DIFFUSION IN GOLDNICKEL ALLOYS
By
JAMES EUGENE REYNOLDS
B, S., University of Alabama
19k
s Se, Misscuri School of Mines and Metallurgy
1948
Submitted in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF SCIENCE
at the
iagsaachusetts Ingtitute of Technology

1953

Signature of Author
Department of Metallurgy
fovember 16, 1953

Signature of Professor
in charge of Research

Signature of Chairman
Department Committee
on Graduate Research






ABSTRACT

DIFFUSION IN GOLD-NICKEL ALLOYS
By
Je ﬁ. Reymnolds
Submitted for the degree of Doctor of Science

In the Department of Hetallurgy, November 16, 1953

Self-diffusion coefficilents of N163 have been determined
as a function of concentration and temperature in gold-nickel
alloys. |

Interdiffusion coefficients have been determined 1n the gold-
nickel system as a function of concentration and temperature, and
studies have been made of porosity generation, marker movements,
and molar volume changes during diffusion,

Using the above results along with the thermodynamic data
from Selgle(10) and the self-diffusivities of At?8 determined by
Kurtz(11), an attempt was made to test the validity of the Darken
squation relating the intrinsic and interdiffusion coefflcients
with the mobilities and thermodynamics at 850 end 900°C. Good
agreement was obtained, and thus 1% appears that the chemical
potential gradient is the valid driving force for diffusion in this

system under the conditions studied.
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-I. INTRODUCTION

In 1933, Matano (1) applied Boltzmann's mathematics to the
diffusion data of Grube and Jedele (2) for the nickel-copper system
and found that the interdiffusion coefficient (5) varied with con-
centration. The influence éf composition was large, and 3'increased
approximately one thousand per cent in the range from pure nickel
to pure copper. Furthermore, it was the consensus of opinion at
that time, and for some years afterwards, that a single coefficient
(D) was sufficient to describe the isothermel diffusivity in a
metallic system at a given concentration.

In 1933, Jedele (3) presented evidence that Dy # Dz in gold-
palladium, goldrnickel, and goldeplatinum. Only in recent years,
however, have any serious attempts been made to deduce the inter-
relationships between the various coefficients. The concept of an
intrinsic diffusion coefficient has been introduced by Darken (1)
who presented a phenomenological treatment based upon the chemical
potential gradient as the driving force., Unfortunately this treatment
could not be tested experimentally since there was no system for which
the intrinsie diffusion coefficients, the interdiffusion coefficients,
and the thermodynamic properties were available. Recently, other
investigators have measured the thermodynanic properties and the
self-diffusion coefficients for gold in the gold-nickel system. The

present study describes measurements of the self-diffusion coefficients

(1) Refers to references listed on page



of nickel and the interdiffusion coefficients in the same system, and
an attempt is made to check the validity of the Darken eaquations,

Phenomenological Theory

Onsager and Fuoss (5) were apparently the first to propose thai
the chemical potential gradlent and not the concentration gradient,
acts as the driving force for diffusion in electrolytes, and Dehlinger
(6), with some modifications, attemvted to explain experimental
diffusivities in the gold-nickel system. More recently, Darken (}4)
and Le Claire(7) have interpreted new data by assuming the chemical
ovotential gradient as the driving force. On the other hand, Birchenall
and Hehl (8), and Guy (9), have been advocates of‘the activity gradient
as the driving force.

Le Claire(7) has clearly summarized the apparent validity of
chemical potential as the driving force., Basiecally, the chemical
potentials of the components participating in the diffusion process
seem more significant quantities than the concentrations since
equilibrium exists in a system only when the chemical potential (gi)
of each component (i) is the same at every point in each phase
throughout the system., It would appear, therefore, that a net diffusion
of component from one point to another in a system is possible only
when there is a chemical potential gradient G%g;i) for component.

Since the effect of one component upon the activity of another may
be positive or negative, the concentration gradient is not necessarily

of the same sign as the chemical potential gradlent.
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The driving force (zi) per atom of species i is given by:

oM
v

(1)

= L
o

Where No is Avogadro's number, by is the chemical potential per mol of
component i, zad y is the distance in the diffusion direction. (All
of the symbols used in this thesis are defined in Table I) If the
mobility“(Bi) is defined as the average velocity of specles 1 for

a unit driving force, then the aversge velocity (vi) of diffusion

of the i-th component is given by:

15§ 3y
o
At constamt temperature and pressure
W -p; = BT Ina, (3)

where p,; ig the chemical potential of i in a standard state, and a_l

ig the activity of 1 in a non-ideal solution. R is the gas constant.
The diffusion flux Ji with respect to inert markers in terms of

the number of atoms of i passing through an interface of unit area

in the y-direction in unit time may be written as

B v8 2¢
T s ok P 5 2%
i 1§ Oy iy

(1)

where ¢y is the number of i atoms per cm® of alloy, and Di is the

intrinsic diffusion coefficient of component i. In terms of activities

one obtains:

21ln ay

Jy, ==cg Wy RT 275y (5)




TABLE I

List of Symbols

a4

D Interdiffuqion coefficlent

D, Self-diffusion coefficient

D, Intrinsiec diffusion coefficient

ty Chemical potential

¥y Distance
z, Driving force per atom
31 Mobility

v Marker velocity

f,. Actlvity coefficient

t Time of diffusion anneal
V  Holar Volume

¢ Concentration

L

Hole fraction
Lattice parameter

Distance parameter

e O

Activation energy

oS

Frequency factor

Superscript * refers to radioactive isotope.
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The activity can be replaced by fixi vhere fi is the activity
coefficient and Xi is the mole fraction of component i.
Using equations (4) eand (5), and B/No = k, and substituting

Noxi/V for ¢ {where V = molar volume):

) g(NOXi/V) ) N X, 5 ur 21n ff_i.
i 2v¥ v i 2y '
5 gln(Noxi/v) R 2ln £.X,
i 27 1 CR
If ¥V is constant
5 glﬂizBﬂ alnfi+_ 1nX,
i 27y, i 27 2vy
Divt 21nX,
ividing by >
21ln f
i
D = - +
L Bild'f.‘[ STax, ;J (6)

Equation (6) is identical with that derived by Onsager and Fuoss(5)e
For a two-component system an equation of form (6) may be written

for each component,

—

Dy = B, kT 1+
L

2 1n fﬂ (7)
‘-aln K;

- 2
Dp = Bgk! 1+—%—i—%§§- (8)

Considering the @ibbsDuhem relation

2infy _ 2lnfp (9)
'aln X1 - 9]1! X3




it readily follows that the intrinsic diffusivities (D1 and D2) can
differ only iasofar as their mobility terms differ because they have
identical thermodynamic factors,

It is apparent that the isothermal intrinsic diffusion coefficients
are determined by two factors, the first, a mobility term (Bi) character-
istic of each component in its environment, and the second, purely
thermodynamic term, identical for both components. The second factor in
the right-hand members of equations (7) and €8) expresses the deviation
of the solution from ideality, For an ideal sclution, one obtains the

Einstein relation

Di = BikT (10)

which is valid for self-diffusion or radioactive diffusion, since the
concentration of the radioactive tracer is so small it corresponds to
diffusion in an ideal solution, Assuming that the properties of the
radioactive isotope are identical with those of the stable isotopes

except for a slight difference in mass, it follows that the mobility

is the same for both and:

= 2 in f * 2 1n £
D. = B.kT (1 + 1 )=BkT(l+___+) 7
1 1 ( 2 1n il 1 2 1n Xq ( )

where B; is the mobility of the radioactive tracer related to D;
through equation (10) and determined by diffusing the tracer element
into alloys of various concentrations. It is seen, then, that the
intrinsic mobilities as a function of concentration may be taken as

equal to the mobilities determined from gelf-diffusion experiments,



tat the ishvinzis diffusivities differ from the self-diffusion
coefficients unless the intrinsic diffusion occurs in en ideal
solution.

Considering now a diffusion couple of two different alloys
with uniform initial concentfations and assuming no molar volume
change, the change in concentration with time at a given y may Dbe
represented by Fick's second law:

2% 2 (~ 2
>t " 57 Day) (12)

where 3'13 the interdiffusion or chemical diffusion coefficient.
Generally, two- intrinsic diffusion coefficients D1 and Dy are
required for a complete interpretation of the diffusion process.

Darken(4) has derived the relations which follow:

c-l
2% = '9—'[(K1172 + XzD1) 2 ‘] (13)

ot 27 27
and from equations (7), (&), and (13), it follews that

~ q;ln fa
D = (X1B, + XpB1) kT [ 1+ - ITw (1)

or using ejuation (11), equation (15) may be writter

T = (Xab; + XaD1) [1 + -g{—'n;—-f{ﬂ (15)

where D; and D; are the self-diffusion coefficients of components 1l
and 2. Thus‘ﬁ nay be determined experimentally by two independent

methodss (1) the Boltzmann-lMatano treatment of interdiffusion data
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and (2) use of equation (15) which requires measurements of activity
as a function of concentration and determinations of BI and D; as
a function of concentration using radioactive tracers.

Interdiffusion coefficients from the two methods may be expecﬁed
to agree if the relation 1n.equatlon (15) is valid. Tour assumptions
were made in the derivation of equation (15), 1.e. individual mobilities
of the componeants do exist, the driving force in the diffusion
process is the chenical potential gradient, the radioactive mobilities
are equal to the intrinsic mobilities, and molar volume is constant.

Assuming unequal mobilities of specles 1 and 2, Darken(l) kae
2dded a Arift ‘to Fick's first law to compensate for the lattice
movement relative to the original join and derived the following

relation:

v = (D:, - Dz) ———lg}_; (16)

where v is the drifi veloeity of the lattice measured by marker
movement. Velocity is also identified by considering the parabolic

relation which ie sssumed valid in Fick's second lawi

—L. = constant (17

T3
Differentiating with respect to t

ER
v = %% = constant Ft < (18)



end substituting equation (17) in equation (18)
(19)

where Ay equals the distance traveled by the marker and t is the

time of the diffusion anneal. Equation (19) can be utilized to
calculate marker velocities (v) and with equation (16) allows a
calculation of {D1=Dz). If Dy, Da, Ay, and t are known as a function
of concentration, then equation (16) will yield marker velocities.

