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ABSTRACT

The electron probe microanalyzer has been used to study the
diffusion of thallium in single crvstals and bicrystals of potassium
chloride. Both vapor exchange and sandwich (thin film) boundary condi-
tions were employed in the preparation of specimens for the study of
volume diffusion. Only vapor exchange conditions were used in the study
of grain boundary diffusion.

The volume diffusion data exhibited ranges of both intrinsic
and extrinsic behavior. In the temperature range 232° - 480C°, the
di ffusion coefficient could be represented by

-1 exp - (0.25 eV/KT) cmz/sec.

D=9x10
While in the temperature range 480° - 727C°, the data are described by
D=6x10"3 exp - (1.42 eV/KT) cmz/sec.

The extrinsic activation energy cf 0.25 eV is assumed to

represent the Ah for thallium ion migration. The derived Ah for
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Schottky pair formation (twice the difference between the intrinsic and
extrinsic activation energy) is 2.34 eV per pair. This value, and the
energy for ion migration both agree well with theoretical estimates of |
these quantities,

Diffusion was studied in the temperature range 515C° - 700C°
fro grain boundaries prepared by a variety of techniques: pressure-
sintered bicrystals, bicrystal Kyropoulos boules pulled from the melt,
hot-pressed polycrystalline compacts, large grain polycrystalline material
solidified from the melt, as-received bicrystals, and low angle and sub-
grain boundaries in as-received single crystals. Enhanced diffusion
along grain boundaries was not observed in solidified material or in
the as-received single crystals, and was only occasionally noted in
pressure sintered and as-received bicrystals. Enhanced diffusion was
commonly noted along most (but not all) boundaries in hot pressed compacts
and Kyropoulos bicrystals. In the latter specimens, values of D'a (where
D' is the grain boundary diffusion coefficient, and a is the grain-

; boundary half-width) were obtained by several methods, all of which were

'
hased on numerical integration of Whipple's exact solution. The values of D a

14 14

obtained were in the range 3.1x10° cms/sec - 39,0x10" cms/sec, and differed

significantly from values obtained through Fisher's approximate solution.
E The values obtained for D'a were not reproducible. Attempts
§ to determine the temperature dependence of D'a and possible anisotropy
within the plane of the boundary were therefore unsuccessful. The lack
of reproducibility strongly suggests an extrinsic mechanism as the origin

of the enhanced grain boundary diffusion. Bicrystals intentionally
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synthesized in the presence of water vapor displayed an enormous in-
crease in the degree of enhanced boundary diffusion. Attempts to reveal
impurity segregation with the aid of ultraviolet and infrared absorption,
and through electron microanalysis were not successful. The amount of
impurity involved in the enhanced diffusion is therefore very small.
Thesis Supervisor: Bernhardt J. Wuensch

Title: Assistant Professor
of Ceramics
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I. INTRODUCTION

Solid state diffusion plays an important role in many mass
transfer phenomena. Reaction rates, uniformity of components throughout :he
bulk of a crystal, recrystallization, ionic conductivity, sintering,
and mechanical properties such as creep, to mention a few, are determined
by the rates of diffusion of one or several atomic species through the
material.

There is experimental evidence to suggest that appreciable
transfer of matter may take place by way of enhanced diffusion along
grain boundaries and dislocations. This enhancement may occur to
such an extent as to cause the above phenomena to be exclusively con-
trolled by diffusion along such microstructural features. The mate-
rials in which the above phenomena are of practical concern are almost
always of a polycrystalline or mosaic nature, and have significant
dislocation densities. It is therefore of utmost importance to under-
stand the origins and magnitudes of grain boundary diffusion in order
to predict the materials and circumstances for which this mechanism

may be the dominant means of mass transport.




IT., THEORY

An expression for the diffusion coefficient may be obtained
by comparing Fick's first law with an expression for the net transfer
of atoms in a crystal across an imaginary plane.1

Referring to figure one, the number of atoms,M, jumping
from a plane at X,,—%_i to a plane at X_+ %’s per square centimeter
per second is expressed by:

_ax)
(X 1/ 3%, C{%e )(x’v ()
"V, 1is the number of vibrations per second of the atom and, when multi-
plied by a geometric factor "g', gives the number of times per second

AX

that the atom moves in the direction of the plane at X,+ =~ - Py 1s the

probability that there will be a position available at X + —2-_& for the

jumping atom. is the probability of a jump. It will be assumed

Py
that g, Py and py are constant throughout the crystal. Since the

atoms in a crystal have a distribution of vibration frequencies V,

is not truly a constant. The distribution however is very complex and
has been determined for only a few crystals. The spread is not large
and a value of 1013 cycles per second is typical.

In order for an atom to go from a position on the Xo—% plane

to a position on the X°+%_’5 plane, it must move into close interaction

with atoms neighboring both sites. As indicated in figure 2, there will
initially be a repulsive force tending to push the atom back to its

original site. This force will increase up to a maximum at a position

(referred to as a saddle point) somewhere between X,- 9—% and X+ bzf

The atom will then be repelled into the new position. By letting g
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Figure 1 - Atom moving one jump distanxt)e( "Ax'"' in one dimension.
Atom was initially at Xy = 3
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ATOMIC FREE ENERGY

9, +—— SADDLE POINT
VACANCY
ANyw4 » X

K ax
(JUMP DISTANCE)

\1 4

jl

Figure 2 - Free energy of an atom as a function of the distance
x in a one dimensional crystal as it jumps from its
original site to a nearest neighbor vacant site.
g, - g, is referred to as Agm, the free energy barrier
to motion for a jumping atom.




be the atomic energy at the positions Xo—ég- and %, -f-[> ,and g the

atomic free energy at the saddle point, 8289 will be the barrier to

motion (henceforth labellesd Agm) . The energy distribution of the atoms

in a crystal obeys Boltzmann statistics, and hence the fraction which

may jump from a saddle point to a neighboring site is equal to
-apAT . .

e . This will be the expression for p; in (1).

The number of atoms jumping from the plane at X +A£ back to
AX

the plane at X,-'5— per square centimeter per second is, in similar
fashion, given by:
D% kT
L) DX
M (ot ) 4V, (%ot %) By € =" (2)

The net number of atoms crossing the imaginary plane at X, per square
centimeter per second is given by the di fference between (1) and (2).

Letting m(Xf%) -—m(xo+ %’f} equal J we obtain:
. w/h \' AK
T=9V & € [ Jeket & 2

Since we are interested in concentration variations over, at the least,
one micron increments, and since the jump distance in all crystals is
of the order of about y(oooo of a micron, we can make use of the
definition of the derivative of a function:

C _ fom Euﬂaﬁg)*v(x‘?:)l 2 oe(are e ’V>
X >0 AX = 7 (4)

where the true infinitesimal AX is replaced by the jump distance DX
above. Putting (3) in a different form:

A A — 7
T=-9Vb € il (59 (

\

¢, (5)

O

)
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Fick's Law states:
_ 2C
T=-D 2AX (6)

Where J is the net number of atoms crossing a unit area per second in
the + x direction, ¢ is the number of atoms per cubic centimeter and
D is a proportionality constant referred to as the diffusion coefficient
for transfer of this type of atom.

By comparing (5) and (6) the expression for D can be

extracted:

_O%mf
D= 4% (=P |8, € kT] en'/sec "

The form of the p, term will dzpend on the particular crystal .
There are two predominant ways that atoms may migrate in a crystal.l’2
One is the interstitial mechanism whereby the diffusing species moves
completely by way of normally unoccupied interstitial sites between
the host atoms. The other is the vacancy mechanism whereby the atom
moves by way of a vacant lattice site. The mechanism for a particular
crystal will depend on the host structure as well as the diffusing atom,

At high temperature, one of two types of 'defects" may pre-
dominate in a crystal. One is the Frenkel de& ot whereby an atom in a
regular site moves to an interstitial position, thus creating a vacancy
and an interstitial atom. At high enough temperatures these move in-
dependently of one another. For this type of defect the atoms may move
by way of interstitial sites, by way of vacancy sites,or by a combination
of both mechanisms.

On the other hand, Schottky defects form when vacancies are
created at the surface, at grain boundaries, at dislocations or other

strained regions and diffuse into the bulk.

AN T ey




In alkalie halide crystalssof the NaCl structure type we have
two types of atoms, one with a negative charge and one with a positive
charge. The bonding is almost purely ionic and, to maintain charge
neutrality, the vacancies must be created in pairs. In these crystals
the free energy change C>%@ associated with the defect production is much
less than that of Frenkel defect production. The reason for this is the
tremendous strain energy associated with the displacement of an ion from
an octahedral site (all of which arc occupied in the NaCl-type structure)
to a smaller tetrahedral site.

Referring therefore to the dominating reaction for defect

production in the alkalie halides
O—=V.+V, (8)

For which the free energy change is expressed as:

Aoa = A%O‘ +% T A Vhéw\ crgs/pair (9)
At stcady state, when &fb:O:
~boyt

o . . . .
Where [XCKG is the free energy change associated with the formation of
a Schottky pair (assumed to be independent of where the pair was formed),
B is a constant related to the standard state of vacancies in a crystal

(usually determined experimentally),and VK and V, are the mole fraction

A

of the cation and anion vacancies.
The cation vacancy concentration VK’ is the probability of a

neighboring cation site being vacant. Similarly, V, is the probability

A

of a neighboring anion site being vacant one jump distance away.
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Substituting for Py in (7) we obtain:

2 5V DO _ A9
D - C?f—v"g—&ﬂ 8> e— %f{k'f % ’41_‘— cmzlsec

(11)

Using the fact that Aoé:A\\—TAP; (11) becomes

Any B

.

D= 53_%21_)__&*1 " e)ﬁ( = )[ﬁ‘RT(A’z‘\‘“A\‘m)] cmz/se%l 2)

The expression outside the brackets is usually combined and defined as

1
DO' A plot of LND versus 7 will thus yield a straight line whose

slope will be 'k [Q:‘a(',-/}\\v;l .

In typical crystal-S there are impurities aside from the dif-
fusing species. These impurities may be of different valency than the
host ions. To preserve charge neutrality therefore, cation or anion
vacancies must be formed.

Letting C be the aliovalent impurity mole fraction, (10) takes

on the form

D%y,
VA(VA+C) =& w7 (13)
or o
-
K(\/.(-FC)—"—' < (14)

depending on whether C has created cation or anion vacancies by reason
of the charge neutrality condition. Solving (13) and (14) for VA and VK
one obtains:

—_-C
MN="3 7

N

- N}ff v
&M, o




- 0% L
e RTec?l? (16)

il

—

+

NS

- I
4 2

(15) or (16) would then be substituted in (7) for Py depending on whether

D was the anion or cation diffusion coefficient.

For the case represented by equation (15), the fraction of

AR

If this is substituted in (7) for Pys 2 plot of LND as a function of %

vacant sites for the diffusion of a cation species is C + €

would exhibit a break at low temperatures as indicated in figure three.
1 . . )
A similar break would occur in the LND versus & plot for anion diffusion
when the aliovalent impurities have created anion vacancies. The
0
difference between the high and low temperature slope is AM;/2~.
. . 1
Extrapolating the low temperature line to 7z equals zero

T

yields a low temperature D, which, when divided by the high temperature

0

DO’ gives an approximate expression for the aliovalent impuritity mole
o
fraction, since B and eb‘h{éare usually of the order of unity.

There are other more complex effects which may show their
influence. An example would be a case in which the host crystal has a
few of each type of aliovalent impurity. The other would be the case of
diffusion of an aliovalent ion which takes a vacancy with it from the
surface into the bulk in either an associated or unassociated manner.
This results in concentration dependent diffusion coefficients.

Other effects that may produce curvature in the LND versus
curves are association between vacancy pairs, association between
vacancies and aliovalent ions, dislocations and grain boundaries.

In conclusion, much can be learned from the temperature

dependence of diffusion coefficients.

T (e e T ey = B T
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2

<--- Slope = + Ahy,

«----Slope = Ahj,

» (/T

Figure 3 - Typical plot of the natural logarithm of the diffusion
coefficient versus the inverse of temperature for
cation (anion) diffusion into a host crystal with
aliovalent impurities that have created cation (anion)
vacancies by their presence.
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ITT. MATHEMATICS OF DIFFUSION

A. Volume Diffusion
Methods for obtaining D from experimental data are suggested
by the solution of the diffusion equation for various experimentally
realizable boundary conditions.
1. Sandwich Couple
Figure four is a "sandwich couple'" in which the diffusant is
present as an initial thin film enclosed between two slabs of the host
material. If the contact area of the slabs is large enough, the gradient
of the concentration within the contact plane is zero over a large
area near the center. One therefore essentially has a one dimensional
problem.
For a concentration independent diffusion coefficient
¢ _.DQ_z_C.
T Yoy (17)
where D is the diffusion coefficient expressed in (7).

The solution of (17) is subject to the following conditions.

C(20) = o0 (18)
C(%O) =0 |‘ﬁ\ >% (19)
{c(uzt)&ué = 6 (20)

where cf approaches zero as C approaches infinity in such a way as to
make (20) finite.

A trial solution of (17) is:

-4t
Clyt)= %:g e vt (21)
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/- Pure solute

-y -~ }f"""""'"—_’ +y

— ¢ 8 (very small)

THIN FILM (sandwich couple)

Figure 4 - "Sandwich Couple'. Diffusant (in shaded region of width §)
is sandwiched between two single crystals.

Zz
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VAPOR EXCHANGE COUPLE

Figure 5 - 'Vapor Exchange Couple'. Constant vapor pressure at
diffusant is maintained at the y = 0 face.
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where A is a constant. From (20) C, =2 ANTD so that:

CUS -%7 t
Clyt) = %o € 7 (22)

Therefore:
I € = Jom (7-\hrbt) YDt (23)

By experimentally obtaining concentration as a function of penetration
after a diffusion time of ’to seconds, and by plotting LNC as a function
of yz, one obtains a straight line whose slope is ‘/{}Dt .
d
2. Vapor Exchange Couple
If by some means the host material is exposed to a constant
vapor pressure of the diffusant as shown in figure five, the conditions

on (17) are different, namely:

C=C, at 4=0 for t>0 (24)

C=C, for v)-:o , C =0 for ‘1})0 at T=0 (25)

A Laplace transform4 can be performed on (17), eliminating the
time variable, and allowing one to work in the semi infinite space \3,20.
[It should be pointed out that (21) could have been obtained by a
Laplace transform rather than guessing at a solution of (17).]

By definition, the Laplace transform of a function is:

0 ot .
I{C(\{f()} = {C(‘ﬁt)e v it =c(p Ua) (26)

Q
By multiplying both sides of (17) by exp(-pt), integrating t from zero

to infinity, and making use of (25) and (26) we get:

AN N
%‘% C =0 (27)
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7 o
Cley) =AE . se (28)

Converting (24) into a Laplace transformed boundary condition,

and imposing it on (28) one obtains:

et

Coge PR et = A+R (29)
0

Q% = A+8 (30)

N
C(Lﬁ P) must approach zero as y approaches infinity in order
to obtain a bounded solution, since '""Real p'" also must be greater than
N
zero in order that C be defined. This requires B to be zero. This

results in:

Y

o _C
From the Laplace inversion formula:
\ Pot v ?t
c(efc):;ﬁg Clsy)E 8P (32)
R- Lo

and from Carslaw and Jaeger,5 the contour integration of this latter

expression is

C(\ﬁt):%,ﬁ,{%t,‘\#—" (33)

2\Dt
where '"erfc" is the complementary error function defined by:
L) )\1
2 "
Mo'g-ﬁge I (34)
S

To obtain a value of D from an experimentally determined

concentration gradient in this case, Co, the concentration of diffusant

at the interface between solid and vapor would be divided into all the




experimentally measured concentrations. Let the ratio of C to C0 be
defined as ﬁ . The inverse complementary error function of these ratios,
when plotted as a function of the penetration y will be a straight line
whose slope is l/l\fD_, as indicated by figure six.

