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GRAIN BOUNDARY DIFFUSION

IN LZAD*

ABSTRACT

The purpose of this research was to investigate

grain boundary self-diffusion in high purity lead and,

specifically, to study the influence of orientation and

impurity content upon this phenomena.

Bicrystals of zone-refined lead were grown from

Ji the melt with various tilt and twist grain boundary

orientations to study the effect of misfit. For the

study of impurity effects, bicrystals with similar mis-

fit were grown with lead containing varying amounts of

the impurities tin, thallium, indium, and bismuth.

Diffusion experiments were carried out using

high resolution autoradiography and lead-210. Dif-

fusion coefficients were determined from the Whipple

and Fisher diffusion models with the data of depth

of penetration measurements. These diffusion coeffi-

cients varied between 5.1 x 10-8 and 4.0 x 10-6 centi-

meters squared per second with the Whipple model. The

*This report presents the material submitted by J. P. Stark
as a dissertation to the Graduate Faculty of the University
of Oklahoma in partial fulfillment of the requirements for
the degree of Doctor of Philosophy.
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activation energy for grain boundary diffusion demon-

strated a decrease from the lattice diffusion activationt

energy of about 25 kilocalories per mole to 5.5 kilo-

calories per mole for a grain boundary with 30 degrees

of misfit. Also, in this misfit range, the ratio of

grain boundary diffusivity to that of the lattice varied

between 104 and 108.

The impurity study resulted in the observation

of a 50 per cent decrease in the grain boundary self-

diffusion coefficient of lead in a 30 degree tilt grain

boundary with increasing concentrations of tin, thallium,

and indium. Radioactive lead penetration of bismuth

alloys was not observed. This was attributed to the lack

of adherence of the active electroplate and was caused

by oxidation of bismuth. The activation energy for grain

boundary diffusion decreased slightly with increasing

impurity contents

ii iii
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GRAIN BOUNDARY DIFFUSION IN LEAD

CHAPTER I

f INTRODUCTION

Grain Boundary Energv

A low angle symmetrical tilt grain boundary is pic-

tured as being composed of equally spaced dislocations sepa-

rated by regions of high strain energy. When the angle of

misfit between the two crystals increases, the dislocations

move closer together. Phenomenologically, the grain boundary

can be thought of as a region where the interatomic spacing

has, on the average, increased relative to the interatomic

spacing in the crystal.

Strain energy can be associated with a region of

material where the interatomic spacing is increased. The

interatomic spacing is increased in a grain boundary, and

therefore, a certain amount of strain energy can be associ-

ated with the crystal boundary surface. The grain boundary

strain energy per unit area can &e called a tension per unit

length by a change of units. When three equilibrium grain

boundaries meet, the tension in each boundary can be balanced

by the angular relationship with which the grain boundaries
1
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meet. Dunn and Lionetti (13) usud this balance of forces and

the angles with which three boundaries meet to arrive at an

expression of the force balance.

Vkj/SIN Gi - Constant

where ykj is the grain boundary tension between grains k

and j and 8 is the angle opposite this boundary, when three

boundaries meet in a triad.

They proposedan experiment to measure the relative

grain boundary energy by varying the misfit of one boundary

J- and leaving the other two constant. Aust and Chalmers (4)

used this precise method with tin tricrystals. For boundary

angles less than six degrees the relative boundary energy

increased almost linearly with misfit, however, for angles

greater than ten degrees, the relative energy was constant.

Crussard, Friedel, and Cullity (12) used this same

method to classify grain boundaries as to their relative

energies. They found that a grain boundary between two ran-

dom crystals contains almost a constant interfacial tension.

If the two grains have a common crystallographic plane, the

energy is less, and if the boundary were symmetrical, the

energy is still lower. Finally, they determined that a twin

boundary possesses almost zero energy.

Battner, Udin, and Wulff (6) introduced an experi-

mental method whereby the absolute grain boundary energy can

be determined. In it the crystal surface which the boundary

meets is cleaned and highly polished. The bicrystal is then

2
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submitted to a high temperature anneal (close to the melting

point). Due to the tension in the grain boundary, a thermal

groove is produced. The same geometrical force relationship

holds except the grain boundary tension is balanced by the

crystal surface tension. Thus if the crystal surface tension

is known at the annealing temperature, the absolute grain

boundary energy can be determined.

The theory of the grain boundary energy of a dis-

location boundary was proposed by Read and Shockley (36).

J By stacking edge dislocations equally distant from one

another, and summing the elastic strain energy interaction

of single dislocations, they were able to arrive at an equa-

tion for the grain boundary energy.

T -[ ga .]6 c _ L )( )
"4W(l - v) 6 ( -

where 6 is the angle of boundary misfit, M is the shear modu-

lus, a is the lattice constant, and v is Poisson's ratio. It

in obvious that the use of elastic strains limits the applica-

bility of equation 1 to small angles of misfit. However.

qualitatively they expanded the theory of the boundary energy

to include higher angles. In this argument they propose that

certain orientations of grains produce smaller energies

(energy cusps). Thus as e varies, the grain boundary energy

will have maxima followed by cusps. Read and Shockley Justi-

fied this in that when a lattice plane is common to both grains

of a symmetrical tilt boundary, the energy will be much lower.I
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It must be realized that this occurs when dislocations lie

I at integral numbers of lattice spacings from one another.

Visualization of this can be accomplished by forming a grain

boundary in a cubic metal from two grains aligned by the

I [100) direction. When this happens the (100) planes of the

two grains are coplanar. Making a 280 boundary between the

1 (010) planes of each grain produces a common (014) plane in

each grain. With the same alignment of [100) directions and

I (100) planes, a 530 boundary about (010) planes produces a

I comon (012) plane.

Gjostien and Rhinos (18) used the previously mentioned

j experimental method of Battner, Udin, and Wulff (6) to deter-

mine the absolute grain boundary energy in 99.95 per cent

I pure copper. In their work one finds that formula 6 is

j valid for very low grain boundary angles. Further, no energy

cusps were observed. Fleischer (16), however, in discussing

j this work, explains the reasons no cusps were observed. He

argued that a small amount of twist in a grain boundary

I ckanges the boundary energy, and further, small amounts of

I impurity content would lower the energy. With this lowering,

the energy maxima could not be observed.

I Mnother model for the strain energy of a boundary is

presented by van der Nerve (43). With the assumption that

1 each grain is an elastic continuum, he treats dislocation

i models of twist and syemmtrical tilt boundaries. MacKenzie

(29), in a calculation of the interaction energy between two

I
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square lattice planes, supports van der Nerve. However,

experimentally, van der Nerve s model only holds for lower

angles than Read and Shockley's. The basis for Fleischer's

(16) argument of decreasing boundary energy with impurity

content is a series of experiments starting with Stewart

(38). Stewart added radioactive bismuth into lead, and used

I this alloy to grow a bicrystal. The segregation of bismuth

to the bicrystal grain boundary during growth is observed by

autoradiography. Nash (31) discussed Tipler's observations

I of the effect of antimony upon copper grain boundary energy

observed by a dihedral angle technique. Antimony decreases

I the boundary energy from 600 ergs per square centimeter at

0 per cent to almost 200 ergs per square centimeter with

0.5 per cent added.

Bolling and Winegard (7) studied the energy of coher-

ent twin boundaries with and without silver added. In zone

j refined lead the relative energy is 0.050 * 0.014, and with

0.1 per coat silver the energy is 0.077 * 0.016.

I The difference of these is most probably due to the

I fact that Tipler used an incoherent boundary where the amount

of strain is decreased by the impurity addition. However,

J with the dense packing of the twin boundary, segregation

increases the boundary strain. The important question arises,

I if the twin boundary is so densely packed that an Impurity

atom increases its energy, why does the impurity segregate

at all? The answer probably lies in the number of possible

j impurity sites in the lattice. With 0.1 per cent silver, one
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surmises that these are full, and to minimize the total crys-

i tal free energy, boundary sites would be the most probable

even in the (210) twin boundary.

Thomas and Chalmers (40) studied segregation of polo-

nium to the boundary of lead bicrystals. By varying the angle

of misfit of bicrystals with common [100) grain directions,

1. they concluidmthat the segregation is small and linear with

i misfit for angles less than 150. Beyond 150 the segregation

increases rapidly with misfit to the maximum angle of 250

Sstudied. From this they conclude that at 15* dislocations

begin to interact. By varying the annealing temperature,

i they further determine that the equilibrium segregation con-

centration in these low-angle boundaries decreases rapidly

with temperature.

Grain Boundary Migration

A mechanistic approach to grain boundary migration

follows from the manner with which atoms are able to migrate

across the boundary. The velocity of such a process is nec-

essarily controlled by the rate which these atoms are able to

migrate from an equilibrium position in one crystalline grain

across the grain boundary to a similar position in the adjoin-

ing grain. The atomic density an atom meets crossing the

boundary would be less than that in the lattice. This atomic

density should be about the same as an atom meets during

migration down the boundary. This model would be a fair

approximation in a material of high purity. However, in a
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dilute binary alloy, one would not exactly correlate self-

I diffusion of the solvent or solute to boundary migration

since migrating boundaries meet precipitated particles,

inclusions, and so forth.

From an energy point of view, the amount of energy

necessary per unit Jump distance for an atom to cross the

I boundary should approximate the energy for an atom to migrate

down the boundary in a very pure material. Also, melting is

observed to nucleate at the boundary. Due to these basic

I ideas, Holmes and Winegard (26) are able to make comparisons

between the free energies (AF) of activation for grain

I boundary self-diffusion, liquid self-diffusion, and boundary

f migration for some zone refined metals at their melting

points.

The migration of two types of atoms through a grain

boundary should be different than one type from an energy

consideration. For this reason, it would be expected that

the activation energy for boundary migration is concentration

dependent. This dependence is observed by Gordon and Vander-

I meer (20) in an investigation of aluminum boundary migration

with controlled amounts of copper. With 10-7 atom fraction

1 copper, the migration activation energy is 15 kilocalories

per gram mole. This energy increases to about 35 kilocalories

I per gram mole with 3 x 10-5 atom fraction copper.

