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INTRODUCTION

It is well known that many physical processes such as
chemical diffusion, heat conduction and elastoplastic behaviour of
solids can be usefully approximated by linear (sometimes generalized
linear as in the case of elastic properties) phenomenological rela-
tions. Fick's law for chemical diffusion is a particular case.

This introduces tﬁe diffusion rate constant or diffusion coefficient
~ as a measure of the material transport of one component into another
undgr specific conditions (generally isothermal and isobaric).

The conventional technique for determining the rate-
constant is to weld two pieces of metals together as a ‘'couple', to
anneal the 'couple' at a constant predetermined temperature for a
reasonable period and to analyse composifions at different distances
from the weld interface on either side. From the knowledge of
chemical analysis as a function of distance, time and temperature
one can calculate the diffusion coefficient.

The binary diffusional analysis is straightforward
(see page 4 ). However, to deal with multicomponent systems one has
to assume extended linear relations and to account for both on-
diagonal and off-diagonal terms in the diffusion coefficient matrix.
To justify the assumption of generalized phenomenological relations
in handling multicomponent diffusion one has to imvoke the princi-

ples of irreversible thermodynamics. We will have occasions to



discuss these later in detail.

In this paper a theoretical investigation of certain
properties of the matrix of the multicomponent diffusion coefficients
has been carried out. In addition the diffusion coefficients for the
ternary system A£-Zn-Cu have been obtained from experimental
measurements using the activation analysis technique. The advantage
and the scope of this method/of analysis has also been elaborated.

; The thermodynamic theory of multicomponent concentration-
dependent diffusion due to Onsagerl5 has been exploited by Gosting8
and co-workers in liquid electrolytes and by Darkenu and Kirkaldyll
in glloy systems. The mathematical theory for the diffusion couple
is an extension of the amalysis of Boltzmann2 and Matanolh.for a
binary system.

The experimental study presented here follows rather
closely that uséd by Hasonl3 for the system Af-Cu~Mn. Activation
analysis of the semi-infinite diffusion couples in the system
AZ-Zn-Cu has produced an experimental specification of the diffusion

constant for this system. The accuracy of the activation method is

particularly suited to the small samples available for analysis.



THEORY

The process of diffusion is an irreversible phenomenon.
The 'force' and the response to this force are the two basic aspects
of interest to an investigator. The following thermodynamic formula-
tion of an irreversible process is due to CallenB. If in a composite
system consisting of several subsystems certain extensive parameters
are conserved, and assuming a functional dependence of the local
entropy on the extensive parameters in an infinitesimal region and
the freedom of the extensive variable within any subsystem, the
vanishing of the partial derivatives with respect to the extemsive

parameter determines the equilibrium of the system. Mathematically

this means

25

(1) Az (%ik ) eq = 0 (at equilibrium)
X

where Ak ig the 'affinity' corresponding to the k'th subsystem and

Xk is the extensive parameter.

Since each local flux Jk depends only upon instantaneous
local affinities and upon the local intensive parameter and because
each flux is known to vanish as the affinities disappear (since by

. _ X .
definition Jk =3t )N Jk can be expanded in powers of the affinities.
’ 2
9 Jk

VS T W EK;

w
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(2) Jk = §

=

AA, 4« o
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>

Ignoring the derivatives of higher order a linear relation between



the affinities and the flux is obtained.

(3) Jk =§‘——A

This formulation lays the groundwork for a systematic analysis of
diffusion. It may be noticed that the vanishing of the affinities
at equilibrium is an alternate statement of entropy maxima.

Starting from an experimental point of view, Adolf Fick6
in 1855 formulated his first law of diffusion of a single component

in a binary solution

ac
(l&) J=-D'5;

where J is the diffusion current in concentration units per unit area
per unit time, D is the diffusion coefficient in units of area per
unit time, C is the concentration (say in moles per unit volume) and
x is the distance.

The second law immediately follows from the continuity

condition, which is

0C
(5) divd + 3% = 0
. giving
9C ) 3C
(6) it ~- ox (D'a':'c) !
or for constant D,
2
(7) 'a'g = D—a—c .
ot 2
ox

In a semi-infinite diffusion couple, the initial



conditions are
(8) C=¢® for x>0 and t =0
C=C'" for x<O and t =0

and the corresponding solution? to equation (7) is

(9) ¢ =c° +% (c' - ¢%) é - erf

)

Values for the error function can be obtained from a standard table17
of functions.
In the more general case where D is concentration

dependent an iterable solution> for the general equation (6) is

oo "'x"dx"
fdk' . 70 2D(A™)
1Y)
(10) c=c%+(c -c% A fk AP A A= 2:7‘-
f - 2B(A) ¢
‘:D'f_”'

If D is constant its value can be found from experiment
by fitting (9) to the experimental results. However, for a concentra-
tion dependent diffusion coefficient the Boltzmann-Matano analysis
must be used as described in the following. Boltzmannz. in 1894, was
able to reduce the partial differential equation (6) to an ordinary
" one by introducing a single variable A = ;%r. On substitution,

equation (6) assumes the form

- 1. dc a (. dc
(11) -Ehax =ax(Dax) .