3. Validity of Boundary Condition Assumptions

Both the "sandwich couple' and ''vapor exchange couple' solutions
are valid if a one dimensional problem is assumed. Referring to figures
7a and 7b on¢ sees that the decrease in concentration with z near the
"xy" surfaces at Z=*LA and the decrease with x near the "yz" surfaces

at X= *L/2 have a dependence on " g" of the fox'm,2

Clxy Jct) = E(kgt) {M)cf z%ij‘fl (35)
2./
Where 6(\3{)15 Cog/L\Dt e-\a-‘%t for the sandiwch couple solution or
Q/ZM%C\}/QDt for the vapor exchange couple, and g:X—L/z or Z—L/y_;,

A tabulation of the value of error functions shows that, for
§$—6VD—'E the second term in (35) is greater than or equal to 1.99997.
Thus, guided by this criterion, the diffusion samples can be chosen with
dimensions significantly larger that \NBI\ so that (22) and (33) are
valid.

The verification of (20) for the sandwich couple assumes a
very thin layer of diffusant (solute) on the y = 0 surface and no loss
of material to the surroundings. ' d" may be considered small enough
to meet the assumed mathematical conditions if the total penetration of
diffusant in the course of the experiment is much larger than \8/2_\ ;
The verification of the second part (namely no loss of material to
the surroundings) cannot easily be shown analytically but a qualitative

approach should suffice. Referring to figure 7a, one sees that the
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Figure 6 - Three dimensional diagram showing the functional forms
of the important quantities arising from equation (33).
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Z

’/- Pure solute

. x-L/2
z-L/2

THIN FILM (sandwich ccuple)
Figure 7A - Sandwich couple with coordinate system at the center of
the cube. Cube is of length L on each edge. ¢ is
defined as the distance away from the boundary planes at

x=+L/2, z=+L/2. z
Y
/)
YA
Censtant vapor | L
pressure Co -;: |
at surface ' |
Ral R —T Y
—_— /I )——_
.7
|/

/ : _[x-L/2
Z ¢ {z—L/Z

VAPOR EXCHANGE COUPLE
Figure 7B - Vapor exchange couple with coordinate system at the center
of the face exposed to the di ffusant vapor. £ is defined
as the distance away from the boundary planes at x=+L/2,
z=+L/2.
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solute will diffuse very rapidly along the surfaces at #z =*L/2 and
X‘=$tL/L relative to the speed with which it will move in the underlying
bulk layers. By eliminating surface loss by evaporation, (by putting

the diffusion couple in a sealed tube containing a sufficient amount

of solute to maintain the equilibrium vapor pressure at the diffusion
temperature) one can actually keep the solute flowing inward rather than
outward. This inward flow will alter the concentration near the faces
but this extraneous peretration will also have an error function behavior
similar to "[ ]'" in (35) and so it can be neglected if the crystal

dimensions are large relative to \6QDtJ.

B. Grain Boundary Diffusion

J. C. Fisher in 19516 derived the first analytic expression
for concentration as a function of penetration when grain boundary
diffusion was present, figure eight. Fisher assumed that the grain
boundary could be imagined as a slab, of uniform width 2a, of uniform
diffusivity D', and extending‘to infinity in the z direction. The
crystal was assumed infinite in the x and z directions. The initial
conditions were the same as for the vapor exchange couple in section

ITI.A.2,

Assuming a concentration-independent diffusion coefficient,
he then set up two differential equations. One applied to the grain

boundary region, and the other to the region outside the grain boundary.

N EY N o

Region I ,3-% =D (%;1 T %" (36) 3
g

. ¢ C . 3¢
—_— = = g = 3 iy

Region II Tt D (?{X" + 5y (37) ﬂ

The (%ﬁ}) term in (37) was neglected on the assumption that it was
small at even slight distances into the bulk. The differential equations




19

O
o
"

NETR

P
~

;
N
:

N

REGION II REGION II

-8
2.

Figure 8 - Coordinate system for Fisher's mathematical analysis
of grain boundary and volume diffusion in a semi
infinite medium. Grain boundary slab is infinite
in the +x and -z directions and of width § (hence-
forth referred to as 2a).
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of (36) and (37) were converted into difference equations and then
solved numerically for Ax and A‘é increments of 8 x 107> microns, and
selected values of [$4),8 and time. The nuﬁerical results indicated
that the C of region one rapidly becomes independent of time. Illence
(%?%ﬁ in (36)may be set to zero. With these assumptions, the revised
forms of (36) and (37) are solved fnr C yielding:

' COvyt)= %"—D(“Dt) v 1ot (38)

Therefore

s ___,
InC = —m(ﬂbt'/uf -+ Qm[ﬂ/f%c %{[’6“{] (39)

From (39) we see that a plot of LNC versus y (for any x) yields a
straight line from whose slope one may obtain D'a. Note that we could
have a polycrystalline sample represented ideally by many high diffusivity

planes and, if the distance between them is greater than about QLLD&;,

L
- K DG (1 p )+
=] fewmm= it e T WMB o
=l-L

where L is the average disrtance about a given grain boundary over which
C is significant and K is the total number of grain boundary planes
emanating from the surface at y = 0. LN(C) versus y is again linear
with the same slope as (39).

Whipple in 19547 solved (36) and (37) exactly (a more detailed
treatment of his analysis is carried out by F. J. Milford and C. C. Manerig)n
Referring to figure nine and equations (36) and (37), C in region I (hence-
forth referred to as CI) is expanded in a power series in x, under the

assumption that a is very small compared to experimental penetrations in
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the x direction. Making use of the boundary conditions at x = a:

® ¢, (ayt) =Caloyt) @ D(% ) (%

o -(3) (%) =05

one obtains, when terms invelviang x to the second or higher power are

(41)

dropped, a differential equation boundary condition for Cope
Equation (37) is then solved for CII by a Fourier-Laplace

transform:
(%) ,.){t o¢
\[/(xrn\):g e 3t§mvu§r clxyt) 3y .

o
where N and r} are in general, complex quantities. The solution of

the transformed equation is composed of two parts, defined as QQ , and
|
TF;. At this point Whipple makes a transformation to new variables:
X - O % D/
® € = — = ¢ =
o @p-B — I |
a~"‘“—‘ S =
The Fourier-Laplace inversion formula, when applied to \m , and \v;

respectively, yields:

(v
- A N
¢, ()= glmm s ng r%“\ b>\ (44)
[+] x L0°
oa ¥ + L0 ()\—WS)
—-———— Mo P o = I (45)
¢, (&1) (v +>>< B e +>\)

The second integral in (44) can be evaluated by the calculus of residues
and Cauchy's integral formula since it has only two simple poles at

A= ..rfi This evaluation then provides ¢y in an integral form which
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Coordinate system for Whipples mathematical analysis
of grain boundary and volume di ffusion in a semi
infinite material with a slab of high diffusivity of
width 2a extending to infinity in the +z and -z
directions.
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may be shown from standard integral tables to be erfc Y)/2. We see from
this that the first contribution to C at a point in the crystal is just
that part that diffuses through the bulk from the surface. The expression
for C2 however is the one of interest since it'involves "B " and hence
depends on the value of D'oyD. C, cannot be evaluated as readily as

Cl because of a branch point in " complex N\'" space at )\:.—‘¢2.

This requires a special type path on the second integral in order to

apply Cauchy's integral formula. Use of this special path is justified
by the fact that the integrand in analytic everywhere within the closure

of the path and approaches zero on the outer bounds of the path. The

final expression for C2 then comes out to be:

A 1
_N (3 Ve "—‘F—’*‘ ( +¢,—_\)
cz(g\ﬂ) 2T a e /(/-rgz(, 2\N_ T g ? &(r (46)
[
This expression may be evaluated numerically. Alternatively it may be

expressed in analytic form for large values of the error function argu-
ment and large T], by the method of steepest descents. Since the latter
approach assumes very large values of {\ and large | values without being
too specific as to what these 'large' values should be,the numerical
approach will be used in this analysis. If C2 is set equal to a con-
stant, (46) can be solved numerically9 for various values of g and T\,
From this, g (or T]) may be obtained as a function of Y\ (or & ) for
each value of C2. This provides isoconcentration contours in the
neighborhood of the grain boundary. An example for‘3 = 5.0 is illustrated
in figure ten. A series of such plots for various ﬁ.'s can be used to

plot <B\’]/bg) as a function of @ for various isoconcentration
§=0

contours. This is illustrated in figure eleven.
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16 |

$=x-0/ /ot

Figure 10 - Isoconcentration contours9 derived from the numerical
solution of equation (46). n is the reduced penetration
y//Dt parallel to the grain boundary. £ is the reduced
penetration x-a6{§f>gg;pendicular to the grain boundary
for B =5 [B = —ﬁ—/ Dt].
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Figure 11 - Plot of the inverse of the isoconcentration slopes at
the grain boundary edge (£ = 0) as a function of B.
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Figure twelve is taken from the work of Karstensen and Wh'ipple-10

q) is the inverse of (Cﬂ]/Q>§> . Since the slope of an isoconcentration
contour may be experimentallygggiained, exact values of ﬁ may be computed
by means of figures eleven and twelve. Hence D'a (assuming that one
knows the bulk diffusion coefficient D through some other measurement)
may be obtained from experiment.

Other quantities that may be experimentally measured are the
average grain boundary concentration and, analogous to equation (40),
the average concentration over a complete section at a given value of
n=4/).

In figures thirteen and fourteen are plotted the natural
logarithms of the concentration at § = 0 (approximately equal to average
grain boundary concentration) labelled Cp, and the natural logarithm of
the average concentration over a complete section at a given Y),
labelled 6 , as a function of f\for various values of (.% . The variation
of 6 and C_ were also evaluated numerically by the same method9 as were
the isoconcentration contours. To obtain an exact value of p using
these last two techniques, absolute values of Y], Cp and &i are required.
This is not too feasible from an experimental standpoint. Therefore,
the least square slopes of the curves in figures thirteen and fourteen
in the range of M values below 18 have been plotted as a function of
ﬁ. in figure fifteen. The least square slopes do not depend on absolute
measurements and hence figure fifteen is of practical value in obtaining
the value of @ .

For purposes of comparison (39) may be expressed in terms of

| and ?, at x = 0 yielding:

Jon (o) = = g = & 47)

,7;_—_M
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FISHER
=0-6
C=0-1
v ,C=0-0l
- N C=0-001
\\
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p ———
Figure 12 - Plot of the angles that the isoconcentration contours

make %6 E = 0 with the grain boundary plot as a function

of B. Included is the Fisher result derived from
equation (39).
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Figure 13 - Plot of the natural logarithm of the concentration at

£ = 0 as a function of reduce
for various values of 8.
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Figure 14 - Plot of the natural logarithm of ¢ = )} C,(En)dE as a
function of reduced penetration n = y/vDt”for various
values of 8. C, is from equation (46) and ¢ is obtained
by numerical in%egration of C2.
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The @'s obtained by equating | rﬁgﬁz-to the experimentally
measured least square slopes will only be approximate whereas the @,'s
obtained from figure fifteen are exact. Table one shows a comparison
of the least square slopes obtained by the two curves in figure fifteen,
and the Fisher equation (47) for various fixed values of ﬁ,, The
greater discrepancy is between the least square slopes of LN &; versus
] and the slopes obtained by using Fisher's equation (47).

It is important to note that, in all the curves obtained by
numerical analysis of (46) the contribution to C at a point (§r7) result-

ing from the C, term in (44) is neglected. Hence, for meaningful results

1

an experimental analysis must be performed at large enough T\ that bulk

contributions can be neglected. Alternatively the concentration analysis

for large g values and fixed Y| can be subtracted from the concentra-

tion values in the vicinity of the grain boundary to get the true C1 values.
If the grain boundary is not perpendicular to the Y\= 0 plane,

and the concentration is evaluated far enough into the bulk, it may

be assumed with a minimum of error that the Y]= constant lines are

perpendicular to the plane of the grain boundary.

In all cases it is assumed that D'/D is »)1. When this is

done, ﬁ has the following temperature dependence:

' . ~20n
oY % oh -oh -oh _ oD 39‘?‘?7“%'“
‘ B - .t'/;_ DY € W - tVL D% c (48)

Note from (48) that if A h for grain boundary diffusion
(referred to as Oh') is less than the A h of bulk migration, @ will increase

with decreasing temperature.
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TABLE ONE
From Equ. 47 Slopes of LN C Slopes of LN ¢

8 Fisher Slopes from Fig. 15 P from Fig. 15
0.5 1.06 -—-- .-
1.0 0.75 0.57 to 1.21 ---
1.5 0.62 0.75 to 0.80 ---

2.0 0.53 0.70 0.88 to 0.94

2.5 0.47 0.64 0.78 to 0.82
3.0 0.43 0.60 0.74
10.0 0.24 0.33 0.36
20.0 0.17 0.22 0.25

Table One: Comparison of the slopes obtained from figure 15 for Cp
and $ with that obtained by Fisher ("1 4181 2) for pre-

determined values of B.
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IV. LITERATURE REVIEW

A. Single Crystals (No Intentional Impurities Added)

1. Self Diffusion

Because of the vast amount of work on diffusion 1n single
crystals, the review will be limited to alkalie halides.

Mapother et al11 conducted the first study of cation dif-
fusion in single crystals of the alkalie halides. They deposited five
micron thick layers of radioactive Na (in the form of NaCl and NaBr) on
host single crystals of NaCl and NaBr respectively and sealed them in
glass ampules. Their diffusion runs spanned the temperature range
250C° to 720C° for NaCl, and 250C° to 700C° for NaBr. Thin sections of
approximately equal thickness were cut from the samples in the direction
of penetration, and their corresponding specific activities recorded.

A plot of the logarithm of specific activity versus the square of
penetration yielded a straight line whose slope, assuming the thin film
E%Ea They observed intrinsic and extrinsic
behavior for both crystals. From their NaCl work they obtained a

solution was equated to

value Cg“d&f'AMhPf 1.80 electron volts per ion and a Dy, of 3.1 cmZ/sec

for sodium diffusion and a.Dﬁ\wpf 0.77 electron volts per ion and a

Dy of 1.6 x 107

Na in NaBr were 1.53 electron volt per ion and 0.67 respectively. The

2 . .
cm“/sec. The A\W‘/L-\-A\'\mand D0 for diffusion of

data in the extrinsic range for NaBr had significant scatter, so that a

value of A\-\Mand D! were not calculated.

0
Arnikar and Chemlalz have conducted self diffusion studies of
potassium in KC1 by depositing a radioactive thin film and using a sec-

tioning type analysis similar to Mapother. Their measurements covered
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the temperature range from 580C° to 750C°. No extrinsic behavior was
observed. They obtained a Cﬁwhé:pb}n“of 1.74 electron volt per ion and
a D0 of 3.0 cmzlsec for potassium self diffusion. They compare their
data with that of J. F. ASchner13~who gets a corresponding [Shfb:rbﬂwhq
of 1.74 electron volt/ion and D0 of 2.0 cm2/sec°

Laurent and Benard (1957) studied cation and anion self
diffusion in the following single crystals: KI in the temperature
range 460C° to 700C°, KBr in the temperature range 480C° to 720C°,
KC1 in the temperature range 520C° to 750C°, KF in the temperature range
580C° to 830C°, NaCl in the temperature range 600C° to 800C°, CsCl
(NaCl structure) in the temperature range 465C° to 640C°, and CsCl
(CsC1 structure) in the temperature range 280C° to 465C°. They used
radioactive thin film deposits and a sectioning technique. No extrinsic
behavior was observed in any of the curves. Their results are shown in
table two.

