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The changes introduced in a complete set of independent copper

elastic constants (C -and C') by irradiation with thermal neutrons

11° C44
below‘é K have been measured. Simultaneous measﬁrements of attenuation .and
resistivity were also performed, and the change in attenuation due to the
‘introduction of defects has been determined. The high degree of sensitivity
achieved by using a pulse-echo superposition technique permitted a study to

be made of the annealing of these effects through most of stage I.

It was found that thé contributions at liquid helium temperatures
from different stage I defects to a particular elastic constant were not the
same, ana the magnitude of the effect from'a given defect was found to vary
among different constants. Significant'temperature dependent effects were
also observed in all the elastic constants. The results are discussed in terms
of four different effects: a small bulk effect; a larger polarization effect,
which involves the stress induced internal displacement of certgin defects;

a thermally activated relaxation process; and a change in the vibrational
spectrum of the lattice from the introduction of defect resonance modes.

The indication of a small bulk effeqt is in agreement with the range of
reported theoretical estimates. The results obtained at 3.6 K for the recovery

of the results during stage I_ are qualitatively in agreement with a calcula-

D
"tion by Dederichs of the polarizability of the (100)-split interstitial. The’

relaxation process previously reported by Nielsen and Townsend has been

observed,and we have attributed it to the IC defect. A model of this defect

N

is proposed. No other relaxation of stage I defects has been observed. The



-}

measurements indicate that both the ID and IE defects change the temperature

dependence of the elastic constants by introducing resonance modes into the

‘ vibrational spectrum of the lattice. The frequency obtained from an.analysis

1

of stage I is believed to be 5XLO)2i30% Hz, and is in reasonable agreement

D
with the value of approxihately 6X1012 Hz obtained by Dederichs et al. with
a éomputer simulation of a €100)-split intersti£ia1 in a copper lattice. The
contribution from this éffect to the temperatufe dependence of other physical
properties (resistivity, specific heat and thermal expansion) is discussed.
The results obtained here are helpful in understanding apparent discrepancies

in previously reported measurements of irradiation induced changes in the

elastic constants.
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I. INTRODUCTION

The introduction of lattice vacancies and interstitials by irradia-
tion alters many of the physical properties of solids, but the majority of
experiments which have attempted to.investigate the béhavior of these defects
have involved only measurements of defect induced changes in the electrical
resistivity. Such studies have contributed much to the understanding of
defect behavior, and among other things have shown that the damage created
by various types of irradiation particles differs primarily in the local
arrangements of the vacancies and interstitials as well as demonstrated the
existence of four well-defined recovery stages in all but a few of the face-
centered cubic metals. Since it is possible for these defects to aggregate
as well as annihilate once they become‘mobile, the/nature of the irradiation
produced damage is least complex in the first of these stages, stage I, which
involves the‘annealing range from 0 to 60 K. - Measurements by Magnuson, Palmer

1/

and Koehler=' indicated substructure in stage I and a more detailed study by

Corbett, Smith .and Walkerg*l/ (CSW) revealed the existence of five substages
in this annealing range. The primary features of the recovery model proposed
by CSW for stage I have since become very generally accepted. This model

attributes the first three of the sub-stages (IA’ I_ and IC) to the collapse

B
of vécancy-interstitial close-pairs, the fourth (ID) to the correlated
recombinations of interstitials with their mother vacancies, and the :dose-
aependent fifth sub-stage (IE) to the long range migration of an interstitial
defect..

. Another physical property which can also be conveniently measured

with high precision is a change in the stress-strain relationship of a mater-

ial, represented by its various elastic constants. More importantly, in
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contrast to resistivity effects which are a measure only of the number of

defects present, elastic constants have the advantage of being sensitive to
the symmetry of the defect strain field as well. Thus defect induced

elastic constant changes should serve as a means for investigating the con-
figurations assumed by various defects in the host lattice. In particular
then, a study of these effects is especially important in view of the contro-
versy concerning the geometrical nature of the~IE defect which still exists
after years of considerable theoretical and experimental effort.

Point defects are expected to contribute to the elastic properties
of metals in at least four ways: (1) a bulk effect due to the alteration
in number and strength of inter-atomic bonds, (2) relaxation'effects ﬁhich
involve a thermally activated reorientation of the defect undef an applied
stress, (3) polarization effects which occur if the defect is strongly
polarizable by an external stress, and (4) dislocation pinning effects. A
fifth mechanism directly related to thé polarization effect and apparently
hitherto overlooked will be discussed later in the thesis.

4/

An early theoretical calculation by G. J. Dienes~ indicated that
the bulk effect would increase all the ordinary elastic constants of copper
by about 10% per atomic per cent interstitials, bu; decrease them by approxi-
mately one per cent per atomic per cent of lattice vacancies. If this is
true, a measurement of the bulk effect would provide an empirical method for
distinguishing between these two types of defects. Such a measurement would
be very useful in the interpretation of radiation démage.

Although Dienes' calculations predict a clear cut-difference'in

behavior for vacancies and interstitials, there are other calculations which

arrive at very different conclusions. These predictions vary over two to




three orders of magnitude and even differ as to the expected sign of the

5 . 4 . .
effect. For example, Zener—/ offers a semi-quantitative treatment which
predicts a decrease in the shear elastic constants of about 107% per atomic.

6/

per cent of either vacancies or interstitials, while Nabarro's— linear

elasticity result estimates 3.8% and -2.37% per atomic per cent of inter-

7/

stitials and vacancies, respectively. More recently, Melngalis— has given
an elasticity calculation which indicates that all the elastic constants
should be decreased on the order of a hundred per cent per atomic per cent
of interstitials.