Multiplying throughout by dA and transposing,

A dC

==

(12) d (D%g- . -
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Figure 1. Typical penetration curve for concentration-

dependent diffusion in a binary system.




Integrating from C = C' (where a€© 0) to C,

an
c
dc 1
(13) pE -1 j;' AdC
c
or
-3 5\ AdC
(14) D(C) = gé
2 |

c

This relation given by Boltzmann, later empirically derived by
Matanolh, is generally used in evaluating D from an experimental
diffusion penetration curve, such as shown schematically in

figure 1. . The distance origin or '"Matano interface" is to be so
chosen such that the two shaded areas are equal. This corrects for
the movement of the original weld interface, (if there be any), due
to the Kirkendall effect. 1In the case of ternary systems and
multicomponent systems of higher order the presence of concentration
gradients of other congtituents introduces complications.

15

Onsager ~ generalized Fick's diffusion equation for an

n-component system as a linear expression in all the concentration

gradients.

n
(15) J, =- S D'ik vck' (i = 1,2, + + n)
k=1 :

However, the alternative description utilizing chemical potential ~
gradients (isothermal) or partial molal free energy gradients as the

generalized forces for diffusion due to Onsager and Fuossl6.

n
(16) Ji = - 2 Lik Vnk, (i = 1’2’. A n),
k=1



is more fundamental, if lesa practicable. Important works on the
transformation relation between (15) and (16) have been worked out by
Hooyman9 basically following a suggestion made by Onsagerls. Some
agpects of these transformations as applied to diffusion in substi-
tutional alloys have been clarified by Kirkaldyll. If the units of

concentration are ao chosen that (here moles per unit volume or atoms

per unit volume),

n
(17) Eéi Ci = constant

then equation (15) can be written as

n-1

2 Dy YOy Dy = D'y - Dy

(18) J. = -
1 k=1

Since in a substiutional alloy the lattice sites are conserved

n
(19) 2 Jd =0
i=1
The D,, in equation (18) esatiafy the relations
n
(20) 2 D=0

i=1

and the continuity condition for the i,th component is

OCi
(21) v. Ji I radl 0

Combining (18) and (21) the generalized diffusion equation becomes

ac, n-1

(22) i
el 1?-;1 v. (Dik vck)

De Groot5 has shown that, in equation (16)

L = 0

(23) ik

~
LM



‘M

(24) Ly =0

i=1

The principle of 'microscopic reversibility' demands that [Lig]

should be symmetric, that is,

(25) Lo = Ly -

Rewriting equation (16)

n
J = - .V
k j§1 g ™
n n-1
= - z L Y. vC
=1 kj {5 91
n-1
z - égi Dki VCi
av.i
where B = 36 gives
k
n
(26) Dki = z ij v'ji' (i’k = 1'2’. M n"'l)
j=1

Using the relations (23) and the modified Gibbs-Duhem relation

(27) L =-~26£u£..(i=1.2,-~-n-1)

in the equation (26) we obtain

n-1

C
£
(28a) Dki = pzl_l’LkP (6; + 6p£) v’ﬂi' (sz being
o L=

the kronecker delta and (i = 1,2,+ * * n-1)

In matrix notation*this would read

(28b) [ijJ - [Lkp] [g-i : ‘szeJ [uﬁ:) :

all the matrices being square of (n-1) degree.

C

* The subscript for row besides 6£ being superfluous, has been
omitted. n



[%ké] is eymmetric with all on~diagonal terms positive.

Consequently ,Lkp' > 0, as are all the principal minors. [%%] is

to be studied further.

Now
N N n
where Cc = LS = X y K = Z N
k n K p
S N p=1
p=1 P

and the N's are the mole number for each component in the system.

Thus
Oui n-1 aui EEJ
(30) W - T W
Kk j=1 73 “k

But as a result of the relation

ka | K K2

the equation (30) becomes

- N
RS A
nl Spe Ny
=2 My \lX T2
=1 K
or in matrix notation*
on
i 1
(31b) ==l = = |, (K&, -N
ON, K2 ij ik J
18 Wy
From Maxwell's relations™ , N is symmetric and for stable
k

solutions has all positive diagonal terms. The diffusion coefficient

matrix in (28b) now reads using relation (31b)

* The subscript for column besides N,, being. superfluous has been
omitted. J



(32) [0 - (] gﬁ-+ 8, | K& - N ,
where for the sake of conciseness the subscripts in the matrices [ﬁ],
[L] and [—g-%] have been omitted.

A1l the matrices in (32) are square and are of the same
order (n-1l). Hence the product of the determinants of all the
matrices on the right hand side is equal to the determinant of the

product matrix.

c ‘n-l -1
= £ 2 413 -
(332) M = || c_* 6p£ (™) on || X%k = Ny
or
\2 1 |(N -1
- () |2 N _
(33b) ‘Dl - (K lL Nn+5p£ ol K 8 - N
In the product above,
' N
£ K
(34) ﬁ-+5p£ =5 >0
n n

and for every solution in which Nn represents the richest component

n-1 n~-1 N

=l (K—2N.)l+Z-——‘L—>O
. i & K-2N,
] i=1 j=1 J

(35)

Kéjk - N

J

Keeping in mind that for a stable solution ‘IJ'>O, ‘%%l >0, we have,
for an n-component system subject to the inequalities (34), (35),
that the diffusion coefficient determinant is always greater than
zero.
(36) |o| >o.

