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ABSTRACT

Back reflection, x-ray diffraction techniques were 
used to perform precision measurements of the change, Aa, in 
the lattice parameter of quenched aluminum during annealing. 
The sign of Aa was found to be consistent with the assump
tion that vacancies were disappearing. The quantity Av^/v, 
the average fraction of an atomic volume that the crystal 
expands per vacancy formed, was found to be O.25.

These results also suggested improved techniques for 
Investigating annealing in stage III where there is still 
controversy regarding the mechanism in operation.

vii



1. INTRODUCTION

The crystal defect is a particularly useful concept 
when calculating the dynamic properties of a solid. No 
sample of a solid is in reality a perfect crystal, as the 
assumed infinite periodicity of'the crystal is broken up by 
what are called defects. These are classified according to 
their dimensionality as point, line and surface defects.

The work reported here is concerned with point 
defects. These are characterized by the fact that the cen
ter of disturbance occurs locally at a certain point in the 
lattice. Point defects fall into three groups, namely 
vacancies, interstitials and impurity atoms.

A vacancy is produced by removing an atom from a 
site in the crystal and placing it on the surface. Vacancies 
can cluster, forming di-vacancies and still larger groupings. 
On the other hand, an interstitial is produced by removing 
an atom from the surface of a crystal and forcing it into a 
place in the crystal normally unoccupied. There are a num
ber of places in the unit cell at which an atom can be in
serted. As with vacancies, various groupings of intersti
tials can occur.

There are two general experimental approaches to the 
study of point defects. One involves measurement of some



property affected by the thermodynamic equilibrium concentra
tions of defects under various conditions. This is the 
method, for instance, employed by Simmons and Balluffi in 
their measurements of vacancy concentrations in aluminum and 
other metals. The approach has the limitation that it can 
be used successfully only for vacancies. Even at the melt
ing point, the interstitial concentrations are too small to 
be discernible, and at room temperature and below even the 
vacancy concentrations are too small.

There remains the alternative of increasing artifi
cially the concentration of point defects over that ordinar
ily present in equilibrium. The following techniques have 
been used for this: •

1) Quenching from high temperature
2) Radiation damage
3) Cold working

Of these, quenching freezes in high temperature concentra
tions of vacancies at some lower temperature. The usual 
method of producing interstitials is,by irradiation of the 
specimen whereby atoms are knocked out of their lattice 
sites into interstitial positions. Neutrons, deuterons and 
electrons can be used and the extent and type of damage done 
to the crystal depends on both the type and energy of irradi
ation. In the simplest case (low energy electrons) the 
damage consists of pairs of defects with varying separation.



each pair consisting of a vacancy and an interstitial. Cold 
working produces a much more complex type of damage to the 
crystal, introducing both point defects and dislocations.

Defects are then introduced by these means and if
the temperature of the sample is low enough they will be
frozen in, not being able to pick up sufficient energy to
move. If the temperature of the sample is now allowed to
rise, some property that depends on the defect concentration
can be measured and the annealing out of the defects observed.
An example of such an experiment is the work on'quenched-in

2vacancies in aluminum by Panseri and Federighi. They- found 
that the defects quenched into aluminum annealed out in two 
main stages, one around 280°K and another around 450°K. To 
date, five main annealing stages have been identified for 
face centered cubic metals. (Huntington^). Each stage for 
some metal is characterized by a different temperature range 
in which the defects associated with the respective stage in 
that metal will anneal out. Different ways of introducing 
defects are often characterized by some particular stages 
being present while others are not detected. Investigators 
in the field of point defects are then faced with the task 
of deducing and explaining the anneal mechanisms responsible 
for each of these stages.