These calculations are all concerned with the bulk effect. A
dynamic contribution to the elastic moduli will also occur if a relaxation
of preferential defect orientations is inducéd by an applied stress. Charac-
teristic of such an anelastic effect is a peak in the internal friction
measurements and a concomitant decrease in the elastic constant. Any defect

that introduces a strain field possessing lower symmetry than that of the

lattice can give rise to an anelastic effect. -As the relative alignment of

‘the applied stress and defect orientation is altered, the anelastic effects

contribute in varying amounts, thus revealing the symmetry of the inter-
acting defect. These phenomena have been used extensively to investigate
impurity effects in various materialsﬁ/ and two studies of the elastic
moduli of copper at low temperatures have reported the existence of relaxa-
. . . ' . .y 9,10/
tion phenomena associated with a vacancy-interstitial complex.
The importance of large polarization effects, which lead to corres-
pondingly large decreases in the elastic constants, has only very. recently

been recognized. By using a computer simulation of the copper lattice,

Dederichs. et gi.ll/ have shown that the (100)-split dumbbell interstitial




is strongly polarizable by an applied shear stress due to the large negative
bending spring constants which result from the highly compressed nature of
the lattice in the vicinity 'of an interstitial defect. These bending springs
also introduce low frequency resonant modes into the vibrational spectrum of
the lattice. The large negative contributions from the polarizability effect
will again differ in magnitude among the various elastic constants according
to the symmetry of the defect.

These -effects indicate that valuable information about the lattice
configurations of point defects may be obtained by'studying defect induced
changes in the elastic moduli. Unfortunately, the indirect effect from the
pinning of dislocations by these defects can be much larger than any of the
direct contributions. Under an applied stress, the motion of dislocations
contributes a plastic strain which decreases the gffective elastic constants
from their perfectly elastic values. Vacancies and interstitials distort
the lattice, introducing strain fields which can interact with the disloca-
tion array and cause pinning of the line segments; the strain asctibablé to
dislocation motion is thereby eliminated and the measured elastic constants
are increased. -An investigétion of this effect in the Young's modulus of
copper has found an initial million-fold increase per atomic per cent inter-

12/

stitials.— Because of this considerably larger contribution expected from
dislocation pinning, it is imperative that dislocations be eliminated in any
attempt to accurately determine the magnitude of the other effects.

Hence, although elastic constants measurements promise to be very
useful for the determination of defect properties, the theoretical treatment

of elastic defect effects is uncertain, and the large dislocation contribu-

tions make the measurement very difficult. Furthermore, even in those



experiments which have attempted to isolate the contributions due to disloca-

tions, large differences (which span practically the same range as the theo-
retical estimates) exist between the various investigations. After an

extended irradiation of a single crystal copper rod at 4 K with reactor

neutrons, Thompson et 1.l—/ found no change in the Young's modulus of the

rod;-indicating an effect of less than a one per cent change per atomic per
cent of Frenkel defects. Dieckamp and Sosinlg/ reported a decrease in the

shear constant of a thin polycrystalline copper foil of (-743)% per atomic

14/

per cent Frenkel pairs after electron irradiation near 80 K. Konig=— - et al.

also irradiated a thin polycrystalline copper foil, using alpha particles
at 4 K, and observed a 140% decrease in the shear constant per atomic per

cent of Frenkel pairs. Furthermore, they gave a corrected value of the

9/

Dieckamp and Sosin results which agreed with their own work. Townsend=

t al. report a change of (-1343)7% per atomic per cent of defects in the

Young's modulus of Cu and W foils irradiated with 10 mev protons below 15 K,

15/

while Roth and Naundorf=—' found a decrease in the Young's modulus of copper

of 75% per atomic per cent. Frenkel. defects after electron irradiation at

16/

120 K. Okida .andi'Nakani—' were not able to directly observe the effect in

copper after fast neutron irradiation below 15 K but concluded it must be

17/

less than -80% per atomic per cent Frenkel pairs. Wenzl :et:al. glve:

values of -47%, -39%, -6/%,.for AL, Cu and Pt foils, respectively, irradiated at

9/

8 K with reactor neutrons. However, Nielsen and Townsend=' apparently found
no such large effect after bombarding both single and polycrystalline copper

foils at liquid helium temperatures with protons. They did find a very

large relaxation modulus effect which they associate with the reorientation

- of the defect responsible for either stage IB or IC annealing. Ehrensperger




10/

et al.™ also observed this relaxation and concluded thdt it probably was

due to the stage IC defect.

There are several possible explanations for this wide range of
experimental disagreement. One of the more apparent is the uncertainty of‘
the defect concentration in several of the experiments. The most direct
measurement of concéntration is furnished by electtical resistivity, but of

the above investigations @nly those of Roth et al;lé/ and Ehrensperger et

al;lz/

included simultaneous resistivity measurements. Another possibility
is that the different elastic constants measured by the various investigatofs
do not have the same functional dependence on defect concentration. Only
one reported investigation has been made of the change in all three independ-
ent cubic elastic constants as a function of defect production; Gerlich

1 18/

t al.=™ performed the measurements on LiF at room temperature. This

material is expected to give results.similar to copper -because Born-Mayer
repulsion terms contribute strongly toAthe elastic characteristics ofbboth
solids. However, all the elastic constants were found to decrease uniformly
with the introdﬁction of defects and no large changes were observed.

The presence of relaxation effects, which are negative and may be
large, is another possible explanation. Such contributions are in general
sensitive to the type of damage created in the lattice, the elastic constant
being considered, and the frequency and temperaturelof measurement. These
effects may in principle be observed by measuring the temperature or frequency
dependence of either the internal friction or elastic modulus. Although
anelastic effects have been reported, no systemétic investigation has been
made of their possible contributiéns. In fact, practically all of the report-

ed studies were conducted at a fixed temperature and frequency, thus
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completely negating any opportunity to separate relaxation effects from

other contributions.

Finally, the effects on the elastic constants are probably sensi-
tive to the nature of the defects which are gensrated. Isolated vacancies,
interstitials and close-pairs should all produce different effects, so that
irradiations with different particles or at different teﬁperatures would be
expected to produce different results. This question will be one of the
principal concerns of the thesis.

