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CHAPTER I

INTRODUCTION

1.1. Outline of Diffusion Theory

Diffusion is essentially the redistribution of

matter due to the thermal motion of its constituent

molecules, in the absence of any externally imposed

flow or mixing effect. This manifests itself on the

macroscopic scale as a tendency for an irihomogeneous

system to become more homogeneous in the course of time,

although the final equilibrium state approached by the

system after a very long time may well not be completely

homogeneous, due, for example, to a spatial variation

of the forces acting upon the molecules throughout the

region of interest, or different forces acting upon

different species of molecules in the system.

The behaviour of diffusing systems has been studied

from two separate viewpoints. Historically the first

method of analysis treated the system as a continuum,

and a dependence of the rate of change of position of

the diffusing components upon the concentration dis¬

tribution was assumed, allowing partial differential

equations to be set up, which, together wi th the appro¬

priate initial and boundary conditions could in principle

be solved to obtain the concentrations as functions of

time and position. This was the method of Pick (1855)»
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which followed closely both in content and in time the

work of Fourier on heat conduction, and which allows

experimental observations of diffusing systems to be

interpreted in terms of parameters known as diffusion

coefficients. The second treatment was from a micro¬

scopic point of view: the individual diffusing particles

were considered to be moving randomly and the redistri¬

bution of matter was calculated using probability theory.

This approach, generally known as random-walk theory,

was adopted by Einstein (1905) and Smoluchowski (1906),

being applied by them to the Brownian motion of small

particles suspended in a liquid. Comparison of the

two descriptions enables the behaviour of the individual

atoms or molecules to be found from macroscopieally

measured diffusion coefficients.

1.2, Diffusion Coefficients

The original assumption of Pick was that diffusion

could be described by the relation

J = -Dff (i.i>

where J is the rate of transport of diffusing substance

per unit area across the given section, i£ is the
9x

concentration gradient normal to the section, and

the proportionality factor D is called the diffusion

coefficient. Equation (l.l) is referred to as Pick* s

first lav/. Prom (l.l) an equation of continuity
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3C
3t

(1.2)

can be derived in the usual way, by demanding conserva¬

tion of the diffusing material. Equation (1.2) is

known as Fickfs second lav/, and its extension to the

three dimensional forro

where D is a scaler for an isotropic solid, liquid, or

gas, and a tensor for an anisotropic solid, is straight¬

forward.

If D is a constant* (1.3) becomes

and solutions corresponding to many initial and boundary

conditions have been given, (See, for example, Crank

(1956), or Carslaw and Jaeger (1959)).

Unfortunately, it is only in exceptional circum¬

stances that D is a constant, and originally when

chemical methods of concentration measurement requiring

relatively large concentrations of the diffusing mater¬

ial were used to study diffusion in solids, D could

not be regarded as a constant of proportionality, but

had to be considered as a function of the concentration,

D(c). Boltzmann (l89h) gave a solution of (1.2) for

the concentration dependent case which was used by

= - div J = div(D grad C)
3t **"*

(1.3)

(l.U)
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Matalio (1933) to determine D(c) from the measured con¬

centration contours. The diffusion coefficient found

in this way is often referred to as the chemical dif¬

fusion coefficient, Dckein» an& can vary by a factor of
about ten with concentration in a two component system.

An interpretation of Dgiven by Darken (1948)

has been reviewed many times in the literature (see,

for example, Le Claire (1949) or Shewmon (1963)), and

relates Dchem to the fractional concentrations NA, Kg,
of the two components A and B of a binary system, and

to the two self-diffusion coefficients, DA» Dg, of the
systan by the relation

D . « (JLD. + H.D_)chera B A A fl
3(lnYA)

1 +

3(1UHa)
(1.5)

Here the departure of the solid solution from the ideal

state in terms of the chemical potential » is used to
fi

define the activity coefficient ya • Ideally uA =
constant + RTlnK"A, (T being the absolute temperature,and
R the gas constant per mole), and if the chemical poten¬

tial at fractional concentration $A is actually given by
\iA = constant + RTlnaA, then ya 5 aA^A* (In deriving
(1.5) it is assumed that the driving force for diffusion

is not the chemical concentration gradient, but the

gradient of Hie chemical potential). The value of

Dchem stained from (1.5) is that for the composition
specified by NA» Ng> and the diffusion coefficients DA,
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D-r, s are those that would be measured in a homogeneous

alloy of the same composition by using a radioactive

tracer technique, so that the diffusion could be studied

with no change of chemical concentration taking place.

In dilute solutions y is a constant, and if a small

quantity of component A is diffusing as an impurity in

a lattice of material B, equation (1.5) reduces to

15
chem DA (I*6)

independent of concentration for NA << Kg.
Since the use of radioactive isotopes as tracer

materials allows diffusion to be studied using concentra¬

tions vanishingly small by chemical standards, systems

characterised by concentration independent diffusion co¬

efficients can be investigated by using isotope techniques,

and much post-war diffusion research has been carried out

in this way. We shall refer to diffusion coefficients

measured for very email concentrations of diffusing im¬

purity atoms as tracer diffusion coefficients.

3. Random Walk Theory

If a single atom makes a series of n jumps, the

distance and direction of the 1 jump being _rits
final position will be at

n

R = I La (1.7)

referred to its initial position as origin. In the
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absence of any preferred direction of jump, the mean

aisplacemsnt, R, averaged over many atoms, will be zero.
~~2

However the mean square displacement R will be non-zero,

and can be found as follows. On squaring equation (1.7)

we obtain the equation

n-1 n-j„2 2R » ar 1 + | l l'COB 9 . I (1.8)"
0=1 i=l 1,1 J

where 0- is the angle between r. and r. . f and the1 9 J-"r J X J-"rJ

simplifying assumption that all jumps are of equal

length has been made. As our assumption that there is

no preferred jump direction implies that jumps r and ~r

are equally likely, then, taken over a large number of

atoms, the double sum term of equation (1,8) will aver¬

age to zero, and the mean square displacement after n

jumps is found to be

R2 - nr2 . (1.9)

In deriving this equation we have also assumed that

any one jump is independent of the previous jumps made

by the atom. If this is not so, we are not justified

in averaging to zero the double sum term in equation

(1.8), and equation (1.9) has to be modified to

R2 ■ nr2f (1.10)

where f is known as the correlation factor. The cor¬

relation factors for various mechanisms of diffusion

have been calculated by Compaan and Haven (1956, 1958).
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l.U. Interpretation of Diffusion Coefficients in Terms
of Atomic Movements

Let us consider the atoms over which we averaged

to obtain equation (1.9) to have all started their mot¬

ions from a common origin. Our assumption that no pre¬

ferred jump direction exists demands a spherically

symmetric distribution when a large number of atoms have

each performed n jumps. If we now examine the solu¬

tion of (1.1+) for an initial point source of strength

(total mass of diffusing material) M, allowed to diffuse

into an infinite isotropic medium by a process character¬

ised by a constant diffusion coefficient, which is given

by Crank (1956) to be

C(R,t) = ~77r exp(-R2Abt) (1.10)
(^irDt)

and if we now consider the diffusing material to be

composed of atoms, we can take the probability of an

atom lying between R and R + dR after time t as

W(R,t).dR » C.tirR2.dR . (l.ll)

Thus the mean square displacement of the atoms from the

source is

fco

R2 = R w(R,t).dS a 6ut . (1.12)
' o

By demanding that the value of given by (1.9)
and (1.12) be the same, we find that

K2 = 6Dt = nr2 (1.13)
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or
(1,1b)

where r = n/t is the jump frequency of the diffusing

atoms.

A more satisfying method of obtaining D in terns

of atom movements has been provided by Chandrasekhar

(19U3) by considering acne-dimensional random walk to

obtain the probability distribution of atoms after n

jumps. This probability distribution becomes identical

with the solution of (l.U) for diffusion from a plane

source if it is assumed that

differ on account of the number of independent degrees

of freedom in the two cases, the one-dimensional analogy

of (1.13) being

The assumption that each jump direction is equally

probable demands that there be no appreciable chemical

concentration, temperature, pressure, or external

potential gradient, and it should be emphasised that the

interpretation of D given here applies only to self-

diffusion, or to dilute tracer diffusion.

i'5. Mechanisms of Diffusion

Many mechanisms for solid diffusion have been

(1.15)

The numerical factors •§■, and \ , in (l.li+) and (1.15)

2 2
X « 2Dt = nx • (1.16)

r
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proposed in the past, the ones considered to he the most

likely beings

(a) the vacancy mechanism,

(b) the interstitial and interstitialcy mechanisms,

and

(c) the ring exchange mechanism.

Vacancies (i.e. empty sites in a crystal lattice)

can allow diffusion if a neighbouring atom is energeti¬

cally able to move into the vacant site, leaving a new

vacancy in its original position. The movement of an

atom from left to right is then equivalent to the move¬

ment of a vacancy from right to left. In this way the

atoms redistribute themselves throughout the lattice.

In an interstitial solid solution, where the small

solute atoms occupy interstitial positions in the large

atom solvent lattice, it is difficult to visualise dif¬

fusion of the interstitial solute taking place by any
:

method other than jumps between neighbouring interstitial

positions. The interstitialcy mechanism is similar to

this, but requires that an atom A, in an interstitial

position, move by displacing an atom B, occupying a

correct lattice site, into an interstitial position,

atom A then taking up the lattice position originally

occupied by B.

The process of ring exchange occurs when two or

more atoms act co-operatively to exchange positions by

rotation about a common centre.
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It is a matter of some difficulty to establish which

mechanism is operating in any given case (except for the

case of interstitial solutions with solute atoms much

smaller than the solvent atoms). In principle theoreti¬

cal estimates of the thermal energies required for the

various mechanisms to operate give some guidances the

process requiring the least energy being the most pro¬

bable. However these computations are difficult, and

the well established mechanisms are supported by other

evidence. For the self-diffusion of copper, the cal¬

culations of Huntington and Seits (1942, 1949) indicate

that the vacancy mechanism is energetically favoured,

and the void formation evidence from the experiments of

Smigelskas and Kirkendall (1947) convincingly confirms

this. The work of Compaan and Havan (1956) then in¬

dicates a correlation factor of 0.78 for this system.

As a silver atom is about the same size as a copper atom,

the diffusion of silver in copper probably takes place

also by the vacancy mechanism. However we cannot then

assume that the correlation factor in this case is the

same as for self-diffusion in copper, as Le Claire and

Lidiard (1956) show that for impurity diffusion f

depends upon the relative rates of exchange of vacancies

with impurity atoms, and with solvent atoms, and is

probably temperature dependent.
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1,6. The Tein-oerp.tu.re Dependence of Diffusion

Experimentally it is found that the variation of

diffusion coefficients with temperature can be described

by the Arrhenius equation

D(T) = DQexp(»Q/RT) (1.17)
where DQ and Q are constants known as the frequency
factor and the activation energy respectively. This

strong temperature dependence demands that the tempera¬

ture of a diffusing system under study be vary carefully

controlled and measured. Metallic diffusion is normally

studied by raising Hie system, initially at room tempera¬

ture, to a high temperature, and keeping this temperature

constant for a suitable period before quenching the

system to room temperature for concentration analysis.

The duration of this hi$i temperature anneal may have to

be corrected for the warming-up and cooling periods but

the rate of diffusion at room temperature is so small

that it can be neglected, and the concentration contour

of diffusing material thus frozen can be studied at

leisure at room temperature.

Theoretical expressions for the diffusion coefficient

for different mechanisms have been given by many authors,

treatments of the vacancy, interstitial, interstitialcy,

and ring exchange mechanisms being given by Zener (1950).
In general the jump frequency ris given by an expression

of the form

r apv exp(-AG/RT) (l.l8)
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where p is the possible number of jump directions from

one equilibrium position in the lattice, v is an

effective frequency giving the average number of times

per second that a diffusing atom attempts to surmount

its constraining energy barrier in one of the possible

directions, and ag is the difference in the Gibbs free

energy of a region of the crystal when an atom in It is

taken from its equilibrium position to the saddle point

of the energy barrier. If ag is written in terms of

the enthalpy ( ah ) and entropy ( as ) changes associated

with the process, equations (1.18) and (1.14) together

yield

D = iaa2pv exp(AS/R) exp(-AH/RT) (1.19)
■

where a is defined by

a&~ - r'~ (1.20)

* a* being the lattice constant. The terms

^ a a2 p v exp(as/r) are then identified with DQ, and i
akIs identified with Q. However a precise evaluation

of Dq and Q from equation (1.19) is nearly always im¬
possible, although Wert and Zener (1949) achieved some

success in calculating D for interstitial diffusion byo

assuming that all the work involved in an atomic jump

appeared as lattice strain, and then using experimental

data for the shear modulus to estimate as . Also

Huntington and Seitz (1942) obtainedfhir agreement with
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the experimental value of Q for self-diffusion in copper,

assuming a vacancy mechanism to he operative.

For the particular case of dilute impurity tracer

diffusion by the vacancy mechanism in f. c. c. metals,

we know that a = 1/2 and p - 12, and including also the

temperature dependent correlation factor we can write

equation (1.19) as

O f )
D = a vf expUs/R) exp|-(AHa + AHf)/RTJ (1.21)

where and AHf are the enthalpies involved in the

exchange of an impurity atom with a vacancy and in the

formation of a vacancy next to an impurity atom re¬

spectively, and v is here the effective vibration fre¬

quency of an impurity atom. By differentiating (1,17)
and (1.21) with respect to l/T, assuming a temperature

dependence for f , we obtain, following Le Claire (l962)b
!

