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ABSTRACT

A chemical sectioning technique has been developed for
the measurement of self diffusion in silver at low tempera-
tures. (Silver was chosen because of its well-established
high-temperature behavior, and because of the availability
of the long-lived isotope Ag!1°)) Layers of 100A or less
are removed by an iodine reaction, and diffusion coeffi-
cients D as low as 2x 1017 ¢cm?2/sec have been measured.
A large enhancement over extrapolated high-temperature
values, which has been observed below T, /2, is attributed
to dislocation short circuiting. Determination of the pipe
diffusion coefficient at the lowest measured temperature,
where Harrison's type C kinetics are expected to apply,
yields good agreement with the pipe diffusion coefficients
Dp calculated from published data obtained by another
technique.

PROBLEM STATUS
This report completes one phase of the problem; work
is continuing on other phases of the problem.
AUTHORIZATION

NRL Problem MO01-09
Project RR 007-01-46-5407

Manuscript submitted December 6, 1968.
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DISLOCATION PIPE DIFFUSION IN SILVER SINGLE CRYSTALS

INTRODUCTION

Measurements of diffusion coefficients at temperatures below those where the usual
techniques have been applied are of considerable interest. Such measurements are use-
ful, for example, in the study of radiation-enhanced diffusion, strain-enhanced diffusion,
and dislocation pipe diffusion, as well as for determining the applicability of the Arrhe-
nius equation over greater temperature ranges.

In the past, only unusual techniques of limited applicability, such as the atomic re-
coil method in a -particle emitters (1) or the counting of low-energy B8's in nickel (2),
could measure directly diffusion coefficient values less than 10" % ¢cm?/sec. Recently
an anodizing technique (3) has been applied to niobium and tantalum (4,5) with coefficient
values D measured in the 10-!8 ¢cm2/sec range.

Silver was chosen for the present study because of its well-established high-
temperature behavior and because of the availability of the long-livedisotope Ag 110, The
value of D = 0.40 exp(-44,090/RT) found by Tomizuka and Sonder (6) is taken here as
the best available.

A summary of the experimental technique, along with a discussion of the results,
has been published in Trans. AIME (7).

EXPERIMENTAL METHODS
General Technique

A modification of the surface tracer technique was developed for the present study,
employing a chemical sectioning method for the determination of diffusion-penetration
curves. Silver single crystals were electroplated with the isotope Ag!10 and diffused at
a series of temperatures. Sectioning was accomplished by reacting the surface with
iodine and removing the resultant thin Agl layer with a cyanide solution, whose activity
was then used for the calculation of D.

Specimen Preparation

Because of the extremely small penetration distances involved, great care had to be
taken in specimen preparation. Silver single crystals of 99.995% purity, grown from the
melt as 3/4-in. rods, were obtained from Semi-Elements, Inc. It was found that a
strain-free surface, as indicated by back-reflection x rays, could be obtained by cutting
1/8-in. discs in an abrasive cutoff wheel, hand polishing through 3/0 paper, and remov-
ing approximately 0.004 in. by electropolishing.

Of the number of electropolishing solutions tried, the most satisfactory contained
90 g/1 KCN, 30 g/1 AgCN, and 30 g/1K,CO;. An initial conditioning was required, which
involved polishing for 1 to 2 amp-hr under normal polishing conditions. The same solu~
tion was used for all experiments, with occasional additions of KCN to restore optimum
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polishing conditions. A 1000-ml beaker containing 500 ml of electrolyte, with a stainless
steel cathode on one side and a glass stirrer inserted from the top, was used. It was
found necessary to place the polishing bath in an ultrasonic vibrator to eliminate rough-
ness, apparently due to microscopic bubbles which clung to the surface of the specimen.
The silver specimen was encased in a wax mold to confine polishing and plating to one
face, with electrical contact provided by a stainless steel strip through the side of the
mold,

Polishing characteristics, which varied according to solution composition, age, and
other characteristics, generally adhered to the following pattern: At low voltages etching
occurred, and when the voltage was raised to about 1.5 V large and rapid fluctuations of
current were observed. Above 2 V polishing took place, with formation of a viscous film
on the specimen surface which increased in density with increasing voltage. The voltage
and stirring had to be adjusted so that the film did not stick to and build up on the sur-
face of the specimen. It was also necessary to balance the stirring rate against the ac-
tion of the ultrasonic vibrator to avoid serious surface distortions. Best results were
obtained by polishing at 3 to 4 V, then dropping the voltage to 2 V or less for a few sec-
onds before the specimen was removed from the bath. The final voltage drop was nec-
essary to eliminate any film which might remain on the specimen surface, as such areas
were generally microscopically rough. Current density varied with bath age and compo-
sition, but generally ranged from 100 to 150 mA/cm?2. Usually, the above procedure pro-
duced a bright, microscopically smooth surface, with few artifacts. A slight macroscopic
waviness was observed, however, due to the ultrasonic, but this was not considered a
problem.