The purpose of this thesis is therefore an investigation of the
relative importance of the different contributions to the elastic constants
of copper from stage I defects. The experimentS'csnsist of measurements at
10 MHz of the irradiation induced changes in.all three'independent elastic
constants, the determination of their anneaiing'behavior through stage I
and their measurement as a function of temperature in search of anelastic
effects. - Simultaneous measurements of the attenuation and'resistivity will
be used to monitor the defect concentration; |

The use of 10 MHz sound waves has many distinct advantages over
the lower frequency (10 to 10,000 Hz) range utilized in the studies mentioned
above. Only longitudinal constants can be measured by the resonant bar (and
complicated analytical expressions determine the elastic moduli measured with
the cantilevered beam) techniques employed at the lower frequencies; there
is also the problem of ascertaining the effects froﬁ various clamping pro-
cedures necessary to support the cantilevered samples. In contrast, the
pulse-echs method appropriate for the megacycle range enables the changes in
all ordinary constants to be easily measured with high sensitivity. Because

the sample itself is not forced into resonance, there is no need for it to be




clamped. Due to the fact that all sample dimensions must be large . in rela-

tion to the wavelength of the experimental frequency, the pulse-echo
technique is not sensitive to surface effects.

The method is also more convenient for separating low temperature
relaxation phenomena from the bulk céntribution. For example;:atvkilohértz
frequencies the anelastic effect first reported by Nielsenf_ghgl:gl appears
to be a significant contribution even as low as 10 K. The peak of this
relaxation should occur as the frequency of the applied stress nears the
jump frequency of the defect, so the temperature dependence of the resonant

19/

is given by an Arrhenius expression™

-Em/kT

VR = Voe .

frequency, VR’

Here Em is the activation energy for motion of the defect and VO is an effec--
tive frequency which approximates the oscillation rate of the defect in its
equilibrium position toward the saddle point. Using the value found by

9/

Nielsen and Townsend=' for Em’ 0.015 eV, this expression indicates the pro-

cess should éhift upwards in temperature to approximately 18 K. Hence the

contribution from the relaxation should be decreased significantly at the

lower tempé?atures, and the bulk contribution can more easily be sepérated

from the relagation effect. |
Because of the large relative size of the sample (approximately

1 cm3) most appropriate for the pulse-echo technique, only neutron irradia-

tion is capable of creating both a homogeneous distribution and adequate

concentration of defects. However, fast neutrons create large depletion

zones - im:.:the “lattice: which may complicate the direct study of simple

point defects. -Accordingly, the irradiation.in the present experiments was



performed with thermal neutrons. These particles create displacements
through (n,Y) capture reactions, rather than by direct knock=-ons. Isochronal
.annealing studies of resistivity changes from this type of damage exhibit
greater recovery and sharper annealing peaks than are observed for ﬁast
neutron bombardment. This is indicative of isolated close-pairs, vacancies
and interstitials, and consistent with the low recoil energy (100 to 500 ev)

20/

given the emitting nucleus.= However, because of the lower damage rates

obtainable with presenély available fluxes, the use of thermal neutrons
does nét permit elimination of dislocation contributions by the usual method
of irradiating until they become saturated. Therefore, it was necessar& that
this pinning be. effected prior to the final irradiation.

There are several reasons for using copper in the investigation.
High purity samples are easily obtained and it has been the subject of much
previous study. Its cross-section for thermal neutron capture is large
enough to allow both resistivity and elastic constant changes to be acéurately
measured in a reasonable length of time. The mean free path characteristic
of thermal neutrons in copper is also large enough (about 3 cm) to give a
homogeneous distribution of da@age. Because the inter-atomic potential of
copper is primarily determinag by a simple Born-Mayer interaction,gl/ most
theoretical calculations have been based on this material. -An additional

22/

reason is the availability of low-dislocation-density samples==' which may
be important in eliminating dislocation effects.

The experimental conditions necessary for this investigation also
permitted very accurate and dislocation-free measurements of the temperature
dependence for all three'independent copper elastic constants over the range

23/

from 3.6 to 45 K. Recent calculations by Garber and Granato— have
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generated interest in. just sﬁch results. Their work predicts a T4 dependence
of the moduli over this range, but disagrees with the only existing measure-
ment which is accurate enough to be compared to the theory. The results of
these measurements are also presented and discussed in this thesis.

Section II of this thesis is a description of the equipment and
techniques which were used in the investigation. The experimental results

are presented in section III, : séction.IV contains a disCussion of the:

results, and a summary is given in section.V.
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I1I. EXPERIMENTAL TECHNIQUES AND APPARATUS

The three single crystals of 99.9997% copper were prepared by
Dr. F. W. Young, Jr., at the Oak Ridge National Laboratory. The details of

22/

this procedure have been described previously.=' Three cubes approxi-
mately 12 mm on a side, with faces perpendicular to the [lOO], [011] and
(o11] directions, were each cut by an acid saw techniquegﬁ/ from a 1"
diameter cylinder about 15 mm long, and then annealed at 1050°C . for 10 days
' to minimize the number of dislocations. The nérmal dislocation density of
crystals prepared by this technique is extfemely small, on the order of
103/cm2 or less. The samples were subsequently radiated at room temperature
to an integrated dose of lO17 nvt fast neutrons to pin the few remaining
dislocations and harden the crystals.

Flat and parallel surfaces are required for ultrasonic measurements
in order to avoid interference effects. Since the usual method for doing
this (hand lapping the samples using abrasive p&wder on a granite block)
introduces new, unpinned, dislocation segments, a chemical polishing tech;
nique was used. The method is designed to create optically flat and parallel
surfaces without the introduction of any dislocations.

A polishing holder like the one shown in Fig. 1 was used. The
two pieces of this holder were carefully machined so that the bottom sur-
face of the upper plug sat parallel to the plane on which the Delrin legs
rested. These légs were mounted on the piece prior to final machiniﬁg to
insure proper alignment. The two pieces were made to fit snugly,. but

allowed to slip freely in the vertical direction.. The adjacent surfaces

were lubricated with Dow Corning Spray-Kote Bonded Lubricant. The sample
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Fig. 1. - Sample holder used for chemical polishing of the
samples. Diameter is approximately-B% inches.
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- “Delrin Legs
\ - Side View
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Fig. 1. - Sample holder used for .chemical polishing of the
samples. Diameter is approximately‘B% inches.
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was then mounted on the bottom surface of the plug, using a very thin layer
of phenyl salicytate (salol).