I Aust and Rutter (2, 3) have experimentally studied

migration in zone refined lead crystals as a function ofI
I



I

18
orientation and contents of the impurities tin, silver, and

I gold. Their initial experimental work with tin demonstrated

f that the migration energy increases in random grain boundaries

due to additions of tin. However, in orientated simple tilt

I boundaries, no change in activation energy was noted in the

concentration range studied. This independence with concen-

I tration might follow from the fact that they did not use a

constant boundary angle for the different concentrations.

The boundary angles were an assemblage of different tilt

Sangles between 220 and 480. In the concentration range stud-

ied in the oriented boundaries, small inconsistent deviations

in activation energy did occurl however, these were attri-

buted to experimental error. In an initial examination, this

seems Justifiable, due to the larger energy changes in the

migration of random grain boundaries.

Lattice Diffusion

It is impossible to analyze grain boundary diffusion

without also considering lattice diffusion: therefore an under-

standing of lattice diffusion is desirable and necessary. The

primary mechanism put forth to explain self- and substitutional

solute diffusion in face centered cubic metals is the so-

called vacancy mechanism. Other mechanisms have been theoret-

ically studied and one excellent review of the lattice diffu-

sion mechanisms is presented by LeClaire (28).

I From a macroscopic point of view, lattice diffusion

I follows Pick's second law.

!
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This equation along with the assumption that D, the diffu-

I sion coefficient, is constant, form the basis for experimental

determinations. Restricting this equation to one dimension

and applying appropriate boundary conditions, suck as

I C (x,0) -0
C (o,t) -Co,

I which are applicable when diffusion occurs from a constant

concentration interface, yields the solution

I C C Co ( . - erf -- A.-x 3 (3)

where 
erf it ._ • U' du.

Experimental self-diffusion data can be analysed by

equation (3) when the labeled atoms are bonded to a singf.

crystal; the crystal is annealed at a high temperature for a

measured length of time, quenched and sectioned in thin slices

j to permit radiological analysis. Squation (3), along with the

known experimental variables of concentration, distance, and

I time, determine a diffusion coefficient for the system at the

temperature in question. Another diffusion determination at

a different temperature yields a different value for D. Su-

j merically these two diffusivities are related by the Arrhenius

type equation.

ID -Do exp (4)

I
I
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where 0 is the activation energy for diffusion and Do is the

so-called frequency factor.

A physical interpretation of the activation energy

lends insight to the diffusion problem. Its analysis must

rely heavily on the mechanism by which diffusion occurs.

Utilizing the vacancy mechanism, Hoffman and Turnbull (23)

L. present a model describing solute diffusion in face-centered

cubic metals. In this model the activation energy for diffu-

sion of the i.lb, component

Q i £ •£ (+)
f a

iwhere Ef is the energy to remove a nearest neighbor of an i

type atom from the interior of the crystal to its surface,

thereby creating an adjoining vacancy, and Ei is the energy

expended in moving the i type atom into the vacancy. The

binding energies between two solvent atoms and between a

solvent and solute atom differ, therefore one expects that

the activation energy for self-diffusion and solute diffusion

differ. Hoffman and Turnbull's model predicts such a differ-

ence in activation energies. Available data are consistent

with these predictions within the accuracies of the experi-

ments.

Experimentally, Hoffman, Hart, and Turnbull (25)

observed a change in the self-diffusion coefficient, of silver

j when they introduce small solute additions of copper, lead,

germanium, and aluminum. Hoffman and Turnbull (23) ar..ived

I i
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at an empirical equation for the diffusivity of copper which

J is linear with the mole fraction of lead added.

c Frther experimental evidence of cencentration depend-

ence is foud by Reasing and Nachtrieb (37). While studying

jte self-diffusion of lead with a radioactive lead isotope,

they observe a change in the activation energy for self-

I diffusion when thallium is introduced. The study covered a

spectrum of concentrations from zero to eighty seven per cent.

I The activation energy, 26.1 kilecalories per gram mole for

pure lead, decreases to 24.5 kilocalories per gram mole with

fifty per cent thallium present. This activation energy

dependence on concentration is expected from equatioe (5).

Other thermodynamic variables also affect the acti-

vatic energy. The effects of pressure on the self-diffusion

of lead were studied by Hudson 21 a1 (27). Lead cylinders

plated with radioactive lead-210, were annealed by a high

temperature and pressure. Under the applicatien of 40,000

kilograms per square centimeter, the activation energy in-

creased from 25.0 kilocaleries per gram mole to almost 28.0

kilocalories per gram mole. One expects this behavior be-

cause the energy for an atom's movement to a vacancy should

increase due to the closer atomic packing when pressure is

applied.

Pound, Ditler, and Paxton (34) have recently reviewed

the kinetics of self-diffusion in body-centered cubic metals.

They relate the diffusion coefficient DO from etquatien (4),

I to the atomic Jump direction, vibrational energy levels, and

I
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entropy of activation. By a statistical mechanical analysis

using absolute rate theory, they study self-diffusion in body-

centered cubic metals, starting with

Do= aa 2 v exp (-) , (6)

where a is determined by the geometry of atomic jumps, a is

I. the lattice parameter, and v is the Einstein vibrational

frequency.I.
Grain Boundary Diffusion

In the 1930's, it was observed that diffusion is

dependent on grain size; smaller grains increased the diffu-

sion coefficient. In later developments, it was observed

that this was attributable to the increased grain boundary

area. From this fact it is learned that the diffusion coef-

ficient in the grain boundary is much larger than that of the

lattice. This would be imagined from previous discussions

in this paper since the grain boundary has been pictured

from a dislocation view point.

Early mathematical considerations pictured the grain

boundary as a thin slab in which diffusion followed equation

(3). This proved inadequate because the lattice has a finite

diffusivity and because the grain boundary is physically very

narrow. From these two facts, it is surmised that the con-

centration of material flowing down the grain boundary is

partially lost to the lattice through diffusion.

I
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Fisher (14) proposed an approximate solution to the

diffusion equation considering this loss of material from the

grain boundary. Fisher's model, as well as all subsequent

models, treats the grain boundary as a very thin slab, of

width 6 which has a very high diffusivity and is surrounded

by two semi-infinite slabs of low diffusivity material.

Mathematically, he assumed that the diffusing material moves

down the grain boundary, then flows out of it perpendicularly.

This assumption is the result of experimental evidence that

Sthe grain boundary diffusivity is much larger than that of

the lattice. From this assumption he derived a variation of

Pick's second law which holds at x = 0 or in the grain bound-

aryi diffusion proceeds in the y direction (independent of Z).

This equation contains a term accounting for the loss of con-

centration to the lattice.

Within the grain boundary, at x - 0, constant diffu-

sivity is assumed throughout the model,

DC_ 2 DC1 +1 (7)
at by a JX=O

Outside the grain boundary, diffusion follows

Ic , DL V2c (8)

however, because he assumes that the diffusion is normal to

the grain boundary, this equation reduces to

c (2a)

-"DL A__(a

Rquation (3) is a solution of equation (8a). Assuming an

I
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infinite source and a product solution for the combined diffu-

sion problem, equations 7 and 8,

C(xy,t) = 0 - erf [ t )

By applying equation (9) to (7) he solved the grain boundary

diffusion problemy subject to the condition that ( from equa-

tion (9) follows the relation,

S~bo0
at 0.

Fisher's solution is

C = (=p 4DL~ y r

Figure 2 shows a sample isoconcentration curve for Fisher s

solution. As is noted, surface diffusion can be regarded as

grain boundary diffusion in a quarter x, y plane bounded by

a surface of thickness 6/2. With surface diffusion, the dif-

fusivity is larger than grain boundary diffusion as would be

expected. Mechanistically this follows from an increased

number of possible diffusion paths on the surface.

lWhipple (45), being dissatisfied with Fisher's rash

approximations, solved the same problem, but without the

assumptions regarding time and diffusion direction. By using

a Fourier-Laplace transformation, he was able to arrive at an

exact solution with constant diffusivity and infinite source.

The concentration is:'hot expressible in el"entary functions,

1
I
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and it followsa

C 7
-.- erfc -- +
Co 2

7 JAe-172/40rcr [,- /A + •N a3• {+

2,/w 1L --3) -a37+

y DS
whr V Dt' - (~) ' DL0

2 (DLt) ( •

Equation (11) can not be expressed exactly in terms

of elementary functions. In an attempt to overcome this,

Whipple has approximated this function with an asymptotic

series (i.e., the method of steepest descents).

C__ 1.159 1/3 17-2/3 exp [-0.473 P-2/3 174/3 +
- -(12)

0-4/3 772/3 (1 - O) + . . . J
A discussion of the relative validity of equations (10), (14,

and (12) is to be presented later.

Borisov and Lynbov (8) developed equations based on

Fisherls solution to cover the distribution of dissolved sub-

stance in polycrystalline grains and inter-crystalline bound-

aries. Their solution is subject to the same assumptions as

Fisher 's.

Grain boundary diffusion experiments are usually

carried out by electroplating the substance to be diffused on

the surface y - 0, see Figure 2. In most cases the amount of
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substance deposited is too smuall to be considered an infinite

source. For this reason, Suzeoka (39) resolved Whipple's

problem utilizing a finite source. His boundary conditions

are the same as Whippleo! with the exception that C (x,O,t) -

CO is replaced by C(xy,O) - KI(y), where 1(y) is defined by

the relation

COO f(y) I(y) dy - fC()

Utilizing a Fourier-Laplace transformation with the same

variables as Whipple, Suzuoka found C - C1 + C2 , where

K -

C -- Oxp ,and

C K a 2 ( _"2 /40' erfc
1/DLt B172

(13)

Wood, Austin, and Milford (46) presented a discussion

of the various grain boundary diffusion solutions. In their

evaluation, they compared concentrations from Fisher' s and

Whipple's solutions. To solve the complicated equation (10)

they used a Gaussian quadriture and a high speed couputor.