2. Theoretical Background

2.1 Volume Changes Produced by Point Defects.

There are two types of volume changes. The first is 
the volume change, Av^, produced by a defect as it moves 
through a saddle point, between one stable position in the 
crystal and a neighboring one. Whether vacancy or intersti
tial, the defect will have to force atoms apart to move.
The difference in the volume of the crystal as the defect 
moves from the equilibrium to the saddle point position in 
the crystal will always then be positive. The other volume 
change, Avf, is that brought about simply due to the intro
duction of the defects into the crystal; Avf being defined 
as the average change in the volume of the crystal per point 
defect formed.

Let us break down the formation of a defect into two 
steps. Define v as the volume of an atom in a perfect 
crystal; in other words v = (total volume of a perfect 
crystal) / (total number of atoms). Then to form a vacancy 
in the crystal, imagine an atom removed from some site and 
placed on the surface of the crystal. If the crystal does 
not relax, then it has simply gained one atomic volume v. 
Similarly due to the formation of an interstitial, the

4
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crystal loses one atomic volume v, since an atom has been 
removed from the surface and wedged inside among the atoms 
in the crystal. As described so far, these volume changes 
do not affect the lattice parameter in any way.

However, a crystal into which a defect is introduced 
can lose energy by relaxing around the defect. As a result 
there will be an additional change in the volume of the crys
tal per defect, which can be labeled Av^. This is illus
trated in Figs. 1 to 4. It seems probable, and in fact it is 
generally assumed, that Av^ for a vacancy will be negative 
while for an interstitial it will be positive. Avr can be
expressed in terms of the average fractional change in the
volume due to relaxation per unit atomic volume or f^ = Av^/v.

Suppose we have a solid cube of length L on a side, 
with a uniform distribution of vacancies inside. The material 
of the cube is supposed to have not yet undergone relaxation 
due to the presence of these vacancies. For N atoms and N 
vacancies in the cube, its volume can be given by V = (N+Nv)v . 
If the material relaxes now, there is a change in its volume 
equal to Av^ = N^Av^. Assuming a uniform relaxation, each of
the sides of the cube will change in length by an amount ALr .

Now AVr = (L + ALp)3 - L3

= 3L2ALr + 3LALr3 + ALr3 

« 3L2AL assuming ALr/L «  1.



Vacancy Prior to Relaxation Vacancy After the Crystal
of the Crystal. Has Relaxed.

Figure 1.

Crystal Relaxed About an 
Interstitial.

Figure 3.

Figure 2.

Crystal Relaxed About a 
Split Interstitial.

Figure 4.
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Hence AV^/V = 3ALr/L = 3Aa/a 

a being the lattice parameter and Aa the average change in a.

AVr/V = NvAvr/(N 4- Ny)v 

= cv(Avr/v) 

fr = (Avr//v) = 3Aa/(acv)
where cv = N^/(N + Nv) the concentration of vacancies in the 
material. Finally we get the total volume of formation, Avf 
for each vacancy formed, as the sum of the one atomic volume 
added to the crystal when the vacancy is introduced minus 
the relaxation volume Avp .

Avf = v - Avr

Avf/v = 1 - fr

= 1 - 3Aa/(acv)

In obtaining this result it has been assumed that a 
uniform point defect distribution would cause a uniform 
relaxation of the body, and that this causes the same frac
tional change in L and a. Theoretical calculations by 
Eshelby^ for an elastic material with cubic elastic constants 
support this assumption.

The final result for Av^/v does not depend upon the 
geometry of the sample but is given in terms of measurements 
on the unit cell of the material.
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2.2 Magnitude of Expected Changes Aa/a in Aluminum.

Aluminum was selected for study since a) it is one 
of the three metals which can be quenched without picking up 
oxygen and b) it has the highest vacancy concentration at the 
melting point of the metals so far investigated, and c^ is 
known as a function of temperature.1

From the results of Simmons and Balluffi1 for mono
vacancies in aluminum we can obtain their concentration at 
600°C as 5 x  I C T 4 . Tucker and Sampson^ have calculated 
fr = 0.6 for copper which like aluminum has a face centered 
cubic lattice. These figures were adequate for an estimate 
of the order of magnitude of Aa/a % 10”4, so that measure
ments were attempted to obtain a precision of ± 1 x 10”5 .