Flat laps necessary for the polishing were prepared by tightly
stretching thin percale sheeting (approximately 200 threads/inch) over
rectangular glass plates (about 1' X 2' X 3/16"). It was essential to keep
all materials scrupulously clean to avoid scratching the sample. Two solu-
tions, based on the work of J. W. Mitchell and co-workersgé*gé/ at the
University of Virginia, were mixed. Solution A consisted of 90 ml of con-
centrated hydrochloric acid and 10 ml of polyethylene glycol 400 saturated
with cupric chloride, Solution B was made from 200 ml each of concentrated
hydrochloric, glacial acetic and orthophosphoric acid, and 60 ml of poly-
ethylene glycol 400. The solutions were kept in tightly sealed bottles and
all polishing work was done under a fume hood.v

A lap was readied by saturating the left half with solution A and
the right with solution B. A microscope slide was used to mix the solutions
on the lap so that a gradual transition from left to right of pure A to pure
B was achieved. All excess liquid was scraped away. The sample holder con-
taining the mounted specimen was placed down on the left half of the lap.
The holder was then gently slid up .and down on the lap and gradually moved
from left to right and finally back to the left. By gripping just the outer
portion of the holder, the only significant stress on the crystal was created
by the relétively small mass (approximately 200 gms.) of the aluminum plug.
The sample always remained in direct contact with the cloth. The entire
holder was then carefully lifted from the lap, and the crystal was immediately

flushed with alcohol and dried in a stream of N2 gas. The entire procedure

took just a few minutes and was repeated, usually only once or twice, until

s
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the face appeared flat and free from scratches. The crystal was then removed
from the holder by gently heating it to about 60°C, cleaned with alcohol
and acetone, and remounted so that the opposite face could be polished.
After this, the orientations of the faces were checked by taking back
reflection Laue photographs and using the double exposure method of Ochs}gl/
All faces were found to be within 1° of the desired direction. In this
manner, a set of flat and parallel (100) faces was prepared on crystals 1
and 2, and a set of (L10) faces for crystal 3.

The measurements were taken in the Low Temperature Irradiation
Facility at Oak Ridge National Laboratory; detailed descriptions may be found

28/

elsewhere.=' It provides a relatively pure thermal neutron spectrum of
high flux at the liquid helium temperatures necessary to immobilize point
defects. This facility has been used extensively to investigate resistivity

29/

changes in many different materials.™ The one by eight inch’'cylindrical
sample chamber lies at the bottom of an 18 foot long tube. Three identical
rigs for holding the samples were constructed as shoﬁn in Fig. 2. These

rigs allowed refrigeration of the sample and contained all the necessary
electrical leads. The flexible bellows permitted the rig to be bent for more
easy transportation.

Fig. 3 shows how the crystal and résistivity samples were mounted in
the chamber at the bottom of the rig. A 3/8", 10 megahertz quartz transducer,
X-cut for sample 1 and AC-cut for samples 2 and 3, was bonded to one polished
face of each crystal. Nonaq, a commercially available stopcock grease appro-
priate for low temperatures, was used as the bonding agent. A spring loaded

aluminum plunger held the transducer and sample firmly in place and also

provided an electrical contact to the transducer. Aluminum was utilized
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Fig. 3.

Sample chamber. The location of various
components has been indicated by appropriate
arrows. The height of the chamber is approxi-
mately 4 inches.
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‘whereve; possible in the chamber because of its low cross section for‘thermal
neutroﬁ capture.

Two types of thermometry were used in the experiment. Irradiation
and reference temperatures;, always below 4 K, were determined by measuring
the vapor pressure of the liquid helium in which the sample was immersed. A
copper-constantin thermocouple was used to measure the elevated temperatures.
The tip of the thermocouple was coated with a thin layer of GE No. 7031
Insulating Varnish and epoxied with Stycast to the aluminum plate in direct
physical contact with the sample. This epoxy has a relatively high thermal
conductivity; the varnish was uséd to electrically insulate the thermocouple
from the metal crystal.

Small rectangular pieces, approximately 0.5" long and 0.002 in2_
in cross-section, were acid cut from parts of the original single crystals to
be used as resistivity samples. Three of these were etched down with nitric
acid to reduce this relatively large a/l ratio. One of these was mounted
in each holder and connected with current and potential leads as shown in
the figﬁre. A 30" length of x-act-pac heater wire was carefully soldered
to the outside of tﬁe sample can and electrically connected to a Kovar feed-
through at the top of the rig. This heater was used to supply energy for
the annealing pulses.

The velocity and attenuation system used was that discussed pre-

30/ 31/

viously byWHolder—— and Read and Holder.==" The velocity measurement is

32/

based on the McSkimin pulse superposition technique™': pulses gated from
a continuous wave are applied to the sample at time intervals of approximately

twice the round trip transit time of the signal, resulting ina superposition

of all the odd echoes. This superposition is maximized when the round trip
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transit time is a half integer multiplé of the period of the continuous wave,
corresponding to constructive interference. .Small velocity changes can be
determined by the frequency change necessary to reachieve the maximum
superposition. Attenuation values are obtained by periodicaliy interrupting
this interference condition and measuring the ratio of two successive pulse
amplitudes. On a specimen of normal attenuation, this system has simul-
taneously detected velocity changes of one part in 107 and attenuation changes
of 0.001 db/usec. Runs made during the experiment without irradiation showed
the velocity as measured by the system to Be stable within plus or minus 2‘
parts in 107 over a period of two days.

After the rigs were lowered into position, a room temperature
resistivity reading was taken and the sample chamber was cooled to liquid
helium temperatures. Tﬁis took approximately two hours. The slow cooling-
was used to lessen the risk of introducing new dislocations because of the
differing thermal expansion coefficients of the quartz and copper. This
risk was further minimized because the bonding agent, Nonaq, does not solid-
ify until well below room temperature. Readings were then made of the
resonant frequency and attenuation at various temperatures between 3.6 and
45 K. These readings determine the '"normal' temperature dependence of the
attenuation and elastic constant. The sample can was then filled with liquid
helium, and frequency, attenuation and resistivity were recorded at thé
feference temperature (approximately 3.6 K). The reactor was subsequently
turned on'and taken to full power in a period of a few minutes. The resultant
heating caused the irradiation temperature to be a few tenths of a degree
above the reference temperéture. The attenuation and resonant frequency were

monitored continuously and resistivity measurements were made periodically
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T during the bombardment. The length of time necessary for each run was deter-
mined by the rate of damage production in the sample. An average run was

‘ about 50 hours. This was considerably longer than needed to measure the

effect during irradiation, because a much higher degree of sensitivity was

needed to accurately determine the annealing behavior.