Previous Work on the Gold~Nickel System

Seigle(10) has determined the thermodynamic data given in Tatle II
for gold-nickel alloys at 850°C and 900°C. These functions allow
calculations of the thermodynamic factor (1 +»-%;;§j;§) which will
be used later iﬁ equation {6). The self-diffusivities of gold in the
gold~nickel system have been measured, and their temperature dependeéncy
determined by Kurtz(1l). These data are contained in Tables III and IV.
4 check can thus be made on the validity of equation (6) (hereafter
referred to as the Darken Eguation) if measurements are mede to
determine D;i and‘g for the gold~nickel system,

Some reports of porosity in goldenickel diffusion couples have
been made. Balluffi(12) noticed that "digzing" occurred on the gold
side when gold and nickel wires were heated in contact, This phenome
non has been obtalned in a large number of other systems when unequal
diffusion oeccurs, and in every case investigated porosity was found
to appear in standard type couples of the same materials. This

appears, then, as indirect evidence that gold is diffusing more
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TABLE II
Thermodynamic Activity

Coefficients of Nickel in Gold-Nickel Alloys (10)

£50°C 900°%¢c

Xy Ty X1 Tay
.9518 1.020 .9518 1.019
.,285 1.013 .9ligs 1.012
. 8996 1.043 .8996 1.040
.88 1.068 .8899 1.063
.852 1.105 . 8566 1.073
. 8566 1.082 . 8524 1.096
. 8051 1.173 .8051 1.159
zggi. 1.178 .733)1 1.162
o? l. 16 1.
. 7654 1.22L . 7691 1.332
-1336 1.286 - -7336 1.265
.5897 1.356 .6597 1.331
.6778 1.580 0778 1.350
-5880 1.562 .5880 1.510
- 5465 1.633 <SHT3 1.598
§L73 1.622 5469 1.562
4825 1.810 14825 1.720
.ug 1.208 Jug 1.72
=g 1.892 1596 1.788
. 3838 2.135 .3838 2.001
.17 2.23 .38 2.05
. 1800 2.175 <1748 2.079
.11 2.ug <3111 2.271
282k 2.78 2569 2.541
L2711 2.50 .2072 2.978
.2569 2.4 .1893 2.789
.2072 3,345 -1 3.788
.1893 2.3 <1403 3.230
. L35 1415 3.776
-1418 4.38 -0894 5. 314
.1k03 3.84 0853 5.946
.085% 7-15

.08 5.35
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TABLE III
Self-Diffusion Coefficients

Of Gold in the Gold-Nickel System(1l)

Atamic + -
% N1 °¢ "¢ x 1070 D}, cu sec *)
0 1025 5.15 5.6 x 1079

1000 ll..l‘{7 L.y "
950 5e 2.7 "
300 u.grj g.9 x 10-10
850 E. 2.65
800 .86 1.8 " 11
750 5.89 5.5 X 10~
20 950 5.9% 2.73 x 1072
900 5.7 1.5 " 10
875 5.9 8.8 X 10”
825 2.9u 3,88 "
795 «35 2.5 M
357" . 925 6.73 1.06 x 10‘?0
875 6.73 4.86 x 10"
850 582 3.32 "
850 6.73 .21 "
50 940 5.3% 1.36 x 10“%o
900 5.38 7.42 x 107
850 5.34 3.20 "
305 5.98 1.52 o
65+ 925 6.05 b.25 x 10710
900 6.05 2q7 "
850 6.05 1.10 "
80 1000 4,95 5.94 x 10%°
950 5.36 1.53 "
310 5.0 .30 x 101t
850 5.4 1.35 "
100 1100 5.75 3.2 x 10‘%?
990 5.0 2.95 x 10~
900 6.0 1.0 "

+ Length of diffusion anneal in seconds
++ Determined this investigation

TR Y T



TABLE IV
Frequency Factors and Activation Energies

For Self-Diffusion of Gold in Gold-Nickel System (11)

D* Au (cn®sec™™) ., (cal/mol)

Atomic % Ni
0 0.265 5,300
20 0.05 40,200
35 0.063 42,700
50 0.091 43,400
65" 0.51 Ig, 800
80 1.1 60,500
100 2,0 65,000

+ Determined this investigation
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rapldly than nickel and porosity mey be expected in standard type
gold-nickel couples., Seith and Kottmann(13) found poresity in a
gold-nickel couple but did not study it dauantitatively. Their
evidence is based upon a single diffusion run for Y8 hours at 900°C.

Drift Velocity of the Lattice

Following the work of Smigelskas and Kirkendall (14) da Silva

and Mehl(1l5) established ample evidence that the lattice drift
indicated by marker movements is of fundamental importance in diffusion

and not uniquely associated with any single system or type of marker

; material used, Measurements of marker velocities may be used in

éi conjunction with equations (16) through (19) to cross—check intrinsic
i diffusion coefficients obtained by tracer techniques., It must be

ﬁ kept in mind, however, that the marker velocity 1s related to Dy

ﬁ, and Dy only for the concentration associated with the marker.

E Yacancy Precipitation

In diffusion studies it is recognized that boundary conditions
may be invalidated by the precipitation of vacancies, il.e. porosity
generation in the diffusion zone as a result of unequal intrinsiec

. diffusion rates. A standard metallographic technique must be used
for a given porosity investigation since the size of the pores
observed may be dependent upon the technique. Relatively soft metal
tends to smear over, obscuring porosity and it 1s often advantageous
t0 use an etch~nolishing technique to give clean polishing, Electro-

lytic polishing would eliminate smearing in the softer metals but




i
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the denger of pitting necessitates careful control and interpre-
tation. At the higher diffusion temperatures sintering decreases
the size of pores, and the equilibrium number of vacancies increases
rapidly with temperature. Since porosity depends upon relative
intrinsie diffusion coefficiénts, length of diffusion period,
polishing technlque, and diffusion temperature, the measurement of
porosity can be quite elusive.

#Molar Volume Changes

It has been pointed out by Hartley and Crank(16) and Cohen,
Wagner, and Reynolds(l7) that if there is 2 riolar volume change in
the diffusion zone of a Matano couple, the normal measure of distance
(y) becomes ambiguous. Methods of correcting for molar volume
changes using modified distance parameters have been published(17).

A treatment of this subject in regard to the present work is
given in Appendix A of this report, and data from 2 nickel-gold
diffusion couple have been used in calculations with the modified
distance parameter to show the nagnitude of the effect of molar
volume changes on's. It is shown that the errors due to molar
volume changes in the gold-nickel system are smaller than the
experimental errors and are neglected hereafter,

Statement of Problem

Although diffusion coefficients in the literature are numerous,
Darken's approach is as yet untested due to the lack of a complete
coherent set of data for a single system. It was the object of the

present work to supplement the existing data with additional experiments
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and to complete the required data for the gold-nickel system. This
system was chosen because it exhibits a single continuous solid |
solution over a range of approximately 200°C (see Figure 1), and
large deviations from Raoult's law have been observed. Large
chemical potential gradients éxist in this system and thus make it
ideal for a test of the chemical votential gradient as the true
driving force in diffusion. In addition, the large difference

in atomic diameters between gold and nickel(1l8) would appear to
foster a large difference in the intrinsiec diffusion coefficients.
Suitable isotopes are also available for the study of radioactive
diffusivities. '

The present work on the gold-nickel system was undertaken,
therefore, to degermine the interdiffusion coefficients, the
intrinsie diffusivities of nickel and the marker velocities, taking
into account, if necessary, vacancy precipitation ond molar volume

changes during diffusion.
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II. EXPERIMENTAL METHODS

Materials Used

Vacuum cast niclel processed by the Vacuum Metals Gorporation+
was used for all gold-nickel alloy and pure nickel specimens. Tne
nickel was received in the hot-forged condition, and a photomicro-
graph of the as-received bar is shown in Figure 2. To minimize

{; contamination from the surface, the bars were turned down from the

original 5/8" diameter to 3" and the turnings discarded. A typical
chemical analysis is given in Table V. TFine gold from Baker and Co.,
Inc. was used, and a typlcal chemical analysis is also given in Table V.,
Since there is complete solubility of the gold and nickel at the
temperatures of interest, the effects of impurities are believed to
be unimportant in the present work.

The radioisotope Ni63 was used for the measurement of self-
diffusion of nickel in the gold-nickel system. It was produced at

Oak Ridge by means of the reaction
7% 4+ nom® + v

The Ni63 was received in the form of nickel chloride in a hydrochlorie
acid solution with the total activity consisting of more than 95% N163
activities with less than .01% N159 activities. The specific activity
was about 12mc/gm, and this isotope has a hal f-life of 85 years. It

decays by B emission with particles having a maximam energy of 0.063 Mev.

+ Cambridge, Massachusettis
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Figure 2 50X

Pure nickel, vacuum cast, hot-forged. Concentrated HNO3
etch.




TABLE V

Nominal Chemical Analysis of Metals Used

Vacuum Metals Corporation, Vacuum Cast Nickel

Element Impurity {wt.%)

c .004

0 002

N .000037

51 .00U5

Co .003

S .003

Wi 99.986 (by difference)

Baker and Company, Inc,, Fine Gold

Element Impurity (wt.%)
Au 99,96 (by differencs)
Ag 03
Fe ,001
Cu . 002
Pd 002
Pb
Si
I"ig - 001
Ca
Al
Pt nmereost
Rh spectrographic

Ni traces of these

- 19 -
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Metallic NiGD was extracted from the chloride solution electro-
lytically, and details of this procedure are given in Appendix B.