This general result was originally proved for n=3 by

Kirkaldyll. While it has not been found possible to make any

10



general statement about the other princiﬁal minors of [D], we gain
further understanding of its character by examining the individual

on-diagonal terms in dilute three-component system. In this case

- -~ — - -1
N N [ (an n ]
1, 2] 2™ M

Lyp Lo (] 4+ Ny ) v, K N, o, (N, + N;) Ny

(37) [0]+ N N ., @
L .. L l(1 2) -—-—ul __ua N, (N, + N,)
12 “22 [N ‘¢ YN, N 2 ‘'
] 1[5 50| _51(2 d 2| 3~

Therefore a typical diagonal element of {D] is

(N,+N_+N ) | on o
Lt 2 3 1 1
(38) D, = {I.ll(N1+N3) + lenl}{ (N1+N3) N

11 N 2 aNl 6N2 2
3
avl o,
+ Lll N2+L12(N1+N3) Eﬁ;(Nl+N3) - Eﬁ; N2
For dilute solution where,
Nl <K N3 and
N, K N3 ;
this reduces to
~ anl aul )
(39) D,, ¥ (N1+N2+N3) (L4 Eﬁ-l- + Lo, Eﬁ-a-
’-‘-’l L ?—h + L -a-‘-l!'- .
= 1 ;
11 axl 12 ax2

where X's are mole fractions. At this point we can rewrite equation
(16) for unidirectional diffusion in a 3-component system which for

component one is

o on o
- 1 2 3
(4o) Jy = - (Ln o " Mo 3wt lis ax )

The relation (23) and the Gibbs-Duhem equation

Ny N,
(41) duB = -N dv’l N d‘uz

3 3



reduce (40) to

A N1 Gul NZ aua
(42a) Jy = - Lll+ ﬁ;(Lll+L12) = - L12+ ﬁ;(L11+L12) re
ou o
~ 1 -2
(42b) =- LIy 3w - oo

for dilute solution.

As xl-—a 0, Jl--)O

8o both Lll and L12*9 0.

From the empirical relation in a dilute solution

‘ o
¥y = RT £n kxl (1 + axl)(l + cxz) +uy

where k, a, ¢, and n: are constants. By partial differentiation

with respect to xl and X2 we obtain

oy RT(1+2aX, )
Fx'; = x111+ax15

and
oy

OXZ.

Q

+cx2

-

respectively.
aul aul
It is noticed that as X.~) 0 <===-Jco, while =3= approaches a
1 axl axa

constant value. Therefore in the approximate expression for D

11 in

(39), as X,=2 0, and thereby both L,, and 1.12--> 0,

110xi ~2finite while le 33;-—90.

Hence D11 (and by symmetry Daa) will always be positive for stable

dilute solutions of solute elements 1 and 2.



D

The ratio Blg
11

solution in the following analysis.

Since

aui ani acl

aC

du, 9C,

ax . aC ox

1

+

002 0x

the equation (42a) can be rewritten as

N, op, N, an. N\ 01

1\7"1 2 T2 2Y 2

(43) J = e L 14+ —  f — s\, l+ _._)......._
1 1 {( N3) acl N3 acl} Llag N3 acl

N

op, N, op N,y op
) 1) 1, 2% ( __2_) 2
[Ln{(l*“ﬁ“ 3, "N, o, (* Lla{“ N./3C

3

372 372

+-——

oMl
N, oC

15

is evaluated for dilute ternary substitutional solid

N (] %%
aC

N3 1

3 2|

Comparing (43) with the equation
aC oC
1 2
(4h) h1=-Punw = Pewm
D
the ratio 5 ¢an be given by
11
s ._)____.._{( )y Yy __}
Elg i N3 OCZ N3 602 Lll N3 602 N3 602
1 (1+ﬁ§)2l;§§fé+ﬁé{(l+§§)ff£+§lfﬁ
N 6C1 N3 acl Lll N3 ] 1 N3 OCl
(1o 2 S 22 f_l_a.{(h S f 2
. X3 ax2 X3 sz Lll X3 GXZ x3 GXZ
X3 axl X3 axl Lll X3 axl X3 axl

C's being moles per unit

volume here.

(s ), T2 2
X_ /70X, X, 3X
~ 3 2 3 "2
(452) = X,\op. X, 0
(1 )12 2
‘ X3 0 1 X3 axl
Iy
assuming that, the ratio — is small.