The annealing program consisted of pulsing the sample to an ele-
vated temperature (usually for a period of 15 minutes), taking measurements
of attenuation and resonant frequency at the pulse temperature, then cooling
to the reference point and again recording the attenuation and frequeucy, and
here alsd the resistivity. The long pulse duration was to énsure the attain-
ment of thermal equilibrium, which is necessary for an accurate frequency
reading. These initial "at temperature'" values include both temperature
dependent and annealing effects. In order to simplify the interpretation
of possible temperature dependent effects which might be introducea by the
irradiation, a number of "at temperature" measurements were also made for

temperatures below that of the annealing pulse after the pulse was completed;

such readings should be free of annealing effects.
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. ‘ ITI. RESULTS

A. Effects Observed at Liquid Helium Temperatures

The changes in resonant frequency measured during -each of the five
different thermal neutron bombardments are plottéd as a function of irradia-
‘ tion time in Figs. 4-8; the total resistivity change introduced by each
irradiation has been printed on the appropriate figure. During every run,

j resistivity changes were observed to be linear in irradiation time.

Figs. 4 and 5 show the results obtained from two different runs
involving the C44 mode. This crystal was annealed to 320 K prior to the
second run. The marked linearity and reproducibility evident in these
results demonstrate the high degree of accuracy and sensitivity attainable
with the pulse superposition method and give good evidence that dislocation
effects were not a contributing factor.

- Because of the duality of the data obtained for sample two, only
one irradiation waé performed with the C' mode; These results are presented
in Fig. 6. Again the linearity of the measurements is striking.

Experiments involving the longitudinal mode for measuring C11

(Figs. 7 and 8) were the most difficukt to perform. Not only was the effect
small, but sporadic jumping of the frequency bégan sometime after the first
irradiation. These unexplained jumps varied in magnitude from 10 to 50 cycles
and were always positive. Figure 7 is for the entirety of the first irradia-~
tion, where no jumping was observed. The next figure, Fig. 8, is for nine
hours near the end of the almost 138 hours of the second run. This period

was the longest monitored portion of the run which exhibited no jumps. The
gxcellent agreement between these two results, along,with evidence from other

shorter periods during the irradiation where no jumping occurred, indicates

that this measurement of the effect is a reliable one.
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Fig. 4.

The measured change in resonant frequency observed
during irradiation below 4 K, plotted versus the
irradiation time for the first G4, run. The total
irradiation produced change in the electrical
resistivity during this run was measured to be
1.230x1073 p-Q-cm.
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Fig. 5.

The measured change in resonant frequency observed
during irradiation below 4 K, plotted versus the
irradiation time for the second C,, run. The total
irradiation produced change in the electrical
resistivity during this run was measured to be
0.916X10 3 p-0-cm. This sample was annealéd to

320 K prior to the second run.
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Fig. 6.

The measured change in resonant frequency observed

during irradiation below 4 .K, plotted versus the

irradiation time for the C' run. The total

irradiation produced change in the electrical . .
resistivity during this run was measured to be

0.807X10"3 p-O-cm.
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Fig.

7.

The measured change in resonant frequency observed
during irradiation below 4 K, plotted versus the
irradiation time for the first C;; run. The total
irradiation produced change in the electrical
resistivity during this run was measured to be
0.435x1073 p-Q-cm.
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Fig.

8.

The measured change in resonant frequency observed
during irradiation below 4 K, plotted versus the
irradiation time for nine hours of the second Cjj
run. The total irradiation produced change in the
electrical resistivity during this run was measured
to be 2.654X1073 p-O-cm.
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As discussed in section II, the pulse superposition system used
in these experiments measures a resonant frequency. A change in this fre-
quency, Af, corresponds directly to a change in the transit time, A&t, of the

_sound wave in the sample -
- ——— = T = (2)

Here £ is the length of the sample and v represents the sound velocity.

This velocity'is related to the appropriate elastic constant, C, by

2
C = pyv 3)

where Pd is the density of the crystal. Therefore

AC AL 20fF
=-£+T' _ 4)

The slopes of the curves shown in Figs. 4-8 may be converted into
changes in the elastic constants by the prescription given in Eq. (4). 1In
order to do this, it is necessary to know the change in lattice parameter
which results from the irradiation. Although no direct measurement is
available for the lattice expansion created by thermal neutrons, we use

the value obtained by various authorséé#é&élé/

~using deuteron irradiation.
This value, in terms of the incremental change in resistivity, 4p, produced

by the irradiation is:

4
bp

>

3 1
pw——cm

= 1.5%10

by

This contribution to the resonant frequency change is small compared to the
total measured effects and gives only a minor correction to the elastic

constant changes.
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The resulting rates of change of the elastic constants per unit
_ . d 4nC . .
coricentration, Y, of Frenkel defects, gy > are summarized in Table 1. A
value of 2.5 p—<*cm per atomic per cent of Frenkel defects was used to

calculate the defect concentration.