Specimen Preparation

Meltinz Melts were made in a quartz crucible using induction
heating, and complete details,of the procedure are given in Appendix C.
Following solidification, each ingot was given a homogenization
trentment. The ingots were sealed under vacuum in vycor and annealed
for one wesk at 925°C to 1000°C (depending on composition). After
armealing the ingots were swaged from a diameter of 0.625 to 0.529
inches. This represents a reduction in cross sectional area of
28 percent. After swaging, the ingots were again sealed in evacuated
vycor tubes and ;nnealed for one week.

Following homogenization the bars were turned down from 0.529
to 0.500 inches to remove any contaminated surface, and cylindrical
specimens for the diffuslion couples were made by cutting the bars
either with abrasive or high speed steel cut-off wheels. The thickmess
of the specimens varied from 0.125 to 0.5 inches. The specimens
were then gripped in a collet and the ends squared on a lathe. The
-ends were surface ground so that they were parallel to within
: 0.0001 inch. The specimens were used without further polishing
of the surface.

¥echanical volishing was tried on some specimens, bub these
invariably yielded bad welds due to the loss of the flat surfaces.

It was also noted that gold was "sweated out" by some mechanism in

polishing on broadcloth. Either the pickel was removed preferentially



-2l -

or the gold diffused to the surface preferentially, but a definite
gold tint was imparted even to the high nickel alloys after mechanical
polishing. All specimens were degreased in benzene before assemblyr
into couples,

Welding All diffusion cguples were pressure welded by placing
them in a welding unit consisting of a stainless steel (Type 416)
cylinder with an inside diameter of 0.625 inch and an outer diameter
of 0.782 inch. The inside of the cylinder was threaded and fitted
with screw plugs of the same material at both ends. Keyed inserts
sandwiching the specimens separated the end prlugs from the specimens,
thus preventing torsional stresses during the application of pressure.
Hica spacers were used wherever welding was not desired, and the plugs
were tightened with a 1lO-inch crescent wrench as tight as one could
by hand. The entire unit was placed in a preflushing chamber in
argon for 30 minutes before being placed in a tube furnace at 850°G
for one hour, also in argon. Cooling was carried out in argon.

Diffusion Anneal Furnacss

Figure 3 shows a schematic drawing of one of the diffusion
'furnaces. The furnace chamber consisted of a EH-inﬁh alundum tube
(Vorton Co., Worcester, Mass.) with a 1 3/Yeinch bore and a 4=inch
wall. Kanthal A wire was wound on the tube -~ four turns per inch
on the central 9 inches and eight turns per inch for 42 inches on
either side of the central portion, leaving 3 inches on the ends
without windings. The core was inclosed in an alundum shield of

3-inch bore and 3/8-inch wall. This shield was then surrounded by
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& inches of crushed»insulating firebrick. The l—inch central zone

in these furnaces had a temperature variation of :1 degree centl-
grade. Temperatures were mainteined with voltage stabilizers on

some furnaces and potentiometric controllers on others, with all of
the furnaces being operated in an air conditioned room. Temperatures
were measured on & potentiometer to *.01 mv (F1°C). Pt-Pt10Rh

thermocouples were used.

Self-Diffusion Coefficients of 5163

Radioisotopes allow one to tag specific groups of atoms which
cannot be identified chemically from other groups of atoms and to
follow the progress of their migration through the lattice structure.
For selected boundary conditions, heat flow mathematics can be
utilized to calculate the diffusion coefficlents.

Most of these isotope diffusion technigues require the deposition
of a thin layer of radiocactive material‘by electroplating or by
vaporizing the radioisotope onto the specimen face. Vaporization was
nsed here, and the equipment used is treated in some detail in
Appendix D.

Available Technigues Four basically different techniques for

measuring diffusivities with the use of tracers may be listedi
1. Sectioning (19,20)
2. Autoradiography {21)
3, Surface-decrease (22,23,24)

L., Surface-increase (25)
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Ordinarily‘the techniques are chosen chiefly on the basis of
the magnitude of the diffusion coefficient. Any technigue involving
the mechanical removal of layers of material parallel to the diffusion
interface is necessarily limited to relatively large diffusion
coefficients (10-10 to 10-11 cn®/sec). The sectioning method, where
approximately ten or more slices are taken through the diffusion
zone 1is, thefefore, usually limited to coefficients larger than
1071t en®/sec. This technigue is the most accurate one when coef=
ficients are large, but has the disadvantages of being laborious and
requiring reproducible geometéy from specimen to specimen in the
counting operation.

Autoradiography is also a sectioning method but is much less
tedious requiring a single section through the diffusion zone either
perpendicular to the original interface or at some other sultable
angle if more resolution is needed. The errors in this technique
are contingent upon the nature of the isotope used and depend on
the type of radiation, the nature of the absorber, and the angle
of the section.

Surface counting techniques are important when 1% 1s necessary
to measure relatively small diffusion coefficients. In the surface-
decrease technigue the decrease in surface activity is measured
resulting from the partial absorption of the radiation from the
tracer atoms which have diffused inward. If evaporstion of the

isotope is significant, then the resulting value of the diffusion



coefficient sppears too large. For high vapor pressures, Bakalar(25)
has developed a surface-increase technique which involves the sand-
wiching of the active layer between a cylinder and sheet of inert
material and counting the increase in activity through the sheet
as the isotcpe diffuses into 'the inert materials.

The surface~counting methods are more sensitive than the sec-
tioning method and also less tedious, but the main disa&vantage is
that a knowledge of absorption coefficients is required.

Avtoradiographic Attempt An investigation of the autoradio-

graphic method described by Gatos and Azzam(2l) was made using

N163 as a tracer in pure nickel. A layer of approximately 1000
Angstroms of N163 was deposited on a pure nickel specimen, and with
the zctive fozce in contact with no-screen X-Ray film for 15 hours,

a uniform darkening of the film resulted. This specimen was then
welded to a similar specimen (but with no active material) to form
the diffusion couple, thereby placing a yhin_layer of the isotope
between two thick pure nickel specimens. After diffusing the couple
at 9oo°G for three days, a section at an angle of approximately 3°

. with the original join was made through the join and the two obligue
faces of the couple were placed on no-screen X-Ray film for as long
as 175 hours with no darkening of the film. This was repeated for
several different couples at different temperatures, and 1t was
surmised from these tests that the absorption of the.weak B particles
by nickel was so great that it rendered the autoradiographic

method nseless for work with the N163 isotope.
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Thus, it appears that the usefulnews of the autoradiogravhic
method is limited to isotopes and absorbers with an optimum absorption
behavoir. On the one hand, high absorption is desirable so that
the radiation will be more indicative of the activity of the sectioned
specimen surface, while the other conflicting factor is that the
absorptivity must not be so great that registration on the photo-
graphic film is prevented.

Surface-Decrease Attempt Some preliminary rums using an end

window counter for the surface-decrease technique on single nickel

- specimens were encouraging in that the diffusion coefficients were

of the right order of magnitude, but even with thick layers (10 to 10%

Angstroms) of the isotove the counting rate was only approximately

200 counts per ﬁinute, due to the high absorption of the 0.063 Mev B
particles in air and in the beryllium window of the geiger tube.

A windowless flow counter was also tried, and it was then necessary
to decrease the evaporated layer to an approximate maximum thickmess

of 25 Angstroms in order to get 5000 counts per mimute. Higher

- activity would endanger the accuracy by introducing coincidence
; errors in the counting. Single specimens of nickel with one active
b face were again given diffusion anneals in vacuo, for times ranging

from 1 to 15 hours. Calculated diffusion coefficients were obviously
too high, indicating high vapor pressures, although no discoloration
of the vvcor tube occurred and no activity could be detected on

broken fragments of the vycor tube. Surface diffusion was suspected,
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but there was also a lack of activity on the sides of the specimen
and the face opposite the active face.

Since the vapor pressure of nickel(26) was apparently significant,
a diffusion run was tried with approximately 0.l atmosphere argon,
but the results were the same as before. One specimam was zade up
in a manner similar to that used by Bakalar{25) where two specimens
vere placed with active faces abou: C.902 inch apart and separated
by a rim of pure nickel, The couple was held together by tight
wrapping in nickel foil. This apperently did not stop the evaporation
or surface diffusion although Yetter results might have ensusd had
the couple been pressure welded to obtain a better seal.

These unsuccessful attempts may be summarized as follows:
{1) the surface-decrease technique does not suffer from evaporation
difficulties provided that a layer of the isotope of 10® to 10*
Angstroms thickness is applied, but an end window counter mmst be
used giving an undesirably low counting rate, (2) use of the flow
counter puts a maximum limit on the thickness of the isotope layer of
approximately 25 Angstroms and with such a small quantity of active
material, the evaporation error becomes prohibitive, (3) finally
there is the question of the absorption coefficients which would be
subject tc fairly large errorsg this also rules ont the surface-
increase method which, while eliminating errors due to vepor losses,
would still require accurate absorption coefficients.

Sectioning Method Used Data from the surfacee-decrease attempts

<]
with pure nickel specimens gave D;n values of the order of 10 '2m2/ gec,

but the temperatures were kept low (about 925°C) to minimize vapor
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losses. Since vaporization was no proolem in sandwich specimens,
higher tsmperatures could be used to bring the diffusion coefficiemts
into the 1o‘ua’/soc range where the sectioning method could be
used. Furthermore, the diffusivities were expected to increase
as the gold concentration was increased.

The specimens consisted of a thin layer of ¥1%3 sandwiched
between two discs of goldenicksl alloy of the same concentration.
The l163 vas evaporated onto the face of one specimen only, and
wvhen 200 counts per minute were obtained with the specimen on the
firat shelf of an end window counter, there was an isotope layer
of 10* to 10* Angstroms (as dstermined by activity) on the specimen.
This proved sufficiently active in all cases for counting the indi-
vidual slices in the sensitive windowless flow counter after diffusion.
Welding was carried out by the method previously described.

After the diffusion anneal in an evacuated tube the specimen
¥as turned down from a 0,500-inch diameter to approximately 0.450
inch, and twenty slices of approximately 0.001 or 0.002 inches
were taken from each side of the interface and weighed to = 0.1 mam.
From the density, diameter and weight, the thickness of each slice
wvas calculated. This procedure minimized errors in the determination
of y.