Their results show that the Fisher solution is valid only

for short time intervals which are impractical in experimen-

tation. Le Claire (29) in another analysis presented a

graphical representation of the concentration values resultingI
I
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from the two theories. From this, one can arrive at an idea

of the errors inherent in the Fisher approximation.

One of the incapabilities of these mathematical solu-

tions must be discussed in view of the experimental results.

Observing these equations (10), (11), (12) and (13), it is

seen that one can not separate 6, the grain boundary width,

with the data of a diffusion experiment. There have been

attempts to find 8 experimentally with little success. So,

in any calculation of the grain boundary diffusivity, one must

assume a 8 to calculate Db.

Four principal experimental methods have evolved to

evaluate the validity of these mathematical models. The

first is the so-called depth of penetration measurement. It

consists of measuring the distance y at which a calibrated

concentration appears in the grain boundary. The second is

to find the tangent of the angle that an isoconcentration

contour meets the grain boundary and to set the tangent equal

to E[(c/Co)/BxJ / [E(C/Co)/ayJ. Third is the sectioning

method where thin sections of the diffused specimen are

analysed in comparison to 7 C/CO dy; this method analyses

the amount of mass diffused. Fourth and final is the analysis

of concentration by means of a microprobe analyser.

The simple tilt grain boundary has been viewed as

stacked dislocationsl in Figure 1 the dislocations would lie

in the y direction. The dislocations are then separated by

regions of high strain. With diffusion occuring in the dis-

location direction, Turnbull and Hoffman (41) proposed that

Spropose
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the dislocation has a very high, constant diffusivity. The

regions of strain between the dislocations have a diffusi-

vity that is lower than that of the dislocation. The effec-

tive grain boundary diffusivity varies in the z direction

(Figure 1), and as the distance between dislocations

decreases, the grain boundary diffusivity increases. They

experimentally determined a diffusivity for the dislocation

pipe.

& change in the grain boundary angle does not alter

j the basic diffusion mechanism within a dislocation piper

however, it does alter the boundary width or distance be-

tween dislocations. The activation energy for diffusion

within any dislocation is only dependent upon the mechanism

of diffusion within the pipe and is independent of the num-

ber of pipes if there were no energy interaction between

successive dislocations. Therefore, if grain boundary dif-

fusion occurs primarily within dislocation pipes, the acti-

vation energy change with misfit should result from the

distance between dislocations.

Turnbull and Hoffman assumed the dislocation has a

diameter p, and the distance between dislocations d -

a/[2 sin(9/2)], where 8 is the tilt angle and a is the lat-

tice spacing. By treating the effective grain boundary width

as

8(6) - p 2 /d (14)

and using the grain boundary diffusion parameter p - Db 8 ,

Sp - DbP 2 d. However, due to equation (14), the boundary is

I
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assumed, as far as diffusion is concerned, to be composed of

dislocation pipes only. So,

p - Dp8 = Dp p2/d - 2D. sin(@/2) p2 /a . (15)

These theoreticians next pointed out that D. should not be a

function of 9. This is proven experimentally by solving for

D. in equation (15) from experimental conditions and the solu-

tions of either Fisher or Whipple. The data used in their

work comes from their analysis of the self-diffusion of

silver-110 into silver tilt grain boundaries at five different

temperaturec for four different boundary angles between 9 and

28 degrees. It was noted that within experimental error, the

calculated dislocation pipe diffusivity's activation energy

was independent of tilt angle. The largest deviation in acti-

vation energy occurred at 280 tilt where they believe the dis-

locations interact.

Since grain boundary energy and migration are depend-

ent on the angle of misfit, one would expect that the activa-

tion energy for grain boundary diffusion would also be.

Flanagan and Smoluchowski (15), in studying the diffusion of

silver into copper grains, observed that the activation

energy for grain boundary diffusion decreased at small 6 from

the activation energy for lattice diffusion to a limiting

value as 9 increases. Similar work by Yukawa and Sinnott (47)

also confirm this observation.

From Hoffman and Turnbull's work, one realizes that

the activation energy for D. is equal to the limiting value

I
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for large angles of misfit in silver. This agreement between

the activation energy for diffusion along the dislocation

pipe, the diffusion at large angles of misfit, plus their pre-

dicted diffusivity behavior with misfit is a strong argument

for the dislocation model grain boundary.

Upthegrove and Sinnott (42), in observing the acti-

vation energy for nickel self-diffusion in the grain bound-

ary, found that it remains constant as 8 changes between the

angles 20* and 70*. Also, they noted that the ratio of grain

boundary diffusivity to lattice diffusivity decreased from

values of 107 at low temperatures to 10 4 at higher tempera-

tures, causing a decreased penetration at the higher tempera-

tures. This behavior is expected since the activation energy

for grain boundary diffusion is much less than that of lattice

diffusion; so, the ratio of the two would be expected to be

temperature dependent.

Recalling again the work of Hoffman and Turnbull,

their observations were made of diffusion down the dislocation

pipes in a tilt boundary. The question arises as to whether

the diffusivity would differ if diffusion were to take place

perpendicular to the dislocation. Changes between the two

were observed by Couling and Smoluchowski (11) and Achter and

Smoluchowski (1). As expected, the largest difference is

observed at low grain boundary angles. The reasoning behind

penetration being larger when diffusion is down the disloca-

tion pipes than in the other case is that diffusion parallelI
I
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to the pipes is carried primarily within the pipes. This

point is carried in essence by Hoffman and Turnbull in that

they assume that all diffusion in the grain boundary is within

the dislocations. Diffusion perpendicular to these disloca-

tions, in a very low angle boundary, would be almost entirely

through the strained lattice between the dislocations. Nx-

tending this, one expects that as the dislocations move closer

together (as in higher angle boundaries), the penetration

parallel and perpendicular would become approximately the

same. Couling and Smoluchowski (11) observe that there is

no penetration difference in a 450 cubic tilt boundary.

Returning briefly to grain boundary energy, it is

previously discussed that the energy of a grain boundary is

concentration dependent. Phenomenologically, there was a

difference in the strain energy when solute atoms are pre-

sent. There should be some relationship between an increase

in grain boundary strain energy and the amount of energy

necessary to move an atom down the boundary. Since this

strain field is altered by the presence of different types

of atoms, it is expected that the energy for diffusion should

also change with concentration. This type of grain boundary

diffusion phenomena is studied by Austin and Richard (5) who

analysed the diffusion of nickel into copper grain boundaries

with a microprobe analyser. The grain boundary diffusivity

was concentration dependent above 3 per cent nickel in a 450

tilt boundary and above 0.5 per cent in lower angles. This

I
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dependence was noted as a deviation of isoconcentration curves

from those predicted theoretically.

I

I



[

CHAPTER II

EXPERIMENTAL OBJECTIVES AND METHODS

The dependence of grain boundary energy on impurity

content has been observed by several investigators. Grain

boundary activation energy for self-diffusion should depend

on the amount and type of impurity present. The investiga-

tion of this effect necessitates measurements of grain

boundary self-diffusion in materials with varying impurity

contents. To minimize experimental variables a constant

grain boundary angular misfit is necessary. In a suitable

boundary, segregation must occur. Due to the work of Thomas

and Chalmers (40) the anglular misfit must be greater than

200 for sufficient segregation. The amount of segregation

and its effect on the activation energy should depend on the

type of impurity chosen; suitable choices for impurity types

should attempt to show size and valence effects.

A coordinated study of angular and impurity effects

in a single system is desirable. It would be impractical to

study varying impurity contents over a wide range of boundary

angles. The extrapolation of angle dependent activation

energies to a higher angle at which impurity contents are

varied would show any inconsistancies in the impurity data.

25
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The commercial availability of lead with 99.9999 per

cent purity has made possible an investigation of the type

described above. This study has included grain boundary self-

diffusion measurements in high purity lead with varying mis-

fit angles. Impurity effects were studied for a single misfit

angle, using different impurity species.

Grain boundary self-diffusion in the lead system was

studied by radiography utilizing the low energy 0 emitting

lead-210. This isotope possesses a long, 22 year, half life.

Lead-210 primarily emits a 0.02 million electron volt 0

particle. This low energy f particle easily exposed the fine

grain, thin emulsion used in contact autoradiography.

The major portion of the experimental program consis-

ted of the following: crystal preparation and diffusion

determinations.

Crystal Preparation

A modified Chalmers' (10) technique was used to pro-

vide seed crystals for bicrystal growth and bicrystals for

diffusion specimens. This method is characterized by con-

trolled solidification of molten metal in a suitable boat

or container. Machinable refractory boats were constructed

of aluminum silicate as shown in Figure 3 for single bi-

crystal growth. Since crystal growth is aided by having the

boat at a higher temperature than the solidifying crystal, it

was desirable to use boat material with a lower thermal cond-

uctivity than the lead charge. Thus heat flowed from the
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boat into the crystal and proceeded out the chill block; this

insured a wall temperature higher than the solidification

front.

Bicrystals were grown in a manner similar to that of

single crystals except two seed crystals were used. It was

necessary for each seed to be oriented relative to one

another to produce the necessary crystalline boundary. A

special boat was constructed of lava to accomodate bicrystal

growth. This boat differs from the single crystal boat in

that two seed channels were necessary for bicrystals. Into

each of these channels, an appropriately oriented crystalline

seed of approximately 3 x 1 x 0.5 centimeters was placed.

Bicrystals grown in this boat were approximately 1 centimeter

high, 2 centimeters wide, and 15 centimeters long.