Table 1

Irradiation induced changes in the elastic constants
per unit concentra;ion@of Frenkel pairs.

d nC

Run Ty

Clll - 4.6
CIIII - 4.9
0441 -15.5
04411 -16.1
c' -18.1

These values were computed using only 89% of the total resistivity
change observed during irradiation. This is based on a recent article by
36/ |

Coltman et al.;—

who discuss in detail the nature of thermal neutron damage
and conclude that only this portion of the resisti?ity change is due to the
introduction of vacancies and interstitials. The remainder is due to Zn
and Ni atoms which are the result of transmutations induced by certain of the
_capture reactions. These impurity atoms would be expected to have only a
small effect on the elastic characteristics of copper since they lie adjacent
. to it in the periodic table. This contention is further supported by the

37/

observations of Koster et al., ™ where the introduction of Zn produced less
than.a one-half of one per cent decrease in the elastic constants of Cu per

atomic per cent concentration. An additional check was made by monitoring
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the resonant frequency for a period of almost 30 hours immediately following
the irradiation of sample III. Because the conversion of Cu64 to-Zn64 or
Ni64 occurs with a half life of 12.8 hours, any significant contribution to
the elastic constant from these elements should be evident here. The fre-
quency remained constant within +2 cycles over the entire period; indicating
that no measurable contribution from thisumechanism was present.

Simultaneous attenuation measurements were also made during irradia-
tion in conjunction wifh the resonant frequency. In two of the modes, Cll
and C', the attenuation exhibited a linear decrease as a function of irradia-
tion time. These results are shown in Figs. 9 and 10. The initial atfenua-
tion of the C44 mode was considerabiy higher, and no systematic change was
evident.

After each irradiation, the samples were subjected to an isochronal
annealing program. Pulse durations were 5 minutes for the first run, C11I,
and 15 minutes for all subsequent runs. Ihe results are given as the
irradiation induced relative frequency changes‘(%g) remaining at the reference
temperature of 3.6 K after the appropriate annealing pulse.

The degree of reproducibility of the results is evident froﬁ a
comparison of the two different 044 runs. This is shown in Fig. 11, where
the results from the two funs have been normalized to the same defect con-
centration (&p = 1X10-9Cch) in order to allow a quantitative comparison.

The agreement is excellent, particularly below 35 K, and even the details of
the annealing behavior are reproducible.

This provides a crucial test of whether dislocations have contributed

to the results. Since dislocation effects are not linear in defect concentra-

tion, the results from the second run would differ from those of the first if
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Fig. 11.

A comparison of the annealing behavior found
during the two C4y runs. The results are shown
as the irradiation induced relative frequency
change which remains at the reference temperature
of 3.6 K after various annealing pulses. The
results from both runs have been normalized to
the same defect concentration (Ap=1><10"3 w-O-cm).
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dislocations were a significant factor. More importantly, if dislocations
are present in sufficient numbers to affect the low temperature (below 35 K) -
results, the pinning produced by defects mobile above 35 K would produce
effects of a magnitude several times larger than those introduced by the
bombardment. In these and all other runs the increases which resulted from
the annealing of the defects were less than the decreases.produced by. ...
irradiation.

The annealing of the irradiation produced relative frequency changes
for all three modes is' shown in Fig. 12. Two important features are evident
from the plot: 1) the annealing behavior is very different for the different
C11 aéd C44, experience a still further

decrease upon annealing. The decrease is unexpected, but apparently reproduc-

38/

ible, as evidenced by the two C44 runs, and has been observed previously.=

modes; 2) two of the constants,

The annealing of the irradiation produced attenuation changes was
found to agree within experimental error (about 5%) with the resistivity
recovery. This agreement is to be expected if dislocation effects have been
eliminated, and will be discussed further in section IV. Fig. 13 depicts
the annealing of both the resistivity and attenuation for the C' mode. The
resistivity measurements obtained during the various anneals a?e also con-
sistent within experimental error (approximately 1%), and closely follow the
results reported for more detailed resistivity studies of slow neutron

29/

.damage .=

.B. Effects Observed above Liquid Helium Temperatures

The final phase of the measurements concerned the effects of the

defects on the temperature dependence of the elastic constants. Elastic
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Fig. 12.

The annealing of the irradiation produced
relative frequency changes measured at 3.6 K
for all three elastic constants. The results
from the three runs have been normalized to
the same defect concentration (Ap=leO'3
p-0~cm). ‘
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Fig.

13.

The annealing of the resistivity and attenuation
changes produced during irradiation below 4 K
in the C! mode. ‘
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constants are a very sensitive function of temperatufe, particularly above
approximately 20 K. Since these changes are larger than the temperature
effects expected from irradiation, it was necessary to determine the tempera-
ture dependence 6f the elastic consténts very accurately prior to the thermal
neutron irradiafion. Consequently the frequency changes were measured up to
40 K for all three unirradiated sémples; the results are shown in Fig. 14.
The accuracy of the temperétures above 4 K, as determined by the thermo-
couple, should be 0.1 K at the lower temperatures and even better at the
higher ones. Normally, the frequency at 40 K was found to be reproducible
within. 410 cycles; at 10 K, this was. +2 cycles. Below 4 K, where the
temperature was determined very precisely by the vapor pressure of the
liquidvhelium, it was. #l cycle. |

The reéults are plotted versus T4 to facilitate comparison of the
results with the predictions from a recent elasticity calculation of the
temperature dependence of perféct crystal elastic constants by Garber and

3/

Granato;g— The high precision of these results for all three constants

over this temperature range provides a sensitive check of their anisotropic

continuum theory, since ‘the assumptions they made should be most valid in ‘the
low temperature regime. The straight lines indicative of the T4 functional °
dependence of the constants which is predicted by the theory, fit the experi-

mental points quite well. This agreement is in marked contrast to measure-

t al.,§§/

ments of the C in which the presence of

44

dislocations may have been a contributing factor. In fact, the reasonable

constant by Alers

agreement of the results presented here constitutes one piece of evidence for

the absence of dislocation effects.
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Fig. 14.

The resonant frequency changes measured at
various temperatures prior to thermal neutron
bombardment for all three elastic constants.
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The difference in resonant frequency between the measurements
obtained before-and after thermal neutron irradiation during various stages
of.the 15-minute pulse annealing program for all three modes are shown in
Figs. 15-18.