Q = AH + AH_ - C (1.22) I
ia x

where C is defined as Le Claire shows that a

small but definite variation of C with temperature is

to be expected, and the computed values of C indicate

that Q should increase slowly with decreasing diffusion

temperatures. A variation in Q of this type would lead

to depressed values of D at low temperatures, and the

usual Arrhenius plot of log D against l/T might at low

temperatures be expected to drop below the straight line

indicated by equation (1.17) for such a plot. Ex¬

perimentally, however, such plots often indicate
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an enhanced diffusion coefficient at the low temperature

end, and we must conclude that some other effect is

overcoming the small variation in Q. A process giving

just such an effect was analysed by Hart (1957)# and

depends upon the well established preferential diffusion

down dislocations in the lattice.

1.7. Dislocation Enhancement

Hart obtained an expression for the overall ob¬

served diffusion coefficient in a crystal lattice con¬

taining a random distribution of dislocations by a

simple random walk analysis, ignoring correlation

effects. Considering the mean square migration dis-
~~2

tance of atoms in the composite material, S , to be

the sum of the mean square migration distance in the
2

lattice, X , and the mean square migration distance in

dislocations, Hart writes

S2 = nh2 + X2 (1.23)

where n is the number of encounters of a diffusing atom

with dislocations, and h is the mean square distance

travelled in a dislocation for each encounter. If now

t is the total anneal time, and t is the average

duration of an atom's encounter with a dislocation, then,

quoting from Hart's paper: "For the temperature range

for which the mean migration time of atoms between dis-
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locations is short compared to t, the fraction of the

time which a diffusing atom spends in the matrix is

(l-F), where P is the fraction of all the atoms which

are * in dislocations*. Correspondingly, P is the

fraction of the time spent in dislocations." This yields

nt - Ft (1.2M

and following Hart we obtain the expression

D = F(h2/2x) + (1 - F)Dl (1.25)

by using equation (1.16) to write

X2 -- 2D (l - F)t (1.26)
JL

and

s2 ■ 2Dt (1.27)

making use also of equations (1.23) and (1.2ij.), where

is the diffusion coefficient for the perfect lattice,

and D is the observed overall diffusion coefficient for
"

"2
the composite material. Assuming that the term (h /2t)

is the diffusion coefficient for dislocation diffusion,

Dd» Mortlock (i960) writes (1.25) as

D * FDd + (l - F)DL . (1.28)

Mortlock then points out that in the case of impurity

diffusion, the concentrations of foreign atoms in dis¬

locations (C^) 9 and in the perfect lattice (C-^), will
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probably be different, and on the assumption that the
ratio will be given by the Cottrell (19U8)

"atmosphere" expression

Cd/CL = exp(V/RT) (1.29)

where V is the binding energy of an impurity atom to a

dislocation, he writes equation (1.28) as

22 « F -2-2. = F ^2 exp(V/RT) (1.30)
L 1 L L

where

AD = D - Dl. (1.31)

Hart's treatment, however, is that for a one-

dimensional diffusing system, and his definition of

h2 is the mean square nroiected distance travelled along

a dislocation. With this definition of &2 the ex¬

pression ( h2/2r ) can be interpreted as being about

if the majority of jumps made by a diffusing atom in a

dislocation are along the dislocation direction. This

factor of j was introduced by Mortlock et al.(l96o).
Although preferential diffusion down dislocations

has been directly observed (e.g. Coulomb et al.(l958)),

and has been indirectly inferred from the enhanced dif¬

fusion down grain boundaries and their assumed disloca¬

tion structure (e.g. Turnbull and Hoffman (195*4-))» the

mechanism of such diffusion is not clear. Love (196U)
has proposed a model for dislocation diffusion, which
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indicates the same form of temperature dependence as

for volume diffusion, but it is not possible to estimate

a frequency factor or activation energy from the model

with any precision,

1.8. A Particular Solution of the Diffusion Equation

If diffusion in a system describable in terras of

a single, constant, concentration independent diffusion

coefficient, D, is allowed to take place from a very

thin plane source into a semi-infinite medium, the

appropriate solution of equation (1.2) is given by

Crank (1956) to be

C » CQexp(-x2ADt) (1.32)
where CQ, C, are the concentrations of the diffusing
material at the surface, and at depth x respectively,

after diffusion has taken place for a time t.

It is usual to analyse a diffusion specimen approxi¬

mating the above initial and boundary conditions by

taking sections parallel to the plane face and deter¬

mining the concentration in each section. Under these

conditions Tannhauser (1956) has shown that it is not

necessary that the source cover the specimen surface

completely for equation (1.32) to apply, but that the

concentration contour obtained by finding the average

concentration in each section as a function of section

depth will conform to equation (1.32) whatever the
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initial distribution of diffusant over the surface.

The determination of the diffusion coefficient from

such a contour is then carried out by plotting ln(G/C0)
2

against x , the gradient of the resulting straight line

being -1/UDt.

1*9. Grain Boundary Diffusion

As grain boundaries are now thought to be "construc¬

ted" from dislocations, dislocation etch pit studies

(Vogel et al.(l953)) having convincingly demonstrated

that a low angle tilt boundary is composed of a row of

straight edge dislocations, dislocation diffusion may

well have features in common with grain boundary dif¬

fusion. The activation energies for diffusion along

grain boundaries and along dislocations may well be

similar, and the concentration contour found for the

usual experimental situation of diffusion from a thin

source into a semi-infinite medium might also be ex¬

pected to follow the same form in the two cases, namely

In (relative concentration) proportional to distance

into the specimen, x. Here the concentration is that

average concentration in a slice parallel to the sur¬

face, and strictly the proportionality is not to x, but

to x6//5 (Le Claire (1963)).
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CHAPTER II

DESIGN OF EXPERIMENT. AMD RELEVANT THEORY

2.1. Conditions for the Observation of Hart Enhancement

(a) The Criterion of Lidiard and Tharmalingam

If during the course of the diffusion anneal every

j"marked" radioactive atom (or "tracer" atom) in the
region where concentration measurements are to be made

has migrated sufficiently far to have encountered a large

number of dislocations, then certainly the random walk

analysis of Hart should describe the diffusion process

well, and so long as the concentration measurements are

made in volumes large enough to include many dislocations,

so that the ratio is constant from volume to volume

(N^ being the number of all atoms considered to be in
dislocations in a given volume, and the number occupy¬

ing normal lattice sites in the same volume), a single

diffusion coefficient, given by equation (1.28 )t will be

observed. For this reason Lidiard and Tharmalingam

(1959) suggest that the condition

(Djt)s » L (2.1)

must be satisfied for equation ( f*2^ ) to hold, where L

is the average distance between dislocations, since the

average migration distance of a tracer atom is of the

order of (Dt t)?.



(b) The Criterion of Harrison

Again, Harrison (l96l) has considered a model for

diffusion in crystalline material containing dislocations.

However in Harrison's model the dislocations are taken

to be concentrated in low angle boundaries between the

grains which collectively comprise the whole crystal,

| and to render the mathematics of the problem tractable
he considers a spherical crystal composed of equal

spherical grains, each of radius a . Prom this model

he derives the condition

a2/DT $ 10~5t (2.2)
S L

| for the diffusion to be characterised by a single dif¬

fusion coefficient. This is of course almost the same

condition as that suggested by Lidiard and Tharmalingam,

if we consider that both L and a are measures of the
g

distance a tracer atom will have to travel between dis¬

locations.

j 2.2. Experiments Performed under Conditions not
Satisfying these Criteria

As Harrison points out, violation of these con¬

ditions should lead to a diffusion process which is not

describable in terms of a single overall diffusion co¬

efficient, i.e. one for which Pick's law is not obeyed,

i For the usual experimental situation of diffusion from

a plane source into a semi-infinite crystal, this would
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mean that a plot of In (relative concentration) vs.
2

(depth) would not yield the expected straight line, as

this form is dependent upon Pick's law being obeyed.

However plots of this type have in several cases yielded

convincing straight line behaviour when diffusion has

taken place under conditions which clearly do not sat¬

isfy (2.1) or (2.2). For we can consider a minimum

estimate of L to be 1 to 10 microns for a well annealed

metal crystal (corresponding to dislocation densities of
8 6 ?

10 and 10 lines/cm respectively), and non-linear
2

ln(relative concentration) vs. (depth) plots could then

be expected for diffusion depths less than about 10 or

100 microns. Among the results obtained for metallic

diffusion which fall into this category, and yet exhibit

linear behaviour, are those of Mackllet (1958), Mortlock

et al. (i960), Hirone et al. (1961), and Hirone and

Yamamoto (1961).
The linear plots observed in these cases can be

explained by supposing either that so few tracer atoms

are carried by the dislocations that any deviation from

linearity is just not observable, or that the postulated

criteria (2.1) and (2.2) are too severe, and that the

Hart equation ( 1>2£ ) is valid for experimental conditions

violating them. As the Hart equation gives convincing

order of magnitude agreement with enhanced diffusion

coefficient values found at low temperatures, e.g.

Hoffman and Turnbull (1951), Mackliet (I958),and Mortlock

et. al. (i960), it seemed preferable to believe the lattejr
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supposition, and accordingly we considered the problem

of Hart enhancement from a different viewpoint, and re¬

examined the conditions under which equation (1.28 )

could be expected to hold.

2.3. Development oi' the Hart Equation

The model used here for analysing diffusion in a

region where dislocation diffusion is appreciable is as

follows. As the experimental method used was to diffuse

the tracer material into a rectangular block of crystal,

and after the diffusion anneal to section the specimen

parallel to the activated face, we neglect at first

effects due to dislocations lying in planes parallel to

the activated face, and consider a rectangular block of

single crystal material of unit cross-sectional ares in

the (y, z) plane, with a number d of dislocations, each
2

of effective cross-sectional area a , distributed

through the crystal, and all parallel to the x axis.

The rate of transport, J, of tracer atoms in the

x direction across a plane parallel to the (y, z) plane,

and situated at distance x from the surface, is given by

Pick's first lav/ to be
c

(1 - da"* )D.
2

L
(2.3)

so long as the ratio of concentration of tracer

atoms in dislocations to the concentration of tracer

atoms in the lattice has reached an equilibrium value,
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independent of time, at this position. Derivation of

Fick's second lav/ in the usual way then yields
2 2

f~ = (1 - da2)D + da2D —^ (2.10st l 3x2 a 3x2

where

C ■ (l — da2)CL + da2Cd « CL (2.5)

is the overall concentration for this value of x, the

approximation C * CT heing valid for reasonable values-b
2

of d and a •

If now, as Mortlock (i960) has suggested, the equi¬

librium ratio C^/CL is given by Cotti'ell^ (191+8) ex¬
pression, exp (V/RT), #iere V is the binding energy of

solute atoms to dislocations (expressed here in cal/mole)

R is the gas constant per mole, and T the absolute tem¬

perature, we can write

C ■ C exp(V/RT) * C exp (V/RT) (2.6).
a h

and equation (2.1+) may be written

|£«d£| (2.T)8t
9x

where

D » (1 - da2)DL + da2Ddexp(V/RT)
* Dt + da2D, exp(V/RT) (2.8)

Jj &

which is the Hart equation for the case of impurity dif¬

fusion.

In a real crystal the dislocations are randomly
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oriented* and are not all parallel to the x direction,

so we should introduce a factor of about 1/3 in the

second term of equation (2.8), as pointed out by Mortlock

et al. (1S60), if d is the experimentally determined dis¬

location density. Equation (2.8) can thus be con¬

veniently written as

f. « i d a2 ^ exp(V/RT) (2.9)
L Is

where

ad s D - Dt . (2.10)Ij

2.4. Validity of the Analysis

For the experimentally measured value of D to be

given by (2.8) (i.e. for the Hart equation to hold) the

equilibrium concentration ratio Cfi/CL must be achieved
in a time short compared with the total anneal time for

all values of x in the region of measurement. If we

have the usual experimental situation of a thin layer of

tracer material deposited on the flat surface of a single

crystal specimen, and allowed to diffuse in perpendicular

to the surface, we expect the diffusion profile to take

the well known form

C ~ CQexp(-x2/tot) (2.11)

in this region of rapidly achieved equilibrium (which will
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of course be the region closest to the surface), and to

deviate from this at depths so great that equilibrium

conditions have not been in force for most of the anneal

time. To estimate the depth at which this deviation

i will take place, we consider the following situation.
|

In our model let us consider that at first no ex¬

change takes place between the lattice and the disloca¬

tions, except very close to the surface, where we shall

assume that the equilibrium value of is quickly-

established by surface diffusion. After time t', the

concentration in the lattice alone can be described by

CT(x,t*) » C exp(-x2ADTt5) (2.12)ii O h

and that in the dislocations by

C,(x,tJ) = C exp(V/RT).exp(-xtADft*) . (2,13)do d

As we expect to be working in a region where x2 « s

we can write equation (2.13) as

C, = C exp(V/RT) (2.1H)d o

except for very short times. If we now remove the re¬

striction that no interchange takes place between the

lattice and dislocations, and consider that the rate of

interchange will be controlled by which is very much

less than D,» we can still assume that the concentration
d

in the dislocations in the region of interest becomes

Coexp(V/RT) almost immediately. This "initial" con¬
centration will then decay by interchange to the equili-
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brium value = CL(x, t*) exp(V/RT).
Crank (1956) has shown that for diffusion from a

cylindrical source of radius r, and initial concentra¬

tion KQ# the concentration at the cylinder centre after
time t* is

K = Koj 1 - expC-r* ADjt®) j (2.15)
where is the diffusion coefficient for the whole region.