By differentiating Bragg’s Law we get, for a cubic 
substance

A0 = - tan 0 (Aa/a)

showing that the change in 0 for a given change in lattice 
parameter is greater, the nearer 0 approaches 90° . This 
indicates a back-reflection technique for measuring a, and, 
in fact, aluminum has a reflection at 8l°14’ from the (333) 
and (511) planes with CuK^ radiation.

The coefficient of thermal expansion of aluminum is 
Al/l — 24 x 10’G per °C.^ To obtain Aa/a to ± 1 x ICf5 the 
temperature of the sample has to be kept to ± 0.5°C.



9
Actually the temperature for all readings was within ± 0.19°Oh 
For the same precision, the distance between the Laue-Bragg 
lines on the film had to be read to within ± 0.008 cm. As 
will be stated in section 3*5, the Norelco film measurer is 
accurate to ± 0.002 cm. Also the film to sample distance 
has to be held to ± 0.01 cm; this is why the sample holder 
had to have a rigid support. Since only changes Aa/a were 
important no attempt was made to keep the sample to film 
distance exactly the same for each run.



3. EXPERIMENTAL PROCEDURE

3-1 Sample.

The al'umlnum sample had to he thin so that It,.could be 
quenched rapidly. It also had to present a flat surface to 
the beam and be-polyerystalllne with a grain structure 
sufficiently fine so that the x-ray diffraction rings be 
continuous not spotty. A large enough number of reflections 
from different grains would enable us to average photograph
ically over these reflections. As can be seen from Fig. 5 ,  

for a grain of aluminum to have a Bragg reflection of 
0 = 8l°46l it should lie with its <111> direction anywhere 
on a cone of angle (% = 8° 141 about the direction of the 
x-ray beam.

Initially5 a 0.008" thick foil was tried but this 
developed too coarse a grain structure during annealing (Fig. 
6). The grain size could not be reduced since a thinner 
foil would have bent during the quench. Finally a sample 
was devised taking advantage of the preferred orientation of 
grains in drawn aluminum wire (Barrett. When aluminum 
wire is drawn to a reduction in diameter of SQfe or more, 
most of the grains reorient with the <111> direction parallel 
to the wire axis. This preferred orientation then allows an 
alignment of the sample with the x-ray beam in such a way

10



reflected x-rays

<111> direction

incident 
x-ray beam
“ H >

6 =  81°

Figure 5* Third Order Reflection from the -flllj- 
Planes in a Grain of Alimiinum



Figur e 6. Back-Refleet ion 
Lane Photograph of Foil 
Specimen.

Figure J . Back-Reflection 
Laue Photograph of Wire. 
Specimen.





that the Bragg condition is satisfied for most of the grains 
that the x-ray beam will cover„ The beam was made to strike 
a large number of very thin wires all parallel wound onto a 
rectangular aluminum frame set at the proper angle to the 
beam. This wire, drawn by the Wilkinson Company, Santa 
Monica, California, was initially 99.999$ pure aluminum, 
0.002" in diameter. One of the samples from which data were 
obtained, was wound with 14 ft. of this wire in a rectangle 
3/8" by 9/16". The specimens were 0.030" to 0.060" thick as 
measured by a micrometer so that there were 10 or more layers 
of windings. After a specimen was wound, the side that was 
to be set against the holder was placed on a flat surface 
and the windings were pressed down lightly against it to 
insure flatness of the specimen and good thermal contact 
with its holder. A Laue photograph of the wire specimen as 
well as a photograph of the specimens can be seen in Fig. 7 
and 8.

As it turned out, using specimens made out of. wire 
that thin had the added advantage that the sample would cool 
down practically instantly once it was immersed into the 
quenching bath. However, the time between which the sample 
left the furnace and reached the bath had to be cut to a 
minimum to prevent any cooling off. For this purpose the 
quenching furnace was constructed.