Clean high purity lead was placed as a charge in the

boaty a seed crystal was placed in the channel at the open

end. This assemblage was placed in a 28 millimeter pyrex

tube which was sealed at both ends with appropriate modified

Dresser pipe couplings. One coupling was connected to a

chill block which came in contact with the crystal. The chill

block was cooled by running water through it during crystal

growth. Prior to growth the assemblage was flushed with ni-

trogen to reduce oxidation. A resistance heater, wound on a

short length of 'vycor tubing wh_.ch fitted externally concent-

ric with the crystal boat, was used to melt the charge. Crys-

tal growth then proceeded by melting the charge and the tip

of the seed crystal and then slowly withdrawing the resistance

I,



FIGURE 3. COMPARISON OF CRYSTAL GROWTH BOATS FOR
SINGLE AND BICRYSTALS
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heater from the molten charge at a rate of about three inches

per hour. The growing crystal assumed the need orientation.

The orientation of these single crystals was verified by a

back reflection Laue X-ray technique. Using the (100) easy

growth direction in face centered cubic metals and aligning

(001) planes parallel to the top surface, single crystals

for subsequent bicrystal growth seeds were obtained. The

seeds were cut to the desired orientation with a jeweler's

saw.

Since high purity lead recrystallizes at room tem-

perature, the abrasion of sectioning tended to recrystallize

a thin layer of the crystal. This layer is removed by com-

bined chemical-mechanical lapping with a solution. The lap-

ping apparatus comprised a circular piece of Buehler A B

Metcloth attached to plate glass; the cloth was saturated

with a chemical polishing solution of one part glacial acetic

acid and one part 30 per cent hydrogen peroxide. The dis-

turbed crystal layer was removed by the combined chemical and

mechanical action during a slow hand lapping.

Symmetrical tilt and twist grain boundaries were

grown with the situations mentioned in Table I. These boun-

dary angles were chosen as sufficient to determine the

diffusion coefficient and activation energy dependence of

misfit.

Solute elements for impurity dependent studies were

chosen on the basis of atomic size and valence. One basic!
I 4i
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TABLE I

CRYSTAL SPECIFICATIONS FOR THE STUDY OF ORIENTATION
DEPENDENCE OF LEAD GRAIN BOUNDARY SELF-DIFFUSION

Material Boundary Misfit-degrees

99.999 + Pb Symmetrical Tilt - 3*,10°,14°,20*,30°

99.999 + Pb Symmetrical Twist 6 - 40,100

consideration in impurity selection was solubility since it

restricts the upper limit of impurity concentration. Reason-

able solubilities in lead are demonstrated by bismuth, tin,

indium, and thallium. Each of these elements represents a

different type of impurity relationship in the lead system

when atomic size, i.e., Goldschmidt diameter, and grouping in

the periodic table are considered. Table 2 lists the solu-

bility in lead, Goldschmidt diameter, and grouping of these

for elements in the periodic table.

Alloys were made from lead with 99.9999 per cent

purity. Measured amounts of these other elements of similar

purity were added to the pure lead. Table 3 lists the alloy

compositions used. Appropriate amounts of these elements and

lead were melted under a nitrogen atmosphere; they were homo-

genized in the liquid state for a period of not less than four

hours.

Tilt boundaries of thirty degrees of misfit were

grown from these alloys. Thirty degrees was chosen as suffi-

i cient misfit for segregation. Since the angle of misfit is

I-
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TABLE 2

DESCRIPTION OF IMPURITY ELEMENTS

Material Solubility Goldschmidt Periodic
in Lead Diameter Grouping
Per Cent A

Pb 100 3.49 IV A

Bi 18 3.64 V A

Sn 1.9 3.16 IV A

In 50 3.14 III A

Ti 88 3.42 III A

TABLE 3

CONSTANT MISFIT ALLOYS FOR STUDY OF
IMPURITY EFFECTS ON DIFFUSION

Material Impurity Levels
Wt. Per Cent

99.9999 % Pb with high purity 0%, 0.01%, 0.1%, 0.9%
tin additions

99.9999 % Pb with high purity 0%, 0.1%, 0.7%, 1.5%
bismuth additions

99.9999 % Pb with high purity 0%, 0.05%, 0.3%, 1.5%
thallium additions

99.9999 % Pb with high purity 0.03%, 0.4%, 1.5%
indium additions

1
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constant in the impurity bicrystals, it was possible to grow

the bicrystals within an impurity group (i.e. one type of

alloying element) with a single bicrystal seed. The proce-

dure consisted of preparing a bicrystal of pure lead with a

thirty degree tilt between (010) planes. A bicrystal seed

was then sectioned approximately one centimeter into the

crystal from the point where the two seeds joined. After

removing the recrystallized portion of the cut surfaces, the

seed was used to prepare the lowest impurity bicrystal of one

of the impurity groups. This procedure was repeated with the

next highest impurity concentration in the same group. This

method of reusing a bicrystal seed was employed to produce

the necessary bicrystals. It was necessary to provide an

original bicrystal seed for each group to prevent intercon-

tamination between the groups. For the 300 tilt boundary the

misfit was reproducible to within +10 in an impurity group

and to within +30 between the impurity groups.

Diffusion Determinations

The determination of the diffusion profile resulting

from grain boundary penetration was based on radioactive

tracer measurements using a method of high resolution auto-

radiography described by Gomberg t al (19). The method

used a permeable base autoradiographic stripping film,

Eastman Kodak Permeable Base Autoradiographic Stripping Film.

This film is used in direct contact with the diffusion pro-

file as is to be described. Radioactive lead-210 was

!
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purchased as a nitrate in nitric acid solution from Atomic

Energy of Canada, Commercial Products Division.

The radioactive lead was received as a nitrate in

nitric acid solution and was converted to an electroplating

solution of inert lead and radioactive lead-210 in the chemi-

cal form of lead fluoroborate. Lead carbonate was precipi-

tated from the nitrate solution by adding sodium carbonate,

as described by Gray (21). Fluoroboric acid was produced

by reacting boric acid with hydrofluoric. The resulting

acid, when added to lead carbonate, forms lead fluoroborate

and evolves carbon dioxide. The lead-210 nitrate was re-

ceived with an activity of 2.5 millicuries per milligram.

This was diluted to approximately 1 millicurie per gram with

inert lead. This dilutior permitted reasonable handling

safety and exposure periods. Further dilution would have

merely increased the amount of time necessary for a good

autoradiographic exposure.

The bicrystals were sectioned in lengths of 1.5

centimeters with the surface to be plated perpendicular to

the grain boundary dislocation pipes. This surface was

etched with a solution of 2 parts glacial acetic acid, 1 part

30 per cent hydrogen peroxide, and 1 part water. All of the

surface except the portion of the grain boundary was masked

off. The mask consisted of a square inch of electrical tape

with a hole approximately 5/32 inch in diameter which covered

the area to be plated. This area was polished with the1
!
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previously described lapping solution under an inert atmos-

phere in a dry box. After drying the area with a stream of

nitrogen, a drop of active plating solution (about 0.04 milli-

liters) was placed directly on the crystal. The drop was de-

pleted of lead after about six minutes of electroplating at

2 milliamperes. This produced an active layer about 40 mic-

rons in thickness; this thickness was presumed to be suffi-

cient to keep a constant concentration at the surface during

diffusion.

The primary reason for plating in this unusual manner

was the adverse results obtained when a plating cell was used.

Early attempts to use a cell which contained the active plat-

ing solution resulted in a small amount of recrystallization

where the cell contacted the specimen. At the high tempera-

tures used in the diffusion anneals, this recrystallized

area suffered grain growth destroying the crystal.

Following plating of the radioactive isotope, the

crystals were put in a diffusion cell shown in Figure 4.

The cell was constructed of a long pyrex tube sealed with a

modified Dresser pipe coupling. Inside the cell were pyrex

cups containing pyrex wool filtering fiber. The diffusion

specimens rested on the pyrex wool. When the cell was full

of specimens it was flushed several times with argon. This

static inert atmosphere kept the specimens from oxidizing

during the diffusion anneal. Subsequent to the argon flush-

ing, the cell full of specimens was placed in an isothermal

bath for the diffusion annealing treatment.
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Figure 4. The Diffusion Cell and Isothermal Bath
i Used to Anneal Diffusion Specimens
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Theoretically, two temperatures should be sufficient

to determine Do and a from equation 3. From a practical

standpoint, however, four different temperatures between 1200

and 2200C were selected with their appropriate diffusion

times (see Table 4). Results obtained from these tests were

analysed statistically to obtain the best least-square fit of

the Arrhenius equation. As mentioned in the introduction,

there are four methods for determining values for the diffu-

sion coefficient. The ease and inherent accuracy of contact

j autoradiography dictated a depth of penetration measurement.

In this procedure, the distance y along the grain boundary at

which a known concentration appeared was measured. Knowing

the lattice diffusion coefficient and the time, a value for

the D in the grain boundary was determined.

TABLE 4

DIFFUSION TEMPERATURES AND THEIR RESPECTIVE TIMES USED
IN LEAD GRAIN BOUNDARY SELF-DIFFUSION ANALYSES

Temperature Time
6C Days

120 8

143 7

166 5

220 4

1 The original Gomberg (19) technique consisted of

applying the stripping film to a mounted specimen which was

I
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sectioned and polished in the standard manner. Then, follow-

ing an exposure, the film could be chemically processed and

the measurements would be made directly on the specimen with-

out disturbing the film. The specimen is kept clean by a

thin organic coating impermeable to the processing chemicals.

This coating protects the polished metal surface so that the

radiographic density is directly observable.

A combination of two factors prevented the use of

this procedure in this research. First, lead is mechanically

7 too soft for ordinary polishing techniques and the lapping

procedure was necessary. It was impossible with this tech-

nique to maintain the required edge preservation with a

plastic mounted specimen. Second, that film processing

chemicals actively attacked the polished surface and no im-

permeable coating could be found to stop this.

This chemical attack necessitated the development of

a method to remove the film from the specimen for processing

and examination. The method of autoradiography used con-

sisted of protecting the specimens with an additional layer

of lead. This was done by electroplating each specimen with

inert lead to a depth of about one millimeter. This over-

plate protected the edge of the specimen which would normally

be rounded by the chemical lapping procedure. Following the

overplating, the specimens were sectioned perpendicular to the

active button and grain boundary yielding a surface parallel

to the diffusion direction. This surface was then polished

flat by the previously described chemical-mechanical procedure.