15,16,17 1 cationic self diffu-

There are several other works
sion in the alkaiie halides. There final results are listed in table
two. The values of D0 show no variation consistent with present
theories. The temperature dependence of the diffusion coefficients
however are linear enough to assume only one predominant transfer
mechanism in the intrinsic region and one in the initial part of the
extrinsic region. The difference between the intrinsic and extrinsic
slopes also give estimated heats of formation that agree reasonably well
with one another and with the few theoretical estimates (also listed
in table two) of the heats of formation of Schottky pairs in alkalie halides.

This confirms the idea that cations move in the alkalie halides by way of

unassociated cation vacancies for a wide temperature range.
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2. Cationic Impurity Diffusion

Chemla18 diffused radioactive cesium into NaCl in the tempera-

ture range 550C° to 750C°. No extrinsic behavior was observed. TheCQ%éTA\h\
for diffusion of cesium was .80 electron volt per ion and Dy - whicﬁ

is stated to be about three times larger than the D0 of Na 1n NaCl,11 15
about 9.0 cmz/sec.

In a later work19 he studied the diffusion of radioactive
K, Rb and Ag in single crystals of NaCl in the temperature range 600C*®
to 750C° (using a "sandwich couple' as described in III.A.l.). The
value obtained for DGN%L+bNh“was 1.90 electron volts per ion for all
three cations. The values obtained for DO for cesium, potassium and ru-
bidium were 67, 13, and 16 cmz/sec respectively. No extrinsic beha-
vior was observed. The diffusion coefficient at a given temperature
increased with increasing size of the alkalie ions, and he associates
this with an increasing oscillation frequency due to the increased
repulsive potential for the larger size ions.

Arnikar and Chemla12 carried out an investigation of sodium
and cesium diffusion in KC1. Their self diffusion work for potassium
has already been mentioned. This analysis also spanned the temperature
range 570C° to 750C°. They obtained a b}yﬁlflgn“«of 1.75 electron
volt/ion for sodium and 1.74 electron volt/ion for cesium with corre-

sponding values of D, of 6.7 and 1.8 cmz/sec. Including their self

0
diffusion results,they obtain a D (at fixed temperature) that decreases
with increasing ionic radius. This is in direct opposition to their
results for NaCl.

Glasner and Reisfeld20 used a novel spectroscopic technique

to investigate the diffusion of lead and thallium in single crystal KC1.
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In this method the total amount of lead or thallium diffused into the

tiny grains of KC1 in a fine powder mixture of host and diffusant material
is measured by making use of their characteristic absorptions in the ultra
violet. By measuring the amount diffused in as a function of time a
diffusion coefficient can be obtained.

The temperature span of their diffusion runs were very narrow:
150C° to 200C° for thallium diffusion and 300C° to 375C° for lead
diffusion. The formula by which they obtain D assumes a concentration-
independent diffusion coefficient. This would not alter the thallium
results because it is monovalent,but it yields an inaccurate value for D
of lead. They obtainlQh's of 1.09 electron volt per ion and 0.99
electron volt per ion for thallium and lead diffusion respectively

3

and corresponding values of D! of 7.14 and 4.4 x 10~ cmz/sech

0
Murin et al21 studied the diffusion of radioactive calcium

in MaCl doped with 0.2 mcle percent of CaCl,, in the temperature range

2
350C° to 650C°. The diffusion coefficient was determined by the
Boltzmann-Matano analysis,4 and was observed to have a concentration
dependence; large in the high concentration region and falling off to a
constant value over a fairly wide concentration range. This constant
value, called D saturation,was plotted versus temperature to get a

Ah of 0.96 electron volt per ion for calcium diffusion.

Other workzz’ 23,24,25,26

in which divalent impurities were
di ffused into alkalie halides, requiring the use of the Boltzmann-
Matano analysis, and a plot of D saturation versus temperature are
listed, along with the above mentioned works, in table two. Because

‘the temperature dependence of D saturation has no intrinsic region, a

heat of formation can not be extracted from the data. However it is
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generally agreed that the concentration dependence of D follows quite
well the formula of Lidiard.3 The expression was derived on the assump-
tion of mass transfer by divalent impurity-cation vacancy comp lexes .

The DNh“obtained from the slope varies sufficiently from work to work
(for a given divalent impurity) that no definite conclusions can be
drawn about which predominant physical interactions between impurity,
lattice, and defects control the value of CQﬂh&

27,28,29,17 = nonovalent

There are several other papers
impurity diffusion in the alkalie halides. Their results and the re-
sults of those mentioned earlier are also in table two. All of this
work bears out the hypothesis that monovalent impurities also move by
way of unassociated cation vacancies. The difference in the slopes in
the intrinsic and extrinsic region gives a value of DQn{(heat of forma-

tion of a Schottky pair) which is as close to the theoretical values

as those obtained from self diffusion data.

B. Ionic Conductivity

Conductivity experiments are useful for several reasons. They
can quite easily be performed as a function of temperature yielding
very many experimental points. Slopes may therefore be obtained more
accurately and any slight curvature due to the effect of more than one
process will readily be apparent.

From the Nernst-Einstein relationshipl:
D _G‘t;k_‘_
. m 22 e?
Lo
where ti is the fraction of the total conductivity carried by species i,
g is the total conductivity, n, is the number of atoms of type i per

cubic centimeter, and z; is the valence of the i'th species (e, k, T are

H
l
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electronic charge, Boltzmann constant and temperature respectively).
Thus, for pure (as grown) samples, the slopes of the LN O versus %

curves can be compared with those from LND versus %-curves in order to
verify (or disprove) the same mechanisms for both processes .

Many of the authors already mentioned, carried out conductivity
measurements on their crystals in connection with diffusion runs.
These crystals were "pure' in the sense that they contained only "as-
grown' impurities. The intrinsic and extrinsic slopes showed good
linearity and values which were in satisfactory agreement with their
diffusion data. Their data, along with those of others who performed
conductivity measurements alone on their crystals, are listed in
table three.

The temperature dependence of conductivity for crystals
doped with divalent impurities showed only extrinsic slopes (also
labelled Eﬁn“nin table three). The values of the slopes differ from
author to author and, in general, from one type of divalent impurity
to the next. Although the extrinsic region is one in which specula-
tions should be carefully made, the prevalent idea as to how the ions
are moving in this region seems to be, associated divalent impurities
and cation vacancies. The data on conductivity in divalently doped

alkalie halides are also shown in table three.

C. Crain Boundary Diffusion
Studies concerned with the influence of grain houndaries and/or
dislocations on mass transfer are not too extensive. This review will

therefore cover both alkalie halide§ and oxides. The behavior of boundaries

h
|
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TABLE TWO Part 1
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D D
. (ev) (ev) 0 (ev) Temp

Host Cation Ahintr. cm”/sec hextr. cm”/sec Ahf Range Tbrcak Ref.
KC1  Na 1.75 6.7 see oo oos 570-750C° --- 12
KCl K 1.74 3.0 see eee —o= 570-750C° --- 12
KCl  Cs 1.74 1.8 sem eee —e= 570-750C° ---= 12
KCl 1.88 3.8  0.59  ---  2.54 570-750C° --- 13
KC1 1.47  4x15% o= = .. 520-750C° --- 14
K1 cd —-- —-= 0.54 4.7x10° --- 350-500C° --- 24
KC1  Rb 2.04 26.8 aee oem aoo 597-750C° --- 17
KCl Tl --- —e= 1.09  7.14  --- 150-200C° --- 20
KCI  Pb —-- —== 0.99  441x13° --= 300-375C° --- 20
KC1 Tl 1.70 2.0  0.43 2x10°  2.54 253-740C° 560C° 29
KC1 Pb --- --- 0.73 1,02x163 --- 200-475C° --- 23
KBr  TI 2.01 50 1.03  4.1x10° 1.96 330-680C° 497C° 28
KBr  TI 1.98 47 aee eoe a2 520-700C° --- 27
KBr 1.94  --- fee ee= —o= 300-700C° --- 15
KBr 1.25 1072 o= oo ... 480-720C° --- 14
NaCl Na 1.80 3.1 77 1.6x10° 2.06 250-720C° --- 11
NaCl  Na 1.60 0.5 cee ee= o= 600-800C° --- 14
NaCl  Mn - —e= 0.66  --=  --— 450-750C° --- 22
NaCl  Cs 1.85 9 se= e-e - 550-750C° --- 18
NaCl K 1.90 13 aee eee o 600-750C° --- 19
NaCl Rb 1.90 16 mee mmm e 600-750C° --- 19
NaCl  Ag 1.90 123 aee = ae 600-750C° --- 19
NaCl  Cs 1.90 67 mee aee oo 600-750C° --- 19

Table Two - Collected data

on quantities
from diffusion of

cations in

of physical interest obtained
the alkalie halides.
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TABLE TWO Part 2

_ (ev) D0 (ev) DO (ev) Temp
Host Cation Ahintr. cm?/sec Ahextr, cmz/sec Ahf Range Tbreak Ref ,
NaCl Pb - - 0.98 mee a=- 320-530C° --- 26
NaCl Rb 2.11 205  --- -e=  -=- 600-750C°% --- 17
NaCl Zn - - 1.04 2x10’2 --- 560-770C° --- 25
Jhacl o - = 0.52 1.5x10"% -—= 560-770C° --- 25
znCl,
" " Na 2.27 1300  --- -== == 640-790C® --- 16
" Cu - - 0.96 --= ~-- 350-650C° --- 21
NaBr Na 1.53 0.67 --- -==  -== 250-700C° --- 17
RbCl Rb 1.99 33.3 --- --=  --- 600-780C° --- 17
KI K 0.64 107° .. eem —ee 460-700C° --- 14
csc1? cs 1.38 0.1 --- me=  ——- 465-640C° --- 14
csc1? Cs 0.69 107 --- -——=  --- 280-465C° --- 14
THEORY
KCl  --- _—- - - -— 2.14 .- - 66
KC1  --- - - -_— -—— 2.26 _—- -- 67
KCl  --- - S - —— 2.21 ——- - 68
KC1  --- - - - - 2.18 - - 69
KCl  --- ——- ---0.,375+0.40 . e —-- ——- 70
NaCl ~--- -—- -—- - .- 1.93 _—- - 66
NaCl --- - - - -—— 2,11 - -- 67
NaCl --- - - ——- _—— 2,12 -—- - 68
NaCl --- -— - - --—-  1.91 _— —— 69

Table Two - Collected data on quantities of physical interest obtained
from diffusion of cations in the alkalie halides.
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TABLE THREE

D D!
' (ev) 0 (ev) 0 (ev)

Host Crystal Ahintr. cmz/sec Ahextr. em?/sec Ahf Temp Range Ref.
RbC1 1.58 3.58x10° ---- feee —m-- 550-700C° 30
NaCl 1.89 14.0 0.83  2.5x107% 2.12 250-720C° 11
NaBr 1.68 5.98 0.84 1x10™°  1.68 250-700C° 11
NaCl ———- - 0.71 ———- ---- 450-750C° 22

NaC1+MnCl, ———- - 0.66 ———- ---- 450-750C° 22
NaCl 1.90 ——— ——— ———- ---- 600-750C° 19
NaCl 1.81 ———- ——— ———— --== 560-630C" 25
KBr 1.91 ———- ——— - ---- 300-700C° 15
NaCl 1.86 ———- 0.85 —m-- 2.02 250-700C° 31

NaC1+CdCl, ———- ———- 0.85 - ---- 250-400C° 31
KBr 1.96 Zea- 0.96 “—-- 2.00 240-740C° 32
NaCl 1.72 ———- 0.87 -———- 1.70 283-730C° 33
KBr ———- ——-- 0.65 ———— ---- 60-720C° 34
NaCl ———- === 0.75-0.82 ---- ---- 30-500C° 35

NaC1l+Mg ——— ———- 0.80 - ---- 30-500C° 35

NaCl+Mn B, ———- 0.70 - ---- 30-500C° 35

NaC1+Cd ———- ———- 0.79 ——— --=- 30-500C° 35

NaCl+Sr S - 0.83 ———- ---- 30-500C° 35
KBr 1.94 ———— 0.67 i 2.53 441-727C° 36
KC1 2.02 ———- 0.99 ———— 2.06 250-727C° 32

KCl+Ca -——- ——— 0.79 ———- -~~~ 300-750C° 37

KC1+Sr -——- - 0.86 R ---- 300-750C°® 37

KCl+Ba ——— ——— 0.94 ———- ---- 300-750C° 37
KC1 -——- ——— 0.68 ——— ---- 500-750C° 13
KC1 ———— ——— 0.77 — ---= 60-700C° 34
KC1 1.95 .- 0.84 p— 2.20 200-750C° 38
KC1 1.66 _——- ——— -——— ---- 450-750C° 39

Table Three - Collected data on quantities of physical interest obtained
from conductivity experiments on pure and doped alkalie
halides.
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and dislocations in metals is far enough removed from that of the ionic
materials that they will be neglected.

Laurent and Bernard4o have studied the diffusion of radioactive
Na' and C1” in polycrystalline sodium chloride using a sectioning tech-
nique and the thin film solution. They noticed no change in the diffusion
of sodium as the size of the pellets was varied from 3000 microns to
50 microns grain size. There was a marked increase in the chlorine
diffusion rate although the activation energy for diffusion did not vary
with grain size. By autoradiograph techniques they were able to show
that chlorine,bromine, iodine, and cesium were in much higher concentra-
tion at the grain boundaries than the bulk of the polycrystalline

aggregates.

In a later paper41 the same two authors self-diffused radio-

active cations and anions into polycrystalline potassium chloride,

potassium iodide, potassium bromide, cesium chloride and sodium chloride.
Using an autoradiographic technique they were able to observe preferential
grain boundary diffusion of all the anions and cesium but no preferential
diffusion of the other cations. The general conclusion they drew from

both works was that the anions and cesium move preferentially along the

grain boundaries because of their higher polarizabilities.

Roberts and Wheeler42 observed preferential diffusion of radio-

active zinc oxide in polycrystalline zinc oxide pellets. Their plots of
log concentration versus penetration were linear as predicted by Fisher
(III.B.). Using an available bulk diffusion coefficient from another

T

Their results are listed in

? work they were able to obtain 2 D'a. A plot of LN(2D'a) versu5<l
3 —Q/
obeyed a relationship of the form Ae XTI,
1/2

table four. Their value of =+ had very large scatter at every

e e T e P ey
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tfygerature being very sensitive to the oxygen cor argon ambient pressure.
9557 decreased with decreasing oxygen pressure and they associated this
with an increasing D' rather than a decreasing D (a was assumed to stay
constant). These results, which suggest an extrinsic mechanism for
preferential grain boundary diffusion are in conflict with an earlier
result43 on zinc oxide pellets where well sintered pellets showed no
effect of preferential diffusion in the boundaries and the LND versus

% plot was quite linear with a slope slightly smaller than that obtained
from pellets that were not sintered.

Barr et al44 studied the diffusion of chlorine in single crys-
tals of potassium chloride and sodium chloride with high dislocation
densities. The magnitude of their D's, as well as the slopes of the
LND versus %-plots in the low temperature region varied for KCl1 depending
on annealing times. The longer the annealing times, the lower were the
D values. They associated this with preferential diffusion of chlorine
along dislocations and sub grain boundaries.