If the experimental conditions are not too far removed

from this model, then we can say, using equations (2.10),

(2.12), and (2.13)» that equilibrium will be reached in

time t*, at a depth X given by

CL(X,t9 )exp(V/RT) = Cq( 1 - exp(-r2ADLt')) exp(V/RT) (2.16)

which yields

„2 (UD„t9
(2.17)X

isx- = ln
Jj

jL_
2

r

for r2ADLt* « 1.
—8

If t* is taken as O.lt and r is about 5 x 10 cm,

we obtain

X/(DLt)^ » ( log10ADLt/10r2) )2 (2.18)
and for values of (D^t)^ between 1000 microns and

4
0.1 microns, X/(DLt)2 varies between 3.5 and 2,0,

'We are assuming then, that if » D^, and if the
rate of diffusion out of dislocations is governed by

the value of at a particular depth will build up

initially by rapid diffusion along dislocations from the
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high concentration regions nearer the surface, so that

becomes greater than Cjexp(V/RT) at this depth, and
then the equilibrium ratio 0^/°^ = exp(V/RT) will be
achieved essentially by two processes;

(i) sideways diffusion out of the dislocations, decreas¬

ing C^, and
(ii) diffusion through the lattice, perpendicular to the

surface, increasing C,»

The model used takes account only of (i), but as

(ii) helps to decrease the time taken to achieve the

equilibrium ratio, it should not overestimate the range

of validity of' (2.9).

It would seem, therefore, that we can expect the

Hart expression for D to hold up to penetration dis¬

tances of a few times the diffusion depth, (D^t)^, and
■>? —

the ratio X/(D^t)2 should increase slowly with (D^t)2,.

2.5. Expected Temperature Dependence of Enhancement

Assuming that
\

, >

= DLoex-p^"~!^i/KI^ (2.19)
and

Da = Ddoex^-Qd/RT) (2.20)

I where 0^* and. Q. are the frequency factors and
activation energies for the pure lattice and for dis-

^cations respectively, we can write equation (2.9) in
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the form

= i d a2 ^2. exp( (Qj, - Qd + V)/BT ) (2.21)
L Lo

which shov;s that the enhancement will increase as the

anneal temperature becomes lower.

2»6. Choice of Sectioning Method

In view of the expected increase of enhancement

with decrease of anneal temperature, and the consequent

desirability of working with short diffusion depths, it

was decided to develop a new sectioning technique to

enable the concentration contours of short diffusion

depth profiles to be analysed, as conventional lathe

sectioning techniques are limited to relatively large

diffusion depths ((Dt)e> 100 microns, usually ) by the
thickness of section that can be removed while retaining

confidence in the measured thickness of each section,

and the available methods of analysing short penetration

depths did not really seem satisfactory. (The chemical

sectioning technique of Barr et al. (1962) was rejected

because of the awkwardness of the absorptiometric method

of determining section thickness, and autoradiography

was not considered suitable due to the difficulty of in¬

terpretation of the photographic image if the diffusion

depth is not very much greater than the resolution of

the film). However an obvious variation of the chemical

sectioning technique was to use electrolytic removal in-
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stead of chemical removal so that a record of current

could be used to determine section thickness via Fara¬

day's laws, and this approach was adopted.

The necessity for the analysis of short diffusion

depth profiles becomes obvious on consideration of the
±

t2 dependence of the diffusion depth, and the negative

exponential dependence of D upon temperature. Assuming

; that the duration of the diffusion anneal will be no

longer than, say, 10 sec (a two week anneal time seems

to be a convenient upper limit, imposed as much by the

reliability of temperature control as by the patience

of the experimenter), then the smallest diffusion depth

that can be analysed by any given method of sectioning

sets a lower temperature limit for the anneal, this

temperature depending upon the system being studied.

The futility of attempting to obtain low temperature

results just by increasing the duration of anneal can be

seen by differentiating the relation

Djt - exp(-QL/RT)

obtained from (2.19) to get

it = (2.22)t RT T V '

i
if (DLt)2 be kept constant. Writing Tm for the melting
temperature, it is known that Qis about 30 col/role/

i °K for most metals diffusing in copper( see for example

Le Claire (19U9) ) and if the anneal temperature is about

§Tm» Qj/RT will be of the order of 20, so that a 5%
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decrease in temperature will require a doubling of the

time of anneal. It should perhaps be pointed out that

only the lattice diffusion coefficient has been con¬

sidered in deriving this result. If dislocation en¬

hancement is taken into account the situation is somewhat

improved, but it is still true that a small decrease in

temperature requires a relatively large increase in

anneal time, if the diflUsion depth is to be kept cons¬

tant.

!

2.7. Choice of Diffusion System

The choice of the diffusion system studied was

determined by several factors. First of all it was

necessary to study a system for which high temperature

diffusion data were already well established. Also it

was desirable to choose a tracer element with a fairly

long half-life so that long counting periods could be

employed, and a crystal lattice material which could

easily be removed electrolytically.
"110

The system Ag diffusing into a copper single

crystal satisfied all these requirements, and this was

the system chosen. The tracer diffusion of silver in

copper had been studied by Mercer (1955) in the temper¬

ature range 850°C to 1070°C, and also by Tomizuka (i960)
in the range 66l°C to 1025°C, The half life of Ag110
is 270 days, and copper is of course an ideal metal for

electrolytic removal.
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CHAPTER III

DESCRIPTION OP APPARATUS AND EXPERIMENTAL

TECHNIQUES EMPLOYED

3.1* Summary of Procedure

(a) Preparation of the Specimens

Single crystal specimens were prepared from spec¬

trograph!cally standardised, 99.999$ pure copper, sup¬

plied by Johnson Matthey & Co. Ltd. These were grown

by the Brid^nan (1925) method in a graphite crucible,

under a vacuum better than 10 mm Hg, in the fbrm of

discs, §" in diameter, and thick. After a li^t

etch (in dilute nitric acid) Hie discs of copper were

examined for grain boundaries, and any polycrystalline

specimens were rejected. No attempt, was made to grow

the crystals to a particular orientation, as it is

generally accepted that diffusion in cubic metals is

independent of direction.

The apparatus used for sectioning the specimens

(described later) was also used to electropolish one face

of each specimen. After removal of some 250 microns,

a well polished surface was obtained, which was slightly

convex, but the radius of curvature did not change with i

further polishing . (This was checked by observing

Newton Ring interference fringes between an optical

flat and the specimen surface at various stages during
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polishing). In addition to this large scale curvature ,

the surfaces also had a small scale roughness, the varia¬

tion from the "mean surface" being estimated by several

methods to be about * 0.25 microns. Although this was

not as gaod as could have been obtained by mechanical

polishing, it was considered better to start with a sur¬

face as free from mechanical working as possible.

To relieve any stresses set up during the cooling

period in the crucible, the polished specimens were

annealed under vacuum for about 1 hour at 950°C, and were
j

slowly cooled.

The Ag^10 tracer was deposited on the specimens by

vacuum evaporation, and was confined to circular areas
i

§" in diameter concentric with the §" diameter specimen

surfaces, so that surface diffusion down the specimensides

was prevented. (One specimen surface was autoradio-

graphed before and after the diffusion anneal to find

the extent of surface diffusion. No significant change

was observed in the surface distribution of the tracer,

and as this was checked on the specimen annealed at the

highest temperature it is certain that surface diffusion

did not contribute to the concentration of tracer measured

as a function of depth). The thickness of the deposited
I

layer was estimated to be about 50 $.
The diffusion anneals were carried out under vacuum

(again better than 1Q~^ mm Hg) and a continuous record

kept of the temperature. A Johnson Matthey Pt: 13^Rh - Pt

thermocouple was used with its junction in contact with
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the specimens, and by backing off the thermocouple po¬

tential with a potentiometer the temperature was recorded

on a chart galvanometer with a scale sensitivity of about

1 cm/°C. The uncertainty in the temperature of anneal

was estimated to be ± 1°C, and the uncertainty in the

anneal time (corrected for warm up) negligible,

(b) Determination of the Concentration Contour

The sectioning apparatus (described in detail later)

was used to deposit the surface of the specimen, to a

depth of about 25 microns, along a stainless steel strip

in a continuous uniform layer 150 cm long, achieving in

this way a "magnification" of about 6 x 10*4 times, (The

dimensions refer to the final form of the sectioning

apparatus)•
The distribution of Ag110 along the deposited trace

was then obtained using an Nal(Tl) scintillating crystal

and a photomultiplier tube mounted on the same trolly

that carried the specimen holder during sectioning. The

scintillating crystal was enclosed in a lead block, with

a f-" diameter aperture to expose only a small portion of

the trace at any time. Standard counting equipment was

used to obtain a total gamma count as a function of

position on the trace, this then being converted to

relative concentration of silver as a function of depth.
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3.2. The Crystal Furnace and Crystal Growth

As the crystal furnace already operating in the

laboratory at the time when this research was started was

beginning to give trouble at hi^x temperatures, it was

decided to use it only for low melting point metals, and ;

to design a new furnace for use with materials melting

between 1000°C and 2000°C.
A visit to the Natural Philosophy Department of the

University of Aberdeen revealed several interesting fea¬

tures of their many crystal furnaces, and it was decided

to incorporate some of these in our own design. The

most important of these were the use of graphite for the

heating element and one or two other components, the con¬

struction of the inner radiation shields from molybdenum

and a metal bell jar which allowed water-cooling pipes to

be soldered on to it externally.

It was decided to make the operation of the furnace

fully automatic after the pumping down period, and the
i

sequence of operations is as follows. First the loaded

crucible is positioned correctly in the furnace, the re¬

quired temperature is selected on the dial of an Ether

"Transitrol" anticipatory temperature-controller, and

'the times at which

(a) the crucible is to start its drop through the hot

zone, and

(b) the power to the furnace is to be switched off,

are pre-set on interval clocks. The bell jar is then
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lowered on to the hase plate and the pressure pumped dom

to better than 10~^mm Hg. After this the power to the

furnace is switched on, and the following operations

take place automatically. The Variac supplying the

power to the furnace (giving a maximum power of 7kVA) is

slowly driven up until the temperature reaches the de¬

sired value. For the growth of copper singLe crystals

it was found that a warm-up period of 2 hours to a peak

temperature of 1230°C (corresponding to setting the

Ether "Transitrol" to 1150 C) was slow enough to prevent

outgassing raising the pressure above lOnrcm Hg except

for a very brief period occurring at about 1+00°C when

the pressure rose rapidly to above 10~^mm Hg. (The

cause of this pressure rise has not been identified).
An interval time switch is used to obtain this rate of

temperature increase by switching the Variac drive motor

on for two minutes in every five. When the operating

temperature is reached, the Ether "Transitrol" takes

command of the power supplied to the furnace in order

to keep the temperature constant in case of any dis¬

turbing influence such as mains voltage fluctuation or

variation in ambient temperature. After 15 minutes

at the operating temperature to allow thermal stabilisa¬

tion, the dropping mechanism is started, and the crucible

drops slowly through the hot zone with a velocity of

h.h mm/min. On completion of the drop, which takes

i+0 minutes for an average length of crucible, the

power to the furnace is switched off, ana the Variac
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drive motor returns to the starting position in readi¬

ness for the next run.

After a cooling period of some i> hours, "by which

time the crucible has dropped to 50°C, air is admitted

and the crucible removed from the furnace,
j

The furnace is protected against the coolant water

supply being reduced, the diffusion pump breaking down,

and thermocouple fracture, by devices to cut off the

power to the furnace in the event of any one of these

failures taking place.

Graphs of the temperature distribution in the fur¬

nace for different setting of the Ether "Transitrol"

are given in fig, 3,1, These were obtained by in¬

stalling a thermocouple in a dummy crucible, and re¬

cording the temperature continuously during trial runs,

I As the temperature distribution in the furnace depends

upon the crucible position, these can only be regarded

as a guide, but they do show that the temperature grad¬

ient at the melting point of copper can be varied from

approximately 20 to 35°C/cm by altering the temperature

control position. However, above a control setting of

1250°C (peak temperature 1330°C) the copper tended to

adhere to the graphite crucible, and this confined the

, useful range of temperature gradients to 20 to 25°C/cm.
Although the original drop rate (i+.U mm/min) was

completely satisfactory for the growth of single crys¬

tals, it was found necessary to decrease this consider-



Distance from Baseplate (in.)
'

- -

Temperature Distribution in the Crystal Furnace.



37.

ably for the growth of copper bierystals. (The bi-

crystals were not used in the work described here).
A block diagram of the furnace control system is

given in fig. 3.2, and a photograph and diagram of the

furnace interior in figs. 3.3» and 3»h*

The crystals were initially grown in the form of
I

rectangular prisms in a graphite crucible, and cut to

size with a thin carborundum slitting wheel, but in

order to minimise the mechanical work suffered by the

specimens they were eventually grown in the graphite

crucible shown in fig. 3.5* in the form of -|" dia.

if" thick discs, with connecting links of $rw square

section. The disc specimens were separated by coating

the whole crystal with paraffin wax, and removing the

wax from the connecting links, which were then dis¬

solved in a bath of nitric acid.

The copper used for the growth of the specimens was

supplied by Johnson Matthey & Co. Ltd., and a spectro¬

graph^ analysis is given in Appendix I.

3.3. Evaporation Technique

After the specimens had been pre-armealed, the
110

radioactive Ag tracer was deposited upon their pre¬

pared surfaces in the standard evaporator shown in

fig. 3.6. The specimens were activated, nine at a-

time, using the evaporation unit shown diagrammatically

in fig. 3.7. This was so designed that there could be
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no escape of the radioactive evaporant from the glass

casing so long as the evaporating atoms followed

straight line paths# A thorough examination of the

evaporator baseplate and bell jar with a radiation

monitor after completion of evaporation and removal of

the evaporation unit,showed that the unit was perfectly

satisfactory in this respect, no increase above normal
'

background level ever being detected.

The molybdenum strip from which evaporation took

place was cut to one half its width at the evaporation

position to raise the temperature at this point well

above that for the rest of the strip. This served a

twofold purpose; it reduced the total amount of heat

produced within the glass cylinder, decreasing the

risk of it fracturing, and it reduced the possibility

of silver being re-evaporated from other parts of the

strip.