I
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The autoradiographic stripping film was removed from

its backing and floated on water. The floating procedure was

necessary since the emulsion and its gelatin backing expand

in water, and dimensional changes could not be tolerated sub-

sequent to the exposure. When full expansion had taken place

the film was mounted on a 7/8 inch square glass cover slide

with the gelatin side down, see Figure 5. Any bubbles

between the film and slide were removed with filter paper.

The film and slides were then dried in air. Since the film

is rather insensitive to light, this proceedure, as well as

subsequent ones, could be performed under the red light of a

Kodak Wratten Series #2 Filter.

Film and specimen holders were fashioned from rubber

hose clamps by glueing rubber pieces to the clamp faces.

Exposures were then made by placing the film side of the

glass slide in contact with the polished crystal surface and

mounting them in the clamps. Figure 6 demonstrates the mount-

ing procedure for the exposure runs. The relatively high

activity of the radioactive plate made exposures of 2.5 hours

sufficient. After the exposures, the slides were removed from

the clamps and inserted in artery clamps for ease of handling

during chemical processing.

Chemical film processing involved developing in Kodak

D-19 developer diluted 1 part stock solution and 2 parts

water for 90 seconds, stopping with water, and fixing in Kodak

Fixer for 10 minutes. Final washing time was 15 minutes1
I
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followed by drying in air. Subsequent to drying, the fine

I grained film is analysed by photomicrography while still

attached to the cover slide.

Calibration was necessary to determine the concentra-

tion at the depth of boundary penetration y. This concentra-

tion is determined by making some autoradiographic standards.

These autoradiographic standards were homogeneous alloys of

active lead in inert lead with varying specific activity.

Preparation was accomplished by plating an inert lead chunk

weighing about 15 grams with active lead. These were then

homogenized for 12 hours in an inert atmosphere 60 degrees

above the melting point of lead. The percentage of active

lead to inert lead is as follow:

0.0% Pb 2 10

9.96 x 10"4% Pb 2 1 0

4.68 x 10-3% Pb 2 1 0

9.32 x 10-3% Pb 2 1 0

Autoradiographs of these four samples were then taken in

exactly the same manner as the diffusion specimens.

I
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CHAPTER III

I EXPi AIMENTAL RESULTS

The experimental method in this work involved dif-

fusing a specimeafor a time and measuring the grain bound-

J ary penetration distance to a determined concentration C/Co.

The desired concentration ratio selected was determined by

autoradiography and was the minimum concentration ratio

observable above background, that is, autoradiographs are

compared to 0.0 per cent active lead. The motion of

particles through the emulsion, darkens it upon processing.

The density of the autoradiograph then consists of the

number of exposed emulsion grains per unit area. It is

impossible to obtain a perfectly clein autoradiograph, even

with no exposure to radioactivity. This is due to a certain

I amount of dirt accumulating on the autoradiograph. In addi-

tion, phenomena such as pressure sensitive development, cosmic

I radiation, and self activation cause film background. During

the polishing the active specimens, some active atoms will

accumulate on the specimen surface where no activity should

Sbe observed. These two types of contaminates comprise the

background density observed on the autoradiograph. The

calibration concentration used was the minimum concentration

42
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observable above background. This concentration was used

because it lies at the maximum distance from the plated inter-

face, and, as will be shown later, an increase in the penetra-

tion distance measured increases the experimeftal accuracy.

The background concentration was determined at the

same time and in the same manner as the calibration concen-

trations. Polishing procedures for all active specimens had

to be constrained to a restricted enclosure for safety

reasons, therefore, the calibration specimens suffered some

intercontamination. Of the calibration specimens used, the

background concentration most closely resembled 9.96 x 10-4

per cent; however, there was little difference between 9.96 x

10-4 per cent and 4.68 x 10-3 per cent. From this the cutoff

concentration was Judged to be C/C0 = 10"5.

Penetration measurements of grain boundary diffusion

were divided into three different areas of interest. The

penetration values were obtained by enlarging the processed

autoradiograph fifty times on a metallograph and measuring

the penetration. The areas of interest involve variations

in grain boundary misfit, impurity content, and a check on

the validity of Fisher's mathematical solution by varying

the time at constant temperature and boundary angle. The

diffusion temperatures and their respective times for im-

purity and misfit studies are given in Table 4.

Recalling equation (9), Fisher's solution predicts

that the penetration y should vary with t¼. Investigators1
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such as Upthegrove and Sinnott (44) show that this depend-

I once is true only for extremely large angle grain boundaries.

For this reason, a test of the validity of Fisher's solution

in lead was obtained by determining penetration values with

I constant misfit and temperature for varying times. This has

been done for sme 200 and 300 tilt boundaries of pure lead

I at 220*C. rae highest temperature was chosen beeause it re-

g presents a test of the model under the most adverse experi-

mental conditions in this investigation. That this is the

case follows from Fisher's assumption that lateral diffusion

out of the grain boundary proeeeds perpendicular to it. This

I may be oaealuded from his assumption that DN is so much larger

than DL that diffusion fellows the grain boundary, then pro-

eoeds normal to it. Lattice and grain boundary diffusion

j have different activation energiesl Db/DL is smaller at higher

temperatures than at lower ones. Since the diffusion direc-

tioan is perpendicular to an isoconcentration contour, one ex-

pects that Fisher's assumptioan about the diffusion direction

being normal to the grain boundary is only strictly true for

I Db/ equals infinity, therefore, the selection of conditions

under which Db/DL is minimm provided the most severe test

of Fisher's model.

The dependence of the magnitude of Db/DL and the

I resultant change in the shape of the isocncentratioa inter-

face and diffusion direction can be seen from the autoradio-

graphs of Figure 7.
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In these photographs it can be seen that the isoconcentra-

tion contours at low diffusion temperatures are long and

thin. This is expected when D/DL is very large. The

change in Db/DL with temperature can be seen from the angle

with which an isoconcentration contour meets the boundary.

Table 5 presents observed penetrations for varying

time at 2200 C.

TABLE 5

TIM DEPENDENCE OF LEAD - 210 PENETRATION INTO
300 LEAD TILT BOUNDARIES, A VALIDITY

TEST FOR FISHER'S SOLUTION

Time Misfit Penetration
Sec. Degrees cm.

8.64 x 104 300 0.042
8.64 x 164 300 0.040
8.64x 104 300 0.040
8.64 x 164  300 0.042
1.73 x 10 5  300 0.042
1.73 x 105 300 0.044
6.92 x 105  300 0.066
6.92 x 105 300 0.068

Experimental observations of penetration as a func-

tion of time, misfit and temperature are presented in Table 6.

Table 7 shows the penetration results observed for

diffusion in 300 bicrystals of lead in which the impurity

concentration was varied as shown. The experimental condi-

tions of time and temperature were the same as those for

misfit dependence.

I

I!
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TABLE 6

PENETRATION, TIME, AND TEMPERATURE OBSERVATIONS OF THE
MISFIT DEPENDENCE OF LEAD GRAIN BOUNDARY

SELF-DIFFUSION

Angle Penetration Time (xl0-5 ) Temperature
Degrees cm. Sec. eC

30 Tilt 0.044 6.92 120

j 0.030 6.05 143

4e Twist 0.040 6.92 120

S100 Tilt 0.002 6.92 120
0.025 4.32 166f 0.012 3.46 220

100 Twist 0.025 6.92 120
0.028 6.05 143
0.028 4.32 166
0.012 3.46 220

140 Tilt 0.041 6.92 120
0.048 6.05 143
0.030 4.32 166
0.016 3.46 220

200 Tilt 0.118 6.92 120
0.086 6.05 143
0.058 4.32 166
0.034 3.46 220

1.

I

I.
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TABLE 7

PENETRATION, TIME, AND TEMPERATURE DEPENDENCE OF LEAD
GRAIN BOUNDARY SELF-DIFFUSION WITH VARYING

IMPURITY CONTENTS IN 300 TILT BOUNDARIES

Impurity Level Penetration Time (x 10-5) Temperature
per cent cm. Sec. °C

0% Ti 0.176 6.92 120
0.134 6.05 143
0.105 4.32 166
0.062 3.46 220

0.05% Ti 0.166 6.92 120
0.134 6.05 143
0.095 4.32 166
0.056 3.46 220

0.3% T1 0.172 6.92 120
0.138 6.05 143
0.108 4.32 166
0.054 3.46 220

1.5% Ti 0.152 6.92 120
0.118 6.05 143
0.072 4.32 166
0.048 3.46 220

0.03% In 0.100 4.32 166
0.066 3.46 220

0.4% In 0.066 3.46 220

1.5% In 0.132 6.92 120
0.070 4.32 166
0.041 3.46 220

0% Sn 0.160 6.92 120
0.132 6.05 143
0.093 4.32 166
0.056 3.46 220

0.01% Sn 0.166 6.92 120
0.136 6.05 143
0.085 4.32 166
0.054 3.46 220I
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TABLE 7--gCoanuad

Impurity Level Penetration Tim (x 10-5) Temperature
per cent cm. Sec. 6C

0.1% Sn 0.162 6.92 120
0.134 6.05 143
0.088 4.32 166

0.9% Sn 00.144 6.92 120
0.092 6.05 143
0.065 4.32 166
0.046 3.46 220

I

I ,



CMPTER IV

DATA ANALYSIS

In the determination of the diffusion coefficients in

the grain boundary, the mathematical solutions of the diffu-

sion equation are applied to the experimental results. Addi-

tional information was needed in both Whipple's and Fisher's

solutions because both theories require information on the

lattice diffusion coefficient at the temperature of the

measurement. Also, for an exact solution of grain boundary

diffusivities, information is needed on the width of the grain

boundary during the diffusion measurement. However, acti-

vation energies for grain boundary diffusion can be obtained

from Fisher's solution without knowledge of the grain boundary

width by plotting DbO vs. 1/ on semilogarithmic paper, and

measuring the resulting slope. As will be discussed, this is

true to a good approximation in Whipple's solution when the

penetration is observed within the grain boundary (x - 0).