The results on a given pretreated crystal did not vary even
wher. it was used in a crusted form for the diffusion run. This latter
effect was explained as a saturation on the part of the dislocations
initially existing in the crystal, such that, introducing additional dis-
locations by crushing did not effectively increase the net transfer of
diffusant from the surface to any point in the bulk. The anomalous
feature of these results is that the concentration dependence on pene-
tration obeys single crystal behavior (namely an error function behavior

for their diffusion set up) and yet the predominant mass transfer occurs

in the vicinity of these "high diffusivity'" paths. A similar anomaly
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occurs for Laurent and Benard's work since they obtain their D's from ‘Lg
the thin film solution and yet their anion and cesium D's are not .
associated with bulk transfer. This is discussed in detail by Harrison45
who shows that, in certain cases, the techniques used by Laurent, Benard, ;
Barr et al are valid. Of course the D's they obtain are 'average'" D's
in the sense that atom transfer from the surface to a given point i
requires many interactions with the bulk and preferential regions.

Oishi and Kingery46 have measured diffusion coefficients of
oxygen in polycrystalline aluminum oxide two order of magnitude higher
than bulk values. The Ah was also smaller than that of bulk. They
feel that this is the result of predominant mass transfer by way of

grain boundaries.

Cabane and Beaumont47 used a radiographic technique and compared
logarithm of activity-versus-penetration squared curves for iodine and
chlorine diffusion in potassium iodine, potassium chloride, and sodium
chloride pressed polycrystalline pellets. Their results indicated
that iodine diffuses much more readily by way of the grain boundaries
than does chlorine.

Cabane48 has studied the diffusion of iodine, chlorine,
potassium, and sodium in polycrystals of potassium iodide and sodium
chloride, and bicrystals of potassium iodide. No preferential
diffusicn of sodium or potassium was observed but preferential diffu-
sion of chlorine and iodine definitely occurred. In his work on poly-
crystalline pellets he used a radiographic technique on 'y=constant"
sections and compared experimental fall off in concentration away from
grain boundary with theoretical curves of Whipple to get "B In the

bicrystals he compared "C/C0 = constant' values with theoretical curves
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of Whipple and Karstensen to obtain the ﬁ's. In the potassium iodide

D'a
D

550C° indicating, since Dt was held constant, that the enthalpy of

is essentially independent of temperature from 350C° to

bicrystals

motion in the grain boundary is equal to the enthalpy of motion in bulk,
i.e., 25 k.calories per mole. These bicrystals were lightly pressurc
sintered with no exceptional care taken to eliminate water. Further,
the mismatch angle was very small.

In the transparent polycrystalline pieces 9-I%E-decreased with
increasing temperature and no preferential diffusion was detected at
temperature above about 520C°. The zﬁhgb for this case was much
smaller (12 k calories per mole). In the more opaque type polycrystalline
pellets preferential diffusion persisted up to the highest temperatures.
Cabane associates the preferential diffusion in the transparent pieces
with the higher polarizabilities of the chlorine and iodine relative to
the Na and K. The preferential diffusion in the impure pellets is
associated with water. If care is used to eliminate water, even the
anions do not diffuse preferentially above about 520C°.

Wuensch and Vasilos?9 using the electron microprobe, have
detected preferential diffusion of N12+ in bicrystals of MgO for tempera-
tures less than 1700C°. They also observed that the contours of ”Y\ =
constant" lines (Y| = y/\ Dt) at high penetrations didn't approach
a spike-like behavior at the grain boundary as is observed in metal
bicrystals. Instead, they peaked over a range of several microns. In a
later paper?O they showed that preferential diffusion of Niz+ and Coz’
in MgO bicrystals was due to impurity segregation at the grain boundaries,

and that when this was eliminated (by using more care in preparing the
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bicrystals, or by performing the diffusion runs above 1300C°, pre-
ferential diffusion ceased. The impurities appeared, in electron micro-
graphs, as a second phase precipitate at the grain boundaries which dis-
appeared above 1300C° due to rapid solution of the impurities into

the bulk.

51 have noticed anomolous behavior in the

Paladino et al
temperature dependence of the diffusion coefficient of oxygen in single
crystals of strontium titanate (SrTiOS) below 1200C°. D in this region
depended on prior heat treatment and dislocation density, the higher
the dislocation density the higher the D's and the A h'.

Ceguzin and Dobrovinskaya52 observed enhanced diffusion of
Na in NaCl due to the presence of screw type and edge type dislccations
in the temperature range 200C° to 540C°. They diffused radioactive
sodium (thick film sandwiched between two NaCl crystals) into two
crystals of different (known) dislocation densities. They assumed
that the concentration versus penetration has a complementary error
tfunction behavior and thus obtained an effective D (labelled D*).
Assuming that th (Dv is the bulk diffusion coefficient, and t is the

time of the diffusion anneal) is much larger than L (average distance

between dislocations) the expression derived by Hart>> can be used to

get Ddisls‘
* *
D S=-D—1:-[-)—2— cm ;sec
disl Pl-P2
Where Ddisl is the diffusion coefficient in the preferential region

around the dislocation, S is the area of this preferential region assum-

ing that this region takes on the form of a cylinder whose axis is
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parallel to the dislocation. In terms of the quantity '"a'" introduced

by Whipple,S%iTyaz. By knowing P, and P, (the dislocation densities
*

1
plot of erfc~1C/C0 versus penetration,DdS can be obtained for both

*
in the two crystals), and getting D, and D2 from the slope of a
screw type and edge type dislocations.
An additional set of diffusion runs were conducted for the case
th much smaller than L but much greater than S for which the

Smoluchowski54 formula is used to get DdS:

8AD, [2 0 )%
0, = == <9‘{}QM("*/

Cd is the average concentration in the dislocation, y is the direction

of penetration of the diffusant and A is an integral that, for the

above assumptions, can be expressed in terms of the measurable parameters .
Their results for DdS obtained by both methods are the same and are
listed in table four.

The same authorsSS have studied the diffusion of thallium along
edge and screw dislocations in KI and KC1 single crystals and in bi-
crystals of the same. The temperature range of their investigation was
200C° to 540C°. Their analysis for DdS was the same as for NaCl and
their results are in table four.

Their bicrystals had twin boundaries (misorientation angle 12°
to 15°). In order to obtain ﬁ ([3= 2%%/«r5;) for their bicrystals,they
used a microhardness technique (thallium solid solution strongly
increases the hardness of potassium chloride and potassium iodide) to
obtain isoconcentration contours. From these contours they obtained

4), the angle that a contour makes with the grain boundary. The Fisher

data of figure twelve was then employed to obtain @ . Their values of D'a
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as a function of temperaturc for both KC1 and KI bicrystals are shown

1<Al

in table four. From the data one sees that £§hcd(£§h \o crew disl

edge dis
They associated the reduced activation energy with the fact that cation
vacancies do not have to be created at the grain boundaries and hence
ZXhGB is just the/Ah of motion.
Rhodes and Carter56 have studied the self diffusion of Zr
and Ca in calcia stabilized zirconia. They diffused the radioactive
species and analyzed for concentration using a sectioning technique.
The samples were obtained from pressure sintered pellets whose central
regions were melted and recooled, yielding large grain crystallites
and negligible porosity. Their LNC versus yz plots showed a deviation
from linearity for penetrations that were not too large. The accompany-
ing autoradiographs which were also taken at various penetration distances
exhibited anomolously high diffusant concentrations at the grain
boundaries. Similarly their plots of LNC versus y were not linear
either, a result contrary to that predicted by the Fisher analysis.
Rhodes and Kingery57 have observed preferential diffusion
of '."14+ and Sr2+ in "single'" crystals of strontium titanate (SrTiOS).
This, despite the fact that the polarizabilities of the two cations
differ by a factor of four. The fact that the diffusion coefficient of
both cations depended on dislocation densities complements the fact
that the LNC-versus-penetration squared curves of the two cations were
anomolous. The authors postulate that impurities are not the only
factor affecting preferential grain boundary diffusion since both
cation and anion have now been known to diffuse preferentially along

dislocations in SrTiOS. Rhodes results for strontium are listed 1n

table four.
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G. I, Frischatss’59 has observed preferential grain boundary

di ffusion of radioactive sodium and calcium in polycrystalline (grain

sizes of 10A° to 20A°) Na,0 -2Ca0-35i0, over the temperature range

2 2

300C° to 900C°. (grain boundary diffusion coefficient) showed

DGB
definite dependence on crystallite size distribution; the smaller the
grain size the smaller the effect of preferential diffusion.

To quote an example of grain boundary effects on electrical
conductivity, Geschwind and Machlin60 have measured 0 (conductivity)
as a function of temperature in tilt and twist bicrystals of KCl
The temperature range of their measurements was 60C° to 227C°. Water
polishing these crystals in preparation for an experiment caused the
%-curve to exhibit a low temperature slope significantly
smaller than the typical bulk value. Above 100C° the slope was equal

LN @0 versus

to the bulk value. On cooling down the slope maintained the bulk
value down to the lowest temperature. When the crystals were prepared
without coming in contact with the water no such anomolous low tempera-

ture slope was observed
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V. CONCLUSIONS FROM LITERATURE REVIEW

A. Volume Diffusion and Conductivity Results

The D0 values obtained for both the extrinsic and intrinsic
range vary considerably in the few experiments where they can be compared
for the same diffusant and host crystal. Many of the diffusants for a
given host crystal (with the exception of NaCl and KC1) have only been
investigated by one author. Reproducibility of data in the intrinsic
region is not good for the diffusion analysis but is quite good for
the conductivity analysis. The Ah's in the extrinsic regions for
a given crystal scatter badly for the diffusion runs but seem to have
only a small range of variation in the conductivity runs regardless
of the dopant.

Conductivity experiments give more consistent results and
should be used to get better values of'[;hintIJ LXhextr’ DO and 06. How -
ever care should be used since associations between defects (where a
foreign cation is also considered as a defect) can appreciably alter
diffusion and conductivity experiments in different ways making a
's and Ah's sometimes impossible.

0

Slopes in the extrinsic range vary widely due to the effect

correlation between the D

of strains, dislocations and impurities on mass transfer. The only
chance for reproducible results in this range is to use samples of

equal impurity content and defect concentration

B. Grain Boundary and Dislocation Results
Several problems have arisen concerning grain boundary diffu-

sion work. The first problem concerns the physical mechanism for grain
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boundary and dislocation preferential diffusion. One one side we have
the work of Laurent and Benard who feel that the preferential diffusion
is associated with a specific ions ability to polarize more easily in
the saddle point region. Cabane, however, states that this might be

the mechanism at low temperature, but at higher temperature it may be
eliminated by keeping water from the grain boundaries. To support
Cabane's impurity hypothesis, we have the opinion ot Wuensch and Vasilos
who have similarly repressed preferential diffusion cf cations by making
clean grain boundaries.

An article by J. H. Westrook61 surveys the situation of
impurity effects at grain boundaries in ceramic materials. He indicates
the importance of precipitation effects in these regions. Wuensch
and Vasilos similarly noted second phase precipitates in their MgO

bicrystals that exhibited preferential diffusion. Frischat observes

preferential diffusion in a material that is also susceptible to second
phase precipitates as does Rhodes and Carter in calcia stabilized
zirconia. The work of Roberts and Wheeler and Geschwind and Machlin give
extra support to the idea of an impurity mechanism as the controlling
factor in preferential grain boundary diffusion.

Barr et al seem to feel that there is preferential diffusion
of anions at any rate, along internal dislocations and sub grain
boundaries in clean single crystals. They attribute the curvature of
their low temperature diffusion data to this.

In support of Barr, Geguzen, Paladino and Rhodes have definitely
shown that, assuming an error function (or thin film'type) behavior of

concentration on penetration, anomolous diffusion results occur for
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cations in crystals with artificially created dislocations and grain
boundaries.

These works off hand seem to be involved with "clean'" defects.
Hence no second phase precipitation or impurities should be localized

there.
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VI. RESEARCH OBJECTIVE

This work will concern itself with the diffusion of thallium
chloride 1nto single crystals, polycrystals, and bicrystals of potassium
chloride. Thallium chloride has been chosen because, as seen in table
five, 1t has a high polarizability and hence, studying its diffusion
will detcrmine whether its high ability to be deformed will enhance 1ts
diffusion along grain boundaries. TICl is also monovalent, and should
exhibit concentration independent diffusion. It also has a rclatively
high solubility in KCl thus making the use of the electron probe (to
be described in the next section) practical.

Careful bulk diffusion data over a wide temperature range
will be carried out in order to obtain 065 and Ah's that are as accurate
as possible, thus making future analysis of alkalie halide data more
exact These data will be further used to obtain values of aD' from
the values of B = (D'/D -l)a/Qﬁﬁ?obtained in the grain boundary
diffusion study.

Work will be undertaken on polycrystals and bicrystals of
potassium chloride of a wide range of mismatch angles to determine
whether thallium chloride diffuses preferentially. If such enhancement
is observed, an attempt will be made to determine whether the effect is
associated with an intrinsic (such as polarizability) or extrinsic
(impurity) mechanism. Also, if consistent preferential diffusion prevails
over a sufficiently wide temperature range,&hgrain boundary will be
obtained as a function of the crystallographic orientation of the grains.

The analysis for thallium concentration gradients will be performed
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TABLE FIVE
a (Polarizability) in a (Polarizability) in

Ion units of 10724 cm® Ion units of 10724 cm®
Li 0.03 Cd 0.08

Na 0.41 T1 5.20

K 1.33 Cu 0.20

Rb 1.98 Pb 4.90

Cs 3.34 0 0.5-3.2

Cu 1.60 S 4.8-5.9

Ag 2.40 F 0.64

Ca 1.10 C1 2.96

Sr 1.60 Br 4.16

Ba 2.50 T 6.43

Zn 0.80

‘ C s 61
i Table Five - List of ionic polarizsbility from Tessman, Kahn, Shockley.
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using the electron microprobe (to be described in next section). This
work will allow the investigation of individual grain boundaries of
controlled orientation which in turn may be characterized for impurity
content Diffusion in two orthogonal directions within the grain
boundary will be investigated to determine whether there 1s anisotropy
of the preferential diffusion. Comparison of experimental data with
Fisher's analysis and with the exact theoretical functions derived

in section II1.B, will be made to test their validity in real situa-

tions.
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VII. EXPERIMENTAL PROCEDURE

A. Preparation of Standard Composites

Analysis for a particular element with the probe 1s done
through excitation of the characteristic X-radiation of the element
with a one micron diameter electron beam. The radiation 1s, 1n turn,
counted 1n a manner similar to the radiation from radioactive materials
In order to convert these counts to weight fraction of the specific
species present,counting rates must be obtained from standards of two
phase mixtures of potassium chloride and thallium chloride in known
composition. The potassium chloride employed was Baker analyzed
reagent grade obtained from Baker Chemical Company, Phillipsburgh, New
Jersey. This material was ground to submicron size with a small Trost
Jet Mill. The thallium chloride powder, obtained from Alfa Inorganics,
Beverly, Massachusetts, was obtained with rather fine size. It was
therefore not put in the jet mill. The powders were weighed out with
a Mettler macro analytical balance for thirteen standards (see table
six). The powders were put in solution in deionized water. The water
was heated in some cases to facilitate complete solution. The solution
was dried by a fan while being continuously stirred. The powder was
then scraped from the jar with a spatula and oven dried at 170C° to
200C° from one to two full days in flowing dry nitrogen. The powders

were then pressed in a die at about 10,000 psi, ground on their sides

with 400 mesh silicon carbide paper (to remove residue from the die), and

then rinsed well in hot acetone and trichlorethylene to remove die oils

and foreign particles. The samples were then ground with 600 mesh
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silicon paper, placed in an ultra sonic cleaner with denatured alcohol
for fifteen minutes to remove traces of the silicon carbide, and then
polished on politex supreme cloth (Geoscience, Mount Vernon, New York)
with 302 1/2 and 309W alumina. They were then put back i1n the ultra
sonic cleaner with the denatured alcohol for ten to fifteen minutes

and dried. The polish was not uniform but sufficiently large sections
of good polish were obtained. The grain size ranged from seven microns
to ninety microns. Small sections of each sample were then removed

and assembled together in cold setting plastic mount. The same polish-
ing procedure (starting with the 600 mesh silicon carbide) was then
repeated. As a check, a section of two of the standards were sent to

a chemical laboratory to be analyzed. The results of the analyses were

within eight percent of their nominal concentrations (see table six).