The specimens were laid in |" dia. holes sunk half¬

way through tiie aluminium carrier plate, and concentric

with §" dia. holes passing right through the remainder

of the plate to define the area of exposure to the

to the evaporant.

The silver used for evaporation was in the form of

0.005" dia. wire as supplied by Johnson Hatthey & Co.

Ltd. (A spectrographic analysis of this silver is given

iri Appendix I). The wire was cut into 2 cm lengths,

each of which was folded into a compact shape before

dispatch to Harwell for activation. Irradiation in
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the Harwell reactor DIDO for a period of 8 weeks at a

pile factor of 33 (5.3 x 1012n/cm2/sec) produced silver
110

with a specific activity of 280 mc/gm of Ag ,

j (half-life 250 days). The production process is

j Ag10^(n, Y )Ag110m, and the production of Ag10® by the
process Ag10^(n, y Mg*1"0^ occurs simultaneously. However

X081 as the half-life of Ag is only 2.4 minutes the pro-
108

portion of Ag present on delivery of the active
i
material is negligible.

For each evaporation two such pieces were used, re¬

sulting in a layer estimated to be 50 2 thick deposited

on the surface of the specimens, each of which then

carried about 1 »c of Ag"1"10,
To reduce surface evaporation of silver during the

diffusion anneal a thin layer of copper (about 100 mic¬

rons thick) was evaporated over the deposit of silver,

3.4 The Annealing Furnace - Temperature Control and
Measurement

Both the stress relieving pre-anneal and the dif-
I

fusion anneal were performed in the same furnace. This

was construeted in two parts. Nichrome wire was wound

on to a refractory tube, open at both ends, and having a

length of 60 cm and internal diameter of 6 cm, to form

the furnace heating element (resistance 23 ohms), and

this was mounted horizontally in an asbestos box well

packed with asbestos wool, with the tube ends protruding,

A second refractory tube with one closed and one open end
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was fitted with a diffusion pump at its open end, the

diffusion pump being connected to a backing pump with a

length of rubber vacuum tubing. The interior of this

second tube was fitted with a copper box to act as a

constant temperature enclosure for the specimens, and a

platinum sheathed Pt: 13% Rh-Pt thermocouple was arranged

to have its junction in contact with the specimens when

in position. This whole vacuum tube unit fitted easily

into the tube of the heating unit, so that warm-up and

cooling periods could be reduced by insertion and with¬

drawal of the vacuum tube while the heating element was

hot.

Temperature control was provided by a platinum re¬

sistance thermometer positioned close to the furnace

windings, and connected to a Winston Electronics Ltd.

temperature controller. This instrument operates in

the following way. The required control temperature is

pre-set on a dial on the temperature controller, and so

long as the temperature of the resistance thermometer is

below this value the instrument short circuits a re¬

sistor placed in series with the furnace windings. When

the resistance thermometer reaches the control temper¬

ature the resistor is switched into circuit with con¬

sequent reduction of the power supplied to the furnace.

(A 25% reduction was found to be ideal). The instrument

then switches the resistor in and out of circuit with a

cycling time of 45 sec, the ratio of time at full power

to time at reduced power being adjusted by the controller
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to keep the temperature of the resistance themometer

constant.
t

This method of temperature control will only be

successful if the power supplied to the furnace lies with*

in certain limits. Obviously the power when full on must

be sufficient to raise the furnace to the operating tem¬

perature, and the power when reduced must, if kept at

the reduced value, give a temperature less than that re¬

quired. After thermal equilibrium was achieved the

power supplied to the furnace (via a Variac and a drop¬

ping transformer) ?/as adjusted to give equal periods of

full and reduced power.

Pig 3.8 gives the specimen temperature and optimum

current as functions of the control setting, plotted

with the optimum current as abscissa. (The current

values given correspond to full power).

The specimen temperature was continuously monitored

by recording the difference in potential between the

thermocouple in contact with it, and a reference potential

from a Tinsley potentiometer, on a Sefram recording

galvanometer. This gave a temperature record with a

sensitivity of l°C/em on the recording paper, and the

temperature control was found to be better than *0.1°C
for periods of a few days.

Although the temperature could be monitored to

better than ±0.1°C, the thermocouple was only assumed

good to ± 1°C.
On removal of the vacuum tube from the heating
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element the specimen temperature dropped very rapidly

initially, and no correction was made to the measured

time of anneal to allow for the cooling period. However

the approach to the control temperature was relatively

slow, despite efforts made to reduce the warm-up period
.

by heating the element well above the desired final tem- j

perature before insertion of the vacuum tube and slowly

reducing the power to the correct equilibrium value as

the final temperature was approached, and a correction

was made for this, as follows.

If the required temperature be T°K, and the actual

temperature at time t' be T'°K, then we may take
I

d(i') - B(1 ;\T/,Ti | - v*p[ + 4I/T)j (s-1'
where

.

AT 5 T - T®

'

and by expanding the exponential we obtain

D(T«) a D(T)«| 1 - a&T + i(ciAT)2 - |-(aAT)3 + *** j (3.2)
With a S Q/HT2.

Then by defining the effective time of anneal,

! t'eff* at temperature T, by the relation

D(T).teff * | D(T*),dt* (3.3)
•'o

we obtain from equations (3*2) and (3.3)
|

tQff = t- ajAT.dt* + | j (aAT)f df - | f (aAT)fdt' ...
(3.*0

the computation being performed by numerical integration
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from the temperature record*

Two points should he noted in the above analysis*

In order to perform the integration it was necessary to

know the value of Q in advance, but as the correction was

never more than 10?? of the total anneal time a precise

value for Q was not required, and the value h7000 cal/

mole was assumed* Also the definition of the effective

time of anneal by equation (3*3) is sensible, because of

the additive property of the half widths of Gaussian

distributions. (The time, t, used in equation (3«h)
must of course be the total time over which the integra¬

tion is performed).

The evaporation rate of silver at temperatures be¬

low 650°C was calculated to be negligible, using the

data given by Smithells (1962) for the vapour pressure

of silver as a function of temperature, and this was

i confirmed by monitoring the copper specimen holder before

and after a diffusion anneal with a Geiger-Muller tube*

A small amount of active material was detected on

i the walls of the specimen holder after the anneal at

625°C, but this was not a significant fraction of the

total amount of active silver on the specimen.
I

3.5. The Sectioning Apparatus

♦

(a) The Original Form

The starting point for the development of a method

of sectioning was the procedure recommended by Tegart

(1956), quoted from Honeycombe and Hughan (19^7), for
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the electropolishing of copper* the suggested electro¬

lyte and current density being a solution of two parts

orthophosphoric acid to one of distilled water (by
2

volume), and SO mA/cm , respectively, the specimen being

used as the anode of the cell.

Initial attempts to remove successive plane layers

from the plane polished face of a single crystal specimen

by straightforward electropolishing in a bath of electro¬

lyte proved fruitless, as the specimen surface invariably

became slightly blistered or pitted after a layer a few

microns deep had been removed. Eventually it was de¬

cided to try a system in which the viscous surface layer

which forms on the anode surface during eleetropolishing

would be continuously removed. After experimenting with

various materials, it was found that Whatman's No. 50

iAcid Resistant Filter Paper stood up well to immersion

in the electrolyte, and the apparatus shown in figs. 3»9

and 3»10 was constructed and used in the following way.

For the trial experimental work dummy non-activated

copper specimens were mounted in blocks of Araldite Spoxy

Resin No. MY753 made up with Araldite Hardener No. HY951

by pouring the liquid resin into moulds containing the

specimens. After the resin had set hard, the specimen

faces were ground and polished, flat on a series of

silicon carbide polishing papers. A 6 B.A. tapped

hole was then sunk through the Araldite to the back of

the specimen to allow electrical contact by means of a

brass screw. The specimen in its mount was then laid
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face down on the acid impregnated filter papery and was

held stationary by a simple clamp or even by hand as the

stainless steel cathode and filter paper rotated, and

as current was passed across the cell, the surface of

the specimen was removed and electroplated on to the

cathode surface, forming a continuous smear, or* track,

along an arc of a circle.

The surface finish obtained by this simple apparatus

was remarkably good, being marred only by -what appeared
j

to be flow lines which always followed the direction of

motion of the filter paper under the specimen. Ob¬

viously the answer was to rotate the specimen while

polishing was taking place, but it was decided to carry

out further trials using diffused radioactive specimens

with the simple apparatus first, and to incorporate

rotation of the specimen in an improved version at a

later date.

For the trials with diffused specimens it was nee-

cessapy to mount them in an Araldite block with a hole

milled out to accept the specimens, as the liquid mount¬

ing technique which required subsequent grinding and

polishing of the specimen surface to remove all traces

of the resin could not be used.

Both constant current and constant voltage electro¬

lysis were attempted. The constant current method,

applying a high voltage (2I4O V, D.C.) across the electro¬

lyte in series with a high resistance (about 500 ohms),

gave no detectable current fluctuation (the cell resis¬

tance was only of the order of 3 ohms), and the calcula-
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tion of the amount of copper removed was very easy.

However the constant voltage, or potentiometric method,

in which a small fraction of the total current through

a low resistance was drawn off at the required potential

and passed through the cell, seemed to produce a better

surface finish, and although the cell current fluctuated

considerably, and the calculation of the copper removed

was tedious with this method it was finally adopted as

the better of the two alternatives. The current in

this case was rectified A.C. from a battery charger,

and a circuit diagram of the arrangement is given in

fig. 3#11# By weighing a specimen before and after

30 mg had been removed in this way it was found that

direct integration under the current record and the use

of Faraday's Laws (taking the E.C.E. of copper as

3.29 x 10~^gm/coulomb) gave the correct amount of copper

removed to better than Comparative tests were

also carried out between dummy pure copper and diffused

silver in copper specimens, and even in the specimens

with the shortest diffusion depths used, the dilution

of silver was such that no correction to the E.C.E. was

required for the alloy material.

Three different removal procedures were investigated*

one depending on continuous removal while the cathode

rotated, and two on successive removal of separate dis¬

creet layers or sections^! Continuous removal was ach¬
ieved as already described with the cathode rotating.

For the two discreet section methods the cathode was

held stationary, and the specimen anode placed in a series
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of positions round the cathode, in each position current 1
;

being passed until the desired amount of copper was re¬

moved. At first equal thickness sections were polished

off, so that the concentration of active silver in the

last section was considerably less than in the first one.

Because of the limitation on the ratio of maximum to

minimum concentrations that could be measured by auto¬

radiography (see section 3*6), several attempts were made

to section in such a way that each removed layer con¬

tained the same amount of active silver. For the pur-
!

poses of autoradiographic measurement of the concentra-

tion contour, this was the better of the two discreet

sectioning techniques, but as both suffered from the dis¬

advantage of inferior surface polish these two methods

were abandoned in favour of "continuous smear" sectioning.

The autoradiographic limitations inherent in the con¬

tinuous section method were later overcome by changing

to scintillation counter measurements of relative concen¬

tration.

The best polishing was obtained when the anode-

cathode voltage was 1.8V and the current density
2

0.25amp/cm • These conditions were obtained when the

velocity of the filter paper beneath the specimen was

0,3cm/sec, and we suggest that the removal of the gas

evolved and the viscous surface layer formed during the

electrolytic action by the motion of the cathode relative

to the anode is the reason for the best polishing being

developed at a higher current density than that used by
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Honeyeombe and Hughan in a bath of electrolyte#

(b) The Improved Apparatus

The results obtained with the original electro-

polishing equipment encouraged us to build an improved

version in which,

(i) the specimen could be rotated,

(il) the pressure of the specimen upon the filter paper

could be adjusted,

(iii)the total useful length was increased, and

(iv) the velocity of the filter paper relative to the

specimen could be varied.

It was considered easier to design the new appara¬

tus so that the cathode was stationary and the specimen

moved, and also to deposit the electroplated layer

linearly along a straight cathode, rather than in an

arc of a circle#

An 81 long I section mild steel girder with. 6°

wide faces was used as a base for the apparatus. The

top face was planed flat, and an 8* long, l£w dia. round

steel bar was bolted along one edge to act as a guide

rail for the trolly which was to carry the specimen.

An 8* length of brass rack was also fitted to the top

face, parallel to the guide rail, and the trolly was

driven along the girder by a gear wheel engaging in the

rack. One end of the girder was used as a parking

place for the trolly, and the cathode, a stainless steel



U9.

strip 0.010H thick, 1+" wide, and 6' long, occupied the

rest of the length of the girder, being held flat by-

two brass strips bolted along its edges. The useful

width of the cathode was then 2". When in position

the cathode was checked for flatness by running a dial

gauge attached to the trolly along its length, and was

found to vary less than 4 0,2 mm along its full length,

As the electrolyte corroded brass slowly, and mild steel

very rapidly, the parts of the apparatus likely to be

attacked were protected by model aeroplane cellulose

"dope", which proved ideal for the purpose.

The trolly consisted of a rectangular 18" x 6" x |r"
brass plate, travelling on five ball races, four bearing

on the steel rail and the other on one of the brass

strips holding the cathode. Two electric motors were

mounted on the trolly, one to drive it along the track

at speeds which could be varied between the limits

0.07em/sec and 1.75cm/sec by sets of interchangeable

gears, and one to provide rotation of the specimen at

rates between 12 R.P.M. and 120 R.P.M. The Araldite

specimen holder was mounted on the end of a vertical

rod which could both rotate and move freely in a vertical

direction under gravity. The pressure of Hie specimen

on the filter paper could be reduced to zero by a

counterbalance weight. The current was provided as

shown before in fig. A diagram of the essential

features of the apparatus is given in fig. 3.12, and

photographs in figs. 3.13, and 3.1U.
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Trial runs with dummy specimens showed that the

surface finish obtained depended not only on the current

density but also on the velocity of the specimen over

the filter paper and the rate of rotation of the specimen

In general, faster specimen velocities required greater

current densities to produce a good polish, and this

effect also became apparent on specimens rotated at

60 R.P.M. and above, current densities of about

0.3amp/cm producing a bright polish at the centre which

faded into an etch near the specimen circumference.