Knowing that for dilute solution

0
Boo= RT #£n klxl (1 + aXl + ch) + By
(46) .
v, = RT £n k2x2 (1 + bX2 + ch) + By
where kl’ kZ’ a, b, c, n; and ug are constants, the required

partial derivatives are

o
1 RT
-—= = == (1 + aX,),
axl Xl 1
o
2 RT
—_ = == (1 + bX,)),
ax2 xa 2
(47)
av'l _ cRT
- A ]
6X2 (1 + aXl + cxa)
and
%> cRT
axl (1 + sz + cxl)

Substituting the values from (47) in (45a) and neglecting higher

powers of X. and X, we obtain the ratio

1 2
X
b cxl(l-axl-cxz)+ T (l+bX2)
12 o 13
iy X, X,
(1+ax1) YR (1-bX2-cX1)
173
X
~
_—zcxl(l-axl)(l-axl-cxa)+xl+x
3
X
1
= cX_ + -
1 )(14-)(3
(48) ':-..—’Xl (1 +¢)

L

If the ratio 22 is taken into account, a better approximation for

Lll

a- axl)(l +bX2)

14



15

the ratio D12/D11
(48a) D L. X
D12 2xX (1 +0)+ -2 il (1 - aX, + bK,)
11 1 %

By calculating J2 in the same way, we obtain the symmetrical result

21
(49) = 2 (1 +¢)X, .
D, 2

Combining (48) and (49),

~
(50) DDoy X3 = DyDX,

The relation (50) has been proved for interstitial diffusion by
Kirkaldy and Purdy12 both by statistical calculations based on
nearest-neighbour interactions and on chemical thermodynamic con-
siderations. It is important to note now that the dilute solution
results (48) and (49) are purely thermodynamic to the extent that the
off diagonal interactions as measured by Lié are small.

Determination of concentration-dependent diffusion coefficients from
experimental penetration curve

Considering diffusion in the x-direction we can rewrite

equation (22) for an n-component system.

aC n-1 oC
i 3 i
(22a) ; 2t E%i ax (Pik ax )

In analogy to the Boltzmann-Matanc analysis for binary diffusion2
(for concentration-dependent coefficients), parametric solutions are

sought of the form

X

1 C=C.)\, X:
(51) ;) =

i
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Combining (22a) and (51) the following set of non-linear ordinary

differential equations is obtained

dc n-1
A i d dac
(52) PTG 2 & [Dik EX]

Equations (52) can be applied to a semi-infinite diffusion couple for

which the initial conditions are

(53) cizc‘; for x >0 and t = 0 (i.e. A = oo)
Cy =,C£ for x < Oand t = 0 (i.e. A = = ©o)
From a first integration of equations (52), then,
C
1 i n-1 de
(54) 5 XdCi = - > Dik T
(e] k=1
21

dc
Since one can evaluate the integral graphically and the slopes EXE»

from measured experimental curves, the equations (54) can be used for
determining concentration-dependent diffusion coefficients. In binary
alloys the procedure is the standard Boltzmann-Matano analysis and is
relatively easy to work out, since only one coefficient is to be
determined from a single penetration curve. For alloys of higher
order the mathematics is more involved and the amount of experimental
data needed is much greater, Masonl3 has investigated the experi-~
mental procedure required for a complete generalized Boltzmann-

Matano analysis.

Special solution for constant diffusion coefficients in a ternary
system

For the purposes of experimental analysis in this work

it is sufficient to use an approximate solution for constant



coefficients which has been constructed by Kirkaldylo to apply to

semi-infinite boundary conditions wherein

dacl ) dac2
D,, === {{ D, —==
21 32 22 2

The two equations in (52) for a 3-component system are then

, 4, dZCl dac2
(55&) -2 == 21D +D —
2 ar 11 2 12 2
2
ac d<c
A &2 2
(550) "E® P2 T

Given initial conditions (53), equation (55b) has the solution

o 1 A )
2VD,,

! o
(56) C,=C,+3(C, - 02)(3 - erf
On substituting (56) in (55a), one obtains the result

2 2 2

A-c®+cC.
A cA-C) +Cy A

(57) C, = % (C; + Ci) + A lerf - erf

2vD 2A 2»/911

22

where
D

A = 1 (C' _ co) 12
2 ' 72 2 lel-Daa) ’

17
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ACTIVATION ANALYSIS

Most elements, when irradiated by the thermal neutrons of
a nuclear reactor, become "activated" to form artificially radio-
active species that possess individual modes of decay and radiation
spectra. The rate of decay and the type of radiation emitted are
characteristic of the radionuclide making it possible to identify
the species uniquely in a metallic or other solution. Since the
activity of a sample depends on the neutron flux and the amount of
radio-active isotope present in the sample, it is at least theoreti-
cally possible to determine the isotope amount by direct activity
measurement. But due to uneven flux distribution in the reactor and
inexact overall efficiency of radiation detector it is not a reliable
method.

Alternately, quantitative analysis by radio-activation
techniques follows a procedure in which the specimen and a known
weight of the element being determined are bombarded under the same
reactor conditions. The activi£ies are subsequently measured, the
concentration of the element in the unknown being calculated as a
simple ratio of the radio-activity of the element of interest produced
in the sample to the radio-activity produced in the standard.