Figure 8. Foil and Wire Specimens.
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3.2 Quenching Furnace.

A spring loaded quenching furnace was built which
allowed the sample to be propelled from the furnace into the
quenching bath at high speed. See Fig. 9• The sample was
held by spring tension at the end of a long rod inside the
furnace which slid freely up and down along two guides. The
sample could then be pulled into the furnace and set into
place for heating. When annealing was completed, a container
with the quenching bath was swiftly inserted through the
bottom of the furnace and the rod holding the sample was
released immediately. This resulted in a spring shooting
the rod and sample downward till the rod was stopped just
above the quenching solution. The sample, however, kept on
going into the quench. Furnace temperature was measured by
a chrome1 vs. alumel thermocouple next to the sample, whose
e.m.f. was read by a Rubicon type B potentiometer. Thus the
sample was quenched without leaving the hot region of the
furnace. Two other groups of investigators have quenched

2aluminum from high temperatures'. Panseri and Federighi 
manually extracted their samples from the furnace and rapidly 
immersed them in the cooling medium. They admitted, however, 
that their technique could not be used for wires thinner 
than 0.040,! as they would cool too much during the interval 
before the quenching, Doyama and Koehler used 0.022"
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release pin
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removable bath 
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Figure 9 • Quenching Furnace
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diameter and thinner wires mounted on a frame5 quenching by 
plunging the frame into the coolant. They did not say any
thing more about the speed, of the quench; it seems that the 
quenching method used here compares satisfactorily.

3«3 Sample Holder.

The purpose of the sample holder (Fig. 10) was two
fold, to support the sample at the right orientation rela
tive to the x-ray beam as well as to keep the sample at a 
certain fixed temperature.

Temperature control was achieved by attaching the 
sample to a copper block at the copper bottom of the con
tainer with the temperature bath. The walls of the bath 
container as well as the supporting legs for it were mader v ■
out of 1/64" wall thickness stainless steel tubing, which is 
a relatively poor conductor of heat. At the same time, the 
four supporting legs 3/8" in diameter were sturdy enough so 
that the sample did not move. Finally the whole assembly, 
as can be seen in Fig. 10, was encased in a thick insulating 
housing of styrofoam.

At first a thin copper holder was used but finally 
a more massive one machined out of a copper block 2" x 3/4" 
x 1" was settled on to reduce temperature fluctuations. A 
copper vs. constantan thermocouple was soldered to a small 
copper washer and attached to the side of the holder



Figure 10. Sample Holding Assembly without and, with Styro
foam Jacket.
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alongside the sample to measure the temperature. The Rubicon 
type B potentiometer read the thermocouple e.m»f. The sam
ple was held flat against the copper block by a piano wire 
spring. The sample was held at a constant temperature near. 
0°C by filling the bath container with water and crushed ice, 
and stirring.

As for the sample being held in such a position as 
to have Bragg reflection from the {111} planes one can see 
from Fig, 5 that if the {111) planes perpendicular to the 
wire axis were used, cx would have to be 8°l4' which would 
mean the beam would be almost parallel to the wire. However, 
for every <111> direction there are also three others each at 
an angle of 70°32* to it, and therefore some grains will be 
at the Bragg angle to an x-ray beam aimed at 78°46' to the 
direction of the wire. This is equivalent to having the 
beam hit the sample at an angle of 11°14' off the perpendicu
lar to the sample. The copper block against which the sam
ple was mounted, was then machined and attached to the bath 
container to present the sample at this angle to the beam,