Also high rotation rates tended to form circular flow

lines on the surface. After exhaustive tests the

optimum conditions were found to be a current density

of 0.35amp/cm (corresponding to a potential difference

of 2.1V across the cell), with the specimen moving at

a speed of O.Sl6cm/sec across the filter paper and ro¬

tating at 12 R.P.M. This combination of specimen

velocity and rate of rotation, such that the specimen

rotated through half a revolution while travelling a

distance equal to its own diameter, completely prevented

a regular flow pattern being set up on the surface.

The pressure of the specimen on the filter paper was

found not to be critical, and was adjusted to 5gm/cm ,

At pressures lower than this the gas bubbles evolved

during electrolysis tended to raise the specimen off

the filter paper.
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(c) Specimen Preparation with the Sectioning
Apparatus

Although initially the sectioning apparatus was

used only for sectioning diffused specimens, the speci¬

men surfaces having been prepared by mechanical polish¬

ing, first on silicon carbide impregnated polishing

papers down to a 600 grit, and then on "MicroclothH

with diamond polish down to £ micron grade, it was

found that the results obtained with specimens prepared

in this way were not consistent, and this was thought

to be due to damage done to their surfaces by the

polishing process. It thus seemed sensible to prepare

the specimen surfaces without using mechanical polishing,

and the disc crystals grown and separated as described

in section 3.2 were first polished chemically for 1-2

minutes in the polishing solution recommended by Tegart

(1956), which is as followss

1 part nitric acid

1 part orthophosphoric acid

1 part glacial acetic acid

to be used at a temperature between 60 to 70°C. They

were then electropolished on the sectioning apparatus.

In order to completely remove the surface roughness

formed during growth in the crucible it was necessary

to remove some 250 microns depth, this taking about

30 minutes. When using the improved apparatus the

direction of motion of the trolly was automatically re-
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versed on reaching the end of the filter paper. The

polished specimens were then thoroughly washed in dis-
*

tilled water, and placed in a vacuum dessicator until

being given a pre-anneal prior to activation.

It was of interest to know the quality of surface

finish obtained by this method, and this was examined

from two points of view, overall curvature, and small

scale roughness. The curvature of the surface was

investigated using the arrangement shown in fig, 3.15 j

which is essentially an apparatus for observing Newton's

Rings formed between the specimen surface and an optical

flat. In order to increase the visibility of the

fringes, a lOoR thick layer of copper was evaporated

on to the optical flat. The fringes obtained (with a

sodium light source and yellow filter) although clearly

visible, were very blurred. Measurements of the fringe

spacing showed that the centres of the specimen surfaces

were essentially flat, to a radius of 0,3 cm, but at

greater radii they had definite convex curvature, v&ilch

increased as the specimen circumferences were approached.

However the shape of the surfaces showed no tendency to

change with further polishing, and this was regarded as

satisfactoiy. It was also inferred from the blurred

nature of the fringes that the small scale roughness of

the surface must be of the order of half a wavelength,

i.e. about ± 0.3 microns. This ?/as also checked by

taking a Talysurf (Taylor, Taylor and Hobson) record of

the surface smoothness, which indicated a variation of



A-Specimen B-Semi-reflectingcopperfilmonoptical flat.
C-Travellingmicroscope. D-Glassprisms.
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± 0.25 microns from the mean surface. Again, this was

the value estimated very roughly by differential focus¬

sing on various points of the surface with a microscope.

3.6. Concentration Measurement

(a) Autoradiographic Method

Initially the concentration of active silver along

the trace was determined by a crude form of autoradio¬

graphy. After an active diffused specimen had been
I

sectioned, the cathode and wet filter paper were re¬

moved from the apparatus as a unit, and a sheet of poly- j
thene was laid over the filter paper. Using the origi¬

nal apparatus, a Kodirex X-ray film (in its wrapper) was

placed on top of this and was compressed on to it by a

layer of sponge rubber underneath a heavy metal plate.

A few attempts at autoradiography were made using the

improved version, seven X-ray films being required to
i

cover the length of the cathode, and because of the

thin calhode used, the cathode:polythene:X-ray film:

sponge rubber assembly was sandwiched between two planks

of wood held firmly together with bolts.

After an exposure time of a few days the films were

developed in Kodak Digb for 5 minutes. On a correctly

exposed film (the exposure time being determined by

trial and error) a clearly defined image was obtained,

corresponding to the position of the electroplated layer,
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110
or trace, containing Ag , on the cathode. Pig.3.16

shows a typical auto radiograph obtained in this way.

Repeated autoradiography of one trace showed that the

active silver remained fixedly in the position in which

it had been deposited. This, of course, was essential

for the sectioning method to be at all useful. Also

autoradiography of the trace left by sectioning an acti¬

vated but undiffused specimen showed no tendency for the

active material to be smeared out along the length of

the trace, the image found in this case being very

little larger than the size of the activated area on

the specimen.
.

The next step was to measure the photographic

density (d) as a function of distance along the auto-

radiograph, and to assume that within certain limits

the concentration of Ag3"10 atoms in a particular region

of the trace was proportional to the image density over

the same region. The upper limit is given by Herz (1953)
as d = 0.5 for X-ray films, and the lower limit is set

by the approach to clear film, densities less than 0.1

involving relatively large errors. Initially the

measurements of density were made using a Hilger H451

Microphotometer. This instrument measures the light

intensity transmitted by the region of interest, and to

give the best possible averaging over the coarse grains

of the X-ray film, the area of measurement was set to

the maximum possible, which was 2mm x 2mm. The density i



Pig.3.16
TypicalAutoradiograph.



was then calculated from the definition

light intensity transmitted by clear film
10 light intensity transmitted by region measured

Later measurements were made using a Joyce-Loebl Record¬

ing Microdensitometer, which graphed directly the density

of the film as a function of position.

Although autoradiography was satisfactory as a

method of determining the concentrations vlien using the

original apparatus, repeated auto radiographs of the same

trace yielding consistent results, it proved completely

unreliable when used on the much longer traces obtained

with the improved version. It was never determined

whether the cause of the unreliability was a variation

in film characteristics between the many pieces of film

that had to be used (seven for complete coverage), or

a non-uniformity of contact along the. length of the trace,

for it was decided to abandon what had become a rather

clumsy technique in changing to the longer trace, and to

try a scintillation counting technique instead,

(b) Scintillation Counting Method

Rather ttian persevere with the autoradiographic

technique when using the improved sectioning apparatus,

it was thought better to mount a scintillation counter

on the trolly that carried the specimen holder during

sectioning, and to obtain a measure of the concentration

using standard counting techniques.
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For tliis purpose a 2f" x 2§" x 10" lead block was

mounted on the trolly to act as a shield, and a §" dia.,

ltt long Ha I(Tl) scintillating crystal supplied by

Nuclear Enterprises Ltd., and an E.M.I, photomultiplier

tube, Type 6092B, were mounted on this as shown in

fig. 3«17* The scintillating crystal was supplied with

a glass cover over one end, the rest of its surface

being sheathed in metal foil. Good optical contact

between the glass cover and the photo-cathode was en¬

sured by coating both with a thin film of glycerine

before they were placed together, and the aluminium case

containing the photomultiplier tube was provided with a

container holding silica gel in order to keep the sur¬

face of the tube and the resistor chain dry. The

electronic equipment used in conjunction with the count¬

ing head is listed below.

Bynatron Radio Ltd., Cathode Follower Unit, Type lij.30A

Dynatron Radio Ltd., Pulse Amplifier Unit, Type 1H30A

Dynatron Radio Ltd., Potentiometer Unit, Type 1007B

Dynatron Radio Ltd., Scaling Unit, Type 1009E

Isotope Developments Ltd. , E.H.T. Unit, Type 532/B.

The E.H.T. unit provided a stabilised 2.2 kV output

to the potentiometer Unit, which was adjusted to give

1.20 kV across the dynode resistor chain. Pulses from

the photomultiplier tube were fed into the Pulse

Amplifier via the Cathode Follower, and after being

amplified and shaped with the integration time constant
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I

and differentiation time constant controls of the Pulse

Amplifier set at Bp s and 250 v s respectively, they were

delivered to the Scaler, which was arranged to count

all pulses over 30 V, this setting giving the best true

count to background count ratio. With these control

settings the background counting rate was 20 counts per

minute.

Exposure to the deposited trace was through a

dia, hole in the lead block, the end of the scinti¬

llating crystal being set above the filter paper, and

the bottom of the lead block being 1/16" clear of the

filter paper. The efficiency of the lead block shield

was checked by tracking the counting head over a "point

source", an undiffusea specimen with a §" dia, active

area being used for this purpose. Fig, 3.18 shows the

dependence of counting rate upon position with this

geometry, and the observed half-width of 3cm was con¬

sidered to be perfectly adequate. High counting rates

were corrected for the paralysis time of the Scaler,

which was set to 20 jis, by using the relation

I
R = R*/(l - R't) = R*(l + R't)

S where

R » true counting rate

R1 = observed counting rate

t = paralysis time of Scaler

but this was never a significant correction (always
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leas than 1/10%) when counting the trace of a sectioned
'

specimen.

When counting the traces of diffused specimens,
! j
I

the counting head was positioned first of all a few cm

before the start of the trace, and was moved successively

towards the start 2 cm at a time, a count of more than

10,000 being taken in each position. Invariably, the

highest counting rate was found to occur beyond the

true beginning of the trace, and this was attributed

to the finite resolution of 3 cm half-width of the

counting head. As the distance between the true be¬

ginning of the trace and the position yielding the

highest counting rate was always small in comparison

with the total length of trace counted, no correction

was made for this difference. The relative concentra¬

tion of active silver at any position, s, was always

calculated taking the highest count position as a

reference point, using the relation

C(s)
_ counting rate at s. less background rata

CQ highest counting rate, less background rate
The trace was counted at 2 or k cm intervals until a

counting rate about twice the background rate was

reached.

The depth, x, into the specimen corresponding to a

particular position, s, on the trace, was computed from

the record of the current flowing during sectioning,

the known speed of the trolly, and the area of the

specimen face. Removal of copper from the specimen



edges, which would have made the area over which removal
■

took place rather indefinite, was prevented by coating

the edges of the specimens with cellulose paint before

sectioning.

This method of determining the sectioned depth into

the specimen can of course only be used if the electro¬

lyte does not chemically attack the specimen material.
*

For the metals copper and silver in orthophosphoric acid

chemical reaction seemed unlikely from consideration of

the oxidation potentials quoted by Latimer (1S38)> and

this was confirmed by leaving pieces of copper and silver

in a bath of orthophosphoric acid for a month, no sign

of chemical action becoming apparent in this time.
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CHAPTER IV

RESULTS AND INTERPRETATION

U.l. Results Obtained Using the Original Sectioning
Apparatus

All specimens sectioned with the original form of

the apparatus were analysed by the autoradiographic

technique. At first we attempted to determine con¬

centration contours using specimens with surfaces pre¬

pared by mechanical polishing. This proved to be com¬

pletely unsatisfactory, the concentration contours

obtained being unpredictable in form, and those found

from specimens annealed together and expected to yield

almost identical concentration contours being incon¬

sistent among themselves. At the time it was thought

that this indicated that the sectioning method was not

sufficiently good, and that it would have to be aband¬

oned. However it was found that the expected Gaussian

contours were obtained when specimens with surfaces

prepared by electropolishing were used, and this then

suggested that the damage suffered by the specimen

surfaces during mechanical polishing resulted in the

observed irregularities. As the total depth analysed

was less than 8 microns it seems likely that such

damage could be considerable throughout this depth.

All later work was carried out using electropolished

specimen surfaces.
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Although temperature measurement was carried out

as described in section 3»k for most specimens, a few

early runs were monitored using a Honeywell-Brown

recording potentiometer with a fixed scale sensitivity

of 1 mV/inch (corresponding to about 35 C/cm). This

was not considered to be sufficiently accurate, and

consequently one of the two diffusion coefficients re¬

ported by Blackburn et al.(l96l) has not been included

in the results presented in this chapter. However the

result obtained for T » 595°C and published in the same

article was obtained from a specimen with a reliably

known anneal temperature, and has been made use of.
:

Most of the work performed on "the original apparatus

was qualitative, and having developed the technique

to Hie point of usefulness, the improved version was

used to obtain quantitative results.

U.2. Resolution of the Counting Technique

As previously described in section 3*6 (a) the

autoradiographic technique was not successful when used

on the larger apparatus, and the scintillation counting
I

technique (3*6 (b)) was employed to determine the con¬

centration contours. It is of importance to estimate

the effect of the finite resolution ?/idth of the counting

head upon the contours measured by it.

If we assume that the concentration contour obtained

from a "point" source (fig. 3.18) is Gaussian in shape,
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and. is given by

K(y)
K

exp{-y2/2o2)

where y is the distance of the counting head from the

point sources and a is related to the half-width, W,

of (h.l) by

a = W/2/2 ln2 (^.2)

then we may employ the following analysis.