" A measurable amount of radio-activity from one or more
radio-isotopes of the element is produced when a stable isotope (or

isotopes) of the element is bombarded. The activity, A, present at a
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time, to' after the start of the bombardment, can be calculated from
the expression

A=NPos
where A = the amount of radio-activity in disintegrations per second,
N = the number of atoms of the target nuclide, ﬁ = the thermal
neutron flux per square centimeter per second, ¢ = the activation
cross-section (probability) for the reaction in square centimeters
per atom (usually expressed in barns), and S = the saturation factor,
{} - exp(-xto)} , or the ratio of the amount of radio-activity
produced in time, to’ to that produced in infinite time. The decay
constant, A, is related to the half-life, T1/2’ of the radionuclide
produced (A = %isié ). The activity of the sample at a time, t,

measured from the instant the irradiation is stopped is given by

A = a‘fN {1 - exp(-)\to)} exp(-At)

All the disintegrations are not detected, however, only a small
fraction, g, of the energy emitted will reach the detecting crystal
and a fraction, p, of these will be absorbed by the crystal. The
observed counting rate is even smaller because the gamma radiation of
a particular energy is but a fraction, f, of the disintegrations of an
active isotope. Assuming all the absorbed gamma rays are counted
then the counting rate, C will be

Gamma. energy detection

The three important ways in which gamma rays interact
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with an absorbing material are photoelectric effect, Compton effect
and pair-production. In the photoelectric effect a complete elastic
transference of energy from the gamma ray to an orbital or conduction
electron occurs. In the Compton scattering the electron only makes

a partial absorption of the gamma energy while the gamma ray is
elastically scattered. Pair-production happens when gammas of

energy over 1:02 Mev pass near a nucleus and are annihilated by
giving birth to an electron-positron pair.

When gamma rays interact with a scintillation erystal,
the absorbed part of the energy is converted into light impulses.
These light impulses are made to fall upon the cathode of a photo-
multiplier tube for primary amplification. The output from the
photo-multiplier tube is led to a cathode follower to produce pulses
of negative potential proportional to absorbed energy. These pulses
are amplified in a linear amplifier and counted in a pulse-height

analyser.



INSTRUMENTATION

The gamma-ray spectrometer used to measure activities in
this investigation is made by Philips Industries Limited. The
components are:

1. PW 4111, a scintillation probe consisting of a 25
millimeter diameter scintillation crystal (thallium activated Nal) for
detecting the radiation, a photo-multiplier tube with 11 dynodes,
and a cathode follower.

2. PWw Lo71, a pre-amplifier designed as an impedance
matching link between the radiation detector PW 4111 and the main
amplifier PW 4072.

3. PW 4022, a high voltage pre-amplifier unit which can
supply the voltage needed by the radiation detector, PW 4111, to a
maximum of 2,500 volts.

4, Pw 4029, a stabilized supply unit designed primarily
to provide the linear amplifier PW 4072 with power. The deviation is
less than * 0:0l1 percent of the mains fluctuation.

5. PW 4072, a linear amplifier, which amplifies pulses
with varying amplitude. The unit amplifies pulses having gain of
2400 and input attenuation facility of 1X, 2X, 4X, 8X and 16X.

6. PW 4082, a single channel pulse-height analyser to

separate pulses with different amplitudes and, thereby, to analyse



the energy spectrum of radiation. On threshold-discrimination
setting all pulses above the adjusted voltage are counted. Using
channel-discrimination all pulses within a set 'window' of voltages
are recorded. The channel-width is adjustable to 1,2,4,8,12,16,20,
24,28 or 32 volts. The center of the voltage range within the
channel is the channel-height and is adjustable to any value between
4 and 100 volts.

7. PW 4032, a universal scaler, used for counting pulses
up to a maximum of 4 x 105. Settings for total counts are 1,2, or 4
times 10, 107, 10%, 10" or 10°.

8. PW 4052, a preset-count unit, used for measuring the

time during which a predetermined number of pulses occur

Counting Castle

The sample whose activity was to be measured was placed
on a shelf inside a lucite box kept fixed inside a 2-inch thick lead
castle. The scintillation probe projected through a hole in the top
of the lead castle and rested on a ridge just above the lucite box.
14 shelf positions were available in the lucite box whereon the
sample could be placed at distances of from 05 to 14 centimeters
from the crystal base. The relative count rates for different shelf
positions are shown in figure 4. The dctive samples were stored
behind 2-inch lead shielding, away from the experiments' neighbourhood.
The flow diagram showing the connections between the units of the
gamma-ray spectrometer and their relations with the active sample in

the lead castle has been given in figures 2 and 3.
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Figure 2. TFlow diagram for the gamma-ray spectrdmeter.
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Instrumental ¢heck-ups

The linearity of the spectrometer over the useful range
was checked by counting different weights of 3-32 percent A£-Cu
alloy irradiated together. This has been shown in figure 5. The

stability of the spectrometer over a period of time was also checked.

Copper and Zinc Activity

Important nuclear data for the isotopes of copper and
zinc is given in Table 1; and gamma spectra determined from pure
metals irradiated in the McMaster reactor at a neutron flux of
103 n/cmasec are shown in figures 6 and 7 for copper and zinc.