The firét of these plots gives the results for anneals of Cll after
the two irradiations. These curves represent points taken at each of the
pulse temperatures near the end of the annealing pulse. The two runs exhibit
qualitative agreement, but the two magnitudes of the effect do not scale aé
the total damage introduced during each run. At least four different factors
could contribute to this difference in absolute magnitudes: (1) The small
amount of total damage (about 40 cycles) present in the first run made
accurate detection of absolute changes extremely difficult. (2) Annealing
pulses for the first run were only five minutes in duration. Although this
does not appear to have had a significant effect on the resisfivity recovery,
greater instability was evident in the frequency readings, probably as the
result of a failure to achieve thermal equilibrium.' (3) It is possible that
one or more of the aforementioned jumps might have occurred during the
annealing, and (4) the large fraction of damage from the first run still
presenf in the second anneal (the sample had only previously been pulsed to
45 K) could effect the temperature dependence of the constant during the
second run.

Figure 16 shows the annealing results found at temperature for
C44 after the first low temperature irradiation. The lower curve represents

the values determined from measurements taken at each of the pulse tempera-

tures near the end of the 15 minute pulse. The middle and upper curves follow

the data taken after the crystal had already been pulsed to 45 K and 60 K
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Fig. 15,

The difference between the resonant frequency
before and after thermal neutron irradiation
which was measured at several temperatures for
the two Cyq runs. The results from both runs
have been normalized to the same defect concen-
tration (Ap=0,435X10"3 p-0-cm).
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Fig. 16.

The difference between the resonant frequency
before and after thermal neutron irradiation
which was measured at several temperatures for
the first C,, run. The lower curve represents
the values determined from measurements taken
at each of the pulse temperatures near the end
of the 15 minute pulse, - The middle and upper
curves follow:the . results obtained after the
crystal had already been annealed to 45 and

60 K respectively.
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Fig. 17. The difference between the resonant frequency
before and after thermal neutron irradiation
which was measured at several temperatures for
the second C4y run. The lower curve represents
the values determined from measurements taken
at each of the pulse temperatures near the end
of the 15 minute pulse, The upper curve follows
the results obtained after the crystal had
already been pulsed to 35 K.
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Fig. 18,

The difference between the temperature
dependence of the C' resonant frequency
before and after thermal neutron irradia-
tion, during various stages .of the annealing
program.
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respectively. A sharp dispersion is quite evident near 18 K,.which has
disappeared by the time the middle and upper curves were obtained. Also, a
muéh broader relaxation around 30 K is apparent in both these 1a£ter two
curves. |

The results obtained during the annealing of C44 affer its second
irradiétion are shown in Fig. 17. Here, the points of the upper curve follow
data taken subsequent to a 35 K pulse. It appears from this figure that the
18 K relaxation has not completely annealed by 35 K.- In contrast to Cll’
these two different runs are in very good quantitative agreement. (None of
the four factors which were mentioned above as possible explanations for the

lack of quantitative agreement in the two C runs were present in either

11

the 044 or C' experiﬁents.)

Measurements for the C' mode are presented in Fig. 18. A much
moreAdetailed annealing program was undertaken with this sample. Pulses
were first made, and readings taken, at the indicated'temperatures (curve A)
up to and including 25 K. Meésuremenfs were then performed at all tempera-
tures indicated by the points of curve B. After a hold at 30 K for 15
minutes the sample was returned to the reference point, and the temperature
region to 35 K was traversed in a similar fashion. These results are repre-
sented by curve C and the corresponding results after the anneal to 35 K are
represented by curve D. Then the‘crystal was pulsed to 40 K, and finally 45 K.
Subsequent to the_45°qulse, all points were then sampled again, and these
are fepresented by curve E.

No evidence of the sharp dispersion at 18 K which occurred in the
C,, runs is evident in these results, although the broad dispersion around

44

30 K is again present.



Iv. DISCUSSION

A. Effects Observed at Liquid Helium Temperatures

It is clear from Table 1 that ﬁo extremely large effects (dlnC/dY =
-160) were found in any of the elastic constants during irradiation; the
magnitudes of the effect for all three constants lie intefmediate in the
range of previously reported values. However, the two shear éonstanfs do
exhibit a significantly larger effect than the longitudinal constant. Fur-
thermore, the relative change in the bulk modulus during irradiation, which
can be calculated from the present results, is an order of magnitude smaller
(d1nB/dY = -2) than either of the changes observed in the two shear modes.
Therefore some consideration must be‘given to the particular constant which
was measured when comparing different studies of irradiation induced elastic
constant phanges.

Although all possible second order constant changes can be deter-
mined from'those found in the complete set of independent constants measured
here, the previously reported values werée all measurements using one of the
above constants or Young's modulus, Y. The magnitude of Young's modulus
varies for deformations in different directions. The magnitude of the irradi-
ation effect, dlnY/dY, calculated on the 5asis of the present results also
varies in the same manner, from a maximum value of -17 for deformation in a
(100) direction to =14 for a (111) direction. Since these values fall within_
the range reported above, the wide spread in the previously reported results
cannot be understood in terms of variations in behavior of the different
elastic constants.

The annealing curves shown in.Fig. 12 indicate quite clearly that

the irradiation induced changes in the three different constants do not
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recover in the same fashion. Moreover, these resﬁlts also show that the
recovery of any particular constant is different in different temperature
regions. Since these temperature regions each involve the-annealing of dif-
ferent kinds of defects, the amount of ifradiation produced change in any
given constant depends upon the kinds of defects which are generated. It is
important, therefore, to associate the elastic modulus recovery stages with
the appropriate defect recovery Stageé:characteristic of resistivity recovery.
Because only the general features of stage I annealing may be deter-
mined from the present resistivity measurements, we use the results from
other more detailed investigations pflthis annealing region. However, we must
first correct for the differences in annealing rate between these investi-
gations and the present set of experiments; For stages IA-ID the results

obtained from three different studiesg*ig*il/ agree within 41 degree K when

42/

corrected—' to the present annealing rate. The value of the temperature

where the maximum rate of annealing of each stage occurs is: IA = 16 K,

= 32 K, and ID = 41 K. The dose dependence of I, makes it

E
R . 20/
more difficult to locate accurately. From studies of slow neutron—

41/

low energy electron damage—

IB = 27 K, IC
and
in which defect concentrations comparable to
those introduced by the present irradiations were used, we estimate that IE
annealing should occur between 45 and 55 K in the present experiments.