We assume that the active material is deposited on

the cathode according to

C*(y) = C£exp(-y2/hDt) (U-3)
fbr y > 0, uhere y is here measured from the start of

the active trace. Then the counting rate observed

when the counting head is at distance x from the start

of the trace will be

'o 2a }
C(x)

K Cf
o o

v'STo
(4.10

This may be written

C(x)

where

K C»
o o

l2Za
exp

l»Dt^ l>|- l»Dt + 2o2) 2
SDtc""

(4.5)

€ 5 y -
totx

UDt + 2o£

and

A 5
4&tx

4nt + 2O£
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On performing the integral we obtain

c(x) K C'
o o

Dt

tDt + 2cr
(1 + erf a)exp

tDt + 2ac (h„6

where

a a
2Dt

o2(tDt + 2o2) i

and

erf a S — I expC-n^").^
*Ar * r
r/a 'o

Thus if a counting head with very high resolution

( o o) was used, we would observe a source of "strength'

K at position y = 0 when tracked across a point source,

and on putting a = 0 in (i+.6) we find that the observed

distribution on tracking across the distribution of

(3) would be

C(x) = KoC£exp(-x2ADt) (h.7)
as expected. For a counting head with finite resolu¬

tion, we see that at x = 0, 1 + erf a = 0, and as x in¬

creases, 1 + erf a will increase, reaching a constant

value 2 for sufficiently large values of x, and there¬

after the curve will follow the form

2

C(x) = (constant) exp
tDt + 2c

,

(U.8)

Thus we expect a graph oi ln(C/Co) against x to show
an initial rise, when erf a is increasing faster than

the exponential term is decreasing, and eventually to

follow a straight line of gradient -1/(hDt + 2a ), i.e.
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the measured value of Dt will be related to the "true"

value by

<Et)»eaSUred " (Dt)tru. + • °>-9)

The current records obtained during specimen

sectioning gave on average 1 cm along the deposited

trace equivalent to Q.18u into the specimen. If we

now convert the half-width of 3 cm obtained from

fig. 3.18 into an equivalent resolution width in terms

of sectioned depth, we find using equation (i+.2) that
2 2

a - 0.23m, so that the term a /2 is about 0.03m . A

comparison of equation (1+.6) with an experimentally

determined contour is given in fig. k» 1, and fair

agreement of form is obtained, although the experimental

points do not fit the curve precisely. The difference

is presumably due to the failure of equation (2+.1) to

describe the curve of fig. 3.18, The term a /2 sets

a lower limit to the diffusion depths that can be ana-

lysed with confidence, as it is necessary to have o /2

small in comparison with Dt.

h.3« The Diffusion Coefficients Obtained

It was assumed that during the diffusion anneal

the concentration of silver would rapidly become so

small that the diffusion could be described in terms of

a single diffusion coefficient, (see section 1.2.). The

determination of the coefficients was thus carried out
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as described in section 1.8.

The concentration contours obtained are shown in

figs. 4.2 to 4*6, plotted as ln(C/Co) against x , and
the diffusion coefficients obtained from their gradients

are set out in table 4.1. The best straight lines

were computed using the Awbery (1929) or "centre of

gravity" method, and the standard deviations quoted

v/ere found from the scatter of the points about these

lines. Only the circled points were used in computing

the lines. The first few points which show the ob¬

served counting rate increasing with depth as the

counting head moves on to the trace were rejected,

equation (4.6) providing justification of their rejec¬

tion. The points deviating from linearity at the low

concentration end of the graphs were also rejected.

In general the points at the low concentration end tend

to be higher than expected. This is thought to be due

to preferential diffusion down dislocations (a disloca¬

tion diffusion "tail") and is discussed in more detail

in section (5.1). The points falling below the

average gradient at the low concentration end of fig.

4.6 were obtained after the specimen had broken contact

with the filter paper during sectioning, the current

in this region dropping to almost zero.

A partial check for the presence of active tracer

materials other than silver was carried out by counting

for a second time the trace of the specimen annealed at
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574°C. The second count was carried out three months

after the first, during which time the activity had

decreased by about 20%, and the relative concentration

showed no significant change. An active impurity

diffusing at a rate differing from that for silver would

lead to a change in the observed concentration contour

so long as its half-life differed sufficiently from the

half-life of Ag^"""0. In particular, points occurring

in the supposed dislocation diffusion "tail", which

could also be caused by a rapidly diffusing impurity,

showed no change, and it is unlikely that such an

impurity would coincidentally have the same half-life
QO .110as Ag .

The diffusion coefficients given in table 4.1 are

shown on an Arrhenius plot (fig. 4.7) along with the

results of Mercer (1955)» Mercer*s values being

Ql = H7290 * 0.h% cal/mole

D_ = 0.8t6 4 7$ cm^/sec.
Lo

(t.10)

As expected from the equation

f~ - exp^ - Qd + V)/RT) (2.21)
L Lo

where

AD H D - DTIt

all the coefficients measured in this low temperature

range lie higher than the dotted line representing the
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extrapolation of Mercer's values, and the difference

betweai the extrapolated line and the observed values

increases with decreasing temperature, again in accor¬

dance with equation (2.21).

The results of Tomisuka reported by Lazarus (i960)

O. « I4.650O cal/mole
2/

DLq - O.63 cm /sec

have since been recalculated by Tomizuka (1965) to be

Q_ = I^JOO ± 500 cal/mole
«t 2 /=0.27 ± 15$ cm /sec.

If these values are used instead of Mercer's, the value
.in 2

D as (2.91 1 0.08)10 em /sec obtained for the specimen

annealed at 625°C lies below the extrapolated line,

but the other values lie above, the difference again

increasing with 1/T. It has been assumed here that

the activation energy and frequency factor measured by

Mercer and Tomizuka are those for diffusion in the

perfect lattice. This assumption is jus tified by

equation (2.21) (which shows that AD should be neg¬

ligible at high temperatures) and by the linear

Arrhenius plots obtained in the temperature ranges in¬

vestigated.

In view of the substantially analler errors quoted

by Mercer the following analysis is based on his values.
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Temperature Dependence of the Observed
Enhancement

Equation (2.21) shows that a graph of ln(AD/DL)
against 1/T should yield a straight line with gradient

(- Qd +v)/k and intercept ln(da2DdQ/3DLo)* The
values of ln( ^ D/Dj) are set out in table U.l and are
shown plotted against 1/T in fig. h.8. The standard

deviations of these values v/ere found by combining the

standard deviations of the values of D with those for

Mercer's values for and DLo* the estimated standard
deviations in the values of T being negligible.

Assuming the values of 1/1 to be precisely known, a

weighted least squares calculation, details of which are

given in the appendix, yielded the straight line shown,

the values

^ - Qa + V = 11800 4 H<?00 cai/mole (h.13)

and

InldaV^/SD^) « -7.3 4 3.1 (k.lb)

being obtained from the slope and intercept respectively,

k»5* Estimation of the Binding Energy

In order to find Qd from (i+. 13) it was necessary
to estimate the value of V, the binding energy of

silver atoms to dislocations in a copper lattice. This
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was done by using the elastic interaction model of

Cottrell and Bllby (19U9)» as discussed by Priedel (196U).
This theory gives the equation

v a oc i-iJL y i Av j (h.15)1 — v a'

where

v = Poisson's ratio for the lattice material

V ~ rigidity modulus for the lattice material

and Avfi is given as

Av » 3(1 - V)X. V (lv.l6)
a 2(1 - 2v)xf +(1 + V/

with

x = compressibility of solute atom (lattice) material

x'= compressibility of solvent atom material

Av = difference in volume between solute and solvent atoms,

The factor a in equation (h«15) depends on the nature

of the dislocations in the lattice. For a lattice con¬

taining normal dislocations, a = i/2v gives good agree¬

ment with experiment, but if the dislocations are strongly

dissociated as in copper (Priedel (196I4-)) then « should

be given the value i/kn ,

Taking into account the temperature dependence of

the elastic constants and lattice parameters, Priedel

shows that the binding energy depends on temperature

according to

V a v (1 - ZT) (*ul?)
o
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where

(U.18)v du

E "being Young's modulus and ~ the coefficient of

volume expansion for the lattice material.

Using (k*H) in equation (2.21) shows that strictly

we should use VQ in (Ij..l3) and include a tern ~Vq2/R on
the left hand side of (1+.1U.)#

The values

v » 0.3^3

vs = h,833 x 10"5"1 dynes/cm*"

1/x » 13.76 x 1011 dynes/cm2
l/x®- 10. x 10il dynes/cm2

Z = 0,25 x 10~3 deg C"1

Kaye and Laby (1959)

Friedel (196*0Radius of atomic sphere for copper * l.Hl %
Radius of atomic sphere for silver = 1.59 X

then yield

V = 0.227 eV (at room terrperature)

VQ = 0.21+5 eV = 5600 cal/mole
and VoZ/^ = 0,7°-

Priedel tabulates values of V calculated from

equations (h*15)» (1+.16), and (i+,17) along with experi¬

mentally determined values for the five systems, Zn in

Cu, arid Cu, Mg, Zn, and Ge in Al. The average deviation

of the calculated values from the experimental ones is

15%t and the maximum discrepancy (for the system Ge in

Al) is 37^. These values suggest that

V = 5600 ± 2000 cal/mole
o

(it.19)
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should be a fair estimate for the system Ag in Cu«

U.6. The Activation Energy for Diffusion along
Dislocations

The value obtained for - Qd + V in (4,13) along
with Mercer's value for Q^, (4.10), and the estimated
value for V0> (4.19), gives

Qd = **1100 4 5300 cal/mole . (U.20)

If Tomizuka's (i960) results, (4.11), are used

instead of Mercer's, we find

Q - Q + V = IOUOO 4 12000 cal/nole
L» u.

giving

CL = U2100 4 12000 cal/iaole
a

or, using his recalculated values (4.12),

ql _ + V « 11200 4 20300 cal/mole

giving

= 39000 4 20000 cal/mole .

Thus although the value of computed is insensitive

to the values assumed for DLo and Q^» the standard
deviation of is much larger when is calculated

from Tomizuka's values. This is due partly to the

larger errors quoted by Tomizuka, and partly to the

smaller values of &D obtained by using his results. It
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seems possible that the diffusion coefficients deter¬

mined by Tomizuka at the low temperature end of the

range used (which was 1025°C to 66l°C) could be slightly

enhanced. The effect of this would be to decrease his

calculated values of QL and and we suggest that
this may be the reason for the difference between

Tomizuka*s and Mercer*s values. For this reason, as

well as the smaller errors quoted, it seemed preferable

to base our calculation on Mercer*s results, (obtained

in the higher temperature region 1070°C to 850°C), to

obtain the value of (1+.20) as the best estimate of

U.7. The Frequency Factor for Diffusion along

Two of the chemical etches of Young (1961) were

used to determine the dislocation densities in the

specimens. The compositions and method of use of the

etches are given in the appendix.

Dislocation etch pits were obtained on three of

the five specimens analysed, and micrographs of these

are shown in fig. U.9» The dislocation densities
6 2

were estimated to be about 5 x 10 /cm on each of the

three specimens showing pits (assuming a one to one

correspondence between pits and dislocations), and

although no pits were observed on the other two specimens,

these were assumed to contain about the same density.

If we now use this density for d in (1+.1JL).), and

estimate the effective cross-sectional area of a
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2 «»16 2
dislocation to be a - 25 x 10 cm , we obtain

®do ~ 2 x l°^om2/Bec*
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CHAPTER V,

DISCUSSIOH

5.1. The Dislocation Diffusion "Tail"

p
The plots of ln(C/CQ) against x given in figs.

1+.2, km3f and U.U, for the specimens annealed at U85°C,
529°C, and 574°C respectively each deviate from line¬

arity at the low concentration end, the concentration

there being higher than expected. This effect was

suspected to be a dislocation diffusion "tail", caused

by rapid diffusion of the tracer atoms down dislocations

from the high concentration regions near the surface,

and relatively slow diffusion from the dislocations out

into the lattice, forming concentration contours com¬

parable with those found for grain boundary diffusion.

If we assume that dislocation diffusion should

have almost the same characteristics as grain boundary

diffusion (see section 1.9), we would expect a plot

of ln(C/C0) against x to yield a straight line in the
region x > X, and a curve in the region x < X close to

the surface, where X is the depth to which we may

expect the Hart analysis to hold, as discussed in

section 2,h.

Plots of ln(C/Co) against x for the specimens
showing this type of deviation are given in figs, 5.1,

5.2, and 5«3» and the expected linear behaviour is
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clearly exhibited* Estimates of X from the positions

on these plots where the curve becomes linear are shown

on the graphs, and are tabulated in table 2+.1, values

of X/(D^t)^ also being tabulated for comparison with
equation (2.18), No deviation from linearity was

detected on the ln(C/Co) against x plots for the
specimens annealed at 595°C and 625°C, probably because

the total analysed depth was too small. However the

total sectioned depth was used to give a lower limit

for X and X/(D^t)z for these two specimens, and the
values thus obtained have been included in table l+.l.

Considering the crudeness of the model used for deriving

equation (2.18), the agreement between the values of

XAV)* predicted by it, and those found from figs.
5.1, 5*2, and 5«3 is remarkably good. This agreement

is of course fortuitous, as the values assigned to the

quantities t* and r may well be in error by considerable

amounts.

We have here assumed that there is a fairly sharp

transition from the volume diffusion dominated region

close to the surface, to the dislocation diffusion

dominated region at greater depths, as there appears

to be in the grain boundary case. (See, for example,

the plots 7# 8, 9 of lb- (relative concentration) against

(penetration) of Blackburn and Brown (1962)). If this

is so we are justified in identifying the depth X to

which we can use the Hart expression (i.e. analyse the
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analyse the diffusion in terras of an overall volume-like

diffusion coefficient) with the depth beyond which the

diffusion is dominated by dislocation diffusion giving

a linear variation of In (relative concentration) with

penetration.
The "steps" occurring in the concentration plots

are probably due to surface imperfections, for the

region round the bottom of a pit a few microns deep

would have approximately the same concentration as the

specimen surface after the diffusion anneal, and this

would make the concentration found at this depth

artificially high. Although specimens found to be

badly pitted after electrolytic surface preparation were

discarded, the specimens used were marred by one or two

small pits on their surfaces. Unfortunately the depth

of these pits was not determined prior to sectioning,

but similar pits were examined under the microscope,

and were found to be of the order of a few microns

deep by differential focussing.