After sectioning, the slices were prepared for counting by
the procedure outlined in Appendix E. This step is a very critical

one because the high absorption of the B particles makss it difficult



to obtain constant gecmetry from specimen to specimem. All counting
of the sections was done in a Tracerladb Windcwless Flow Comnter
wvhich is reported to be 100 percent efficient and has a 271 angv:lar
coverage. The counting rate data was amootaed by plotting counts
per minute above background versus y.

For a thin layer of 11163 of tkhickness "a" diffusing into a
semi-infinite epecimen, the solution of Fick's second law according

to Carslaw and Yaeger(27) is

R [-r’/lm-t] (20)

or in an equivalent form:

= & -
Ineca=-lne, h[m] v all 'l (21)

Por an infinitesimally small layer of the isotope one may diffen-

sntiate with respect to y° and convert to logarithms to the base

1C obtaining

d lﬂs (] = =l (22)
dy? 9.20 D*t

vhere ¢ is the concemtration of the tracer element and is proportionai
to the counting rate above background, y is the diffusion distance
in cm, ¢t is the time in seconds, and D* is the self=diffusion
coefficient in ca/sec. Thus, n;i may be calculated by plotting

ting rate on a log scale versus ra on a linear scale, and the
slope will give D* when time (t) is imown. An example of this
calculation is given in Appendix ¥.



Interdiffusion Coefficisnts

Assembly of Couples The specimens for determining the intep=
diffusion coefficients were designed for Matano, marker, and porosity
studies and consisted of three disks, the two outer disks being
identical and highsr in nickel content to conserve gold. Figure U4
shows the manner of assembly of the disks. Two identical diffusion
zones vwere obtained with each set of three specimens. One couple
was sectioned for Matano and marker work, and the other was used
for porosity studies.

Diffusion Anneal After welding, the specimens were sealed in
evacuzted vycor tubes and diffused for times verying from 13 to 37
days. Interdiffusion coefficients were determined as a function of
concertration for four different temperatures (850°G. 875, 500, and
925) for a wide variety of compositions with additional runs at higher
temperatures on some incremental couples near the high nickmsl side.
¥ollowing the diffusion anneal all specimens were water quenched to
retain the sircsle phase.

Sectioning The specimens were placed in a collet in a orecision
lathe, and the alignments checlted by the use of a surfece gage and
a magnifying glass while the sample was rotated slowly. At least
0,005 inches of the cylindrical surface was removed to minimize
surface effects. Layers 0.C03 inches thick and parallel to the
original join were removed witk a sharp tool and the turnings retained

Zor chemical analysis.
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Chemical Analyses All cherrical analyses were performed in the
metallurgy analytical laboratory under the supervision of Mr. D. L.
Guernsey. Analyses for both nickel and gold were made — nickel by
the dimethylgldxime gravimetric method, and gold by a standard
gravimetric method involving the precipitation of gold with 305,

Calculations Details of calculations of interdiffusion coef-
ficients are given in Appendix G in the form of a numerical example.
3rrors are slso treated in that section. A swmmary of all intere
diffasion runs is ziven in Table VI,

Markers One mil wolfram wire was wound on specimens as shown in
Figure k. A special jig was constructed for winding so that contamie
aation of the degreased faces could ve avoided, and the ends of the
wvire were anchored on the sides with Duco cement. The diffusion
curve method for marker movement described by da Silva and Mehl(15)
was used in all work here. In machining layers to determine the c-y
curve it was noted in which layers the markers apreared; when the
zarkers were uncovered during mchining they were easily recognized.
The accuracy of locating the markers was, therefore, that of the
thickness of the nachined layer. Evidence of markers were usually
Zound in several layers (Figure 5), and the center layer in which
shey were found was taken as their location. Markers seldom remeined
perfectly parallel to the join as may be seen in Figure 5. Onece
she markers were located on the cey curve, the marker shift was
zeasured as the difference between the position of the markers

ands that of the Matano interface. This is rigorous, however, only



TABLE VI

Summary of Interdiffusion Runs

Bun , Concentration
o Limits In
No. c Atomic Percent Nickel
y 50 0 - 100
18 " 0 - 20
13 " 0-135
28 " 10 - 50
19 L 15 - 65
15 n 50 - 80
12 " g0 - 100
3 875 O - 10D
17 # 0 - 20
1u n 0-73
22 n 10 - /0
24 " 35 - 65
23 " 50 - 80
25 " 65 - 90
11 " 8¢ - 100
2 900 0 - 100
16 n 0 - 20
26 " 10 - %0
9 n 35 - 65
33 " 37 - 95
27 " 50 - 80
10 " gn - 100
7Y n 90 - 100
1 925 0 - 100
5 " 0 - 20
20 " 0 - 35
7 L 10 - K0
g n 35 - 05
6 n g0 - 100
30 950 65 - 100
71 " 73 - 100
32 a75 80 - 100

Approx,

Time
In Days

12
10
70
37
30
70
20

25

10
12
32
12
2
70

25
20
20
20
15
20
71
25

17
20
13
25
25
23

10
30

30

_S\
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if there is correspindence between the Matano interface and the
original welding plane i.e. !f there is no vacancy precipitation
and/or molar volume changes in the zone of diffusion.

Marker velocity (v) was calculated by the use of equation (19)
as previously described.

Porosity One couple from each interdiffusion run was sectiomed
perpendicularly to the diffusion zome and one of the halves mounted
in bakelite for zetallographic examination. 3Because of the difficulty
in accurately evaluating the nature of porosity, it was necessary
%0 determine the sensitivity of porosity detectioa for 2 given
metallographic technique. Details of the standard metallographic
practice adopted are contained in Appendix H. For pure gold, which
oresents the greatest difficulty in polishing, it was found that the
aporoximate minimum dimension of & pore that could be detected was
9.5 micron. Ztch-gvolishing techniques were used in studying porosity
in the diffusion couples, and it is bvelieved that this gave a better

sensitivity than 0.5 micron. Aque regia was used as the etchant.
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II1, RESULTS

Self_Diffusion of Ni°3

A total of H2 sandwich specimens were prepared for sectioning
runs as previously described, and 37 of these ylelded usable self-
diffusion coefficients the values of which are listed in Table VII,
Seven of the runs that were rejected obviously contained bad welds,
another was eliminated because of a breakdown in equipment, and the
remaining seven runs were lost Decause of excessive scatter in the
counting rates or poor symmetry of the counting rate data about the
interface. For ﬁost of the usable runs, the scatter was greatest
near the peak of the curve of counting rate versus distance.

Activation Energies and Frequency Factors Temperature depende

ency was determined by the usual method employing the Arrhenius

equation:

* *

Dy = P, w1 oxp(~Ry, /A1) (23)

Sumnarized temperature dependency curves are given in Figure 6.

ﬁor clarification of the data 1n the high gold reglon, the curves

for 50, 36, 20, 10, and O atomic percent nickel have been plotted

on a larger scale in Figure 7. Values of the calculated activation
energies are tabulated in Table VIII along with the frequency factors
(D:,Hi)‘ With Q;i’ B;i. and T for a given concentration, the frequency

¥
factor was calculated from the Arrhenius equation., Variation of QNi



TABLE VII

Radloactive Diffusion Coefficlents of N163 in Au-Ni Alloys

Approx.
Atomic o . ‘time
4 N1 ¢ Dyy ox?/sec in hrs,
0 937 1.50 x }6‘9 Es
920 1.25
904 8.86 x 10710 ¥4
898 g.uic * 12
820 o.bg  ® 96
10 qLo 2.26 X 107 45
926 1.75 " 10 66
880 8,06 x 10~ 50
20 94 2.13 X 1072 u7
930 2.13 " 3¢ u7
890 9.65 x 10~ 45
830 7.7 ' 72
36 920 1,33 X 10 72
873 5.28 x 1070 46
50 925 7.58 x 10710 71
912 5.41 " 50
903 E.oo " 67
890 06 " 4g
g76 3.21 50
65 940 3,50 x 10710 72
926 .25 " 109
905 2.20 " 89
882 1.69 " 52
80 999 2.12 X 10710 E;
990 2.71 "
962 1.4 " 66
953 1.09 " 13
gl 1,02 " 105
gko 1,08 " 122
90 1057 1.9 x 10"12 69
1025 9.09 X 10~ 69
999 7.1 " 97
100 1175 9.83 x 10°1% 62
1155 6.66 " 65
1150 3.98 " 83
1125 2 97
1100 2.3 " 188
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TABLE VIII
Activation Energies and Frequency Factors

For the Self-Diffusion of ¥i%3 in Gola-Nickel Alloys

Xy Q cal/mol D, gy ou/sec
0 42,000 6.9 % 1073
0.10 48,200 1.09 x 10°
0.20 53,100 g.o4 x 107t
0.36 51,1100 1.26 x 10"
0.50 4,200 847 x 107°
0.65 35,000 7.16 X 10~
0.80 39,300 1.2 x 10
0.90 45,300 4,15 X 10~

1.00 62,300 2.26 x 107t
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and D:,Ni with atomic percent nickel is plotted in Figures & and 9
along with similar data for gold.

The diffusivity of Ni in pure gold is a limiting case, but the
self-diffusion coefficient representing this 1limit has been deterw
mined by diffusing N153 into pure gold.

Interdiffusion Coefficients

Successful runs for the calculation of interdiffusion coeffi-
cients by the Boltzmann-Matano treatment were summarized previously
in Table VI, Calculations were made as described in Appendix G. The
resultinglﬁ values as a function of concentration are contained in
Tables IX through XIII and are plotted in Figures 10 through 1l
Where applicable, the limiting values of the self-diffusion coefficients
of N163 in pure gdld and An}98 in pure nickel were used to smooth the
jnterdiffusion curves at O and 10C atomic percent nickel. Concen=
trations selected for calculations for each run were carefully chosen
so as not to approach the limiting concentrations too closely since
in these reglons the slopes and areas of the gradient curves are most
uncertain. The intervals of concentration chosen for calculation
were small in order to obtain some smoothing of errors inherent in
the calculations. Plots of smoothed dats are given in Figure 15.