Electrodeposition was achieved by a standard plating bath which contained 53 g/1
KCN, 37 g/1 AgCN, and 40 g/1 K,CO;. To 500 ml of this solution in a 1000-ml beaker
was added 3 mCi of Agll0 in the form of AgNO, obtained from the Isotope Division,
Oak Ridge National Laboratory. A silver anode of approximately 0.5 cm? area was used
Best results were obtained at 0.1 V and a current density of 1 mA/cm 2, with mild stir-
ring. In order to prevent mottling and unevenness in the deposit, precautions were taken
to keep the specimen surface clean. After electropolishing, the specimen was made the
cathode in a detergent solution and cleaned by hydrogen bubbling at 10 V. The surface
was then pickled in dilute HCl. After washing in distilled water, a covering of water was
left on the surface as the specimen was inserted horizontally into the plating bath. This
procedure gave a clear, even plating, which should be coherent and essentially strain
free (8). Measurement of the plating thickness, which was generally 500 to 1000A is
described under '"Calculation of p."

For determination of the dislocation density, one crystal was sectioned on the {111}
plane by spark cutting. After polishing through 3/0 paper, the chemical polishing and
etch pitting technique of Levinstein and Robinson (9) was used to develop pits at disloca-
tion sites.

Diffusion, Sectioning, and Counting

An air-circulating muffle furnace was used for the diffusion anneals. Temperature
control was, on the average, to within t1°C. Below 400°C oxidation reactions made it
necessary to place the Spec1men in an evacuated Pyrex capsule. Diffusion anneals were
made at 448, 373, 338, and 258°C (see Table 1). No loss of radioactive material was de-
tected at any temperature

Sectioning was performed in two steps. After masking the outer edge of the sample,
leaving an area of about 2 cm? (slightly smaller than the original plating), the surface
was immersed in a solution of 0.5 g/1 of iodine in alcohol for 1 to 1-1/2 min depending
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Table 1
Measurements Associated with the Electroplating, Duffusion Annealing,
and Sectioning of Silver Single Crystals in order to Obtain Values for
the Diffusion Coefficient

Plating Diff. Diff. Stripped .

S Thick- Anneal Anneal Layer VDt Diff. DC oeff.

pec. ness Temp. Time Thickness h
S o 3 (cm?/sec)

(4) (°c) (sec) (4)

C 973 448 3.60x103 84 0.97 2.47x10-14
F 953 3173 1.275%x105 84 1.16 9.6 x10"16
G 956 338 1.03x10°6 100 1.72 | 2.64x10-16
H 460 258 2.75x10° 66 1.59 1.94 x10-17

on the solution reaction rate. A very even layer of Agl was formed, which was insoluble
in water of alcohol. In the second step the specimen was immersed with agitation in a
beaker which contained 20 cc of a solution of 1.0 g/1 KCN in water. The iodide dissolved
in a few seconds while the silver below was attacked only very slowly. The cyanide so-
lution was then evaporated to a small volume and transferred to a vial for counting. Ten
to fifteen layers were removed per specimen.

The reaction rate of the iodine solution varied slightly over a period of time, so that
the thickness of the stripped layers, while quite regular for a given specimen, ranged
from 65 to 100A for different specimens, as described under "Calculation of D."" The
dissolution took place quite evenly; interferometric measurements at the masked edge of
a completely stripped sample showed a reasonably even, single step of the correct size.

Counting was carried out in a well-type scintillation counter with a single-channel
radiation analyzer and scaler. The complex spectrum of Ag!!® precludes counting a
specific energy, so the analyzer was set to accept all energies above 90 kV. It was de-
termined that no betas were being counted. For counting the plated specimen, a special
holder was made so that it sat just above the crystal well, a configuration which gave
reproducible geometry. Appropriate decay corrections were made on all counts.