Data evaluation, in terms of boundary diffusivities

from either the Whipple or Fisher solution, requires know-

ledge of lattice diffusion coefficients at the temperature

in question. Lattice diffusion can be measured at the same

time as grain boundary diffusion; however, because of the

Ss50
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errors involved in this measurement, the results of lead self-

diffusion by Hudson e~t al. (27) were used. These self-diffu-

sion coefficients were obtained by taking the least-square

fit to the Arrhenius equation, under their experimental

conditions, and extrapolating to the temperatures used in

this investigation.

In evaluation of the impurity bicrystal diffusion

coefficients, it was necessary to assume that the values for

S~pure lead lattice diffusion were sufficiently accurate.

i This assumes that the lattice diffusion coefficients were

independent of the impurities used. The validity of this

! assumption is supported by the experimental results of Resing

and Nachtrieb (37) who have studied lead self-diffusion with

varying thallium additions. Their work engulfed the whole

spectrum of possible concentrations of thallium in lead; an

example of their results (Table 8) shows activation energy

chne with thallium content. From the small cagsin

activation energy and an observed I0 per cent variation in
I lattice diffusivities between 0 per cent and a 20 per cent

i TI, it is reasonably assumed that almost no change would fol-

low in bismuth, tin, and indium for the concentrations less

I than 1.5 per cent by weight. Table 9 shows the lattice

diffusion coefficients used in this investigation.
I Preliminary efforts to solve Whipple's equation (ii)

i for the experimental conditions of this investigation were
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TABLE 8

I ACTIVATION ENRGY FOR LEAD ZATTICE SELF-DIFFUSION
WITH VARYING THALLIUM CONCNTRATIONS (37)

Activation Energy Thallium Content
Kcal/gm.mole per cent

26.1 0

1 25.5 10

S25.0 20

24.8 30

1 24.5 40

TABLE 9

I LEAD LATTICE SELF-DIFFUSION COEFFICIENTS USED IN
GRAIN BOUNDARY MATIEHATICAL SOLUTIONS WITH

THEIR RESPECTIVE TEMPERATURES (26)

Diffujivity Temperature
ca. /sec. 0C

1 1.18 x 10- 14  120

6.82 x 10-14 143

1 3.28 x 10-12 166

7.17 x 10-12 220I
I
I
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second order was insufficient. However, in certain data

I cases, the requirements of equation (12) were met.

- -. 1.159 pl/3 n-2/3 exp C-0.473 p-2/3 V4/3 +

C co(12)

P •-4/3 T? 2/3 (1 -•)+ 3

The data of this investigation apply in the grain

i boundary where 4 = 0. When 4 = 0, C/Co is only a function

of 1 and P. The grain boundary diffusivity and width both

appear in P, but not in 17.

f = 8(A - 1) / 2(DLt)½

[6/2(Dxt)h] (Db/DL, 1)

In this investigation Db/DL > 103i so Db/DL >> 1. To a good

approximation C/C 0 is a function of DbO as in Fisher's solu-

tion. Since Fisher's model, equation (101 and Whipple's

model, equation (12), both involve the product DbO, an arbi-

trary choice of 8 for all diffusion situations will not affect

J the activation energy. This comes from the fact that Db%, the

diffusion parameter, is a function of temperature by the

Arrhenius equation, however, 8 is assumed a constant 10-7

centimeters in this investigation. Tables 10 and 11 give
comparative grain boundary diffusivities (8 - 10-7 centi-

meters) for both the Whipple and Fisher equations. A sample

calculation of diffusivity using Fisher's equation is given

I in Appendix C.

It
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TABLE 10

I MISFIT DEPENDENCZ OF LEAD GRAIN BOUNDAIR SELF-DIFFUSION
COEFFICIENTS A8 ANALYSED BY THE FISHER

AND WHIPPLE SOLUTIONS

Lagle Temperature Diffusivity
. Degrees °C ca2/sec.

cx 107
Fisher Whipple!

30 Tilt 120 0.213 0.515
143 0.256 0.612

40 Twist 120 0.176 0.425

100 Tilt 120 0.053 0.127
166 0.462 1 .09220 0.554

S10* Twist 120 0.069 0.165
143 0.224 0.538
166 0.573 1.37
220 0.554

140 Tilt 120 0.181 0.439
143 0.656 1.56
166 0.661 1.60
220 0.986

i 200 Tilt 120 1.53 3.08
143 2.10 5.06
166 2.47 5.93
220 4.59

I
!
!
I
I

It
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TABLE 11

IMPURITY DEPENDNiCE OF LEAD GRAIN DOUNDLU
SELF-DIFFUSION COEFFICIENTS AS ANALYSED

BY 71M FISBER AND WHIPPLE SOLUTIONS

Impurity Level Temperature Diffusivity
per cent OC C2/sec.

x 307
SFisher Whipple

0% T1 120 3.40 8.20
143 5.11
166 8.07 19.5
220 14.8 34.9

S0.05% T1 120 3.03 7.31
143 5.11
166 6.61 16.0
220 12.1 28.5

0.3% TI 120 3.25 7.85
143 5.40
166 8.59 20.7
220 11.2 26.4

1.5% TI 120 2.54 6.10
143 3.95
166 3.82 9.16
220 8.86 20.71

0.03% In 166 7.34 17.8
220 16.7 39.8

0.4% In 220 16.7 39.8

1.5% In 120 1.91 4.63
166 3.60 8.62
220 6.47 14.9

0% Sn 120 2.82 6.75
143 4.94 11.9
166 6.35 15.3
220 12.1 28.5

0.01% Sn 120 3.03 7.32143 5.25 12.5
166 5.30 12.7
220 11.2 26.4

I -
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TABLE 11--,Continue!
Impurity Level Temperature Diffusivity

Sper cent OC C,,2/sec.
x 107

Fisher Whipple

0.1% Sn 120 2.88 6.96

143 5.11 12.31 166 5.68 13.7

0.9% Sn 120 2.28 5.49
143 2.40 5.74
166 3.1 7.45
220 8.16 19.0!

The precision and accuracy of the diffusion coeffi-

-cients in the grain boundary are dependent on the validity of

the constant lattice diffusivity assumption, the assumption

of the value of 8, and the measurements of time and penetra-

tion. Diffusion times were at least one day, and if it were

assumed that a total of ten minutes elapsed in heating and

cooling the specimens, then the error in time would be much

less than 1 per cent. Errors in depth of penetration mea-

surements yield diffusion coefficient uncertainties much

Slarger than this.

The method of obtaining penetration values was sub-

I J ect to error. Sources of accumulation occur in the removal

of the film from the specimen for processing and in the in-

herent resolution of the film technique. Because the film

was removed from the specimen for processing, measurements

made upon it required an estimation of the position of theI
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constant concentration interface. Lattice diffusion is small,

J because of the low temperatures usedl therefore, the interface

position was estimated as the edge of lattice diffusion. An

appropriate correction of 0.002 centimeters was introduced at

I 2200 C to account for the lattice diffusion penetration. The

polished surface of the specimen is not precisely flat, thus,

I there is a possibility of P particles leaving the diffused

area at an acute angle to the specimen surface and thereby

spreading the autoradiograph. When this spreading appeared

to be sufficient to impair greatly the results, the specimen

was repolished, and another autoradiograph taken. The compos-

its. penetration uncertainty from these means was roughly

estimated from the results of the time dependence study since

several crystals were diffused under the same conditions.

Comparing penetration values from Table 5, the estimated

error of k 0.003 centimeters is expected. This estimated

error + 0.003 centimeters would yield diffusion coefficient

errorsi calculations for a 300 tilt boundary in pure lead

I are given in Table 12. As is noted in the table, diffusion

coefficients of the 30- boundaries should be reliable to

within 11 per cent. The error in diffusion coefficients

Sassociated with this error in penetration would be larger in

low angle boundaries and high temperature diffusion runs be-

Scause of the smaller absolute penetrations involved. The

expected increase in this deviation is consistent with the

greater data scatter shown in Figure 8. The activationI
I
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energy for grain boundary diffusien is obtained by the

I method of least squares fit in order to minimize the

influence of data scatter on the activation enerly and

frequoncy factor.

I TABL3 12

DVIATZON OF LEAD GRAZI BOUIDARY DIF]USIVITY OF A
30* TILT BOUNDUM DUB TO PEENTRATION MASUREMNT BRROR OF

+0.003 CNTINTZBRS*

Diffusivity Error Temperature

Fisher's Solution Per cent 0C

3.40 *0.12 x 10-7 10.7% 120

5.11 *0.22 x 10-7 10.4% 143

J 1.48 *0.10 x 10-6 10.7% 220

*8 -17 . used

I
I
I
I
I
I
I
I

I
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CNAPTER V

DISCUSSION OF RESULTS

Bicrystals used in this study were grown from the

melt in the manner described. Inherent in these bicrystals

was a certain amount of imperfection such as is characteris-

tic of crystals grown from the molten state. These imper-

fections took two forms: subgrains and stray grains nuc-

leated during growth. These two occurrences plagued this

research through its entirety.

There was no exact correlation in the frequency with

which these imperfection types occurred for the few crystals

grown; however, there appeared to be a relation between the

occurrence of these imperfections and the bulk impurity con-

tent. This observation is based on the number of times it

was necessary to regrow bicrystals and the degree of perfec-

tion of the resulting crystal. It appeared that both very

high purity and low purity crystals were extremely difficult

to grow. In general there was no difficulty in growing crys-

tals in the range of 99.9 to 99.99 per cent purity for any of
the alloying elements: tin, indium, bismuth, or thallium.

Crystals of higher purity than 99.99 per cent exhibited!
I
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supercooled liquid. Non-equilibrium inhomogeneous composi-

tion can occur between this supercooled liquid and the soli-

dified metal resulting from composition fluctuations. The

inhomogeneous composition can then nucleate stray grains.