B. Sample Preparation for Volume Diffusion Runs
The potassium chloride used for the sandwich (thin film)
couples and vapor exchange couples was ''optical grade'" material from the

llarshaw Chemical Company, Cleveland, Ohio. The oxygen content of the

material was obtained using a Carey Model 14 ultra violet spectrophotometer

through which the electronic excitation of oxygen (204 millimicrons)
could be investigated. The oxygen was present to about seven parts per
million and was probably adsorbed on the surfaces and in the form of
OH_1 in the bulk. The as-received crystals were about one inch on an
edge and contained considerable mosaic structure (see figure 16), with
domain size of the order of milimeters and mismatch angles of a few

degrees. The Harshaw company analyzes a section of each of its boules



Figure 16 - Laue back reflection of a typical Harshaw cube used for
volume diffusion runs and pressure sintered bicrystals.
Film-to-sample distance is 3.0 cm. Typical mismatch
angles are 3° to 4°.
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for cation impurities. The boule used in this work for all the volume
diffusion runs had company-estimated divalent impurity contents under
si1x parts per million. The cations of highest concentration were
calcium, silicon and magnesium.

For the vapor exchange couples, pieces of KC1l, three to six
m1llimeters thick and eight millimeters by eight millimeters in cross
section were cut from the Harshaw cubes. They were then polished in the
same manner as the standards with the addition of an extra light brushing
on a politex cloth in which was embedded a very dilute mixture of
0.05 micron alumina and denatured alcohol. They were then rinsed well
in alcohol and put in an oven at about 250C° for about twenty to forty
minutes to dry.

For the sandwich couples, the samples were taken through the
same steps as above. They were then put in a vacuum system and thallium
chloride was vapor deposited, from a vycor crucible sitting in a spiral
tungsten filament,at a pressure of 1x10'5 torr. The vycor crucible was
1nitially outgassed in vacuum at 1000C° to remove impurities (specifi-
cally water and/or OH-I).

A thin layer of KCl was then deposited over this by means of

a separate crucible. The KCl1 was reagent grade Baker analyzed.

C. Preparation of Polycrystalline Pellets

Polycrystalline pellets were formed in three ways. In one
case, reagent grade KCl was poured directly from the jar into an RF
press (figure 17) and pressed at 2000 psi at 450C° for two hours.
Grain size varied from twenty micron to greater than one hundred

micron (figure 18A).
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Figure 17 - RF press (induction heating) for pressing and sintering
polycrystalline compacts and bicrystals.
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In the next method, in which extra precautions were taken
to keep out water, reagent grade KCl was added in small amounts to the
RF press over which pre purified, water-free nitrogen was flowing. The
die was slowly brought up to 460C° while the quantities of powder were
added over the course of two and one half hours. The nitrogen was

then removed and the powder pressed at 440C° under a pressure of 2000 psi
p % p p

for two hours. The pressure was then released, and the temperature lowered

in steps to reduce thermal shock. The pellets were much more transparent
and took a much better polish. There was a slight amount of 'fog"

in local areas and the grains were of the order of several hundred micron
with a few under one hundred micron.

The polishing procedure for the polycrystalline pellets and the
bicrystals (to be mentioned in next sub section) was different.63 After
a grind on 600 mesh silicon carbide, the samples were ultra sonically
cleaned in denatured alcohol for fifteen minutes. They were then
water polished on a politex supreme cloth with a fifty percent ethanol -
fifty percent distilled water solution followed by a rinse in a solution
of twenty-five percent methanol, twenty-five percent distilled water
and fifty percent ethanol. They were then dipped in pure ethanol, rinsed
in anhydrous ether and air dried.

Etching63 was also necessary to delineate the grain boundaries.
The etchant was ten drops of a saturated solution of ZnCl2 and glacial

acetic for every twenty milliliters of pure glacial acetic, followed by

a dip in pure acetic acid. They were then rinsed in ether and air dried.

The time of etch varied from twenty seconds to two minutes and the etch

was unheated.
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A portion of this pellet was then placed in an oven at 712C°
in air for two days to produce grain growth. The grains werc in general
larger than 1000 microns but still slightly "foggy." (See figure 18B.)
The pores remained behind, some inside the grains and others at the
boundaries. Some seemed to form the locus of an original boundary but,
even with lengthy etching, no boundary was revealed.

Samples were cut from these pellets (about Smm x 5mm and
three millimeters thick) polished as described on page 63 and hot air

dried.

D. Preparation of Bicrystals

1. Hot Wire Technique64

As a first attempt at fabricating bicrystals, two well polished

pieces of Harshaw crystal with differently oriented faces were mounted
in a jig (figure 19) and lightly pressed together. The unit was
heated to about 630C° in air (and in some cases dry nitrogen) and then
current was passed through a platinum-ten percent rhodium wire. This
wire was wrapped around the junction of the two crystals and extended
out through the bottom of the oven.

To one end of the wire was mounted weights ranging (from run
to run) from 200 grams to 300 grams. As the wire became hot, it moved
through the junction. After passing through, the crystal was held at
650C° for about a day or more and then slowly cooled down. Several of
these crystals broke at the grain boundaries. Others had regions of
high porosity.

On the whole, the grain boundaries produced in this fashion

exhibited very large amounts of light scattering when viewed in a
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Figure 19 - Apparatus for fabricating bicrystals.
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direction orthogonal to a parallel beam (less than a millimeter in
diameter) of light passing parallel to the plane of the boundary.

2. Pressure Sintered Technique

As a second effort, two llarshaw crystals were cut along
different crystallographic planes and highly polished. In order to
form these bicrystals under water free conditions (since water has been
associated with the preferential diffusion in alkalie halides) one piece
was put in an oven at about 300C° while the other piece was put in the
die of the RF press. Prepurified, water-free nitrogen was flowed through
a dessicator into the die close to the face of the crystal. The die was
then brought up to 300C° to 350C°,and held there for one to three hours.
At this point the piece from the other oven was quickly put in. The
two were gently held by way of a long vycor rod,and two hundred mesh
alumina (no pretreatment) was put around them and over them. The
assembly was allowed to remain at 350C° for about one half to one hour.
Then the nitrogen was stoppcd and the press activated to anywhere from
1500 psi to 2500 psi. The tempcrature was then brought up to about
450C° and held there for times that varied from three to five hours.
The pressure was then released and the temperature lowered in discrete
steps (to minimize thermal shock) for from forty-five to ninety minutes.

All the bicrystals formed in this way were ground, to remove
surface regions, polished, and then put in a vycor tube (precleaned and
torched to red heat) in a temperature controlled oven. The oven tempera-
ture was brought up to 670C° while the atmosphere in the tube was kept
evacuated by a rough pump. The samples were maintained at this tempera-

ture for one and one half hours. The vacuum valve was then closed and
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the system allowed to remain at 670C° for twenty hours. It was then control-
cooled at 10C° per hour to less than 100C°.

The grain boundaries in some of the bicrystals had migrated to
one side of the specimen  Others devcloped cither polycrystallinity or
hecavy mosalc structure on one or both sides of the grain boundary

St1ll others had grain boundaries that were normal to the sur-
face near the surfaces of the bicrystal but broke up in the interior.
Figure 20A shows some sketches of thesec irregular bicrystals

The sections displaying straight grain boundaries, free from
pores, were used for diffusion studies A few bhicrystals had grain
boundaries so perfect that they were very difficult to observe even
after lengthy ctching and polishing procedures. They could be observed
more casily by transmission optics due to a few infinitesimal pores 1n
the boundaries. In general, the grain boundaries exhibited very few
pores and there were, even in the worst cases, very large regions of
planar, pore-free grain boundary (figures 20B and 20C). Thesc crystals
were cut and polished similar to the polycrystalline samples .

3 Ky ropoulos Technique

Bicrystals were also pulled from the melt using the Kyropoulos
technique (figure 21). The potassium chloride powder to be used was put
in a vycor crucible, 75 millimeters in diameter and fourteen inches long,
and placed in an oven at 300C° overnight. The first seeds to be employed
consisted of two Harshaw single crystals of random crystallographic
orientation twenty millimeters long and six millimeters by six millimeters
in cross-section. They were polished and wrapped tishtly together with

platinum wire (figure 22). The system was evacuated and flushed with
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Figure 20B - Grain boundary in a pressure sintered bicrystal (B-7).

Figure 20C - Grain boundary in a pressure sintered bicrystal (B-8).




Figure 21 - Kyropoulos oven and crystal pulling apparatus.
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nitrogen five times and then a steady (very slow) flow of nitrogen was
maintained for the crystal pulling.

Pulling rates varied from three to five millimeters per hour
and the double seed was continuously rotated. Steady state cooling
rates of 4C°/hour to 6C°/hour were used until a sufficient boule
developed The boule was then pulled from the melt and the cooling rate
1ncreased to 10C°/hour down to )00C°.

The grain boundaries did not remain normal to the growth inter-
face but quickly curved and passed out of the boule. Only in one case
was there sufficient grain boundary to obtain several samples,but in
this case, the relative orientation of the grains was not the same from
sample to sample. The remaining Kyropoulos bicrystals were prepared

with the use of '"symmetrical tilt seeds'" (cee figure 23). These were

seeds whose adjacent faces (faces in contact in figure 22A) were related to

each other by a rotation of plus or minus a certain angle from the

(100) face In general these yielded bicrystals with more useab le

grain boundaries but, even in this procedure, the boundaries were continu-
ously curved and ultimately grew out of the boule (figure 24). There
was really no way of cutting samples from these batches (all cuttings

of bicrystals were done with a string saw with a 5 mil steel wire) with
grain boundaries that remained perpendicular to the face to be exposed

to the thallium vapor. In general, with careful cutting, the grain
boundary was within a few degrees of being perpendicular to the exposed

faces .
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Figure 24 - Typical bicrystal boule grown with a symmetrical seed.
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4., Harshaw Bicrystals

Some of the scrap pieces ('optical grade') obtained from
Harshaw had grain boundaries that occurred during growth. Upon polish-
ing and etching, these grain boundaries were found to be free of pores
along their entire length with no mosaic and/or recrystallization in
either grain. It was possible to cut samples from these crystals with
the string saw, such that grain boundaries were very close to being
orthogonal to two external faces.

5. Harshaw Mosaics

The complete batch of samples from Harshaw had heavy mosaic
structure (as explained in section VII.B.). These were also used in the |
grain boundary diffusion studies.

6. Polycrystalline Pieces from the Melt in the Kyropoulos Oven

The solidified melts had polycrystalline sections of milli-
meter grain size. These were also cut to size and polished for dif- |

fusion runs.

.
|
E. Diffusion Annealings |
1. Polycrystalline Specimens and Single-Crystal Specimens i
a. Vapor Exchange Couples

Vycor crucibles were used to hold the thallium chloride powder. |
These were inserted into holes drilled in small pieces of firebrick
(figure 25). A platinum ten percent rhodium thermocouple was held
firmly against the sample; the steztite casing being ground so that it
could be firmly held to the firebrick and against the sample by means

of a chromel alumel wire.
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Figure 25 - Apparatus for a typical vapor exchange couple diffusion
anneal .
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The diffusion annealings were performed in twenty-four inch
long, one and one half to two inch diameter mullite tubing ovens with
controllers (figure 26) Firebrick '"stops' were inserted so that the
samples were inserted the same distance in each run. The controllers
kept temperature fluctuation within + two degrees There was no time
delay in either insertion of the samples or in their removal. 'Time
zero' was measured as thirty minutes from the time of "insertion'" for
the entire temperature range, since the thermocouples indicated tempera-
tures within four percent of the equilibrium temperature as early as
twenty minutes from "insertion.'" Diffusion times were long enough to
neglect the amount of thallium chloride diffusion during the warm up
period. At diffusion anneal temperatures above 680C°, a mixture of
thallium chloride and potassium chloride were used in the vycor crucible
to prevent sample loss by melting.

b. Thin Film Couples

The samples on which thin films of T1Cl had been evaporated
were sandwiched between two pieces of potassium chloride and wrapped
with platinum wire. They were then placed inside a vycor tube, opened
at one end and sealed off at the other, and firmly held against a ''stop'
(section where the tubing was tapered to a small neck) by means of a
platinum ten percent rhodium thermocouple (figure 27). The sealed end
contained pure thallium chloride powder.

2. Bicrystals

All the bicrystals were set up as vapor exchange cuuples.

Thev were allowed to remain in an oven at about 250C°® for one half an
hour before being loaded into a prefired vycor tubing. This tubing

(figure 28) was sealed at one end. Pure thallium chloride or a mixture



Figure 26 - Temperature controlled ovens used for the diffusion
anneals.
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of thallium chloride and potassium chloride was placed at this end.
Several samples were loaded at one time but their dimensions were such
that they never spanned more than one inch lengthwise along the length
of the tubing. The tube was quickly sealed off, inserted in a firebrick,
mounted with a thermocouple, and placed in the oven .
F  Preparation for Analysis
1. Standards
Standards were carbon coated in an atmosphere evacuated to l—leﬁstorr
The source to sample distance was about six inches. The purpose of
the coatings, employed for all diffusion samples that were analyzed with
the electron probe, was to provide a conducting path for the current of
the incident electron beam, thus preventing charge build up.
2. Single Crystals and Polycrystals
When the diffusion runs were completed,the samples were cut with
a string saw along a direction perpendicular to the face exposed to
the thallium chleride. The specimen wu.s then sandwiched between two
extraneous pieces of potassium chloride (to prevent rounding off at the
cdges of the diffusion sample) and set in bakelite (figure 29). Bake-
lite was preferred over the cold setting plastics because of its lower
outgassing rate during bombardment with the electron beam of the probe.
The bakelite and sample were then ground on 360 mesh and 600
~ E‘ mesh silizon carbide and polished with 0.05 micron alumina. As a final
;: polish, the sample was lightly brushed on a politex cloth embedded with
a very dilute alcohol-0.05 alumina solution. The sample was then rinsed

in anhydrons ether and hot air dried. It was then carbon coated.
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Figure 29 - Preparing a sample subjected to a diffusion anneal for



83

3. Bicrystals

The bicrystals could not be removed from the diffusion ovens
as fast as the single crystals hecause of the mechanical stresses intro-
duced with the large thallium atoms in the grain boundaries . Some of
the Harshaw and Kyropoulos bicrystals broke due to this fact  Because
of this, fifteen to thirty minutes were allowed for taking these samples
out of the ovens. Also, it was beneficial to use potassium chloride with
the thallium chloride (as a source material) from 640C° to 700C°.

The bicrystals were analyzed with the electron probe on two
orthogonal planes, each of which was normal to the grain boundary. The
cutting and mounting procedure is indicated in figure 30. Probe analysis
was first carried out on the face in 30B and then (after recutting and

recoating with carbon) on the face in 30C.