Calculation of »

Because of the small penetration distances, it is necessary to use the exact solution
of Fick's law for a source of finite thickness (10). For a plating of thickness h,

C/Cy = 1/2 |erf (——1 Sl > f (1 BCTD ) (1)
= er + er R ———
0 2VDt/h 2V/Dt/n

where C is the concentration at depth X, erf is the error function, p is the apparent dif-
fusion coefficient, and ¢ is the time.

For the boundary conditions used in this experiment, it is necessary to know the
average plating thickness accurately. The 1000A plates used in diffusion were too thin
for accurate weighing, so plates of 2500 to 10,000£ thickness were prepared, with the
plating area exactly defined by masking the outer edge prior to deposition. The weight
gain was determined on a semimicro balance, and a plot of plating weight vs ¥-ray activ-
ity for the series of specimens, as in Fig. 1, allowed the thickness of any plating to be
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Tig. 1 - Plating weight vs -ray activity
for silver single crystals

determined quickly by counting the activity.> Absorption of the ¥ rays is negligible even
in 10,000A.

The thickness per stripped layer, which must be found to determine the value of x,
may be obtained by two methods. In both methods, the initial procedure involves the use
of an undiffused sample with an approximately 1000A-thick plating, which is stripped in
the usual manner and the layer activity counted. In the first method the layer activities
are plotted as shown in Fig. 2(a). The Y-ray activity does not drop sharply to zero at
the plating interface but tails off in a manner characteristic of a diffusion curve. This
characteristic curve may be due to unevenness in plating and sectioning, or possibly to
some diffusion occurring during the plating operation (8). The error this represents in
actual calculations of the diffusion coefficient can be neglected for \vDt/h values greater
than 1.0. The point where the activity falls to half the maximum is taken as the plating
thickness. A correction of 0.1 layer for the low activity of the first layer is subtracted
from the intersection point of 10.2 layers, giving 10.1 layers as the original plating
thickness.

The second method is to plot the activity remaining in the sample, and extrapolate
the straight line portion to intersect the activity level of the completely stripped speci-
men (Fig. 2(b)). This value of 10.4 layers is corrected by 0.1 layer as above, giving
10.3 layers. The average of the two determinations is 10.2 layers, and since the plating
thickness for this specimen is 993 +20A, the layer thickness for the example in Fig. 2 is
97 +3A. This procedure gives consistent values for layer thickness from specimen to
specimen.

Finally, we must determine C/C;, which is equal to I/I, where I is the measured
activity per layer after diffusion and I, is that before diffusion. Since I, cannot be
measured directly on the diffused specimen, an indirect method was devised. The initial
concentration of tracer in any plating is a constant, so we may write

Ly L )
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Fig. 2 - Measurement of y-ray activity to determine
layer thickness. (a) Stripped layer activity from an
undiffused silver sample, and (b) activity remaining
in the undiffused sample.

where I,¥ and I,¢ are the initial activities per layer in the undiffused and diffused sam-
ples, respectively, and V, and V, are the layer volumes of the undiffused and diffused
samples, respectively. Thus

Vd

A, 0
d _ _ d ‘d
R (3)
u u

where 4 is the layer area and ! is the layer thickness. The area ratio is easily meas-
ured. The ratio r,/¢, differs from unity because the diffused and undiffused samples
are stripped at different times and the reaction rate of the iodine solution varies with
time, as previously mentioned. This variation is determined by stripping a few layers
from a thickly plated specimen which serves as a standard. The ratio of the average
activity of the standard at two different times is equal to the ratio of the stripped layer
thicknesses at these times.
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The diffusion coefficient D may be obtained from the concentration-penetration data
in two ways. In the first method, C/C is plotted versus x/h, and D is found by fitting
the data to Eq. (1) for the best value of VDt /A. In the alternative method, which was used
for this work, the value of the concentration was determined at x=0, where

C/C, = erf (h/2VDt) .
Enough points were taken to impart confidence in the accuracy of the intersection.

At each temperature of diffusion, the time ¢ was estimated to give values of VDt/A
between 1.0 and 1.7. A high value is desirable to minimize the error introduced by the
apparent diffusion in the as-plated specimen, as in Fig. 2(a). On the other hand, too high
a value leads to loss of sensitivity because of the flatness of the diffusion penetration
curve,

RESULTS

A typical concentration-penetration curve is given in Fig. 3. No sharp changes are
observed in crossing from the original plating depth to the initially unplated material.