5.2. Reliability of Results

(a) Possible Sources of Error

The standard deviations quoted for the results

have been calculated from the scatter of the data

points about the straight lines fitted to them, assuming

random error theory. In this section we consider the

possibility of systematic errors also being present.
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The results obtained depend upon measurements of the

temperature and duration of anneal, the relative con¬

centration of active silver, and the depth at which the

concentration is measured.

As the duration of anneal was greater than 2k hours

in every case, it is unlikely that any significant error

could be present in the measurement of t, an error of

even 1 minute being less than 1/10% of the total anneal

time.

Measurement of the anneal temperature, however,

is much more critical. Mallard et al. (19&3) have

demonstrated that the limiting source of error in their

measurements of D (in silver-gold alloys) was uncertainty

in the temperature, errors in depth determination and

counting being negligible by comparison. They write:

"The temperature errors probably arise from the fact

that the primary means of thermal communication is by

radiation, and that the specimen "sees" a different dis¬

tribution of side and end wall of the furnace cavity

than does the thermocouple, which is shielded from

one end by its ceramic tube. This effect, together

with errors in calibration and reading of the thermo¬

couple, could give rise to temperature errors of the

order of 2 or 3 deg, producing an error in D of h to 6%",

Our own results are even more sensitive to tempera¬

ture. Differentiation of the Arrhenius equation
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B a DQe;xp(-Q/RT) gives

32. =, .JI3Z. (5.1)
D FT T

and substitution of Q » 39000 cal/mole (obtained by

drawing a straight line to fit our values on the

Arrhenius plot b*l) and the average temperature 830°K
in (5-3.) yields

6D

D
2k ST

T
(5.2)

showing that a 1 deg. error in T will produce an error

of % in D.

By using a metal (platinum) sheathed thermocouple

in contact with the specimen being annealed we hoped to

minimise any temperature difference between the specimen

and the thermocouple junction. While suggesting that

the thermal conductivity of the thin metal sheath would

not permit a large temperature to exist between them,

we are unable to give a quantitative estimate of the

magnitude of such a difference. Thus although the

thermocouple used was stated by the manufacturers to

measure to better than * 1°C below 1000°0j we conclude

that in our results temperature uncertainty is again

the greatest potential source of systematic error.

Relative concentration measurements were obtained

by assuming direct proportionality between the concentra¬

tion of active silver and the counting rate observed

above background. Frequent checks were made by re¬

counting parts of the active traces to ensure that
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the counting equipment was functioning consistently.

As the total count taken was always above 10,000, the

standard deviation in the counting rate above background

was of the order of 1%,

The only change in the geometry considered possible

was a variation in distance between the scintillating

crystal and the active trace, the variation of ± 0.2 mm

in the height of the cathode strip along the track

mentioned in section 3.5 (b) corresponding to a

variation of about ± 2% in this distance. This

possibility was checked by recounting one trace with the

scintillating crystal raised a further in its lead

shield. As no significant change in the relative

counting rates was obtained it was concluded that Hi is

did not constitute a source of error.

In order to estimate the depth sectioned at any

position on the trace it was necessary to measure tv/o

quantities, the charge that had passed through the

specimen up to this position, and the area of the

specimen face. The charge was found by measuring the

area under the current record obtained from a Sefram

recording galvanometer across a standard resistor in

series with the specimen (see fig. 3.11) and gave the

mass of copper removed to better than as mentioned

in section 3«5 (a). The density of copper (taken as

8.96 g/cc for the highest purity copper available,from

Smithells (1962)) should then yield the volume removed
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to the same order of accuracy. A micrometer was used

to measure the specimen diameter* and thus the area,

of the specimen face. Variations in the diameter were

less than Assuming that the surface was removed

uniformly the depth should then he known to better

than 1%, Evidence for uniform removal was provided

by the Newton ring observations described in section

3.5 (c) and fig. 3.15* the rather poor fringe system

observed showing no tendency to change after sufficient

copper had been removed from the specimen. This is

however rather inconclusive evidence, and we consider

that uneven surface removal may well have occurred

undetected. It is possible that the scatter of points

on the concentration plots i|.2 to 1+.6 is partially due

to such an effect.

The above considerations lead us to conclude that

the only significant source of systematic error is to

be found in the temperature measurements, and although

we are unable to estimate the size of this effect we

suspect it to be at most a few percent.

(b) Possible Corrections

If the interpretation given in section 5.1 of the

points showing linear behaviour on the ln(C/C ) against
o

x plots is correct, we should strictly not use the

points with x > X in computing the values of D,

Omitting these points changes the calculated value of
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D to (5.2 ± 0.3)l0~"^cm2/sec (an increase of 6%) for

the specimen annealed at 1+85°C, increases D to

(2,5 4 0.8)10""1^cm2/sec (an increase of k%) for the

specimen annealed at 529°C, and does not alter the

other values of D computed. These changes are in the

opposite sense to the corrections of 6% and 1.5$ cal~

culated for the same two specimens from equation (4.9) »

to take into account the finite resolution width of

the counting head. Taken together these two corrections,
I

tending tocancel each other, were considered snail

enough to he neglected, and were not taken into account

in plotting the ln( aD/D^) against 1/P graph of fig,
4.8.

5.3 Comparison of Activation Energies

Comparing the value obtained for with Mercer* s

value for and the activation energy, Qg^» of
32000 ± 3500 cal/mole found for the diffusion of silver

in copper grain boundaries of maximum misorientation

by Blackburn and Brown (1962), we see that

Ql > Qd > Qgk» The ratio %/Qp has the value 0,87#
and it is of interest to compare this with the results

of Pavlov et al. (1964) for the diffusion of antimony

along dislocations in silicon, who find the values
2 2

Ddo 85 om /sec % - 69900 cal/mole, as
p

compared with = 5,6 cm /sec and = 91000 cal/mole

(Boltalcs, 1961), yielding the ratio Q^/Q^ = 0,77,
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Pavlov et al. obtained their results by using the

analysis of Srnoluchowski (1952) to obtain an expression

for the gradient of plots of In (relative concentration)

against (depth) in terms of Dd, D^, the time of anneal
t, and an effective dislocation radius. Also if the

results of Pawel and Lundy (19&5) for "k*16 diffusion
65

of Kb in tantalum, covering the temperature range

21+8h°C to 921°C (o.8h T to 0.37 T ) ,are analysediii in

using equation (2.21) by plotting a graph of ln( ad/d^)
against 1/T, the values

ln(aa2Dao/3Dlo) =.-7.6
and

Qd - V = 83000 cal/mole
are obtained. In performing this calculation we used

Pawel and Lundy*s data for temperatures above 2000°C
(above § Tm) to obtain values for and Q^. These

2
proved to be 1.47 cm /sec and .108100 cal/mole respec¬

tively. If V is assumed small, then their results

give QL/Qd slightly less than 0.77. Gertsriken (1956)
has pointed out that the ratio Q^/Q^ is normally about
§, and although no grain boundary diffusion data are

available for the systems niobium in tantalum and

antimony in silicon, it seems likely that the inequality

Q"L > Qjj > Qgk is also valid for these systems.
As the dependence of the activation energy fbr

grain boundary diffusion upon the angle of misfit, Q,
is not well understood, it is interesting to note that
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the above inequality is consistent with the results of

Yukawa and Sinnott (1955) and Upthegrove and Sinnott

(1958) for nickel diffusing into copper grain bounda¬

ries, and those of Stark and Upthegrove (to be published)
for the self-diffusion of lead in grain boundaries.

Their results all show an increase of Q^ as e is
decreased, but as the measurement of grain boundary

diffusion coefficients is difficult for low angle

boundaries» the activation energies they measure for

small values of 0 are not very reliable, and they

extrapolate -*■ as 0 0°, It would seem more

reasonable to extrapolate as 8 •*> 0°, as this

would then correspond to a low angle boundary tending

to a row of widely separated dislocations as 9 0°,
With increasing 8 (starting from 8= 0°) we would

then expect to remain constant and equal to for

small e , until the constituent dislocations become

relatively close together. It is then possible that

they interact with one another to lower the activation

energy for diffusion down the boundary. It should

however be pointed out that Turnbull and Hoffman (195k)
have studied grain boundary diffusion in silver and have

found Qgjj to be independent of misorientation angle in
the range 9° to 28°, and that Le Claire (1963) has

shown that the analysis used by Yukawa and Sinnott

(1955) and by Upthegrove and Sinnott (1958) was used

outside its range of validity, and that this would lead
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them to compute spuriously high values of for low

values of ©, Also Moment and Gordon (1961*5 have found
-j-

the activation energy for the motion of Ha ions in LiF

boundaries to be constant for values of © down to l*o20',i
and unless the activation energy for vacancy formation

varies with ©, this can again be regarded as evidence

for Q,^ being independent of © down to relatively small
angles. However it is possible that in the region

© < 10° where the constituent dislocations became

separated by more than a few lattice spacings, that

could depend upon ©, with approaching as ©

approaches zero.

5.1*. The Frequency Factor

5 2
The value 2 x 10 cm /sec obtained for (section

1*.7) is surprisingly high, and we are unable to offer

any explanation of this. Love (1961*5 has tentatively
I

suggested that the frequency factor for dislocation dif¬

fusion should be of the same order as, or perhaps even

smaller than, the frequency factor for volume diffusion

in a given system. There are however other indications

of high frequency factors occurring for dislocation

diffusion. The value of -7.6 obtained in section

5.3 for ln( da2D^0/3Dj<0) from Pawel and Lundy'& results
on niobium in tantalum suggests a very high value

2 2
for d<3.o* an& "k*1® value Dd0 - 1*.5 x 10 cm /sec obtained
by Pavlov et al, (1961*5 is much larger than the volume
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diffusion value = 5.6 cm2/sec of Boltaks (1961) for

antimony diffusing in silicon. It will be interesting

to see if future work confirms the above indications

of high frequency factors fbr diffusion down disloca¬

tions.

5.5. Anomalous Near-Surface Diffusion

The results reported by Hirone et al. (1961),

Styris and Tomisuka (1963) and Williams and Slifkin

(1963)# show that very close to the surface the dif¬

fusion coefficient is many times smaller than the value

obtained for deeper penetrations, this being deduced

from the initial steep descent of the ln( relative
p

concentration) against (depth) plots. The concentra¬

tion plots of figs. 4.2 to U.6 show no such effect,
.

although the resolution of our method would have

allowed us to observe an anomaly of this sort occurring

to a depth greater than 0.2y •

No satisfactory reason for the occurrence of this

anomaly has yet been given, and we are in consequence

unable to offer an explanation for its absence in the

system silver in copper.

5.6 Conclusions, and Suggestions for Further Work

We have suggested that the Hart analysis of dis¬

location enhanced diffusion is valid for penetration
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depths up to a few times the lattice diffusion depth,

(DLt)*, (indei>endent of dislocation density), and our
experimental observations support this view.

The activation energy for the diffusion of silver

atoms along dislocations in a copper lattice has been

found to be less than the activation energy for

lattice diffusion of silver in copper, but greater than

the activation energy for the diffusion of silver along

grain boundaries of maximum misorientation in copper.

An unexpectedly high frequency factor has been

found for silver diffusing along dislocations in copper,

but this is not inconsistent with the meagre data at

present available.

Changes in the experimental techniques seem

necessary if the precision of the results is to be

improved, and if lower temperature diffusion anneals

and consequently shorter penetration depths are to be

analysed, although the present technique could be used

down to about U30°C if longer anneal times were employed.

Concentration measurement could be improved by
t

using a thin copper, rather than stainless steel,

cathode. This could then be cut into suitable lengths,

and each section dissolved (complete with filter paper)

so that a well type counter could be used. This would

improve the counting geometry, and make any correction

for the resolution width of the counting head unnecess¬

ary.
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The uncertainty introduced by having to estimate

the binding energy, V, could be eliminated by studying

self-diffusion. However the active copper isotope

available has a half-life of only a few hours, and would

be difficult to work with. It would perhaps be more

suitable to develop a similar electrolytic sectioning

technique for silver, although such work would have

to be very carefully carried out, as the recommended

electropolishing solution (Ivgart (1958)) contains a

large percentage of potassium cyanide.

Improvement of temperature determination is per¬

haps the most important and most difficult problem to

solve. Perhaps measurements with one thermocouple to

act as a check and one sheathed thermocouple positioned

in a hole drilled into a dummy specimen, and capable

of being withdrawn while at temperature and under

vacuum could provide some measure of the expected

temperature difference between a specimen and the

thermocouple junction outside it.

If the dislocation diffusion "tails" could be

obtained free from "steps", it would be of interest to

analyse them following the method of Pavlov et al,

(19624.), to see if the results obtained in this way

are consistent with results from Hart enhancement.

Any such agreement would provide convincing evidence

for the validity of both methods of analysis.
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APPENDIX I

Snectrographic Reports on Materials Used

The high purity copper and silver used in this

work were supplied by Johnson, Matthey, & Co, Ltd.,

and their laboratory reports on these materials are

given below.

Laboratory No. 20751/3

Spectrographic Examination

A spectrographic examination was made by means of

a constant current D.C, arc, taking 5*6 amps, between

pure graphite electrodes. Weighed quantities of the

sample were arced in thin-walled anode cups against a

horizontal machined electrode as the cathode, both

electrodes being water-cooled.