Temperature Dependence Activation energies and frequency factors

weTe calculated from the interdiffusion coefficients by plotting leg D

versus 1/T for each concentration of interest and using the Arrhenius
~ o~

equation (Figure 16). Values of Q and D are given in Table XIV end

plotted in Figures 17 and 18 as a functlon of concentratlon.
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TABLE IX

Interdiffusion Coefficients at 85000

-

Atomiec Atomie ,
Bun No. % Ni D cn®/sec Run No. % Ni D on*/sec
4 5 W39 x 10710 28 20  2.95 x 10710
10  3.87 : 25 2.u5 "
% 36 v o o
§g g:gg ; 23 1.9
» PRI 19 40 1.4 x 10710
o Le k2 1.7 ¥
% 7050 x 1072 M6 5108 x 1071
-2 9.06 X 10
55 5.05 : 4g g.53 "
go 2';8 . 50 7.C0 :
72 2:hg " ?ﬁ S:gg "
.2 " 1'. "
Do A
6 " "3 n
sg 1.28 ' 60 1.0
2.2
? 15 55  L4.30 x 101
18 3 3.83 x 1070 57 . I
5 3.67 ‘2o
3"17 L] 28 '33,37 "
TR g2 ilge
15  2.77 ! 63  1.e7 !
18 2.0 " 25 1.08 :
g  1.12
13 3 3.ig x }o‘lo 70 150 *
: TE nore
10 3.i3 " 17 1.30 "
12 3,33 M ) 1o
15 3.62 : 12 82 8.62 X }0’
17 3. 85 .26 "
2 3 0 2o
2> 3:28 " o8 D.is
30 3:01& "
2 2.ig ¢



TABLE X

Interdiffusion Coefficients at 875°C

Atomic
Run No., % Ni D cr/sec
3 5  8.54% x 1072
10 6.26 "
15  5.716 "
20 s5.24 "
25 Ll». 61 "
30 3.80 "
Eg 3,16 *
2.29 "
b5 1.83 '
50 1.18
55  g.28 x 10~1T
60 5.96 "
65 .73 "
70  L,96 ¥
75 hosg ¥
80 10
85 3.67 "
90 2.c8 ¥
g5 2,17 "
17 3 5.20 x 10720
5 4,53 "
7.5 5.26 "
10 oy 7
12.5 LW.,23 ¥
15 z.39 "
il 5 4,37 x 1070
10 bh,gz "
15 L'.uo [}
20 3,91 M
25 3.31 "
30 3.21 M
22 15 4,50 x 10”7
20 4,22 "
25 L.58 "
30 3.95 "
35 3.00 "
40 2.61 "
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Atomic
Bun No. % Ni D cm®/sec
22 45 2.22 x 10740
4g 1.1 "
ol % 2.0 1010
2 2.1 v
46 1.82 :
50 1.22
5% 9.10 x 10712
58 7.15 "
60 5.1 "
62 3.83 "
23 54 6.18 x 10-tt
56 s.oﬁ :
h8 3.7
60 2.3 "
62 2.24 "
64  1.65 ¥
§b 1.39 :
05 1009
70 8.95 x 1072
72 7.97 "
T4 7.33 "
25 66 140 x 10~11
67 1.59 "
69 1.55 :
71 .1
13 9k x 10712
75 7.96 "
17 3-&1 "
79 A3
81 3.78 "
11 82 5.4 x 10712
gl YR T
g8 7.14
92 7.24 0
96 6.32 "
98 s5.71 "
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TABLE XI

Interdiffusion Coefficlents at 900°0

Atomic _, Atonmiec
Run No. % N1 D cn®/sec- Run No., % Ni D co®/sec
2 5  g.8h x 10720 9 y5  2.30 x 1070
10 9.85 " 50 2.12 "
15 9.55 " 52 .76 "
20 g.32 55 1.18 " 44
25 g.00 " 57 6.4 x 10°
30 6. " 60 6.2 "
Eg g.s; : 62 4,99 "
y5  2.98 W 33" 46  1.70 x 1070
50 1-23 : 50  1.03 " .5
55 1.43 . 54 7.4 X %o
go 1.01 1 58 E.s !
5 s.al X 10 62 Rt
70 6.41 : 66 3.2 L
75 .13 70 2-1 "
H 1]
0 b o
85 E°°2 " 80 .24 ¢
370'5 3%?. " 8 137 ,
32.5 3.26 " g  1.62 "
3 e
16 3 poLx %o‘1° 92 l.ﬁg '
5 .68 9 1.
g8 4,15 ¢
10 ﬁ.h& y 27 gﬁ 9.2u X %o‘ll
13 .74 9.60
_ 15 L.es " 52 9-28 :
26 15 5.83 X 10710 go ?:92 "
: " 6 gy ™
2 < ok
§<5> 51;3 " g o8
35 2.61 L 68 2.70 "
40 3.82 " 70 2.4 M

+
Calculated from experiments by Gatos.
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TABLE XI (cont'd)

Interdiffusion Coefficients at §00°C

Bun o, 2 N1 D ex/s0c
27 72 2.23 X 1011
(cont'd) T4 2.21 "
76 1.3 M 12
78 9.03 x 10~
10 @* 90 1.75 X 10'11
81 1.52 "
a2 1.98 "
85 2.0 "
87 2.4,9
30 1.96 :
g2 1.4
35 9.90 x 10712
98 7.271 "
™ G 95.7 1.10 x 1071
9 .20 "
Q 1.17 "
35 .28 "
96 1.25 "
97 1.1
<+ —10
35 5.37 X 10
E.s 6.77 "
6. 7.7 %

* G preceding atomic $ Ni{ signifies a Grube calculation instead
of the usual Boltzmann-Matano treatment.

+
Calculated from experiments by Gatos.



- 48 -

TABLE XII

Interdiffusion Coefficients at 925°C

Atomic Atonmic

Bun No. % Ni D crf/sec. =~ Bun No. $Ni D eu?/sec
1 5  1.7% x 1079 20 18 1.89 x 1079
io i' 2 : 20 1.69 "
LB i i
25 147 M 26 1.25 "
ég i'ig v 28 9.97 x 10~
. ~10
8.77 X 10 1 1.4 x 1072
L5 6.62 " T 22 1.26 "
50 3.8 25 1.;& "
gg 2.22 " 0 1. " o
g2 sg x107H gy £8x 30
65 6.% " l+5 3.6 n
67  6.87 " ’
0 8k 8 40  8.90 x 1010
75 18 x 20710 T S
7 L7 ¥ E:;g "
gg i'of " 50 Wbg
85 1.08 " n 3? g:gi "
87 9.36 X %o 57 2.13 "
90 3.0 60 1.62 "
ge 8. " 62 1,2 "
5 5 1.49 X %0‘9 6 5 4.5k x 30'11
10 1.28 " o 77.5 3.8
5 9.87 x 10 80 3.48
20 7.30 " 52.5 3.91 "
20 g 2,13 x 1079 s?.s u:§7 "
" i}
1g i.gs : 90 u.gﬁ :
g i 2o 7
16 1,29 " 96.5 3.4 "



Interdiffusion Coefficients at 950°C and 975°C

TABLE XIII
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TABIE XIV
Activation Energies and Frequency

Factors for Interdiffusion in Gold-Nickel Alloys

ﬁiﬁ 2 Keal/mol D, ca’/sec
2 41,4 4,3 x 1072
10 41.5 3.89 X 107
20 43,7 9.45 x 102
30 43,9 7.80 x 1072
40 42,0 2.23 x 1072
50 2,4 1.3 x 1072
55 41,7 5.87 x 1070
60 48, 5 6.82 x 1072
85 73.0 1.39 x 10°
70 9642 1.56 x 107
5 105,.0 3.15 X 108
4

98 85.2 1.80 x 10
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Marker Movements Measurement of marker movements was attempted
in 17 interdiffusion couples, but the movements were so small that
they could not be determined by the diffusion curve method vhich was
used.

Porosity Metallographic examinations of 17 interdiffusion couples
were made in the study of porosity. 3Jome of the incremental couples
showed porosity, but small amounts were found in the pure metal couples
diffused at 375, 900, and 925°C. In every instance vhere vorosity

w#was fornd it occurred on the nickel-rich side of the Matano interface.
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IV. DISCUSSION OF RESULTS

Self_Diffusion of N103

The diffusion coefficients plotted in Figure 6 appear self
consistent, but because of the differences in range of temperature
used for the various concentrations it was difficult to obtain D;i
values at high and low temperatures completely across the diagram.
Extrapolated data have larger errors due to the magnification of the
errors in slope. Values of D;i have been taken from the smoothed
data, extrapolated where necessary, and plotted in Figure 19 as a
function of concéntration for several different temperatures,
Smoothed data for:Dzu is plotted in Figure 20. It has been shown

previously (equations 10 and 11) that

Thus, the intrinsic mobilities are directly proportional to the self-
diffusion coefficients differing from them only by the constant factor
KT, It then follows that the plots of D:u and Dy, in Figures 19
and 20 also represent the variation of the mobllities with concen-
tration.

Referring to Figure 8, the variation in Q;i with concentration
is surprising since increasing the nickel centent from pure gold
increases the activation energy to a maximum at a point near the

minimum in the liquidus temperature. Contrary to these facts, the
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diffusion rate appears to be a maximum near the minimum in the liquidus.
Further addition of nickel causes Q*Ni to drop to a minimum near the
high nickel region, da Silva and Mehl (15) have reported a similar
variation of the activation energy for inter-diffusion in the copper-
nickel system with a maximum also occurring nearer the low melting point
constituent. It is interesting to note in Figure & that Q:u (Kurtz)
does not show a maximm but has a pronounced minimum under the minimum
in the liquidus.