G. Analysis of Concentration - The Electron Micro-Probe

An Applied Research Laboratories (Glendale, California) electron
probe microanalyzer was used to detect the thallium chloride. Basically
(see figures 31 and 32), the probe is an instrument which accelerates
electrons from a hot filament toward the sample to be investigated.
There are two main lenses. The one closest to the filament, called the
condenser lens, collects the electrons diverging from the filament and
focuses them on the image plane of a second lens. This lens, called
the objeciive lens, causes further demagni fication. The condenser lens
controls the intensity of the electron beam hitting the sample, while
the objective lens controls the beam diameter on the sample. The
minimum spot size is determined not only by the objective lens setting

but also by the condenser lens setting. The lower limit is about one

micron.
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Illustration of how two orthogonal planes containing the
grain boundary are analyzed with the electron probe for
thallium. (a) cutting procedure for exposing one plane
containing the grain boundary. (b) scanning of this
plane. (c) cutting and scanning technique for the plane
orthogonal to the first plane.
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in assembly.

Figure 32A - Picture of probe ma
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Elevator (for optical focusing)

Y drive
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Figure 32B - Explanation of the essential parts on the main assembly.
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Figure 33 - Complete electron probe microanalyzer assembly
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These electrons excite the characteristic wavelengths of all
the elements present whose threshholds lie below the accelerating
voltage of the instrument. The X-rays then leave the sample and are
Bragg reflected from a single crystal into a gas proportional counter
(90 percent argon, 10 percent methane). The angle that the sample-to-
detector-crystal axis makes with the plane of the sample is called the
""take off'" angle and is 52 1/2 degrees for the ARL probe. The pulses
coming from the proportional counter are counted electronically. The
time over which a count is to be taken depends on how small one wants
to keep the fracticnal statistical variation /% , where N equals the
total number of counts. The counting times in these experiments varied
from forty seconds to two hundred seconds depending on the amount of
thallium diffused into the crystal. Since a large number of counts
have to be taken for volume diffusion runs and still more for grain
boundary studies, a compromise had to be made between obtaining a sig-
nificant concentration profile in a reasonable amount of time and mini-
mizing fluctuaticn in count through long counting times. A large frac-
tion of the experimental data was obtained with forty to fifty second counts .

The probe sample holder resembled a '"lazy susan.'" It could
accomodate eight one inch diameter brass cannisters (figure 34). Each
one may be separately lifted from the lazy susan and brought into the
electron heam. Once the sample has been lifted from the lazy susan,
it may be brought into optical focus. By means of three external controls,
it may be rotated about the axis of the cannister lifter rod, and driven
in two mutually orthogonal directions (called the X and Y drive) in the

focal plane by two external verniers calibrated in microns.
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Figure 34 - (A) Side view of a brass cannister that holds sample
mounted in bakelite and fits into the 'lazy susan' in

the probe. (B) Top view.
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An essential requirement for reproducibility of counts at a
given point on tke sample is that the optical focus be at the same
position as the electron beam focus. For this work, because potassium
chloride fluoresces readily in the thirty kilovolt beam, the coincidence
of the two focal planes was adjusted with the sample to be investigated
and could be monitored continuously. However, as will be pointed out
later, a very slight change in the focus of the sample can produce
changes in counts that exceed any statistical fluctuations 1in the
counting.

In order to scan the characteristic wavelengths of a wide
range of elements and thus make the probe of significant practical value,
three single crystals are mounted in the vacuum system, all intercepting
the same take off angle of fifty-two and one half degrees with respect
to the sample face.

A quartz crystal covers the elements from silicon to rubidium.
A lithium fluoride crystals covers the elements from potassium to indium,
and an ammonium dihydrogen phosphate (ADP) crystal covers the range
from magnesium to arsenic.

A probe similar in design to the ARL probe and constructed at
MIT uses an epitaxially deposited lead stereate film on mica which
allows the analysis of anions such as chlorine and oxygen. This will be
referred to in section X.

These crystals can be rotated externally to bring them into
the proper Bragg angle for the element to be analyzed. The rotation

drive could be read directly to + 0.0002A°.
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Thirty kilovolt electrons were used for this work, as this
was the upper limit from a standpoint of stability of high voltage supply,
exciting the K fluorescence (3.742 angstroms) of potassium and the L
fluorescence of thallium (1.207 angstroms). The ADP crystal was used
to detect potassium and the lithium fluoride was used for the thallium.
Both crystals have their K and L edges well removed from these wave-
lengths. The continuum radiation peaks in the wavelength region centered
around 1.207 angstroms (the actual position of this peak is hard to
uniquely define because it will vary depending on the amount of thallium
chloride and potassium chloride present in the sample) and so the signal
to background ratio - ratio of the count from thallium chloride with the
lithium fluoride crystal at the Bragg angle, to the count with the crystal
suitably removed from the Bragg angle - was small, ranging from twenty-
six to thirty-three.

Diffusion runs were done by incorporating a ''step motor"
which could step the X or Y drive in intervals ranging fron one to
ten microns depending on its setting. The counting elcctronics was so
1iatcgrated with the step motor that discrete counts for a fixed time
interval could he taken every one, two, three or more microns throughout
the sample.

1. Standards

The standards were analyzed with the objective lens de-
focused in order to obtain a beams diameter that was large compared to
the average grain size in the standards. Even with a spot size of onc
hundred and forty microns, however, the count varied considerably
across the sample face. To improve this situation, an attempt was

made at making a finer, more uniform powder mixture for the standards
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The powders from which the standards were made were separately stored
overnight in a dry box in which was mounted an ultra sonically cleaned
(motor operated) mortar and pestil. It was imperative to eliminate all
moisture from this operation so that the reground powders would properly
mix without sticking to container walls. lHence the reason for operating
1n a dry box ‘'These powders were then ground for one half an hour
and put in jars containing ultra sonically cleaned and outgassed
porcclain balls. This jar was well sealed with electrical tape and put
1n a larger jar containing drierite. It was then completely surrounded
by drierite, the top put on the larger jar, and the cap secaled with
electrical tape. These were then taken out of the dry box and rolled
from forty to forty-eight hours. The powders were pressed as before
and polished
These standards were much more uniform and gave good transla-
tional uniformity with an eighty micron spot size (see figure 35).
Counts on the standards were taken at fifteen to thirty-five
di fferent positions and averaged. Counts were also taken on pure
thailium chloride and pure potassium chloride with the lithium fluoride
crystal set for bragg refelction of the thallium L line, and with the
crystal turned off the L line (background). Counts were also taken
on all the standards with the crystal turned off the '"L'" line. The
di £fcrenzc between a count with the crystal piaced at the "L'" line
and with the crystal placed off the "L'" line was called a corrected
count or Icorrected'
The ratio (labelled IC in figure 36) of these latter counts

to the corrected count for pure thallium chloride ,when plotted as a func-
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tion of the known weight fraction of the standards, gave a satisfactory
linear relationship of the form A + Bw (see figure 36), where w is the
weight fraction of T1Cl in the standard. The intercept A is the ratio
of the corrected count for pure potassium chloride to the corrected
count for pure thallium chloride.

The ratio of the background counts, taken at the 1 3000A°
setting of the lithium fluoride crystal, to the corrected count of pure
thallium chloride were also plotted (as IBZ) versus the known weight
fractions of the standards and it agreed well with the empirical back-

ground formula:()5

I 1100 I100
B =W 8,11 + (1 - w) BK . I (figure 36) (49)
(100 ™ 1100 (100 1 RN
corr corr corr
where 1;021 1s the background count from pure thallium chloride and
Iézﬂ 1s the count from pure potassium chloride with the lithium

fluoride crystal set for Bragg reflection of the thallium "L'" line.

Using the least square fit to IC from figure 36, the definition

of Icorr (1e., ICorr =1 - IB)
I I
cCOrr _ _ ! B
(100~ A+ Bw = [T00 " {100 (50)
corr corr corr

where I is the count recorded by the probe detector system with the

lithium fluoride at the Bragg reflection angle for the thallium L

line. lsing equation (49), (50) then becomes
Icorr o1 w Ié?gl - (1-w) 1;20 (51)
1100 - 100 -7 (100 ;100

corr corr corr corr



36,000 (Pure T1C1 with LiF

1 I 1100 W
corr cor corr .

90 0.0027 0.003(A)
232 0.0150 0.016(B)
668 0.0231 0.039(B)

1612 0.0485 0.060(A)
2568 0.0772 0.088(A)
1861 0.0642  0.114(B)
4205 0.1264 0.139(A)
3820 0.1148 0.162(A)
3561 0.1229 0.184(B)
4624 0 .1390 0.205(A)
4783 0.1438 0.225(A)
5034 0.1737 0.244 (B)
Time
(A) I, =581
Tgpp = 2741
100 _
Iiggr= 33260
(B) I, =518
Igpp = 1523
1100 _ 25 599
Iiggr; 24,076

TABLE SIX
18(1“30°°l/&é221 1-w
0.0192 0.997
0.0207 0.984
0.0218 0.961
0.0202 0 940
0.0225 0.912
0 0236 0.886
0 0278 0.861
0.0245 0.238
0.0281 0.816
0.0273 0.795
0.0274 0.775
0.0303 0.756

of Counts 60 Seconds

Table Six - Experimental data on the standards.
explained on pages 93 and 95.
""(A)" values were obtained on one day while the '(B)"
values were obtained on another.

I
il
0211

.0220

.0271

.0246

0264

0315

.0295

.0309

0357

.0336

.0348

.0392

96

Chemical Analysis

0.0032

0.2640

on the T1 "L'" Line)

Column headings are

In the third column the
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Figure 36 - Plot of Log Ic’ Log IBl and Log IBZ versus Log w.
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This can then be solved for '"w', giving:

100

I IBK

I100 - A - I100

_ _corr COIXTr - (52)

I100 I100
p 4 _BTL _ "BK

I100 I100

corr corr
In (52), all quantities can be obtained at the start of the day from a
pure thallium chloride and pure potassium chloride standard. Following
this the lithium fluoride crystal may merely be set at Bragg refiection
of the "L" line and the diffusion analysis carried out. In practice,
checks of 1;22’ Iégo, and Iiggr

The values inserted in (52) were an average between those values at

were taken every three or four hours.

the start of a period and those values at the end of a period. These
fluctuations were never greater than four percent under proper operating
conditions and, in most cases, were better than two percent

Four to eight counts were taken on the pure standards for these
calibrations and for all the diffusion runs. Erch count was taken at a
different position and at optimum focus. The setting for the background
count was always 1.300 angstroms as this was sufficiently far removed
from the peak to be truly in the background. Also, the count on the
other side of the peak the same distance away, was within fifteen
percent of the count at 1.3000A° indicating that the asymmetry was not
excessive, The lithium fluoride crystal was always rotated into the
thallium "L'" reflection from the same direction since, because of the
slack in the chain drive on the detector crystal, one specific direction
of approach to the peak was the one that put the sample, detection crystal,

and counter closest to the true focusing circle. In the earlier work,
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the peak was determined by taking thirty second counts every 0 .001
angstroms on pure thallium chloride through the peak but it was found
that it was sufficient to slowly turn the detector crystal through the
peak while watching the current meter for the lithium fluoride detector
and setting the crystal where the peak occurred. FEach time that the
probe was used, one of these two methods was employed.

2. Single Crystals

In all of the volume and grain boundary diffusion analyses,
"'sample' currents for pure potassium chloride and pure thallium chloride
were kept in the region of 0.024 microamps and 0.014 microamps respec-
tively. The objective lens was always adjusted to give the best spot
focus using pure potassium chloride as the calibrator and the condenser
lens was always set to give about a one micron spot size. Two diffusion
runs were taken on about half the samples,but it was found that repro-
ducibility of diffusion data was better than a few percent while other
factors were contributing much larger fluctuations. Therefore only
single diffusion analyses were obtained for subsequent samples.

The single crystals were scanned perpendicular to the face
exposed to the thallium chloride (see figure 29C) by means of a step
motor. This motor was connected electronically with the counting
apparatus so that after a count the motor would step the sample at
a preset number of microns perpendicular to the n = 0 (n = y//DT) face
and then counting would resume. The amount of the step depended on the
extent of the thallium penetration. The maximum jump was ten microns,
whereas a typical jump for the low temperature diffusion runs was two

microns.

DALY 1AL o
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The counts obtained as a function of penetration were converted
to weight fraction of thallium chloride by means of equation (52).
The methods used to obtain D have been described in section III.A.

3. Polycrystalline Pellets and Harshaw Mosaic Crystals

The polycrystalline pellets and the mosaic crystals were
scanned parallel to the face exposed to the thallium chloride, crossing
several grain boundaries, to check for preferential diffusion. The
steps (with the step motor) along an ''n = constant" line (n = y/vDt)
were four micron except in the region of a grain boundary where they
were cut down to two micron steps. Figure 37 is a picture of the face
perpendicular to the "exposed" face for a polycrysallline pellet
subjected to a diffusion anneal.

4., Bicrystal

Figure 38A, B, and C are some typical micrographs of the
faces cut perpendicular to the exposed face on three bicrystals
subjected to diffusion anneals. For the bicrystals, step scans were
taken along ''n = constant'" lines, for various n values. As the grain
boundary was approached, the steps were reduced to two micron so that
the position of the peak count (moving on a ''constant n'" trajectory)
could be localized to within two microns. This allows for more accurate
estimates of(ﬁfygij §=O . The peak values were assumed to be the
average grain‘bound;ry concentration. Actually this is not correct
since, even with a one micron spot size, the width of the preferential
diffusion region could be significantly smaller. It is, however, the

only experimental means for obtaining this value.

il
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Figure 37 - Polycrystalline sample subjected to a diffusion anneal
(vapor exchange couple). Face in photograph was
exposed as indicated in figure 29A, B.
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Figure 38A - Typical photomicrograph of a bicrystal subjected to a
diffusion anneal.
Figure 38B - Typical photomicrograph of a bicrystal subjected to a
diffusion anneal.
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Figure 38C - Typical photomicrograph of a bhicrystal subjected to a
diffusion anneal.
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VIII. RESULTS

A. Volume Diffusion Anneals

Some of the complementary error function plots displayed
anomolous behavior due to the accumulation of thallium chloride and
potassium chloride at the exposed surface. Figure 39 is a plot of
weight fraction versus penetration for one of these cases., If the in-
verse complementary error function of C/C0 is plotted versus penetra-
tion with C0 being taken as the surface value of 0.51 weight to
fraction, the curve of figure 40 results.

It is evident that the boundary condition for the error
function solution was not maintained. The surface concentration
slowly increased above its initial value to a steady staté point
indicated approximately by 0.51 weight fraction in figure 39 . The
positions close to the surface saw a surface concentration that was
varying continuously. Each infinitesimal variation caused excess
diffusion of thallium to these points thus making these points deviate
from the straight line of figure 40. Positions well into the bulk,
however, were not significantly affected by this 'excess diffusant"
that resulted from a continuously varying surface concentration.
These points essentially saw a constant surface concentration at
thirty-eight microns, this value being determined (see figure 40)
by the intercept of the abscissa axis by the straight line slop?.

The straight line slope of figure 39 was therefore equated to\iyﬁf

and D was obtained in this fashion.
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Figure 39 - Plot of weight fraction of thallium chloride versus penetra-
tion in microns for the case of anomolous behavior in the
vicinity of the surface of a vapor exchange diffusion couple.
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Figure 40 - Plot of the inverse complementary error function of C/C0
versus penetration for the concentration-penetration
curve of figure 39. Cg is taken as the maximum value of

9

C occurring in figure
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Another effect that occurred in the vapor exchange couples was
that, on cooling, the thallium chloride vapor condensed on the exposed
surface of the crystal. Because of this, as the probe measurements were
performed near the surface, the count from the lithium fluoride
detector rose in a manner not characteristic of error function behavior
To surmount this difficulty, the natural logarithm of concentration
was plotted versus penetration. From figure 41 it may be seen that,
near zero penetration, the slope of the natural logarithm of the comple-
mentary error function becomes linear. Therefore, by extrapolating the
experimental curves to zero penetration, a true CO value may be obtained.