The phenomena of grain boundary diffusion, energy and

migration have been discussed relative to changes in boundary

1. misfit. High grain boundary angles can usually be considered

-l as a transition region between crystalline order and liquid

disorder. This is attributable to the increase of porosity

with misfit. Diffusion data obtained for varying misfit

supports this supposition, Table 10; the grain boundary diffu-

sion coefficient increased with the angle of misfit. This

dependence is not unique in the lead system and has been

observed in many repeated grain boundary diffusion experi-

ments.

Activation energies, as determined by least-square

fit of the data, showed dependence on the degree of misfit.

As the angle of the tilt boundary increased, the activation

energy for grain boundary diffusion is shown to decrease in

Figure 9. This activation energy was obtained with *an

assumed grain boundary width, however, as was shown, activa-

I tion energy resulting from a penetration experiment is in-

dependent of width assumptions. In actuality, the assump-

tion of constant grain boundary width for changing tilt

j angles in essence gives an activation energy of the diffusion

parameter and not the diffusion coefficient. It wmst be

Ix
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realized that the effective grain boundary width changes with

Imisfit, as was shown in Turnbull and Hoffman (41). There

have been attempts to determine experimentally the grain boun-

dary width and diffusivity separately by comparison of dif,

j ferent experiments. In general these attempts have been un-

successful and the grain boundary diffusion coefficient is

I left an approximation. However, the believed increase in the

I grain boundary width, the increase in the diffusion parameter,

Db8, and the decrease in the activation energy for diffusion

I with increasing tilt angles, give strong evidence in support

of diffusion occurring within dislocation pipes.

I Okkerse (32) determined the grain boundary diffusi-

vity in lead for an unspecified boundary angle. His data
seemed to fit within the limits of error of this investi-

i gation for a random boundary of low misfit. The data scatter

of Figure 8 and the magnitude of one standard deviation in

I Figure 9 demonstrate the decreasing error with large angle

boundaries. The higher confidence for larger boundaries in-

creased the accuracy of the work with varying impurities.

I In this investigation of impurity content, with the

exception of bismuth alloys, a general trend of decreasing

I penetration with increasing impurity content is noted. Lack

of data for the bismuth alloys is believed attributable to

the lack of adherence of the radioactive plate. When the

J bismuth alloys were polished with the lapping solution (I

part glacial acetic acid and 1 part 30 per cent hydrogen

peroxide) a black precipitate formed. It was believed that
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this precipitate was bismuth trioxide (B1203) . It proved ix-

possible to achieve a clean metallic surface with these alloys

when the standard lapping solution was used. Based upon a

series of evaluations, nitric acid was selected as an etchant.

The results of this cleaning were still less than impressive.

However, the electroplate appeared to adhere to the bismuth

specimens, but no diffusion penetration was observed with

the bismuth alloys.

The overall decrease in penetration with increase in

alloy content was similar for each of the chosen alloying

elements. From this observation, the diffusion parameter

(Db8) decreased with impurity content. Figures 10, 11, and

12 demonstrate the decrease of Db with an assumed 8 of 10-7

centimeters. In all cases, Db, or more correctly Db8,

decreased an observable amount at the highest impurity con-

tent. The decrease at these concentrations was, in all cases

greater than the expected experimental error of penetration.

The reliability with lower alloy contents was more question-

"able, and these small penetration changes could be attributed

to experimental error. The trend of the observed changes

was, however, consistent with a linear decrease to the value

associated with the maximum impurity used.

One normally expects that decreasing diffusion

coefficient resulting from alloy content would produce an

j increased activation energy because this behavior occurs in

the angle dependence. However, this change in activationI
I
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energies with Apurity content was not observed. Activation

energies with varying impurity contents are shown for thallium

and tin in Figures 13 and 14, respectively. Contrary to the

supposition of increasing activation energy, a decrease was

noted in both tin and thallium. Resing and Nachtrieb (37)

observe a similar change in the activation energy for lattice

diffusion in the lead system, the activation energy decreas-

ing 1.6 kilocalories per gram mole from pure lead to lead with

40 per cent thallium present.

A similar change in activation energy for grain

boundary diffusion was noted in indium alloys; however pene-

trations were often observed at two temperatures only; an

example of this was 0.03 per cent indium which exhibited an

activation energy of 6.6 kilocalories per mole. A least-)

square fit was possible with 1.5 per cent indium, and the

resulting activation energy was 4.7 kilocalores per mole.

The activation energy was determined from the change

of the diffusion coefficient (Db) with temperature; the graTn

boundary width was assumed to be a constant 10-7 centimeters

in these determinations. The mathenatical solutions for

grain boundary diffusion, as used here, actually determine

the diffusion parameter (Dba), and therefore any activation

energy determined with an assumed width really represents

the change of the diffusion parameter with temperature.

However, the width, having a linear temperature dependence,

is much less sensitive to temperature changes than is



-00
U.

0.6
0..

Zw~

00U.

z

an0 7 Z W

IL I
I



b 2

2 j

Z EL

i O

S.0

0.0

o 00

z

w 0
-oý

- 0~

100

0 2

in2

(310 W~'W0) 'AH3N NOIVAIL:o



U

72

diffusivity (exponential dependence). Increased impurity

content decreased the diffusion parameter, but measured acti-

vation energy was rather insensitive to impurity content.

The comparison of different impurity levels at a constant tem-

perature demonstrated a 50 per cent decrease in the diffusion

parameter, Figures 10, 11, and 12. Lattice diffusivity is

observed to increase slightly with 20 per cent thallium

present (36). Because the grain boundary width is relatively

insensitive to temperature, the decreased isothermal diffusion

parameter with impurity content can only be explained by a

decrease in the effective width of the grain boundary. The

grain boundary width, as presented in the mathematical models,

has no precise physical definition. A decrease in the effec-

tive width, however, implies that the number of available

diffusion paths has decreased within the grain boundary.

To test the significance of activation energy changes

with impurity content, it was necessary to analyse statis-

tically constant concentration data. The explicit results

of this analysis are given in Table 13, and the method is

given in Appendix B. Figure 13 clearly demonstrates that

additions of thallium decreased the activation energy for

grain boundary self-diffusion in a lead 300 tilt boundary.

The overlap of the standard deviations of activation energy

with tin additions reduces the confidence of any conclusions

on this system.

One standard deviation around a mean value statisti-

cally enclosed 67 per cent of the observed data. With 0.0
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TABLE 13

ACTIVATION ENERGY DEVIATION FOR VARYING
MISFITS AND IMPURITY CONTENTS

Crystal Misfit Activation Energy
Purity Kcal/mole

0.0% Ti 300 Tilt 5.56 +0.26

0.05% Ti 300 Tilt 5.08 +0.33

0.3% Ti 300 Tilt 4.62 +0.81

1.5% Ti 30° Tilt 4.45 ±0.72

0.0% Sn 300 Tilt 5.36 +0.36

0.01% Sn 300 Tilt 4.64 +0.61

0.1% Sn 300 Tilt 4.95 +1.21

0.9% Sn 300 Tilt 4.93 +0.99

Pure Lead 200 Tilt 4.10 ±0.84

Pure Lead 140 Tilt 5.75 +1.86

Pure Lead 100 Tilt 9.12 +2.88

Pure Lead l0° Twist 8.00 +2.56

I
I
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per cent tin, the activation energy observed was 5.36 kilo-

f calories per mole with a standard deviation of +0.36 kilo-

calories per olo! however, with O.Ol per cent tin the activa-

tion energy was 4.64 *0.61 kilocalories per mole. Another

method of data analysis uses the most probable error which

encloses 50 per cent of the observed data about a mean value

and is 67 per cent of one standard deviation. If the tin

data were analysed for most probable errors, 0.0 and 0.01 per

cent tin would yield activation energies of 5.36 ±0.24 and

4.64 *0.41 kilocalories, respectively. From this most prob-

able error analysis, one can conclude that 0.01 per cent tin

decreased the activation energy for lead grain boundary self-

diffusion.

This statistical analysis gives the limits with which

the data probably varies. The physical cause of this devia-

tion as discussed earlier is the error of penetration measure-

ments. This error was evaluat~d as *0.003 centimeters, and

it would represent the maximum limits of error, whereas the

statistical evaluation demonstrates the probable variation.

The activation energy for grain boundary diffusion

decreased with increasing amounts of impurities. Phenomeno-

logically a decrease in activation energy for diffusion re-

sults from an increased atomic volume or possibly segregation

causing a decrease in the average interatomic bond energy.

Grain boundary energy has been observed by various investiga-

tors (16) and (17) to decrease with increasing impurity con-

tent. Because grain boundary energy resutlts from a local

I
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lattice distortion, its decrease would decrease the grain

I boundary energy. Impurities have been shown to cause this

decrease in energy. It was previously concluded that the

effective grain boundary width, as observed from diffusion,

decreased with impurity content. This decrease in the effec-

tive width most certainly decreases the amount of local lat-

j tice distortion within any macroscopic grain boundary area,

1 and this in turn would decrease the grain boundary energy.

Microscopically, the amount of lattice distortion could in-

crease or decrease in a grain boundary containing impuritiesi

this increase or decrease would result from atomic volume

changes and bond energy differences. Because the activation

energy for grain boundary diffusion decreased with impurities,

the strain in the immediate neighborhood of the diffusion

path must have increased with a consequent reduction in the

bond energy. Even though in dilute lead-tin and lead-thallium

alloys the bond energy in the neighborhood of the diffusion

path has decreased as compared to pure lead, the boundary

width has also decreased, and from this work it is hypothes-

ized that the grain boundary energy would decrease.

Aust and Rutter (2) have demonstrated that the free

energy of activation for boundary migration and grain boundary

diffusion, using the lead data of Okkeree, are about the same

at the melting point. The free energy of activation is cal-

j culated from

ArA - Q - T•AS.
!
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The enthalpy or energy of activation is obtained from the

Arrhenius equation and the entropy of activation from Do of

the Arrhonius equation.