3,4 The X-Ray Unit and Camera,

. The x-ray diffraction unit used was a Norelco type 
12045 equipped with a copper target x-ray tube. Data were 
taken using the OuKc(1 line with a wavelength of 1.5405 A.
The unit was. operated at 40 kilovolts and 20 milliamperes«
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As film, was used to record the Bragg reflections 

from the sample, a flat plate, back reflection film camera 
which held a strip of Kodak No-Screen Medical X-Ray film 
1 3/8" by 7" was designed (Fig. 11). To achieve an average 
over all the reflections from the sample the film holder was 
rotated about the center of the x-ray beam at a rate of 20 
rpm, thus sweeping out the cone of reflected spots about 200 
times during the 10 minutes it took to get one picture, 
Special care was taken to reduce play in the bearing on 
which the camera turned as this would have obscured any 
changes in the lines recorded on film. Ten minutes turned 
out to be the shortest time possible for exposure with the 
lines dark enough for measurement.

Through the center of the film holder and the bear
ing ran a focusing slit tube (Fig. 11) with a slit 0.024" 
wide and 1/8" long at the end facing the x-ray tube. Using 
the slit it was possible to focus the x-rays reflected from 
the sample onto the film; the lines being in focus when the 
filnU the slit, and the specimen surface lie on the same 
circle,

3.5 Film Measuring Apparatus.

A Norelco Type 52022 film measurer was- used to find 
the distance between the centers of the Kai lines on the 
films taken; this distance was read to ± 0.002 - emu from a



Figure 11. Rotating Flat Plate Camera.



21



vernier sliding alongside the film. In addition to the Kai 
lines, the diffuse x-ray background also imprinted on the 
film reference shadows from the ends of the film-holder 
(Fig. 12). The distance between these reference lines was 
known to be 17.188 cm.r by direct measurement of the film 
holder. Then, assuming uniform contraction or expansion of 
the film during drying, correction could be made upon the 
distances between the lines actually measured.

3.6 Procedure. ,

The specimen was inserted into the furnace and 
annealed at 620°C for about 15 minutes. The sample was then 
quenched, as described in section 3*2, into a CaCl2 solution 
at about -30°G . It was next rinsed in ice water and quickly 
placed in its holder. The sample holder had been previously 
cooled down and kept insulated; to mount the sample a styro
foam panel had to be removed and could be swiftly replaced 
as soon as the sample was inserted. When the sample's tem
perature became steady the first exposure was begun. The 
annealing was considered to have begun with the rinsing of 
the sample in ice water and film exposures were taken spaced 
about 1 hour apart, each lasting 10 minutes. The exposed 
films were all developed at the same time to ensure 
uniformity.



Figure 12. Sample of Film From which Measurements Were Made.
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After the films were dried the distance between the 

centers of the Kai lines on the films, as well as the dis
tance between two reference lines, was measured. Six sets 
of.these readings were taken for every film and an average 
from these obtained. One would perhaps expect much more 
scatter in the readings on the distance between the Kai lines 
than for the distance between the reference edges, as in the 
first case the cross hairs of the scanner had to be set 
while estimating the center of a diffuse line, while in the 
second case they had to be set on a sharp line. However, the 
error in both cases did not turn out to differ much, so it 
would seem that the eye is very competent at judging the 
center of a thick line. To avoid any subjective error in 
judgement all the films for a run were read by the same 
person, as closely one after another as possible, and under 
the same amount of magnification. ,

3*7 Results.

Four successful quenches and anneals were obtained 
with the apparatus, and the results are given in Figs. 13 
and 14. The average spread of the film readings is indicated 
on the graphs. It was not possible to measure some of the 
films as the Laue-Bragg lines would split up into doublets 
after a certain amount of annealing. The reason for this 
behavior was not understood but it may have been due to the



Figure 13* Isothermal Annealing at 0° C After Quenching from
620°C, Runs 30, 32 and 42.
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Figure 14. Isothermal Annealing at 0°G After Quenching from
620°C, Run 41.

