the thermal activation and the electrical 

effect in region III. Contrary to the situation in region 

I, the dipole potential is not constant in region III 

but is increasing with increasing temperature. The slope 

of the ln D'o vs 1/T curve is thus observed to be 

different in region III than in region I because of a 

new equilibrium concentration of the charged defects 

and a corresponding dipole potential affecting the grain 

boundary diffusion in region III. 

The rising trend in D'o is slowed in region IV as 

a result of two possible effects. First, according to 

Kliewer and Koehler's theory, the dipole potential around 

the grain boundaries in NaCl tends to approach a satura

tion value at about 150°C above the isoelectric tempera

ture. Region IV in the present experimental curves is 

about 40°C to 50°C from T op 
Since their theory is crude 
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in predicting an isoelectric temperature of 300°C for 

pure NaCl against their experimentally determined value 

of 460°C, it is plausible to believe that region IV in 

Figs. 6 and 7 falls in the temperature range where the 

dipole potential around the grain boundary begins to 

saturate. This saturation of the electrical field 

causes the polarization of iodine ions to level off and 

leads to a smaller slope of ln D'o vs 1/T curve in this 

region. Second, Nai and NaCl form a eutectic at about 

570°c. 59 Thus the diffusion characteristics could 

possibly change because of proximity to the eutectic 

temperature in this region, thereby showing a behavior 

of the type observed in region IV. Present study had to 

be terminated at 570°C because of the experimental 

difficulties encountered due to the proximity to the 

melting point of Nai. 

The mechanism of diffusion along the grain boundary 

can also be understood on the basis of the space charge 

concept. In the temperature range of region I, the grain 

boundaries are below their isoelectric temperature; thus 

they are negatively charged while the surrounding space 

charge regions are positive. Therefore, the grain 

boundary cores contain an excess of sodium vacancies or, 

equivalently, chlorine "interstitials" - and the 

surrounding space charge consists primarily of divalent 

cations. According to the space charge theory, below the 



isoelectric temperature, the effective free energy of 

anion vacancy formation in the dipole layer is always 

greater than the actual free energy of anion vacancy 

formation in the bulk. If the free energy of motion of 

anion vacancies is assumed to be unchanged by their 

being in the dipole layer (a reasonable assumption for 

low defect concentrations at low temperatures), the 

activation energy for iodine diffusion by a single-

vacancy mechanism in the space charge region should not 

be less than 1.11 + 1.11 = 2.22 eV (see Table IV). 

However, the experimentally determined activation energy 

of iodine diffusion in grain boundaries of "pure" NaCl 
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is observed to be only 1.35 eV. Thus, the enhanced iodine 

diffusion in the grain boundaries of NaCl does not take 

place by a single-vacancy mechanism. A vacancy pair 

mechanism can similarly be ruled out for the observed 

iodine diffusion in NaCl grain boundaries due to the 

large activation energies required for vacancy pair 

diffusion (Table IV). Iodine ions have very high 

polarizability and therefore they would be deformable 

14 f . t' more easily. Also, the observed value o act1va 1on 

energy for grain boundary diffusion is less than six 

tenths of the activation energy for single-vacancy 

diffusion in NaCl. The iodine ions should therefore move 

(wiggle through) in the highly distorted region of the 

grain boundary core by an "interstitial" type mechanism. 



Thus, if the grain boundary diffusion is an 

intrinsic effect and if the grain boundaries conform to 

the predictions of the space charge theory, the observed 

enhanced iodine grain boundary diffusion seems to occur 

by the movement of "interstitial" iodine ions in the 

highly distorted grain boundary cores in the low 

temperature region while the polarization of the ions 

and the isoelectric temperature phenomenon lead to 

anomalous behavior of D'o at high temperatures. These 

conclusions are strengthened by observations of Laurant 

and Benard14 that the large anions like iodine move more 

rapidly along the grain boundaries and that the iodine 

ions have the highest degree of polarization in the 

halogen series. 

Since the shape of the ln D'o vs 1/T curve for 

doped bicrystals (Fig. 6} is very similar to the "pure" 

case and since four similar regions are observed in both 

cases, the mechanism of diffusion and the effect of 

polarization on D'o in the doped bicrystal can be 

explained in the manner anologous to the "pure" case. 

The major differences to be explained are that the 

values of D'o are smaller and that the minimum in D'o 

(which corresponds to the isoelectric temperature of 
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the grain boundary} occurs at a lower temperature (493°C) 

in the doped bicrystal samples than in the "pure" 

samples. 
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The doped bicrystal contains a higher number of 

divalent impurity cations, both in the grain boundary and 

in the bulk. The mobility of the diffusing iodine ions 

in the grain boundary is lowered due to the very presence 

of these impurities and hence a larger activation energy 

is required for the movement of the diffusing iodine ions. 

The larger observed value of activation energy (1.93 eV), 

determined from the slope of the region I of the doped 

bicrystal diffusivity plot supports this expectation. 

Kliewer and Koehler's theory predicts that the 

isoelectric temperature should increase with an increase 

of divalent cation impurities in NaCl. The present study 

indicates a slight decrease in the grain boundary 

isoelectric temperature with increase of calcium cations 

from 3 to 142±5 ppm. This observed reverse shift in the 

isoelectric temperature could result from a number of 

causes. Their theory assumed that in a sodium chloride 

crystal containing divalent impurities, all the 

impurities present were either in a free state or 

associated with a vacancy of the opposite charge. They 

did not consider higher complexes which might exist as 

impurity precipitates and aggregates of impurity-vacancy 

complexes. They also completely neglected any binding 

energies between point defects and dislocations and/or 

boundaries. Such an interaction of impurity and grain 

boundary could lead to some sort of "precipitate" at 
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the grain boundary. The presence of such complexes 

would serve to reduce the average concentration of 

divalent impurities in the material under investigation. 

The observed isoelectric temperature would therefore 

tend to be lower than the theoretically predicted values. 

Also, the formation of the precipitate would produce 

a new interface thereby changing the nature of the grain 

boundary itself. The argument about the existence of 

such complexes and precipitates is strengthened by the 

1 b f . . 11' 60 . d. ff . . t resu ts of a num er o lnvestlgators, ln l USlVl y 

and conductivity measurements in sodium chloride 

crystals. An exact reason for the observed effect of 

the dopant on the isoelectric temperature can only be 

described after the detailed structure of high-angle 

grain boundaries becomes known. 



VII. CONCLUSIONS 

Enhanced diffusion of 131 I is observed along the 

tilt grain boundaries in "pure" and calcium chloride 

doped bicrystals of sodium chloride. The presence of 

the dopant lowers the grain boundary diffusivity. 
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Thermal activation and electrical polarization effects, 

acting simultaneously on the diffusing ion, determine the 

magnitude of the grain boundary diffusivity in these 

ionic bicrystals. In the low temperature range of 430°C 

to 490°C, the diffusion of 
131

I along the grain boundaries 

is described by the relationship 

(10) 

where (D'o) has values of 8.45 x 10-s and 0.39 cm
3
/sec 

0 

for the "pure" and the doped bicrystals, respectively. 

Qb is observed to be 1.36 and 1.93 eV for the same two 

cases. In the high temperature range of 490°C to 570°C, 

grain boundary charge and ionic polarization cause 

distinct but similar diffusion anomalies in the grain 

boundary diffusivity plots of both the "pure" and doped 

bicrystals, depending upon the proximity of the measuring 

temperature to the isoelectric temperature. Grain 

boundary diffusion seems to occur by movement of ions in 

the grain boundary core region by an "interstitial" 

motion of iodine ions. 
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