As may be seen from Figure 19, D;i does not reflect the behavior
of Qys under the minimm in the liquidus, but as is expected from the
diagram D;i reaches a maximum in that vicinity, more pronounced as
the liquidus is approached. The frequency factor DZ,Ni changes
through four orders of magnitude in going from pure gold to pure
nickel and reflects the shape of the Q;i curve exponentially.
Interdiffusion Coefficients

Coefficients were plotted on a separate graph for each temperature
because of the scatter of data, and an attempt was made to draw the
best smooth curve through each set of data ignoring in every case the
date from the 0-100 atomic per cent nickel wide range couple. The wide
range data on each graph in Figures 10, 11, 12, and 13 are given by
the open circles and do not coincide with the data from the incremental
couples. Note especially Figure 12 which has two wide range couples.
Tn most cases the wide range data lies above the ineremental data.

These discrepancies cannot be ascribed to molar volume changes in the



diffusion zone since this effect would cause somewhat higher coeffi-
clents on the side nearest the metel with the smaller lattice para-
meter and opposite effects nearer the other pure metal, nor can they
be due to porosity generation according to the present investigation.
Furthermore, 1t is unlikely that the discrepancies between pure
metal and inc-emental couples are due entirely to molar voluwe changes
or porosity in the diffusion zone since these factors would cause an
increase in the errors with time, while the converse is true, the
data from pure metal couples tending to approach those of the incre-
mental couples with longer times. Perhaps the cause lies in local
strains due to large initial molar volume changes, recrystallization,
a lack of steady state conditions in the shorter diffusion anneals,
or short circuiting paths accompanying vacancy precipitation.

When the data for 850, 875, 900, and 925°C are plotted on the
same graph (Figure 15) and the temperature dependency investigated,
it is found that the curves for 850, 875, and 90000 give correlations
up to approximately 65 atomic percent nickel and curves for g75 end
90000 up to 75 atomic percent nickel, Calculetions for activation
energies in the intervening region between 75 and 98 atomic percent
nickel were found impossible with the available data.

The "sinusoidal" variation of D is found near high nickel in
every instance and for the three higher temperatures the minimun
occurred at 80 atomic percent nickel. This is also true for the
incomplete data (Figure 14) at 975°C. The portion of the curve for

g50°C between 65 and 100 atomic percent nickel (Figure 10), however,
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appears incorrect since the curve must lie below that for higher
temperatures unless there 1s a change of diffuéion mechanism. It
i1s more likely that the curve is in error, and an extrapolated acurve
has been added.

Interdiffusion data for 9é5°0 while being self-consistent does
not fit into the temperature dependency curves plotted in Figure 16.
The 5 values appear too hlgh. No explanation is offered here for
this misfit since the curve has been determined by five independent
runs using incremental couples, and 1t is improbable that these rTuns
would have identical errors. Furthermore, if this curve is indicative
of a higher temperature mechanism in operation, then activation
energies for this mechanism are greater than 100,000 cal/mol for high
gold alloys. It might be added that correspondence of the 92500
data is poorest near high gold and appears to become valid when the
nickel has been increased to 75 atomic percent.,

Activation Energiss Figure 17 contains the variation of the
activation energy for interdiffusion with the concentration. The
most outstanding feature 1s the rapid increase in a as the nickel cone
" tent 1is increased toward the composition (80 atomic percent nickel)
where the minimum is found in the D curves. Using equation (15) one

may write for interdiffusion in the gold-nickel system

D o= (Xyy Dy * Xy Dy (25)

At pure nickel

~ *
D = xm 1:Au = nAu = .'DAu (26)



and at pure gold

~ L]
D o= X Pm = Dy (27)

It follows from equations (26) and (27) and the Arrhenius equation
that'a in pure nickel is equal to the activation energy for the
self-diffusion of gold in nickel, and 6 in pure gold is edqual to the

activation energy for the self-diffusion of nickel in pure gold.

These limiting values of activation energy have been placed in
Figure 17, and the curve extrapolated to these values.

Thermodynamic Correlation The only thermodynamic date available

above the solubility gap in the gold-nickel system is for B850 and
90000. Considering the activity coefficients (from Seigle) given

in Table II, the self-diffusivities of gold (from Kurtz) in Table III,
and the self-diffusion coefficients of nickel in Table VII, a test

of the velidity of the Darken equation (equation 15) may now be
attempted. It is recalled that this equation is

o1ln £y,

5‘czalc =. (xNi D.:u * xAu D;T:l) [1 * m; (15)
where X is mol fraction, Dnl is the self-diffusion coefficient,
and the bracketed term is the thermodynamic factor (Table XV) which
is plotted in Figure 21. Evaluating Darken's equation for various
compositions gives values of "calculated™ interdiffusion coefficients
(ﬁ;alc)’ and if equation (15) is valid, we would expect correspondence
between these and the observed values of the interdiffusion coefficlents

1 ~
b (Dobs) which have been given in Figures 10 and 12. Figures 22 and 23




TABLE XV

Thermodynamic Factor (1 +

Lﬂi Q 2 1n INi)

.05 .531
.10 L7
.15 L35
.20 JL20
.25 Lot
.30 RITy)
.75 40
.40 .97
L5 .378
£0 <335
55 275
0 .220
65 .160
70 .100
73 .070
.15 <053
.17 -0l
20 LOlU2
g2 .060
.85 .120
88 .225
80 .35
.92 1155
.95 .6L5
1.00 1.00

2 1ln fNi *
2 1n xNi
21n fy,
(1 + ———
oy SIn Xy,
.60 .2
.62 .18
.65 .1L2
.68 .103
.70 .08
.72 .052
15 .032
.78 .018
080 0019
.82 .027
.85 .055
.88 .140
.20 .225
.95 . 505
1.00 1,00

+ calculated from the data of Selgle,

++ celculated by Kurtz.
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contaln plots of 5;bs andlﬁ;alc as a function of concentration for
900 and g50°¢C respectively, and they appear in good agreement
cons idering the multiplicity of experimental techniques involved.
In view of the differences in the interdiffusion coefficients for
pure metal couples at 900oc (see Figure 12), one may predict that
the Bobs values determined in the vicinity of the minimum by incre-
mental couples would approach the S;alc values if longer times were
used for the diffusion anneals. The thermodynamic data at 850°C
does not appear as conslstent as that for 90000 and doew not allow
calculation over the entire range of concentrations. Furthermore
the S;bs values for 850°G in the vicinity of the minimum were defi-
nitely inconsistent with the remaining data (see Figure 15) and
the extrapolated'values were used. Appendix I contains a summary
of the data and results for the calculation ofsCalc from pZu'
D;i’ Phu' DNi’ and the thermodynamic data.

All experimentally determined diffusivities for the gold~
nickel system for 90000 are plotted in Figure 24 as a function of

atomic percent nickel., One of the dotted curves in this group is

* ® ~
o+
(xNi pAn xAu DNI)' It is clear from this that the actual D for
the non-ideal solution is influenced greatly by the thermodynamic
factor, and the minimum is projected into the curve by the minimum
in the thermodynamic factor.

Marker Movements and Porosity Calculations of marker velocities

have been made by the use of equation (16) utilizing the availsble
d xﬂi)
ay

intrinsic diffusivities of gold and nickel and the slopes (
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of the gradient curves. The slopes were taken at the experimental
marker locations although such locations were in error, Since
marker movements were small and the merkers remained near the Matano
interface, the error in slopes will be small. In effect, the slopes
that are used here are practiclally the same as the slopes that would
have been obtained had the markers been located accurately. Results
of the calculations are given in Table XVI, and the magnitude of

the marker movement for one of the runs is estimated as follows:

Run No, 2

Range: 0-100 atomic percent nickel, 900°C
t = 25.da.ys = 2,16 X 106 seconds

V,a1e (See Table XVI) = 0.61 x 1072 cn/sec

Ay = marker movement =2(vcalc)(t) -2‘0013)¢m= .0026 crn

It is seen that the calculated marker movement is of the order of
magnitude of the errors (I .003 cm) involved in the attempts to measure
them directly. Since DAu> DN:l in all cases considered here, the
markers should move toward gold-rich side of the couples.

Porosity The small amount of porosity found in some of the pure
metal couples can be neglected here since these couples did not
contribute to the final 5 curves. It is also estimated that any
errors in the interdiffusion coefficlents due to such o small amount
of porosity would be well within the experimental scatter. The
porosity being found on the nickel-rich side of the couple contradicts

the findings of Balluffi(12) and Seith and Kottmann{13), The reason
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for this discrepancy is not clear but a clue might lie in the
zorphclogy of the voids. Voids generated during diffusion are
usually spheroidal or zngular, but in the present case their shape
vas more like that of graphite flakes in grey cast lron.



V. OONCLUSIONS

1, Darken's phenomenological theory introducing intrinsic
diffusivities and atomic mocbilities with the chemical potentisl
gradient as the driving force is valid for the gold-nickel system
at temperatures between €50 and 90000.

2. The magnitude of the errors due to molar volume changes in
pure metal interdiffusion couples of the gold-nickel alloys are
small and lie well within the experimental scatter of data.

2, For interdiffusion in the gold-nickel system, the pure
metal couples dé not give the same values of D as those obtained from
incremental couples. The reasons for this are uncertain, but may
be due to the short circuiting paths resulting from the steep
concentration gradiente.

L, Marker velocities are so small that they cannot be measured
accurately by the method used, but they agree in order of magnitude
with the velocities calculated from the Darken equations,

5. Porosity is generated in the diffusion zone of pure metal
couples of gold and nickel at temperatures between 875 and 92500.
but the quantity of porosity is relatively small. It is believed
that this porosity is not due to a Kirkendall effect, but to the

large stresses resulting from steep concentration gradients.
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Vi. SUGGESTIONS FOR FUTUEE WORK

1. Additional interdiffusion runs with incremental couples
of 65=-100 atomic percent nickel would be expected to give cleser
agreement with the Darken equations if the diffusion anneal periods
were three to six months.

2. It appears from the relative values of the intrinsic
diffusion coefficients that the markers will move toward the gold~
rich side of an interdiffusion couple. One might check the direction
of movement by a single "foil-bend” test in a pure metal couple
diffused for approximately one week,

3« An extensive study of marker movements might be instigated
to determine marker velocities by = more sensitive method, for instance -
using two sets of markers and measuring their distance apart for
various time intervals. Results from this could be used to crosse
check Darken's equations.