Figure 15. Combined Results of Runs 30, 32 and 42.
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coarse grain structure of the sample. Thus, for example, 
the attempt to measure the lattice parameter of the sample 
after an overnight anneal at room temperature failed. The 
sample whose anneal is shown in Fig. 14 was bent during the 
quench so that the ends nearly met; presumably it hit the 
side of the quenching bath container. However, it was then 
straightened out carefully and placed on the holder. Its
initial recovery was found to be opposite in direction to
that of the other samples, but after 180 min. the direction 
of the recovery changed and the lattice parameter began to 
increase. The other three samples showed an increase in 
lattice parameter with time.

This experiment was not successful in measuring the
total change in the lattice parameter caused by the quenches
partly because of the difficulty in measurement mentioned
above, and partly because most of the quenched-in vacancies

2 8annealed out in aluminum in a few minutes at 0°C. * The
first photograph could not be completed in a shorter time
than 18 to 20 min. after the anneal began, since it took 8 
to 10 min. for the sample’s temperature to become stable.

However, it is possible to estimate Aa/a as follows: 
from the combined results of the three runs. Fig. 15* it can 
be seen that Aa/a is changing at a rate of 2.54 x 10“7/minut 
The corresponding annealing rate for the resistivity,
(d/dt)(Ap/po)* is 2.0 x 10”3/minute,2 this figure referring



to a quench from 601°C followed by an isothermal anneal at 
0°C. If we assume that in the same circumstances, equal 
fractions of the total change in a and p will anneal out in 
the same time, then Aa/a total = (2.5 x 10-7 )/(2.0 x 10*"3 ) =
1.3 x 10“4 . The vacancy concentration at the quenching 
temperature is known to be 5• 0 x 10""4 Hence Av^/v = 0.25 
and fr = 0.75 for aluminum.

The assumption made in the last paragraph will 
certainly be true as long as no clustering of defects occurs, 
and has been experimentally confirmed in copper for stages I, 
II and III of the annealing after deuteron b o m b a r d m e n t 10



4. CONCLUSIONS

Av~/v has been measured for gold (2 methods) and 
calculated for copper and gold, see Table I. The experi
mental methods are listed below and each can be seen to 
involve two separate experiments. 1) Measurement of the 
self-diffusion coefficient under high pressure, which gives
(Avf + AVj^/v,11 and measurement of the dependence of the

IPannealing rate on pressure, which gives Av^/v. 2) Measure
ment of cv,1 combined with a measurement of either AL/L or 
Aa/a after a quench.^

Our results indicate that the relaxation around a 
vacancy in aluminum is greater than that around a vacancy in 
gold. This is reasonable since the ratio of (2 x ionic 
radius)/(nearest neighbor distance) is much greater in gold 
than in aluminum.

4.1 Suggestions for Future Experiments.

The experimenters feel that a polycrystalline method 
of measuring the lattice parameter is not the best one for 
this experiment, because a well-annealed sample never has a 
fine grain size. Instead a single-crystal sample should be 
used and the line profile measured with a geiger tube.
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TABLE I

List of Values of f for Face Centered Cubic Metals

Metal
Au

Cu

r
0.45

0.43

0.55

0.44

0.53,0.45
0.48

0.6

0.53-0.32

o.4o

0.29-0.09

Source
Huebener. and 

Homan1^
De Sorbo15
Simmons ang 
Balluffi

Ernrick 12
•> 11 Dickerson •

Tewordt"*"̂
Johnson and Brown^o
Tucker and̂ . Sampson^^ 

Broom and

Bennemann 
and Tewordt

Bennemann2
Seeger and Mann^

20

Type of 
Peterminat ion
Theoretical

Theoretical

Experimental

Experimental

Theoretical
Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

A1 0.75 this experiment Experimental
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The experiment demonstrated an Increase In the 

lattice parameter in aluminum during annealing after a quench. 
On the other hand, the lattice parameter decreases in copper 
during annealing after deuteron bo mb ardmentThe opposite 
sign of the two effects shows that different types of 
defects are involved. Since measurements of lattice parame
ter can distinguish between the effects of vacancies and 
interstitials, the method is very suitable for Investigating 
stage III annealing after radiation damage.
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