It is noticed from the two spectra that the 1:35 Mev
photo-peak of copper and the 1-114 photo-peak of zinc are nearly
congruent on their amplitude setting. Both of them start at almost
the same voltage. Taking advantage of relative differences in the
half-lives of copper and zinc (12-8 hours for Cu and 245 days for Zn),
zinc activity can be measured at the threshold setting on the dip of
the spectrum (i.e. where the twophoto-peaks start) after letting the
copper activity decay completely by waiting approximately 12 days.
The copper.activity is measured at the same threshold setting without
any appreciable interference by the zinc (which is about 0-15 percent
of the copper activity). Since activated aluminum has a half-life of

only 2+3 minutes, the experiment is not influenced by it.



Nuclear Data for Cu, and Zn

TABLE 1

Element
Isotope measured

Percent abundance of the
radio-nuclide

Thermal neutron cross-
section, ¢ barns

Half life of activated
isotope (Tl/2 = 0:693/\)

Energies of gamma rays
emitted in Mev. ‘

Cu

Zn

65
48-89

0-lh

245 days

1-114%
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EXPERIMENTAL PROCEDURE AND RESULTS

To assure obtaining single-phase diffusion at the
temperature of anneal (503°6°C). the aluminum rich corner of the
AL-Zn-Cu constitution-diagram was studied. The only ternary

19

isotherm ’ available in the literature was at 460°C. From the binary
phase diagramsl9 for AZ-Cu and A£-Zn an approximate extrapolation of
the a-phase extension was done to the 503-600 isotherm (see figures
8,9,10,11). This isotherm was kept in mind in preparing alloy
compositions for the diffusion couples.

Binary and ternary aluminum alloy ingots were cast and
then homogenized in a muffle furnace. Above 1/4 inch from all the
sides of each ingot was machined off to correct any defect due to
inverse segregation or to zinc loss during annealing. The ingots
were then rolled to about 3/4 inch thickness and again homogenized.
Cylinders of the alloys about 1/2 inch in diameter and 1/2 inch in
length were cut, and freshly cut faces of the pairs of cylinders
were clamped together tightly, keeping the interval between‘the final
cut on the first half of a couple and the clamping of the two halves
together to a minimum (less than a minute) to reduce the amount of
oxidation at the interface. The tightly clamped assembly of
diffusion couples was enclosed in an iron box, half .filled with
ingot chips (to cut down the evaporation loss of zinc). The box was

then placed in a forced convection tempering oven*for a period of

13077 x lO6 seconds (roughly 2 weeks).

* Blue M Mechanical Convection Oven.
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The average diffusion annealing temperature was 503-600,
controlled to * l~5°C by means of a commercial proportioning control
system*. The recording was done with the help of an iron-constantum
thermocouple which was connected to a dummy couple in the assembly
inside the furnace; the thermocouple was standardized against a
thermocouple (Pt - Pt 10% Rh) certified by the National Research

Council, Ottawa.

Preparation of samples for irradiation

The couples, on their removal from the oven were water
quenched and taken out of the clamp. They were then turned down to
about 3/8-inch in diameter andrlined up in a collet until the inter-
face appeared to be perpendicular to the center line of the lathe bed
within about a thousandth of an inch. The lining-up was performed by
first turning down a couple a little and then etching in Tucker's

etch (15% HF, L5% HCZ, 15% HNO, and 25% HZO) so that the interface

3
was visible. This was checked for correct alignment in the lathe
collet with the help of a fine pointer and a magnifying glass. The
couple was then cut to a point which was a few thousandths from the
point where the first sample was to be collected. The distance from
this edge to the interface was now measured with a micrometer eye-
piece. The couple was next replaced in the collet, the alignment was
checked and samples were taken at mean distances of 1.5,5,9,13.19,25,
33,43,57,75 and 95 thousandths of an inch on either side of the

interface with cuts made of 2 thousandths of an inch width. The

standard alloy samples were collected from the semi-infinite zone on

* Blue M Electric Co., Blue Island, Illinois, U.S.A.



one side of the couple.

Samples of from 6 to 10 milligrams were weighed on a
Mettler microgramatic balance, and packed in preglazed silica
capsules (20 millimeter long, 1+5 millimeter internal diameter and
2°5 to 3 millimeter external diameter) before they were sealed off.
The weighing was always performed by taking the difference in weight
of the empty capsule and the packed one before sealing. The sealed
capsules were placed in a spacer made of super-purity aluminum prior
to irradiation. The relative positions of unknown samples and of
standard samples are shown in figure 12. The spacer was then rolled

in aluminum foil and it was ready for irradiation.

Measurement of activity of the samples

The period of irradiation and the suitable neutron flux
were calculated for each individual package knowing the average
values of compositions in it with the help of Table 1, so that,
measurable amount of zinc activity would be produced without raising
the copper activity too high. After the irradiation of a package,
the capsules were wiped with clean tissue paper to remove any sodium"
contamination and counted. All the countings were done using a
photomultiplier voltage of 1250 volts. The maximum counting error
was kept to 1 percent by setting the preset count for 1 x lOu and
higher. The cosmic background was low and almost stationary. The
copper count was always corrected for zinc background and for time

lag while counting.