Do - (a 2 kT/h) 4 (16)

With Okkersels data on lead grain boundary diffusion they

obtain AV& - 9 kilocalories per gram sole. Using the data

of this investigation for a 300 grain boundary in pure lead,

a value of 8.7 kilocalorieo per gram mole is obtained using

their assumptions. Table 14 compares free energies of activa-

tion with impurity content. A value of 4 1 was used for the

interatomic distance instead of their assumed 3.5 Is the

larger value deemed more appropriate for the grain beundary.

Especially noteworthy in these tables is the negative entro-

pies of activation. Also, this may be compared to the entropy

of activation for liquid lead viscosity, which has been pro-

posed to be the same as that for diffusion, and has a value

of -6.27 calories per gram mole o1 (44). This is very com-

parable to the value of -5.85 calories per gram mole OX of

the 0 per cent thallium crystal.

Table 13 gives an idea of the apparent experimental

error inherent in the low angle penetrations. As an example

of this, the highest error in penetration occurred with the

low angle boundaries at high temperatures. Duo to these

rather largo variations in the possible values, it is felt

that the activation energy with small tilt angles only tend

to indicate the trend of changing misfit. The large angle
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TABLE 14

FREE ENERGIES OF ACTIVATION AT
6000 K FOR IMPURITY RESULTS

Compostion Activation Logarithm & Free Energy
Wt. % Energy Do R Kcal/gm mole

Kcal/gm mole

Whipple's Solution Used

0 T1 5.56 -6.85 -2.94 9.07

0.05 T1 5.08 -7.55 -3.64 9.31

0.3 T1 4.62 -8.00 -4.09 9.50

1.5 Tl 4.45 -8.62 -4.71 10.09

0 Sn 5.36 -7.27 -3.36 9.38

0.01 Sn 4.64 -8.13 -4.22 9.68

0.1 Sn 4.95 -7.77 -3.86 9.57

0.9 Sn 4.93 -8.28 -4.37 10.15

Fisher's Solution Used

0 Tl 5.69 -7.59 -3.68 10.07

0.05 Tl 5.16 -8.33 -4.42 10.43

0.3 T1 4.72 -8.77 -4.86 10.53

1.5 T1 4.54 -9.37 -5.46 11.06

0 Sn 5.42 -8.06 -4.15 10.38

0.01 Sn 4.72 -8.91 -5.00 10.70

0.1 Sn 5.01 -8.57 -4.66 10.58

0.9 Sn 5.05 -9.00 -5.09 11.14

Iw
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data is sufficiently more accurate and results from the

decreased error in penetration measurements.

The reliability of the high angle data tends to sup-

port the small values of in (Do) found in Table 14. Other

investigators have also noted small values. Upthegrove and

Sinnott's (42) data yield values as given in Table 15.

TAML3 15

ACTIVATION ENTROPY OF NICIML GRAIN BOUNDRY DIFFUSION

Misfit in Do A~
Degrees Cal/Mole OK

45 -5.1 -2.1

30 -5.0 -1.9

10 -2.8 +2.5

0 -0.74 +6.6

'Using •quation (16) with a-2.5 A and T-300 OK

It may be further seen in Table 15 that activation

entropy changes with misfit from positive to negative values

as the misfit increases. Since liquid metals show negative

values of activation entropy, and lattice diffusion shows

positive values, it seems feasible that the grain boundary

is a transition between the positive entropies of activation

for solid diffusion and the negative ones of liquids.

Diffusion is not the only process characterized with

negative entropies of activation. Aust and Rutter (2) findI
I
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negative activation entropies in grain boundary migration in

i the lead system with and without small additions of tin with

symmetrical tilt boundaries. Equation (16) could be wrong,

or more likely, the negative entropy of activation for diffu-

sion only demonstrates the relative magnitudes of configura-

tional and vibrational entropy differences occuring in the

activated state.

Fisher's equation (10) appears to be somewhat more ac-

curate in lead high angle grain boundaries than in some other

j metals. A 300 grain boundary demonstrates Db to DL ratios

lying between 104 and 108 in the temperature range 2200C to

1200C, respectively. These high ratios produce isoconcentra-

tion curves that are closely parallel to the grain boundary.

The diffusion out of the grain boundary is almost perpendi-

cular to it; this is one of Fisher's assumptions. The

time variation of penetration for a 300 boundary is shown in

Table 5. The slope of this time varying penetration is 0.25

from a least square fit. Fisher's theory predicts slopes of

0.25, which agrees with this value. Other researchers have

obtained slopes closer to 0.33 or 0.5. These differences

have been attributed to the inadequacy of Fisher's assump-

I tions. His solution is certainly not exact, if it were,

activation energies from the Whipple and Fisher solutions

would be the same. Further, Db values from the Whipple

solution are 2.2 to 2.4 times greater than those from

Fisher's, which is another disagreement between the two

I theories.

! i



CHPTER VI

SUMMARY AND CONCLUSIONS

Bicrystals of lead were grown with grain bound-

aries of controlled orientation and impurity content vary-

ing up to 1.5 per cent. The degree of perfection in these

crystals was dependent upon the purity of the lead; purities

I above 99.99 per cnt resulting in a very heavy subgrain

structure. Purities less than 99.9 per cent tended to pro-

duce stray nucleation during growth; this tendancy increased

with content.

Grain boundary diffusion measurements were completed

with symetrical twist and tilt bicrystals with twist orien-

tations of 40 and 100 and with tilt orientations between 30

and 300. The extremely low angle boundaries of 3* tilt and

1 40 twist produced insufficient data for definite conclusions.

The grain boundary diffusion parameter (Db8) in-

creased with the angle of misfit in pure lead self-diffusion.

The activation energy for grain boundary diffusion

decreases with increasing misfit to a limiting value of

1 5.46 *0.36 kilocalories per mole for a 30° tilt angle in

lead self-diffusion.

1 8o
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The penetration and thereby the grain boundary

I diffusion parameter (Db6) decreased with increasing impurity

content for the impurities tin, indium, and thallium in

I lead. Because the lead lattice self-diffusion coefficient

is observed to increase with tkallium present, the decrease

in the diffusion parameter is partially attributable to a

decrease in the grain boundary effective width.

Toere is a definite decrease in activation energy

I for self-diffusion with increasing thallium content. This

decrease is not as pronounced in lead with tin as an im-

purity and inconclusive with indium. This decrease in

activation energy due to the presence of impurities is

compatible with grain boundary energy decreases due to in-

purity content because there is a decrease in the effective

i width.

Fisher's assumptions appear to be satisfied in time

dependent penestratons for a 300 tilt boundary, but diffu-

sivities and activation energies between Fisher's and

I Whipple's solutions differ in lead.

i The influence of bismuth on lead grain boundary

diffusion was not determinable due to lack of observed

I penetrations.

|
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NOMENCIATRE

a Lattice spacing

Variable in Whipple's equation

"C Concentration

8 Grain boundary width

Db Grain boundary diffusivity

"Dp P Dislocation pipe diffusivity

DL Lattice diffusivity

ViDb / DL

Variable in Whipple's equation
17• Variable in Whipple's• equation

F Free energy

I(y) Unit impulse function

i Index

j Index

I k Index

Q Activation energy

C Variable in Whipple' s equation

j S Activation entropy

t Time

x Dimensional variable

y Dimensional variable

z Dimensional variable

1 86
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STATISTICAL DATA ANALYSIS

The Arrhenius equation can be expressed in terms of

logarithms, and

ln Db =InDo] (- H) / RT B-I

By substituting U(x) - in Db , bo - in Dob , b, = -A/R,

and x - I/T, equation B-1 is put in the straight line form

U(x) = bo 4 blx B-2

If the relationship B-2 were experimentally observed, in-

dividual observations would still differ from equation B-2.

Assuming a normal distribution of data points about equation

B-2, a statistically probable line can be fitted to it. Any

individual observation of this probable line would fit the

relation

yi , bo 4 blXi

Equation B-2, a least square fit, is obtained after n obser-

vations, and the constants bo and bi are found from Guest (22)

as

b, - (ncxiyi - ExiDyi) / D

bo= _r(xi) 2Eyi - ExiExiyi] / D B-3

D = nE(xi) 2 2 (Dci)2

Equations B-3 present the basis for determining diffusivities

and activation energies. Because conclusions are drawn froml 88
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activation energy values, it is necessary to find the stan-

dard deviation of b1 , the slope of the line.

Using the relationship in Guest (22),

a2(bl) = 2/D B-4

where,

2 . E(yi " U(xi) 2/(n - 2)

From equation B-4, the deviation of the activation energy

is obtained from

a(A) = R,(b1 ) B-5

Table 14 presents the activation energies obtained in this

investigation with their appropriate standard deviations.

The standard deviation of ln Do or b. is given by

a(bo) - a(1 + (Eci)2 / D]) B-6

This equation gives the probable variation of •S/R, because

fS/R = ln Do - In a 2 KT/h B-7

From B-6 and B-7 the deviation of the entropy of activation

is obtained. Therefore, for a 300 lead tilt boundary

- -5.9 4 1.2 calories per mole per degree Kelvin. This

demonstrates the validity of the negative activation entropy

values.

i
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DIFFUSIVITY CALCULATION USING FISHER'S EQUATION

Fisher's solution as quoted in equation (9) is

Ctoexp± l-erf )

For a penetration measurement, x = 0, and the diffusion

parameter Db8 is determined from
Db8 = [y 2 (4DL /t)½i / (in C/Co) 2  C-I

The following data apply to a 300 tilt grain boundary

diffusion specimen annealed at 2200 C:

Y = 0.062 cm,

DL = 7.17 x 10"12 cm2/sec,

t = 3.46 x 10 5 sec, and
c/co = 10-5.

Substituting this data into equation C-I determined Db8
-13to be 1.48 x 10 centimeters cubed per second. Assuming

the grain boundary width is 10-7 centimeters,

Db = 1.46 x 10-6 cm2 /sec
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