4, Work should be continued on porosity in gold-nickel couples
- 8lnce in the present work, porosity generated during interdiffusion
was found on the nickel-rich side of the Matano interface while other
investigators have found it to occur on the gold-rich side. The
morphology of the voids was not conventional, snd a study of this

point may yleld interesting results,
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APFENDIX A

Corrections for Molar Volume Changes

It has been shown (16,17) that if there is a molar volume
change in the diffusion zone of a Matano couple, the normel form
of Fick's first law, equation (A-1), is not rigorous since the measure-

ment of distances (y) becomss ambiguous.

J chi
1 T 2y

(A1)

where tﬁe flux, Ji' is the quantity of the i-th component which
diffuses per unit time through urit area of a plane at right angles

to the direction of diffusion. The concentration cy 1a defined by
xi
o, = = (A-2)

I? the molar volume (V) is constant, using equations (A-1l) and (A=2)

one obtains

2%
7k 4

(A.3)

<o

Ji T .

When molar volume is not constant modifications deviating
from the orthodox linear scale in centimeters for measuring distance
in the diffusion direction msy be made to compensate for volume
changes on mixing, and methods of correcting for molar volume change
in the diffusion zone have been described by Cohen, Wagner, and

Beynolds(17). One method entails the use of the distance parameter




defined by equations (A-U4) and (A-6)
af = & . & (Al
s
a a ,
where a is the local lattice parameter and Va 1s the cell volume.

The cell volume in terms of molar volume is

= Rolar volume L4 Ly
LA unit cells per mole N°7E = N (A-5)

and substituting equation (A-~5) in equation (A-li), one obtains
N
af = 2 §
or

ay = g af (a-6)
o
a7ams
3 Considering equations (A<3) and (A-6),

cn ~
and temporarily assuming V constant to find the relation between D

The units of f are

and 5f' Fick's first law takes the form

N D a&x
Ji = o2 il (3-7)
b v2 ag
or X
J, = D —?—-L (A-8)

and S’f is the interdiffusion coefficient corresponding to the
measure of concentration as mole fraction, and distance by the
parameter f as defined above. The parameter f can be evaluated by
graphical integration of equation (A-l) if the lattice parameter is
kmown as a function of concentration. The interdiffusion coefficient
5ﬁ is obtalned by the Boltzmann-Matano treatment of an X-.f curve,

and the relation between the modified and the conventional inter—
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diffusion coefficlents is

5=’5§.;i"-°-

6
(f/s0c) = (2R o e -1

The large difference in atom size between gold end nickel
leads one to expect an appreciable error in D when the conventional
distance parameter (y) is used. In this system the molar volume is
approximately a linear function of mole fraction, and there will
thus be a negligible change in the overall volume. However, the
local molar volume changes are appreciable and will introduce errors
in the measurements of distance when y is used since distsnce is
measured from fhe Matano interface into the zone of aiffusion.

Molar volume change corrections using f were applied to the
X-y data from a gold-nickel couple, and the results are given in
Table A-I and plotted in Figure A-l along with the experimental
values calculated without volume corrections. This plot shows the
magnitude of this correction to be unimportant. For comparison
purposes the results of a c-y calculation have also been entered,
where ¢ has been taken as XNi/V. The curves for (X-y) and (c~y)
appear to be identical within experimental scatter, but these
curves differ from the (X—f) curve except in the intermediate

concentrat lons,




TABLE A-I

Experimentsl D Values

For Different Methods of Calculation

Atomic
Percent
Hickel

5
10
25
40
50 .

25
60
65
70
72

T4
75
18
g0
gl

88
90
91

1910 o} cu’/sec

Plot:
X~y

6.16
6.26
2.57
2.97
1.80

1.50
1.24
1.13
.86
«TE

o4
.83
.82
.BE

«83
+81

—

Plot:
f

685
RIS
5e84
2.80
1.23

Plot:
e~y

6.67
5.08
577
2. T4
1.67

1.13
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APFENDIX B
Procedure for the Recovery

0f Metallic Ni®3 from Ghloride Solution

A total volume of 19.4 ml of nickel chloride in sn HCl solution
of 0,38 normelity was received from Oak Ridge. The procedure for
the electrclytic recovery of the isotope in metallic form is given
below.

An equal volume of concentrated HaSO4 was added to the 19,4 ml
of the isotope solution. The excess HCl was boiled off and boiling
was continued ﬁntil dense white fumes of 503 began coming off. A
white precipitate formed, presumably nickel sulfate, but this
dissolved upon diluting with distilled water to 30 ml and reheating.
The resulting solution was then brought to an approximate pH of 7
by adding NH4OH dropwise. This solution was used as an electrolyte
in a cell utilizing a stainless stesl anode spaced approximately
3/8" from a molybdenum cathode. The electrodes were flat end the
area of each was approximately 12 square centimeters. Metallic N163
was deposited on the cathode with the cell operating at 1.5 amps and

5 volts for 2 hours. The cathode was removed, rinsed in distilled

wvater, acetone, and benzene respectively. Using the foregoing procedure,

the depocit of metallic nickel did not adhere to the molybdenum cathode
and was easily flaked off. Estimated recovery of the nickel from the

electrolyte was approximately 80%.



APPENDIX C

Melting Technique for Preparation of Alloys

A schematic drawing of the melting apparatus is shown in
Figure C~l. Induction melting was used exclusively with a quartz
tube as a crucible. Loose fitting cylinders of the desired weighte
(usually 100 to 150 grams total) of nickel and gold were placed in
the quartz tube, and the tube was evacuated using a mechanical
poump and flushed several times with argon. With the vacuum full
on, it was found that the melt boiled vigorously when the gold
content was high. There was greater danger of the quartz tube
coellapsing during melting under vacuum, although better heating
resulted due to the additlonal insulation. Optimum argon pressure
during melting was, therefore, somewhat variable, but generally
% to % atmosphere of argon was used during the later melting stages
6f the high gold alloys with tendenciles toward higher vacuum at
higher nickel.

After melting was completed, a soaking period of § to 10
minutes was allowed. The quartz tube was then removed from the

furnace coils and the bottom end placed gently in water for rapid

freezing with controlled directional solidification. Up to one-third

of some ingots were lost due to pipes, but almost one hundred percent

ingot yield was obtained when an asbestos hot top was used during

solidification. The asbestos hot top was made by wrapping strip
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asbestos around the quartz tube, and it was held near the top of
the tube during melting, sliding 1t into place when solidification
began. The sealed end of the quartz tube had to be broken after
each melt to remove the ingpt but could be resealed and the tube
reused until it became too short to handle with comfort and safety.

Occasional segregation up to twn atomic percent over a four-
inch length was found, but this was believed due to insufficient
soaking periods and such segregation was eliminated by remelting.
Chemical analysis of approximetely three-fourths of the ingots
was made of samples taken at intervals of % inch over the entire
length,and the'average variation of composition was 0,1 atomle
percent per inch.

A melt of pure nickel was checked for silicon pickup to see
if a harmful amount of silicon would be picked up from the quartz
melting tube. It was ascertained by chemical analysis that the
silicon in the nickel increased from 0.0045 weight percent to 0.013

weilght percent, which was believed not excessive.



AFPENDIX D

Evaporation Unit

Evaporation of thin films of N163 onto gold-nickel specimens
wes sccomplished by placing the M1 on a tantalum f1lament and
beating it to approximately 1600°C in a high vacuum (10™2 mm Hg)
chamber, Such a unit was built under the supervision of Kurtz and
Gatos and was modeled after an evaporator In the M.I.T. corrosion
laboratory. The details of the unit are shown in Figure D.1, A
complete description has been given by Kurtz(1l) and will not be
repeated here. A few points will be mentioned, however, which are
perhaps unique in the use of this equipment in work with nickel,

Evaporation of N163 is best accomplished at temperatures not
far above the melting point. If the temperatures get too high then
the deposited layer darkens, and this has been attributed to oxide
formation which may lead to inferior bonding during the subsequent
welding operation. The efficlency (approximately 30 percent maximum)
is controlled by the radiating engle (which can be varied somewhat
by adjusting the sides of the well in the tantalum boat) and the
distance separating the N163 charge from the specimen surface (whiéh
should be a minimum of 3/8 inch for a 3winch diameter specimen or a
nonuniform layer of the isotope will result). The uwniformity of the
layer was tested by exposure to no-screen X-Ray film, and several
speclmens were discarded upon the basis of this test, Oare must also
be taken to prevent any abrasion of the surface after the deposition

or a loss of boundary econditions nay result.
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APFENDIX B
Preparation of Specimens
For Counting Using N163 Tracer

After the diffusion anneal and the specimens were sectioned,
no activity was detected with the conventional end-window counter
because of the high absorption by the air snd the counter window,
Thus, the use of a windowless flow counter was assential in the
present work. In this type of counter the registration of the B
particles is practically 100 percent efficient and counting rates
up to 5000 counts per minute were obtalned for each slice.

When relative counting rates are desired the problem of obtain-
ing a constant geometry from sample to sample is acute. This is par-
ticularly so with N1%3 beceuse of the Low energy B. A flow sheet of
the procedure for obtaining suitable geometry ie shown in Figure E.],

four points which favor good counting geometry are: (1) lower
absorption, (2) more active tracer element, (3) higher concentration
of tracer element, and (4) smaller sample size. Since factors one
and two were limited in the bresent case the geometry was improved
by using a concentration of the tracer element sufficiently high
and simultaneously decreasing the size of the sample counted.