: Sodium contamination from perspiration during handling.
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Results of activity measurements

The sequence of steps used in determining the weight
percentage of an isotope in a sample from the measured activity are
given in the following.

(i) The uncorrected counting rate, Au’ for each sample
was calculated according to the relation

C
A, = wat

where C is the number of threshold counts, w is the weight of the
sample and At is the time taken for C counts.
(ii) Background correction, B, was made for cosmic

activity according to

where Ac is the corrected activity.
(iii) The activity was corrected to some arbitrary
reference time for a set of samples using the relation

A = A exp ¢

where A is the decay constant for the element concerned and 7 is
the time measured from the arbitrary reference time. This procedure
was followed in counting copper activity but was omitted in the case
of zinc because of its very long half-life.

(iv) The standard activity for a position containing a
sample of unknown composition in the aluminum spacer was determined
from the activities of the standard samples by parabolic interpola-

tion.
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(v) The weight percent of the isotope in the unknown
sample was measured as a percentage of the weight percent of the
isotope in the standard samples from the knowledge of the interpo-

lated standard activity at a particular position according to

P = 3, x100 =%, x 100 ,

where P is the required percentage, W' is the weight percent of the
isotope in the standard sample, W is the weight percent of the
isotope in the unknown sample, A' is the corrected specific standard
activiﬁy. at a particular time, interpolated for the position of the
unknown sample and A is the corrected specific activity of the
unknown sample at the particular time.

The copper and zinc penetration curves for binary couples,
(3+32 percent copper in aluminum versus pure aluminum and 12°6 percent
zinc in aluminum versus pure aluminum) are plotted in figures 13 and
14, Both the curves are symmetric and the two diffusion constants
seem to be fairly independent of concentration. This is shown for
copper and zinc on the probability graphs in figures 15 and 16. The
diffusion coefficients for copper and zinc at 503~6°C have been

0 cma/second and 2°905 x

calculated to be approximately 4°54 x 107t
10-'9 cma/second respectively as illustrated in the figures 13 and 14,
The method of calculation is discussed in Appendix A.

The reported20 values of the binary diffusion coefficients
at 50300 for copper and zinc for the aforementioned concentrations are

10

36 x 10~ cma/second and 2°52 x 1079 cma/second respectively. These
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values compare favorably with those obtained in this investigation.
The'grain sizes on both sides of the interface for each couple are
noted on the appropriate penetration diagrams.

The copper penetration in the presence of zinc (366 per-
cent copper and 11°8 percent zinc in aluminum versus 12°6 percent
zinc in aluminum) is shown in figure 17. The same plottings on the
probability graph 18 exhibit concentration dependence. The calcu-
lated diffusion coefficient for copper along its own gradient in
presence of zinc is about 1-232 x 10.9 cma/second. Finally the
effect of a copper gradient on zinc diffusion is shown in figure 19.
The couple used was 3:66 percent copper and 11+8 percent zinc in
aluminum versus 12+6 percent zinc in aluminum. On substituting

D,, = 1-232 x 10"9 cma/second and D.., = 2905 x 10"'9 cma/secOnd in

22 11
equation (57), the best fit to the results plotted in figure 19 are

obtained for D, = 165 x 10‘9 cmzsecond.

Zinc penetration in the presence of copper ( 11+8 percent
zinc and 366 percent copper in aluminum versus 3+32 percent copper
in aluminum) is shown in figure 20. The symmetry of zinc penetration
is illustrated in figure 21. The calculated Dli for this curve is

34 x 1079 cmz/second. Substituting D,, = Fely x 1079 cma/second,
9 9

cmz/second and D, = 1°65 x 10~ cma/second in the

D,, = 1232 x 10 12

22
approximate relation (50)
o4
X PP = XPol2

the value obtained for D2

1? Xz, are the mean mole fractions at the interface. The value has

11

1 is approximately 9:66 x 10~ cmz/second-

X
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been corrected for proper units.
The effect of zinc gradient on copper diffusion is
illustrated in figure 22. The couple used was 3+66 percent copper

and 11+8 percent zinc in aluminum versus 3*32 percent copper in

aluminum. The curve according to equation (57) for D22 = hesh x 10710

9

cma/second, D., = 34 x 10~

~11

2
11 om~/second and calculated D21 = 9+66 x

10 cma/second has been traced on over the readings in figure 22.

The actual value of D21 seems to be much lesser than the calculated

value. This is because the equation (50) has been unwisely used in

evaluating Dal' The formula is true only for Xl << X, and X, <<X

3 3"

In the present case Xl is quite large.
The thermodynamical interaction parameter, ¢, has been
evaluated from the ratio (50)

D2 o

Dll

is the mole-fractidn of component 1 at the interface of the couple

(1 + c)X1 , where X1

in figure 19. The caleulated value for ¢ & 74, based on concentra-
tion units of moles per unit volume.

For the‘cdnvenience of the reader, all the D values within
eéxperimental errors, have been presented in a tabulated form in
Table 2. The diffusion coefficients determined by fitting best
tangents to the experimental points are also included in the same

table.