The spectra were photographed on an Ilford Long

Range Spectrum plate with a flat-field Medium Spectro¬

graph.

Estimates of the quantities of the impurities

present were made by visual comparison of the spectra

with those of synthetic standards, arced in a manner

similar to that used in the test.

Element Estimate of Quantity Present

Cppper Infflt 1§2

parts per;r million

Iron

Nickel

Silicon

3

2

1

Silver*131" j each element less than 1
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The following elements were specifically sought

hut not detected, i.e., either they are not present

or they are below the limits of detection by the de¬

scribed examination procedure.

Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, 3a, Ge,
Hf, Hg, In, Ir, K, Li, Mn, Mo, Na, Nb, Os, P, Pb, Pd,
Pt, Rb, Re, Rh, Ru, Sb, Se, Sn, Sr, Ta, Te, Ti, Tl,
V, W, Zn, Zr.

During fabrication some surface contamination is

unavoidable and for this reason the samples used for

this spectrographic analysis have been pickled in hot

dilute nitric acid before examination.

Oxygen Oxygen was determined by vacuum fusion but was

not detected.

Silver

Laboratory No. 2k7k7

Soectrographic Examination

A spectrographic examination was made by means of

a constant current D.C. arc, taking 5.3 amps, between

pure graphite electrodes. Weighed quantities of the

sample were arced in thin-walled anode cups against a

horizontal machined electrode as the cathode, both

electrodes being water-cooled.

The spectra were photographed on an Ilford Long

Range Spectrum plate with a flat-field Medium

Spectrograph.
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Estimates of the quantities of impurities present

were made by visual comparison of the spectra with those

of synthetic standards, arced in a manner similar to

that used in the test.

Element Estimate of Quantity Present
parts per million

Bismuth )
Cadmium )
Copper ) each element less than 1
Iron )
Magnesium )
Sodium )

The following elements were specifically sought

but not detected, i.e., either they are not present

or they are below the limits of detection by the de¬

scribed examination procedure.

Al, As, Au, B, Ba, Be, Ca, Co, Cr, Cs, Ga, Ge, Hf, Hg,
In, Ir, K, Li, Mn, Mo, Nb, Ni, Os, P, Pb, Pd, Pt, Rb,
Re, Rh, Ru, Sb, Se, Si, Sn, Br, Ta, Te, Ti, Tl, Y, W,
Zn, Zr.

During fabrication some surface contamination is

unavoidable and for this reason all samples used during

this spectrographic analysis have been pickled in con¬

centrated nitric acid before examination.
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APPENDIX II

Straight Line Pit by Weighted Least Squares

The straight line fitted, to the points on fig.

£+.8 was calculated using a weighted least squares cal-
»

culation yielding the equations given here.

The abscissae, x, (here 1/T) are assumed to be

precisely known, and the ordinates, y, (here

ln( AD/D^)) are given weights ~w a 1/o2 where ay y

is the standard deviation, or error, in y.

The mean values of x and y are then

~ Evx J — _ £vy
x « «—«— and y 83 —

lv £v

the gradient ffl is given by

~

s - EvxJ= Zv(x - x)(y -i).
Ew.Evx2 - (Ewx)'" £v(x - x)**

and the intercept with the y axis, c, iS given by
o — g —

—

_ Ewy.Ewx' - Swx.Ewxy _ y.Evx - x.Evxy
Ev.Evx2 - (Ewx)2 £v(x - x)f

Also the standard deviations in m and c", a and °* ia c

are given by

•""*2
2 I

. 2 1 x0 '** "mmm' """"" ^ U — T-iV *» O ®
m £v(* - x) c Ew £v(x - it)

An excellent discussion of the best straight line

fit to a set of points is given by Bacon (1953).
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APPENDIX III

Etchants 1'or the Development of Etch Pits at Dislocations
In Copper

Young (1961) gives a series of solutions for the

production of etch pits at dislocations in copper, the

one most likely to yield etch pits depending on the

orientation of the crystal surface attacked. We used

two of Young's etching solutions, as given here:

(i) 1 M FeCl3.6H20, 12 M HC1, 0.25 M HBr
which forms etch pits on surfaces within a few degrees

of a (111) plane, and

(ii) 1 M FeCl3.6H20, 5.5 M HBr
which forms etch pits on surfaces within a few degrees

of a (100) plane.

With the concentrations of acids available in the

laboratory (hydrobromic acid of specific gravity 1.1+52,

corresponding to 660.6 g/1 HBr, and hydrochloric acid

of specific gravity 1.173 corresponding to 1+08.3 g/1

HCl) the solutions were made up from

(i) 300 cc conc. hydrochloric acid
5.65 ec conc. hydrobromic acid
75.7 g hydrated ferric chloride

(ii) 300 cc conc. hydrobromic acid
120 g hydra ted ferric chloride

Prior to etching, the specimens were chemically

polished for 30 sec in the polishing solution of Lovell

and vVernick (1959)» the composition of which is:
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10 cc acetic acid
10 cc orthophosphoric acid
20 cc nitric acid

0.004 - 0.04 g sodium nitrate
0.004 - 0.04 g ammonium chloride

The polish was used at 80°C, and the specimen was

agitated throughout its 30 sec immersion. On removal

the specimen was washed first in ammonia solution, and

then in distilled water.

Etching was then carried out by dipping the speci¬

men in one of the given etching solutions for 10 - 15

sec, and washing first in dilute hydrobromic acid and

then in distilled water, before examination under the

microscope. The specimen surfaces were of unknown

orientations, and both etching solutions were tried on

each specimen.

Triangular pits were obtained on two of the

specimens after treatment in solution ( i), end square

pits on one specimen after treatment in solution (ii).

The pit densities obtained were:

& 2(4.3 * 0.9)10 pits/cm on the specimen annealed

at 625°C,
(4.4 ± 1.1010^ pits/cm2 on the specimen annealed

at 57^°c and
S 2(3.7 ± 0.4)10 pits/cm on the specimen annealed

at 485°C.
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APPENDIX IV

Publication of Work Described in this Thesis

A paper describing the original sectioning appara¬

tus, and early results obtained with it, was read by

Dr. A.P. Brown at the International Measurement

Conference, Budapest, 1961, This paper was then

published jointly by D.A. Blackburn, the author, and

A.P. Brown in the report on the conference, Acta IMEKO

(1961).

Recently a paper based on part of this thesis was

submitted by the author to Philosophical Magazine. A

first referee's report criticised that part of the paper

based on section 2.U. of the thesis, on the grounds that

the derivation of equation (2.17) in this thesis requires

the "completely unjustified assumption that no further

radioactive atoms are arriving at depth X by diffusion

down dislocations from regions at higher concentration".

A revised form of this paper, omitting this

criticised section, and based mainly on sections 1+. 3»

to !+. 6., inclusive, 5.1., 5.3., and 5*5.» is at present

under consideration by Philosophical Magazine.

A paper describing the improved sectioning apparatus

is to be submitted to Journal of Scientific Instruments.
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ADDENDUM

Models for dislocation diffusion have "been proposed

hy Li (1961) and by Love (I96I+). Li suggests that dif¬

fusion along a dislocation pipe takes place by surface
diffusion over the "inner surface" of the pipe, rather

than by volume diffusion through the pipe core. On the

other hand Love gives a model for volume diffusion in the

core which overcomes the objection of Lothe (i960), who

pointed out that there must be at least two different

paths fer migpatien along a dislocation core for dif¬

fusion to be possible, since if only one path exists no

interchange of position of the atoms can occur.

Love considers the core of an edge dislocation to

consist of the last line of filled sites in the inserted

plane of the dislocation, together with the line of

vacant sites into which that plane would grow by negative

climb. The mechanism proposed depends upon atoms being

displaced from the last line of filled sites into the

line of vacant sites, to form vacancies in the line of

filled sites and interstitials in the line of vacant sites.

Interchange of position, and thus diffusion, of tracer

atoms can thus take place in the core by the creation and

annihilation of vacancy-interstitial pairs of the above

type.
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The correlated motion occurring when an interstitial

atom recomhines with its "parent" vacancy does not lead to

any net diffusion, and would yield a correlation factor as

in the perfect lattice diffusion case. Neglecting this

factor, Love derives on the hasis of the above model the

expression

2 (AS. + AS ) fAH +dH "I
„d = a „ exp expj- — j (A )

for diffusion along a dislocation pipe. This expression

is similar to (1.21), but here the subscripts i and m

refer to the creation and motion respectively of an inter¬

stitial, as described above.

Love's model is proposed for an edge dislocation. He

also suggests that migration through an isolated screw

dislocation may be completely correlated, allowing no net

flux of tracer atoms, and thus no net diffusion. The in¬

creased diffusion coefficients observed by Shewmon and

Love (1963) in a twist boundary consisting of an inter¬

secting grid of screw dislocations he suggests is due to

the intersection of the constituent screw dislocations

forming a multiply-connected region allowing interchange

of position.

As Love points out, the terms a, l> , AS^, ASm,
occurring in the frequency factor term of (A) should not

differ appreciably from the normal lattice diffusion

values, and the frequency factor for dislocation diffusion,

p , might be expected to be of the same order
do

of magnitude as that for lattice diffusion
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D^o» On the other hand the activation energy given "by
AH.+ AHm is not expected to "be derivable from the
corresponding lattice diffusion process. Love assumes

that the dominant term in the activation energy is A H^,
the energy required to form an interstitial atom in the

dislocation core, hut, as he pointi out, independent

measurements or estimates of this energy are not avail¬

able.

Comparison of our measured value fbr with that

expected from Love's model allows us to estimate that

the energy required to form an interstitial silver atom

in an edge dislocation in copper is somewhat less than

41100 cal/mole, i.e. 1.8 eV. On the other hand, the very

5 2
large value of 2 x 10 cm /sec for Ddo> as compared with

2Mercer's value of 0.846 cm /sec for DLq suggests that
Love's model may not describe the mechanism accurately.

It is interesting to consider Li's earlier tentative

suggestion that surface type diffusion might take place

along the inner surface of a dislocation pipe. Although

there is no information available for the surface dif¬

fusion of silver atoms on the surface of copper crystals,

the surface self-diffusion of copper" has been studied

by Kuczynski (1950), Gjostein (1961), and Shewmon and
7 2

Choi (II6^.), who find the values 10 , 6.5 x 10 , and
4 2

2 x 10 cm /sec, respectively, for the frequency factor.

However the frequency factor for the surface self-

diffusion of silver has been found by Nickerson and Parker
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2
(1950) to "be 0.16 cm /sec, which is of the same order as

that for volume self-diffusion in silver.

Although it seems unlikely that dislocations are so

loosely packed that a surface type mechanism can operate

in them, the large frequency factors found for surface

self-diffusion of copper, of the same order as the

frequency factor found in the present work, give rise to

doubts about the model proposed by Love. If the diffus¬

ing atoms make jumps of many atomic distances, rather

than one lattice spacing, then high frequency factors

are to be expected, as the jump distance occurs squared

in equation (a). More experimental results seem necessary

before speculating further on the mechanism of dislocatior.

diffusion.

One other experiment has been performed which

measures diffusion along isolated dislocations. This is

the experiment of Hendrickson and Machlin (I95U), which

measured the diffusivity of silver along edge disloca¬

tions in silver. Unfortunately they publish only one

diffusion, coefficient, measured at U50°C, i.e. at about

0.6 T ,. and thus they cannot obtain values for DdQ and Q^.
However they show that at this temperature the diffusion

coefficient for isolated edge dislocations is at least as

large as that for large angle grain boundaries. Compar¬

ing their result with those of Hoffman and Turnbull (1951,1

they find D^Agb = 7/b at 0.6 Tm« Using our own results
we find that at 0.6 Tm,

Dd = 2 x 10^ exp(-UH00/8lUR) = 2 x 10 ^ cm^/sec.
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—7 2
Comparing this with the value 8 x 10 cm /sec obtained

from Blackburn and Brown's (1962) results, we estimate

= 2.5 at 0.6 Tm, agreeing with Hendrickson and
Machlin's conclusion that Dd > at this temperature.

Finally let us consider more closely Hart's treat-

T ~~!? ~~2
ment of dislocation enhancement. Let S , X , Y be

the mean square migration distances of tracer atoms in the

composite material, in the lattice, and in dislocations,

respectively, (all three distances being averaged over

the same tracer atoms throughout the anneal time, t).

Then, assuming as Hart does, that

T T
S = X + Y

and putting

T T """2
S = 2Dt, X = 2DLtL, Y = 2Ddtd

We obtain

tj , t,
D = r1 dl + r Dd

where t^ and td are the average times spent by the tracer
atoms in,the dislocations and in the lattice respectively.
Then we obtain

■. D = dl + F Da Cd/°L-
equivalent to our equation (2.8) by putting Nd, for
the number of tracer atoms in dislocations, and in the

lattice, in the volume considered, F for the fraction

of atom sites in dislocations in the volume considered,

and using
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p nl

t
d n.

n

L

d
t

and n.
L

t
L

t Cx. t

This analysis will apply if we look at concentrations in

volumes large enough so that F has the same value for

aach volume considered, and if has the same value

for each volume considered#

Although Hart is certainly correct in stating that

'For the temperature range for which the mean migration

time of atoms "between dislocations is short compared to t,

the fraction of the time which a diffusing atom spends

In the matrix is (1 - F).", it is not necessary that

this condition (equivalent to JDjt »L) "be satisfied,
because of the averaging carried out in the sectioning

procedure.

In essence, we expect Hart's equation to hold close

to the surface of a diffusion specimen, where the concen¬

tration of tracer atoms "between the dislocations is con¬

stant for a given depth, x, and to fail at greater

iepths, where the concentration is a function also of

position "between dislocations, and the ratio can

10 longer "be considered constant.
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