Data for the four temperatures used in the present investigation are given in Table 1,
and the experimental diffusion coefficients are plotted in Fig. 4, along with the extrapo-
lation of the high-temperature data of Tomizuka and Sonder (6). In order to keep the
parameter \Di/h within the desired limits, 450°C is the highest feasible temperature
with a IOOOX plate, and a diffusion time of at least 1 hr. Likewise, at 250°C parametric
and time limitations required a reduction of plating thickness to 500A.

Dislocation densities obtained from etch pit counts averaged 5x107 ¢cm~2, compar-

able to the values of 1-5x107 found by Levinstein and Robinson (9) in annealed melt-
grown single crystals. The density was fairly uniform, with scarcely any substructure.

04
o o
L o oT———————a._
0.3 o ° °
C/Co Q2 |-
[
o) 1 1 1 1 1
oz2 04 06 08 10

X/h

Fig. 3 - Example of a concentration-
penetration curve
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Fig. 4 - Temperature dependence of diffusion coefficients D
showing experimental values and derived curves. Curve (a)
shows extrapolation of high-temperature data (6); curve (b)
is the difference between curve (a) and experimental values.

DISCUSSION

The diffusion coefficient at the highest measured temperature (448°C) agrees rea-
sonably well with the extrapolation from high-temperature data. The lower temperature
points deviate strongly from the extrapolation. The data can be fitted by two straight
lines on the semilog plot: the high-temperature equation D = 0.40 exp (-44,090/RT), plus
the equation D' = 1,0x1079 exp(-18,800/RT). The points on the D’ curve (Fig. 4(b))
were obtained by subtraction of the extrapolated high-temperature D values from the ex-
perimental D values.

The enhancement of low-temperature diffusion is of a degree to suggest short cir-
cuiting by dislocations. This is supported by the activation energy for D' of 18,800 cal/
mole, which is in good agreement with the value 19,700 cal/mole given by Turnbull and
Hoffman (11) for diffusion in low-angle boundaries in silver.

The value of D' at 450°C is small compared to the high-temperature or lattice dif-
fusion value, so enhancement at this temperature would be difficult to observe. The two
lowest data points of Hoffman and Turnbull (12) at 500°C are included in Fig. 4 and are
seen to agree well with curve (a), showing no enhancement. Hart (13) analyzed simulta-
neous lattice and pipe diffusion and showed that some enhancement might be expected at
500°C. However, his calculations imply a value of ten atoms "in" a dislocation on a
plane perpendicular to it (14), while according to Love (15) the dislocation diffusion pipe
consists only of the row of sites at the core of the dislocation, one tenth of the above value.
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Our D values are computed from a volume diffusion analysis, and as such are ap-
parent coefficients. Hart's equation (13) is the simplest method of determining the pipe
diffusion coefficient D, from the apparent coefficient. However, his model assumes a
lattice diffusion distance which is large compared to the dislocation spacing. For our
crystals, the dislocation density value of 5x107 e¢m™? and tracer penetration distances of
a fraction of a micron do not nearly satisfy the above condition.

Harrison (16) lists three types of behavior for dislocation-enhanced diffusion. Type
A is Hart's model, type B is intermediate, and type C has diffusion occurring only in the
dislocation network. In type C, according to Harrison, since there is only one true dif-
fusion coefficient, Fick's law is applicable and a value for D, may be determined. Our
lowest temperature measurement would appear to correspond to type C, as the lattice
diffusion coefficient is negligible compared to the measured coefficient. Thus it should
be possible to calculate a value for D, at this temperature.

Turnbull and Hoffman (11) have computed values for D, from grain-boundary diffu-
sion measurements. In effect, they determined a diffusion coefficient for the boundary
as a slab, and then converted to a pipe diffusion coefficient by correcting for the fraction
of the slab area occupied by the dislocation cores. Following a similar procedure in the
present case, we may write for the data at 258 C D, = D/f where f is the fraction of
atoms "1n81de" a dislocation. From Love's (15) model considering a {111} plane,

f = (p/2) 6.8x10° 16, with the factor of 1/2 inserted because transport along screw
dislocations is small compared to edge dislocations (17). Then at 258°C, D, =1.2x10"?
cm?/sec. This is nearly identical to the value of 1.1X 10~ 9 e¢m?2/sec obtained from the
expression D, = 0.14 exp (-19,700/RT) given by Turnbull and Hoffman (11), whose lowest
temperature wa.s 400°C. This close agreement is probably fortuitous since order of
magnitude correspondence would be expected at best,
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