TABLE 2

Diffusion Coefficients

Diffusion Coefficientd

Specifications calculated within determined by
of D experimental errors |[fitting best tangents
couples in cm?/second to the experimental
points in cm® /second
3+.32% Cu in Aluminum D,
ve- -10 -10
Pure Aluminum (DCu-CQ) (4-59 + 1-07) x 10 hej4s x 10
(Figure 13)
12:6% Zn in Aluminum D,;
vs.
Pure Aluminum (Ppnozn) | (2:915  0:265) 10|  2.905 x 1077
. n-Zn
(Figure 14)
3+66% Cu and 11+8% Zn D,,
in Aluminum
vs.
12-6% Zn in Aluminun | (Do, o) [(1-257 £ 0-178) x 1077  1.232 x 107
(Figure 17)
3.66% Cu and 11°8% Zn D12
in Aluminum
V8.
12:6% Zn in Aluminum (D, o) (161 % 0-15) x 107? 1-65 x 1077
(Figure 19) »
366% Cu and 11°:8% Zn Dyy
in Aluminum
3.32% Cu in AL 41 + 04 -9 ol =9
n Aluminum |0, o) |(3-41 % 0-43) x 10 340 x 10

(Figure 20)
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DISCUSSION

The techniques employed were designed to minimize the
effects of impurities and ingot segregation on diffusion parameters.
The stock metals were of high purity (99-99), the alloys were homo-
genized prior to the diffusion anneal, the couples were cut from the
more homogeneous sections of the rolled ingots (figure 23) and the
standards were collected from the semi-infinite zones of the couples.
The standards for each couple were standardized against pure metals.
All the weighings were performed in a microgramatic balance. The
zinc analyses were performed without any background from copper
activity after allowing the copper isotope to decay. The counting
error was usually kept to a maximum of 1 percent by setting the
preset at lOu. Aluminum, because of its short half-1ife, did hot
interfere with the measurements.

It was demonstrated in this investigation that zinc
prefers to diffuse down the copper gradient (figure 19). 1In other
words, copper raises the activity of zinc. This implies that zinc will
raise the activity of copper since the cross-effects bear the same
sign according to relation (50). Furthermore, if this be the case,
the presence of zinc in duralumin should decrease the rate of
precipitation of Cqua.
This conclusion follows because, when Cqu2 precipitates,

it grows with a corresponding depletion of copper from the surrounding
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alloy and concurrently the zinc concentration increases in front of
the precipitate boundary (the maximum solubility of zinc in CuAe2 in
only 1 percent at 460°c as can be seen in figure 10 and the zinc

solubility in CuAf, for any specific zinc concentration in A£-Zn-Cu

2
alloy at this temperature can be estimated by drawing approximate
tie-lines from the a phase to the © phase). This concentration
gradient in front of the phase boundary opposes the copper diffusion
towards the precipitate and hence the rate of precipitation of CuA£2
is slowed down. In agreement with this hypothesis, it is experi-
mentally observed that the addition of zinc to duralumin alloys

decreases the precipitation rate of CuAf To clarify these state-

Py
ments, the copper and zinc diffusion gradients are schematically
shown in figure 24 for a duralumin alloy.

Another important conclusion, formulated from the
observations of this investigation, was that when two solutes have
similar diffusion coefficients, the cross-effects seem to be modera-
ted by one another in a substitutional solution. This behavior makes
the determination of cross-effects very difficult experimentally.

The effect of diffusion interaction (as measured by Dlz’ D21),
therefore, is not a very important factor to be considered for most
metallurgical purposes where diffusion zones are semi infinite in
nature. The effect becomes important only when there exist some
constraints present in a system. The familiar examples of such

constraint are fixed boundary conditions in a steady state, finite

diffusion couple, phase boundaries etc.



CONCLUSIONS

(i) The diffusion coefficients of copper and zinc at

10 cmz/second and 2+905 x 1077 cmz/second

503°6°C are 4+45 x 10~
respectively.
(ii) The off-diagonal coefficient for the effect of
copper gradient on zinc diffusion is 165 x 1070 cma/second.
(iii) 2Zinc in a solution of copper in aluminum will
lower the rate of precipitation of Cqua.
(iv) Solutes with close values of their diffusion

coefficients try to moderate the effect of one another in a substi-

tutional solid solution.
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APPENDIX A

Compatible to the boundary conditions (8), the solution

to the equation (7) is

X §,2
2vDdt =~
(9a) c=c°+ i (cr - Co) 1l- 2 g ¢ a8
2 T
Differentiating f/_,
2V Dt _52
(14) dc 1 o, 2 d §
— e - = - — — d
dx 2 (€t - ¢ vVIr dx ¢ E

[¢)

choosing the origin at the point, which has the corresponding

concentration value equal to % (c +¢c%),

(2n) @l |l
| o~ "2 T IVR T

1 o

(38) = - 53 (¢t - ¢

where d is the disi.ance between the origin on the line passing
through c® parallel to x axis and the point of intersection of the

tangent (at C = % (C' + C°) to the penetration curve with the same

line,
Equating (2A) and (3A),
1, 1
d VT B
or
§@
da
(4A) D‘ﬁ'{;“