Figures 42 and 43 are more typical plots of concentration-
penetration curves for the vapor exchange and sandwich couples respec-
tively

Reproducibility of a count at a given point, with best focus
was within five percent, while fluctuations due to slight changes in
focus amounted to ten to fifteen percent. This more than drowned out
the fluctuations of counting statistics. Long count periods of up
to five minutes were performed and fluctuations of ten to fifteen
percent still prevailed.

In the low temperature region there were fewer data to estab-
lish concentration-penetration profiles because of the very low diffu-
sion cocfficients. The extrapolated C0 value for vapor exchange couples
was already close to the detectability limit of the probe in the low
temperature region. Even the sandwich couples, subjected to & thirty-
day diffusion anneal, had little data (for plotting LNC versus penetra-

tion squared) characteristic of thin film behavior.
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Figure 43 - A typical plot of the natural logarithm of the weight
fraction of thallium chloride versus the square of the
penetration for the sandwich couple. T = 356C°,

t = 7.84x10% seconds.
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The cause of the scatter among the low temperature D valucs
1s differing amounts of divalent impurities from sample to sample . Also,
dislocations, and/or sub mosaic grain boundaries could be making a
significant contribution to mass transfer in this low remperature
1egion below 480C° so that the effective D valus derived from the
data would depend on a pervicus sample treatment, temperature of diffu-
sion anneal! and time of diffusion anneal

The diffusion measurements were conducted over a temperature
range from 232C° to 727C°. The values of D obtained for the various
temperatures are shown in table seven. A plot of LND versus 1000/TK°
1s shown in figure 44. The curve exhibited intrinsic and extrinsic
behavior. The results in the intriqsic region may be described by an

-Ah/KT

equation of the form D = DOe cmz/sec.,with D. equal to

0
- 2

6 x 10 3 cm”/sec. and Ah equals 1.42 electron volts/molecule. The

results in the extrinsic region can be described by an equation of the

~-Ah ' /KT
e Ah' /KT 11

form D = DO' cmz/sec., where D_ ' equals 9 x 10~ cmz/sec and

0
Ah' equals 0.25 electron volts/molecule.

The intrinsic tempcrature range was 727C° to 480C° and the
extrinsic temperature range was 480C° to 232C°. Referring to table
cight, the intrinsic Ah is lower than that of Dobrovinskaya and
Podorozhanskaya by twenty-one percent which can be explained by the
uncertainty in the D measurements of this work and theirs.

The Ah' differs significantly from that of Dobrovinskaya,
and Glassner and Reisfeld, and can't be explained by the uncertainty

in D values alone. Glassner's value of 0.88 electron volts per molecule

pornts toward an association mechanism for mass transfer in their samples .
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TABLE SEVEN
3

D cmz/sec. l%ib T C° t sec,
4.0 x 1n-tv 1.00 727 1.50 x 10°
2.9 5 170 1.00 727 2.88 x 10
225 x 10717 1.04 688 340 x 107
2.50 x 10710 1.04 688 258 x 10"
1.17 x 10719 1.08 653 5 82 x 10*
4.85 x 10711 1.10 636 1.47 x 10°
505 x 1071 1.14 604 5.16 x 10
3.40 x 10711 1.15 596 7.14 x 10*
1.65 x 107! 1.20 560 8.95 x 10%
2 40 x 10711 1.22 546 3.49 x 10°
9.20 x 10712 1.19 567 2.76 x 10°
9.20 x 10”12 1.25 527 5.22 x 10°
3.00 x 10712 1.28 508 6.12 x 10"
2.78 x 10712 1.30 496 5.8 x 10°
2.55 x 10712 1.40 441 4.36 x 10°
1.05 x 10712 1.50 TF 393 8.19 x 10°
1,40 x 10712 1.52 385 5.80 x 10°
8.05 x 1073 1.59 TF 355 3.04 x 10°
1.30 x 10713 1.66 TF 330 1.08 x 10°
3.70 x 10713 1.70 TF 315 3.03 x 10°
4.0 x 10713 1.72 TF 308 9.68 x 10°
4.56 x 10713 1.92 TF 248 3.03 x 10°
3.8 x 10713 1.92 TF 248 6.05 x 10°
6.26 x 10°° 1.98 TF 232 4.17 x 10°

Table Seven - Exact listing of the data points of figure 44, along with
the times of the diffusion anneals.
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TEMPLRATURE °C
-5 720 560 a4l 357 282 2

YT oOT T T T T

[N DOBROVINSKAYA —
&
PODOROZHANSKAYA

DIFFUSION COEFFICIENT IN CMY/SEC

T —
-2
10 — ]
oL | I l | | |
1.0 1.2 1.4 1.6 1.8 2.0 2.2
1000
—
T °K
Figure 44 - Plot of the natural logarithm of the volume diffusion
coefficients versus 1000/TK°. 'o' were obtained from

vapor exchange couples, '"o' were obtained from sandwich
(thin film) couples.
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The value in this work of 0.25 electron volts per molecule is forty-
two percent lower than Dobrovinskaya and Podorozhanskaya, indicating
(1f the latter's value of Ah' is truly associated with the enthology
of motion of dissociated vacancies) that in the extrinsic temperature
rarge of this work, mass transfer was dominated by defects such as
dislocations and/or grain boundaries. Yet, as will be seen in
section VIIT (. no preferential diffusion was observed ar these
defects

Dlenes'()9 theoretical derivation of the activation energy
of motion for a jumping atom in KC1 comes out to be 0.20 electron volt/
molecule when the contribution to the polarization part of the activa-

tion energy from next-nearest neighbors is taken into account .

The large discrepancy in the Ah's is a sufficient explanation
for the discrepancies in the D0 values also. An approximate divalent
lmpurity concentration, obtained by dividing DO' by D0 is lower by
two orders of magnitude than the value quoted by the Harshaw Chemical
Company . If divalent impurity-cation vacancy complexes are contributing
predominantly to mass transfer in this range then the small value of
DO/DO' would be justified.

Assuming that the difference between the intrinsic and ex-
trinsic activation energies for diffusion represents one half the
energy of formation of Schottky pairs, the formation energy obtained
is 2.34 electron volts/molecule. This agrees reasonably well with
Dobrovinskaya's value of 2.54 electron volts/molecule and very well
with Fuller's68 result of 2.31 electron volts/molecule obtained from

67

chlorine self diffusion studies. The theoretica166’ values of 2.26
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TABLE EIGHT

2 2 Temp .
A ] . *
Ahl(eV) hz(eV) ngcm /sec) D O(Lm /sec) N* Ahf(eV) Range Ref
o -3 -11 -8 . <
b 0 25+0 09 6x10 0x'0 2x10 2 34 220-727CThe "1 s
1 70 0 43 2.0 2x10°8 121078 254 s25-7270° 29
- 0 88 - 110> —-- 270-800C° 20
—=- R S S 2 .31 560-760C° 70
L 0 .40A o
0 .20B T T T T ot
- . - - 2.26 S 66
—- _—- —— .- 2.21 - 67

Table Eight: Listing of the quantities of physical interest derived from
diffusion data of this work and that of others. First four
rows are experimentally determined. The last three are taken
from theory. In Dienes results, A is the value derived for
Ah  of motion in KCl, when only nearest neighbor polarization
effects are included; B is the value derived for Ah of motion
when the contribution of next nearest neighbors are included;
Ah. is the slope in the intrinsic range; Ah, is the slope in
the extrinsic range; N** is the approximate“divalent impurity
concentration,
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electron volt/molecule and 2.21 electron volt/molecule are also within

seven percent of the value in this work.

B Polycrystalline Diffusicn Anneals

Polycrystalline samples exhibited noticeable preferential
diffusion at many but not all grain boundaries. Separation of grains
appeared to have occurred at some of the boundaries. In such instances,
contours of constant concentration did not display the cusp-lile
behavior shown in figure 38 but rather a form similar to the one in
figure 37.

Other boundaries did exhibit a true cusp-like form similar
to that of figure 45. A reliable value of ﬁ » accurate to about thirty
percent is obtained by making use of figure 12 of section IIl1. B. and
the experimental fact that the width of the dark regions that occur
1n all the volume and grain boundary work - and shown up most clearly
in figure 38 - extends from 0.007 weight fraction to 0.015 weight
fraction. This concentration span is designated by the '"w'" in figure
45. The inverse tangent of ¢ can easily be obtained with a rule. As
may be seen from the curve of figure 12, the variation of p’ for a
fixed ¢ is rather small in the 0.001 to 0.01 weight fraction range.

Boundaries with no preferential diffusion, as determined
with the probe, had no noticeable cusp-like regions under optical

observation and vice versa.

C. Harshaw Mosaics

The Harshaw samples with pronounced mosaic structure were

carefully scanned with the electron beam along a line of constant n .
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1

H
(ij)

¢ = tan

From above figure:

]

H V2 mm. o= 27 mm.
b = tan-1 0.445 = 24°

“w'" in figure spans the weight fraction (of
thallium chloride) range 0.007-0.015.

From figure 12:

2.4 tor ¢ = 24°

m
HH
<

Figure 45 - Preferential di ffusion in one of the grain boundaries
of a polycrystalline pellet (200x) .
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Several grain boundaries were crossed, but no preferential diffusion

could be detected.

D. Bicrystals

Figure 46 is a typical family of curves obtained in traversing
a grain boundary which displayed preferential diffusion. A horizontal
line through the ordinate axis in this figure is a constant count Or
constant concentration line (since concentration of thallium and counts
are linearly related). The points of intersection of this horizontal
line with the families of curves determines " fQ " values that can be
plotted on a two dimensional { ~Y\diagram. The locus of these 5,f? values
is a curve called an 'isoconcentration contour.'" The results of
drawing many horizontal lines through the ordinate of figure 46 1s a
family of isoconcentration contours (figure 47). The ék?/gg values
at j = 0, and the angles that these contours make at the grain boundary
are recorded in figure 47. The two values in the (A?/AS )5;.0 column
are obtained from either side of the grain boundary, where the grain
boundary in figure 47 is just the "0 ' axis. To get the values of F
from figure 11, these (AV/hj )g;o values were averaged. The very next
column to the right are the P values obtained by this method. The
values of ¢ have already been averaged and the P 's in the last column
to the right have been obtained by using figure 12, <13>K+VJ is the
average of the @ 's obtained by the latter method.

In all the grain boundary analysis, the above technique was
employed. The average F values (referred to as (@7 above) were

sometimes obtained by using figure 11 since in some cases, the actual
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weight fractions of the i1soconcentration contours corresponded more
closely to those 1illustrated in this figure. Both methods give exactly
the same result, SO no error arose in comparirg samples where P 's were
obtained by different methods.

The natural iogarithm of the average grain boundary concentra-
tion - taken to be the peak values in figure 46 - was also plotted
versus Y( for many of the samples. A typical plot 1s recorded in
figure 48  ‘The least square slope 1S related to P by means of
figure 15. This is the P(RMS) value occurring in figure 47, and,
in most cases 1t agreed quite well with the<<P> obtained from the 1so-
concentration contours. The value of this slope can also be related
to (3 by means of Fisher's equation (47). P (Fisher) in figure 47 is
obtained by this method.

Table nine presents all of the data obtained for bicrystals.
(D'a) is the value obtained by analyzing the plane in figure 30B and
(D’alL is the value obtained by analyzing the plane in figure 30C.

Tahle ten compares ?'s obtained by the Fisher analysis with
those obtained using the exact analysis. With the exception of the data
in the fifth row, the agreement is within eighty percent, although they
do not seem to follow any sequence with respect to the @"s of column
one (in the sense of being consistently greater than or less than these
latter values).

The values of (% in column two for the last two samples were
derived from the least square slopes at large penetrations. This was
done because of an anomalous change in slope that occurred in these

samples; figure 49 shows the effect in Kyropoulos bicrystal number two.
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TABLE NINE

A. Harshaw Bicrystals
Relative Grain

Sample TC® /Dt (D'a)cms/sec (D'aL-cmS/sec Orientations
———-_3 14 9-5° about the
1iB-8 550 3.8x10 5.5x10 ——-- [100] axis
iB-8 573 2.5x107°  3.1x107% 1.0x107 14
UB-8 604  4.7x107° 0 0
HB-8 717 1.3x1072 0 0
1B-9 717 8.8x107° 0 0 mosaic¢ structure
HB-9 717 1.3x10-2 0 0 no relative grain orien-

tation was determined

HB-1 623 1.0x1073 0 0 ~3°-4° mismatch
mosalc structure

1B-3 623 1.9x10”3 0 0 34° mismatch
HB-3 570 1.7x107° 4.0x10” 14 2.6x10" 14

-3 33° mismatch about
HB -4 623 1.9x10 0 0 the [100) axis
HB-4 570 1.7x107° 0 0

-3
HB-7 623 1.9x10 0 0
HB-7 570 1.7x107> 0 0

Figure ninc - Collected data on quantities of physical interest derived from
preferential grain boundary diffusion analysis.
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B. Pressure Sintered Bicrystals

Relative Grain

Sample T C° /Dt (D'a)cms/sec (D'ah_cmslsec Orientation
B -5 550 3.8x107° 0 2.1x10714
B -5 573  2.5x107° 0 0 100-111
B -5 604  4.7x107° 0 0
B -5 633 2.3x107° 0 0
B-5 645  2.0x107° 0 0
B -5 685 2.6x107° 0 0 100-111
B -5 717 1.3x1072 0 0
B -7 573  2.5x107° 0 2.5x10714
B -7 633 2.3x1073 0 0 111-6° from 100
B -7 645 2.0x107° 0 0
B -7 685  2.4x107° 0 0
B - 8 573 2.5x1073 0 0
B -8 633 2.3x107° 0 0 111-110
B -8 645  2.0x107° 0 0
3

B -8 685 2.0x10°

Table Nine - Collected data on quantities of physical interest derived from
preferential grain boundary diffusion analysis.




¢ Kyropoulos Bicrystals

Sample T C°

o 573
#o1 633
Hol 645
o2 573
# 2 623
t 2 685
3 573
it 3 633
¥ 3 645
3 685
4 4 550
#t 4 604
# 4 685

/Dt

2.5x10">

2.3x10°°

1.9x10">

2.5x1073

1.8x107°

2.ox10’3

2.5x10"°

2.5x10'3

1.9x10°°

2.6x107°

3.8x1075

4.7x1073

2.4x1073

(D'a)cms/sec

(D'a) cms/sec
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Relative Grain
Orientations

9.5x10 1%

19.0x10" 14

8.6x10" 14

7.9x10” 14

16.1x10" 14

26 .0x10" 14

4.8x10" 14

6.7x10" 14

39.1x10" 1%

0

3°8x10'14

16 .8x10" 14

13.1)(10-14

+14° about thc
T110] axis

:?0° about the
[100] axis

:§° about the
[100] axis

111-8° from [100]

Table Nine - Collected data on quantities of physical interest derived from

preferential grain boundary diffusion analysis.




B -5
Kyropoulos
Ky ropoulos
HB - 8

Ky ropoulos
Kyropoulos
B -7
Kyropoulos

Kyropoulos

#2

#4

#2

#a4

#1

#2

TABLE TEN

R from isoconc. B from LNC

contours versus n
0.5 0.6
3.2 3.0
2.0 ~1.0
1.1 <1.0
0.5 1.6
1.6 <1.0
0.45 <1.0
1.1 1.0 (large n)
1.3 1.2 (large n)

B from
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Fisher

0

3.

.9

.9
.17
.26 (large n)

.6 (large n)

Table Ten - Comparison of the B's obtained by different methods .
The B's in column one have been averaged over all the
isoconcentration contours.
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Figure 49 - Plot of the natural logarithm of the peak concentrations

(similar to figure 48) versus penetration for Ky ropoulos
bicrystal number two; displaying a break in slope at
large penetrations. The high temperature slope (0.839)
was evaluated by least squares with the "A" points.