Since a flow counter was used, great care was necessary to
Prevent contamination of the Geiger chamber with moisture, hence
the use of the drying oven and transferral of the specimens directly
from the oven to the counter preflush chamber. Thig is particularly
serious due to the hygroscopic nature of nickel chloride. TFor instance,
oven dried samples gave a counting rate 50 percent lower after sitting

overnight in a dessicator,



Place sample in 10 ml beaker
and dissolve in Aqua Regila

( ~1 drop per 5 mgm of sample)
Do not take tg dryness as this
increases the danger of volati-
1izing active material

Dilute each specimen to a
predetermined volume so that
the concentration of all solns
will be the same. Dilute with
denatured al cohiol.

Take 40 drops of mach specimen to
dryness in a planchet. Low hLeat
on a hot plate 18 sultable for
this operation, and ten drops were
added at one time.

Dry for 1 hr. in an oven at 120°C.

Place in counter immediately after
removal from oven.

Figure E~1-Flow Sheet for Preparation of Lu-Ni Specimens for Counting
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APPENDIX F
Pypical Calculation
*
of nNi Using the Sectioning Technigue

With an instantaneous plane source of the radioactive material
diffusing into both sides of the couple the mathematics mre analogous
to that given by Carslaw and Jaeger(27) for heat flow, and previously
stated in equaticns (20), (21), and (22). ZRquation (22) is the most
useful form here.

d J.OLG = :_]_.r (22)

[
i y? 9.20 DNi t

where Dy, 1is the radloactive diffusion coefficlent in ox®/ses, o is

the concentration (which is proportional to the counting rate) of the
isotope at y distance from the original Jjoin, t is the time of diffusion
in seconds, end S, is the concentration of 1sotope at the interface

at + = 0. Plotting ¢ on a log scale against y® on a linear scale will
allow calculations of the diffusion coefficlent from the slope when

time is kmown,

An example of this calculation is contained in Table F-1 and
Figures F-1 and F-2. The y values in Table F-1 represent the midpoints
of the slices.

Data are smoothed in Figure F-1 by plotting counts per minute
above background versus y, and the interface (y = 0) 18 located from

the symmetry of the curve. After measuring y from the interface and



TABLE F.l
Data for the Determination

Py
of Dﬂi in Pure Gold by the Sectioning Method

Slioce Wt. of Counts per min.

No. Slice (mgm) 10%y(cm) 10%y(am)  Above background
1 97.4 5+260 2.53 41
2 107.9 .827 8.17 95
a 8l.% kol 13.3 267

90.3 4.876 17.9 347
2 102.5 5.3)5 23.1 705
3 101.2 2. 55 28.6 128
7 91.1 .919 33.8 192
8 1.2 6.037 Eﬁ°3 118
9 97.5 3-2 3 355

10 81.0 .37 ;E'S 508

11 96.€ .216 .6 206

12 8.l .558 594l 4455

1 69.0 .726 63.6 3957

1 85.0 .590 67.¢ 3794

15 112.8 6.091 73.1 2808

16 82.6 4 160 78.4 1600

17 100.0 5.400 83.37 11k9

18 96.5 .211 88.€ 605

19 gl.2 .385 gl L 538

20 97.7 5.276 98.2 155

21 105.2 5.681 103.7 69

22 92.9 5.017 109.1 30
(3 = density of alloy
d = dlameter of couple = 0,4345 inches

T = 904°C

t = 1.58 x 10° sec

Ay = thickness of slice in centimeters (10°) = %
5 &
= 0540 x (weight in milligrams)
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obtalining the corresponding values of ¢, the plot log ¢ versus yz
was made in Figure F~2. From Figure F-2:

Slopa = io - = % -01086

10 E(253--1}560) Dyy X 1.58 X 10

* -,
Dyy = 8.96 X 10719 cr2/g00

Errors

Counting Because of the statistical nature of radioactive
disintegrations a sufficiently large number of counts are necessary
in order to minimize the errors in counting. Counting errors as
a function of the ratio of total number of counts to background
counts are given in Figure F~3, In the present work this ratio
was usually kept sufficiently large so that the error due to counting
was less than 1 percent.

Counting Geometry This error is the largest source of error in
the experiment due to the high ebsorption of the low energy B particle
making it difficult to get reproducible geometry from specimen to
specimen. Scatter in some instances probably gave as mich as 20 DO Yo
cent error in Dgi due to shape of curve and difficulty in locating
the interface, It is believed that this error was generally less
than 10 percent.

Temperature Considering the temperature dependency and magnitude
of the diffusivitles, a variation of 1%0 for a diffusion temperature
of 900°C will give an error in D;i of 1.5 to 2 percent depending on
the concentration. Temperature control was : 2°C 1n the present work,

and this error is estimated to be 3 to 4 percent maximmum,
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Time Length of time at the diffusion anneal temperature was

sufficiently long to give negligible errors in the measurement of
time. The time to reach the diffusion temperature was also small in
comparison to the total time of diffusion. Errors due to the welding
of the couple wers negligible assuming no serious effects of stress,
Sectioning It is belleved that the error due to the thickness
of slice measurement may be neglected since each slice was welghed
and its thickness calculated from the diameter and density. The
error due to misalignment in the lathe is estimated to be less than

3 percent.

Summary of Errors
Percent
Counting 1

Counting geometry 10

Temperature L
Misalignment 3
Total Error 18

It should be pointed out that the above treatment gives the
maximom probably error, and in many runs the individual errors
nay have been compensating thus giving an overall error less than

18 percent.



AFFPENDIX G

Calculation of Interdiffusion Coefficients

Boltzmann(28) and Mateno(l) have shown that when Fick's second
law is valid and the couple is semi-infinite, then concentration is

a single-valued function of the auxiliary varizhle

A= y/¥v (6-1)

prrovided that the plane y = 0 is chosen so thsat

Ca
Jffyac =0 (G=2)
c

L] .
Substituting equation (Gul) in equation (12) and integrating between

the proper limits, equation (6u2) ig obtained.

¢
’5(0) T - m}r '['/\d.c
o)
-y X [ydc (6-3)

Using equation (G=3) in conjunction with Cmy curve.lg(c) may now
be calculated graphically, taking ¢ as equal to the atomic percent
nickel.

Data for Run 7 is given as a numerical example of this calculation.
The c-y curve obtained from sectioning and chemieal analysis after
the diffusion anneal is given in Figure G-1, The Matano interface

(y = 0) 1s located according to equation (Gw2) by equalizing the areas

under the curve on either side of the interface. Reciprocal slopes
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(dy/dec), and areas {l:;Ac) are taken for each value of ¢ for which
interdiffusivities are desired. Knowing the time of diffusion,
equation (G=3) ylelds D(c) values which are contained in Table G-I,
Errors

Temperature This error is similar to that already treated for
P;i and is estimated to be 3 to 4 percent maximum.

Time Since the time of diffusion was greater than 13 days, no
error was introduced due to time at welding temperature or in the
heating or cooling.

Sectioning The thickness of the layers taken for analysls was
measured. to an'accuracy of M 0.0005 inch, and it is estimated that
with smoothing of data this error is kept below 1 percent. The
misallgnment error was believed to be less than 4 percent.

Accuracy of Chemical Analysis This factor depended somewhat

upon the concentration but was usually less than 1 percent.

Locaticn of Interface Small errors in the location of the Matano

interface do not affect the value of D appreclably unless the curves
are very steep. This error is of the order of 2 percent.

Tangent Measurement Since all tangents used were the results of

at least six measurements by at least two persons this error is esti-
mated to be less than 5 percent in al) cases. Values of D were not
calculated too near the concentration limits where this error becomes
prohibitive,

Area Measurements Areas under the e~y curves were measured with

a planimeter, the error being less than 3 percent 1f readings are kept

within the intermediate concentration ranges.
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TABLE G.I
Data for Bolt zmann-Matano
Calculation of Interdiffusion Bwm 7

c
Atomic
Percent ].03 & fem
de '
area

Nielel 1095 en?/sec

15 10.1 +500 1.46
20 5.9 283 1.26
25 N .996 1.13
30 k.23 1.C1 1.04
35 3.95 888 C.848
4o 3.93 . 700 0.670
5 3493 .38 0.26

&t

= 2,07 x 10%sec

va
"

®

YL
o
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APFENDIX H

Seneitivity of Porosity Detection

Several layers of annealed fine gold wire (0.005-inch
diameter) were wound on a bakelite spool and the entire unit
mounted so that a tranverse section of the layers of wire was
obtained. Polishing was carried out by hand lapping through
3/0 emery paper followed by canvas, broadcloth, and velveteen wheels
using levigated alumina in a water suspension. A photomicrograph
of the resulting structure is given in Figure H-1,

An estimation of the sensitivity of porosity detection was
made by examining the area of contact between the wires in Figure
B-1 as follows:

0.25 mm = minimum clean cut separation of wires

525 = linear magnification

T
Oéé = 0,l8 X 1677 mm or 0.5 micron = porosity detection
5 sensitivity

Resolving power of the microscope using an objective lens of 0.65
N.A. and conventional illumination is not a limiting factor here.
The approximate minimum dimension of a void that can be detected

by the above technique is 0.5 micron.



Figure Hl 525X

Cross Section of Gold Wire for Determining Poros-
ity Detection Sensitivity
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TABLE I_II
Summary of Data for Calculation
_0_'! Trn¢awnd LF¥al Canollfdndaontas (~ ) ) ad oc
. ntaxdiffyuainn Ooeffistonte (D ca].c'-""&_" .

Xy 1010351 Ta 1°1°°1u ' P 10'%

calc
.00 1.3¢6 A 1.65 .2 .307
.62 1.23 .38 1.k .18 240
.95 1.06 .35 1.05 Al2 .150
<08 . 86 . }2 . 750 103 0509
.70 .15 30 .20 .08 .0516
.12 .65 .28 .50 .052 .0282
.75 J8 25 .35 .032 .0122
.78 .36 22 .25 .018 .00lg3
.30 .28 .20 .2 .019 . 00410
.82 .2 .18 .156 .027 . 00457
.25 .1 .15 .115 -055 . 00655
.38 .085 12 . 080 .140 .0113
.S0 081 .10 .ogz .225 .01k2
.95 017 .05 . .508% .015%
1.00 .002 0 .011 1.00C .0110

All D-values given in e/ sec.