128

The low penetration slopes were always too small by a significant amount.
The corresponding Fisher values in the third column were also derived
from this high penetration slope.

!
Figure 50 is a plot of D a versus

0 from the data in table
nine . ‘This will be discussed in section IX.

The few polycrystals (greater than four millimeter grain size)
obtained from the cooled down melt in the Kyropoulos apparatus showed no
preferential diffusion.

In the case of the bicrystals, as with the polycrystals, no
preferential diffusion could be detected with the probe when the dark
cusp-like region could not be observed optically.

% ts were found to be (within experimental error) independent
of concentration from 0.003 weight fraction to 0.090 weight fraction of
thallium.

Because of fluctuations inherent in the electron micro probe,
and poor signal to background values for thallium, the lower limit for
values of @ which could be evaluated was about 0.3. Therefore, ""no
preferential diffusion' meant that the fB values were less than 0.3,
Using the smallest spot size, the counts on a ''constant N " path showed
narrow peak widths, of the order of three to four micron wide in most
cases. This indicates that the preferential diffusion region did not
extend beyond a micron.

The values of ? which were evaluated were accurate to better

than forty percent.

Laue back reflections were taken on either side of the grain

boundary plane for some of the bicrystals and the corresponding orienta-
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TEMPERATURE °C

-12 727 560 44| 352 282
10" T T T T ]
- -
Kyropoulos A ———— ¢| 0.85eV
° lo Kyropoulos  [J «eeeeeeee 2 0.75 eV
53 IO-B | Kyropoulos X $4 1.82ev _
g I Harshaw ® ——- HB-8 )
o | 4
L -
-4 1 1 1 1 1
10
1.0 .2 .4 1.6 1.8
1000
TK.
. ' 3
Figure 50 - Plot of the natural logarithm of D a (cm™/sec) versus

1000 for the bicrystals of table nine.
T
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tions are noted in the last column of table nine. Laue back reflections
of the pulled bicrystals and the pressure sintered bicrystals indicated
significant polygonization and/or sub grains of very small size., Hence
the quoted orientation for these is the orientation of the bicrystal
sced used 1n fabrication of the bicrystals .

No areas of preferential diffusion were observed in these
samples on which volume diffusion experiments were performed. Even
the pressure sintered and Kyropoulos bicrystals on which volume diffusion
runs were performed to confirm reproducibility of data, and which had a
significant amount of sub mosaic type structure and/or polygonization
s howed no regions of excess thallium except in the vicinity of the main
grain boundary This seems to indicate that the value of zﬁhm from
this work 1s not associated with dislocations or sub mosaic type prefer-
ential diffusion. Of course, if the (3'5 for diffusion in these dis-
location and grain houndary regions are small enough, it is possible that
the diffusion anneal times of this work were not short enough to allow

them to be measured with the probe.
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[X. COMMENTS ON BICRYSTAL DIFFUSION RESULTS

The crratic results of table nine and figure 50 point toward
an 1mpurity hypothesis as the controlling factor in preferential grain
boundary diffusion. Referring to figure 50, the Harshaw bicrystal IIB-8
has positive slope in contradiction to the typical behavior of an
LN(D'a) versus %-plot. Kyropoulos bicrystal number four has a value

of Ahgb greater than eitherAh. or/Ah of volume diffu-

intrinsic extrinsic

sion. Both of these effects could be attributed to segregation of a
second phase at the grain boundary involving possibly (OH)-I, This
could introduce a temperature dependence on a of the same form as D which
could compensate for e An;%ér' . It could also be that the segregation
drastically affects the manner of mass transfer there,so that a plot
of LN(D'a)versus %—does not provide a result of physical significance.
Another proof of an extrinsic control on preferential grain
boundary diffusion is Kyropoulos bicrystal number three (table nine)
which shows preferential diffusion at 645C° but no prefercntial diffu-
sion below this. One would expect, if preferential diffusion were
truly intrinsically controlled, or controlled by the presence of excess
vacancies at the boundary that %; would incrcase with decreasing
temperature since it would have a temperature dependence of the form:
exp 3_9“_9"\(1‘“‘5, where Ah' is the grain boundary activation energy
and Ah is tﬁe bulk activation energy. Also, the double values of
(D'a)J‘ for pressure sintered bicrystals B-5 and B-7 at 550C° and 573C°
respectively, which arose from a check of two parallel planes containing

the grain boundary, indicates that the cause could not be excess (grown-in)
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divalent cation impurities at the grain boundary . There is no way of
justifying excess divalent impurities at the grain boundary of pressure
sintered bicrystals.,

Ion size and/or ionic polarizability apparently plays an impor-
tant role in impurity-controlled enhanced diffusion since preferential
grain boundary diffusion in alkalie halides has only been directly
observed for cations with large ionic radius and large polarizability

(i.e., cesium and thallium to date).
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X. IMPURITY ANALYSIS OF GRAIN BOUNDARIES

Because the grain boundaries of the Kyropoulos bicrystals
grew out of the boules rather quickly, very small samples had to be
cut from them,and almost all samples were used up 1n the diffusion
anneals. Attempts to remove these samples from the bakelite so that
they could be broken at the grain boundaries were not successful .
However one piece of Kyropoulos bicrystal number one and two were able
to be broken at the grain boundaries. An optical photograph of
number one is shown in figure 51A. This was taken around the perimeter
of the grain boundary and shows small extrusions (their tips are in
focus) of fairly high density. Figure 5iB is a scanning electron
microscope picture of the central region. A numerous amount of
valleys exist which could allow for extensive "surface diffusion' of
thallium chloride.

A grain boundary surface typical of Kyropoulos bicrystal
number two, taken with the scanning electron microscope, is shown in
figure 52. It appears to be extremely porous.

Figure 53 is two scanning electron microscope photographs
of the grain boundary of Kyropoulos bicrystal number four. This
picture seems to complement the others in that grain contacts similar
to figures 51 and 52 appear to be present.

The ARL probe was employed in an attzmpt to detect excess
calcium and silicon in the thallium poor and thallium rich regions of
the grain boundaries of several of the diffusion annealed bicrystals.

No excess was detected.




the pratn boundary surface of

Figure SIA - Uptical mioroyranh of
Kyropoulos hicrvstal number one 500x.

}i y
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Figure S1B - Scanning clectron micrograph of the central part of the
same grain boundary surface 60500x.
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Figure 52 - Scanning electron micrograph of the grain boundary

surface of Kyropoulos bicrystal number two 2600x .
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Figure 53A - Scanning electron micrographs of the grain boundary of
Kyropoulos bicrvstal aumber four 2400x.

it

Figure 53B - Scanning electron micrographs of the grain boundary of
Kyropoulos bicrystal number four 24000x.
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The MIT probe was used to examine possible oxygen segrega-
tion at the grain boundary of Kyropoulos bicrystal number two (used
in a diffusion run at 623C° and displaying preferential diffusion) . The
crystal detector was lead stereate, spot size was about four microns
(minimum spot size possible with this apparatus) and counting times were
one hundred seconds. Contamination resulting from poor vacuum (4-6x10'4torr)
and high beam currents (0.3 microamps) caused appreciable variation in
the counts at a given point. Sufficient time had to be allowed for
the current meter to equilibrate before counts were recorded. Several
counts were taken in bulk at thallium free sections of the grain boundary,
and at thallium rich sections of the grain boundary. No excess grain
boundary oxygen was detected.

Infrared absorption measurements were performed on the Kyropoulos
and Harshaw samples to determine whether the OH vibrational mode could
be excited. There were no significant peaks for any of the samples.

Ultra violet analysis was performed on four Kyropoulos and one
Harshaw crystal with a Carey model fourteen spectrophotometer to determine
the fraction of oxygen which was present (electronic excitation of

oxygen occurs at about 2000A°) in the bulk of each. The procedure for

71

obtaining the atomic fraction of oxygen was taken from that of Klein, et al,
and the results are presented in table eleven. Table eleven also presents
the divalent cation impurity concentrations in three of the crystals pulled
by the Kyropoulos technique. These were obtained by putting the low
temperature slope from figure 44 through the diffusion coefficients obtained
for these crystals at the indicated temperatures. This was done at two

Asg
temperatures for comparison purposes. Assuming that "'e /2 " is about
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TABLE ELEVEN

(a) Oxygen content of single crystal material used for bicrystals UV
analysis (absorption line at 2000A°).

Kyropoulos No. 1 4 x 1077
Ky ropoulos No. 2 4 x 1077
Kyropoulos No. 3 6 x 1077
Harshaw 6 x 107°

(b) Divalent impurity concentrations of Kyropoulos material.

T = 484C° T = 432C°
-8 -9

Kyropoulos No. 2 2 x 10 7 x 10
Kyropoulos No. 3 2 x 1078 2 x 1078
Kyropoulos No. 4 3 x 1078 4 x 108

Table Eleven - Impurity analysis of bulk crystals pulled from the melt.
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one, and using the value for éth from this work, the fraction of
Schottky pairs at the temperature of the break in the curve of figure

44 is “% 2.4 x 10-8, This is in the range of the values indicated in
table nine B There is thus not too much difference between the divalent
1mpurity concentrations in the Kyropoulos and llarshaw bicrystals but

an order of magnitude difference in the oxygen concentrations, the
Harshaw material having the greater amount of oxygen.

The pressure sintered bicrystals exhibited no preferential
diffusion, except for one case. It was therefore thought that by
fabricating two identical pressure sintered bicrystals (i.e.,
same crystallographic faces forming the plane of the grain boundary),
one under very water free conditions and one under very moist conditions,
and then preparing low temperature diffusion specimens from these, that
preferential diffusion would occur only for the latter ones.

The two single crystals for the ''clean" run were cut, carefully
water polished,rinsed well in ether,and dried in hot air. One had a (110)
orientation and the other had an orientation a few degrees from the
(10C) direction. These were then put in an oven at about 350C° for
two days. The die of the RF press was heated for an hour at about 440C°
in dry nitrogen and then a small amount of two hundred mesh alumina
powder, baked out at 300C° for two and one half days, was put in.

This was brought up to 700C° and held there for one and one
half hours in flowing dry nitrogen, after which it was cooled to 380C°.

The crystal with (110) orientation was then inserted and the
temperature of the assembly was brought up to 435C° for two and one half

hours in flowing dry nitrogen. Then the other sample was put in, the
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die filled with alumina, and the pressure increased to 924 psi. The
press was continued for four hours in the temperature range of 450 to
500C°, and pressures ranging from 924 psi to 1500 psi. The pressure
was then reduced to zero, and a one and one half hour cool down was
employed .

For the 'wet' bicrystal the pressing procedure was identical .
The only difference in preparation was that at the start, the bottom
crystal in the die (110 orientation) was subjected (at 200C°) to a two
hour flow of nitrogen that was flowing through warm distilled-deionized
water. The top part of the die was slightly moistened with water before
pressing took place.

Both bicrystals were then annealed at about 700C° for thirty-
five hours after which they were control cooled at 10C°/hour to 150C° .

The diffusion annealings were performed at 515C°, 545C° and

3 and 2.8x107> cnm.

595C°, with corresponding /Dt's of 1x10™>, 1.5x10°
The results are shown in figures 54, 55, and 56. Clearly the ''wet'
bicrystals display pronounced preferential diffusion. The clean

bicrystals display Qg's that are so small as to be undetectable with

the probe.
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Figure 54A - Optical micrographs of the thallium diffusion contours
in a "clean" (50x) pressure sintered bicrystal.
Diffusion anneal was 515C°.

INTENTIONAL DUPLICATE EXPOSURE

Figure 54B - Optical micrographs of the thallium diffusion contours
in a "wet'" (100x) pressure sintered bicrystal.
Diffusion anneal was 515C°.




L42

Figure 55A - optical microcraphs of the thallium di ffusion contours
in a “elean oy pressure sintered bicervstal.
Di ffusion anneal was 5450° .

Figure 55B - Optical microgranhs of the thallium di ffusion contours
in a "wet'" (100x) pressure sintered bicrystal.
Diffusion anneal was 5450C°.

ey A
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Figure 56A - Optical micrographs of the thallium diffusion contours
in a "clean" (50x) pressure sintered bicrvstal.
Diffusion anneal was 595C°.

Figure 56B - Optical micrographs of the thallium diffusion contours
in a "wet" (100x) pressure sintered bicrystal.
Di ffusion anneal was 595C°.
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XI. CONCLUSIONS

A Volume Diffusion Work

Thallium moves by way of unassociated cation vacancies and 1ts
diffusion coefficient shows no dependence on concentration. The esti-
mated values of A hf for Schottky pair formation is 2 .34 ¢V and agrecs
well with previous theoretical and experimental work. Ah' obtained
trom the low temperature slope differcd significantly from the work of
others but agrced well with the theoretical valuc of 0.20 electron volt/
molecule in table eight. The solubility limit of Tl in the KCl struc-
ture at 250C° is experimentally determined as 0.06 weight fraction.

The solubility is significantly higher at the higher temperatures. The
degree of solid solubility made the analysis of Tl concentration distri-

butions with the electron probe quite feasible.

B. Grain Boundary Diffusion Work

Sub mosaic, mosaic, and polygonization boundaries do not con-

tribute sufficiently to mass transfer of thallium as to make their effect

detectable with the electron probe for the diffusion times used in this
work . The presence of impurities definitely exerts the controlling
factor in preferential diffusion of thallium in potassium chloride
bicrystals from 515C° to 700C°.

Scanning electron microscope pictures indicated that impuri-
ties might be influencing growth in the grain boundary region such that
the grain boundary 2xhibits continuity from one grain to the next only

in small '"'neck' regions.
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1
D a values for thallium chloride diffusion in the grain boundaries

-14 to 40x10_14 cm3/sec° The corresponding

grain boundary half-width a therefore,ranges from 10 b microns to

D!

100 %, microns. While a specific impurity could not be detected in thc

of KC1 crystals range from 2x10

grain boundaries exhibiting enhanced diffusion, bicrystals in which

the boundary had been intentionally exposed to ”20 exhibited an enormous

enhancement in the degree of preferentiai diffusion.
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XIT. SUGGESTIONS FOR FUTURE WORK

Except for the work in section X, the grain boundary investt-
gations have been limited to the temperature range from 550C° to 700C*®
It would be of interest to analyze exceptionally clean grain boundaries
frce from segregates and with total continuity from one grain to the
next to see if preferential diffusion imay be intrinsically controlled
in this range.

A check as to whether there might be precipitation in the
grain boundaries of KCl would be to perform irdentation hardness experi-
ments across the grain boundary. This72 seems to be a technique that
1s very sensitive to even the smallest amount of precipitate.

The scanning electron microscope is an excellent tool for
looking at the details of grain boundary structure because of its fine
depth of field. It would be very informative te carry out a program of
grain boundary analysis of all types of bicrystals and polycrystals to
determine the finer details of grain boundary structure.

A careful diffusion program where very short times can be
employed and yet errors due to warm up and cool dowm times be minimized

17 cms/sec with the aid of the

could reveal D'a values as low as 1x10~
electron probe. In fact a diffusant other than thallium, with a higher
signal to background ratio,could extend the probes sensitivity to even
smaller values of ? . It would therefore be possible, with very short

diffusion times, to detect D'a values smaller than 10-17 cms/sec‘
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A UV analysis of a grain boundary with a very narrow slit
whose long dimension coincides with the long dimension of the grain
boundary plane and whose small dimension coincides with the narrow

dimension of the grain boundary plane would yield quantitative informatio..

on oxygen concentrations at the grain boundary.
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