For further simplification of the discussion, the annealing results
of Fig. 12 are replotted in Fig. 19 as the percentage of‘the total irradia-
tion produced frequency change which remains at various stages of the anneal-
ing program. The temperatures corresponding to the centers of the various

stages determined in the manner discussed above, as well as a curve repre-

senting the average of the present resistivity data are included in this



Fig. 19.

The percentage of the total irradiation produced -
frequency change measured at 3.6 K which remains
at various stages of the annealing program for

+all three modes. A curve representing the average

of the resistivity data is also shown. The tempera-
tures corresponding to the maximum rate of annealing
of the substages, which were determined in the
manner discussed in the text, have been marked on
the abscissa.
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figure. These results indicate that the annealing of the effects for all
the measured constants can be roughly divided into three different tempera-
ture regioné of distinctly different behavior.

In the recovery range from.3.6 K to a few degrees beyond the IA
peak (to about 20 K), all thpee modes change significantly more than would
be expected on the~bésis of resistivity studies. Furthermore, both ‘the Cll
and C44 constants experience an additional decrease of about '10%. Such an |

effect could be explained by the'thermal conversion of defects, or else by
, the recovery of damage which gives a positive contribution to the modulus
change. Fdr pulse temperatures in the range where the IB and IC close pairs
recover (between approximately 20 and 37 K), all three modes anpeal in a
similar fashion and all in the same manner as the resistivity. Above 37 K
(the onset of ID), the~annealinglbehavior is quite different for the three
constants, and onlf C' recovers as the resistivify. More than two-~thirds of
the relative change in 044'intrbduéed during irradiation . anneals in this
iatter temberature interval, in contfast to only .about one-sixth of that in
C11° -Approximately one-third of the irradiation produced increase in resis-;
tivity recovers in this range.

It is apparenf from the annealing results presented in Fig. 19 that
not only does the irradiation induced effect vary among the different elastic
constants, but thé effect on any éarticular constant is also dependent upon
the kinds of defects present in the 1éttice. Thus the amount of modulus
change produced by an irradiation cannot be directly related to an inéremental
change in resistivity without regard to both the particular constant being

measured and the type of damage which is created. For this reason, modulus

changes produced with different irradiation particles or with irradiation at
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’ different temperatures would not be expected to scale in exactly the same
manner -as the measured resistivity changes.

-Most of thg theoretical Work in this field has been concerned with
the-contribution to the elastic constants from isolated végancies and inter-
-stitials. The total irradiation préduced changes inélude/the effects of
close pairs as well as more co@plex types of defects, so they are not con-
venient for comparison with theory. Therefore a method is needed for
separating out the effects of free interstitials aﬁd vacancies. Since stage
‘ID is generally believed tolarise from the recombination of interstitials with
their own vacancies (the two defects being sufficiently separated that their
mutual interaction can be considered negligible), the ratio of the amount of
elastic éonstan? recovery to that of the resistivity in stage ID provides a
direct means for determining theAmagnitude of this effect. The results for

dinC/dY obtained by hsing the I_ annealing in the present experiments (taken

D

to occur between 35 K and 45 K), are given infTable-Z.

Table 2

The contributions from Ip defects to the
measured set of elastic constants

-d1lnC

Run ay
C11 11 -2
c! -15
C44 I -29
C44 II =33

It would likewise seem possible to estimate the free interstitial
contribution by using the changes observed during the annealing of stage IE.

However; the relatively small amount of I_ recovery which occurs, coupled

E
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with the aggregation and trapping of defects during the long range migration

of the interstitial, makes interpretation more difficult. The present results

4y 1o

the IE defect is only about -8. -An accurate determination of the relationship’

which are available only for C indicate that the effect (dlnC44/dY) from
between the recovery of the elastic constants‘and resistivity changes in
stage IE must await more detailed experimental results, preferably frgm
studies of small defect concentrations created by low-energy electron
irradiation.

The annealing behavior of the bulk modulus is completely différent
from thaf of all the other constants. .Since a hydrostatic stress does not
alte; the configuration of the defects in a cubic.lattice, the bulk modulus
change should be free of relaxation and polarization effects, and thus pro-
Avides the most dirgct measurement'of the bulk effect. As mentioned previously,
the change in the bulk modulus duringvirradiation, dlnB/dY, is only -2. Most
surprisingly, this effect exhibits no significant recovery during the
annealing through 45 K. In particular, no measureable change in the irradia-
tion induced bulk modulus effect occurs during stage ID’ where more than
one-third of the.resistivity damage anneals. Thus it appears that the bulk
effect from separated vacancies and interstitiéls is very small, and not
even the sign of this contribution-is evident ffom the present, or any pre-
vious experiments.

This small effect could be a result of small contributions from
both vacancies and interstitials, or else the consequence of nearly equal
and opposite magnitudes. This indication of a small magnitude (< l)'for
the bulk effect is in agreement with the range of reported theoretical esti-

mates (-10 to +10).
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If the bulk effect is indeed so small, the large decreases shown in
Table 2 must be a result of other types of contributions, such as polariza-
tion effects. In fact, this pattern of elastic constant changes is just that

43/

expected on the basis of a recent calculation by Dederichs—' of the polariz-

ability of the (100)-split, dumbbell interstitial.

Polarizability effects may occur wﬁen the defect symmetry differs
from that of the host lattice. Ih this case, the atoms associated with the
defect are no longer sitting at perfect crystal lattice sites. Therefore,
when a homogeneous external stress is applied, the defect atoms are displaéed
by an additional amount relative to the homogeneously deformed 1attice:éé/
This additional internal strain will cause a decrease in the measured elastic
constant; the magnitude bf the strain wili be determined by the effective
force constants in the immediate vicinity of the defect. Dederich's calcula-
tion indicates that certain of the force constants for the (100 )-split dumb-
bell interstitial allow large internal displacemepts, with consequently
large decreases in certéin of the elastic constants. In barticular, he esti-
mates the magnitude of the effect to be the largest in.C44, less in.C' and

almost negligible in . C -We see that this pattern is clearly obeyed by the

11’
present results. ‘A quantitative comparison must await the publication of
the details of the calculation.

The attenuation decrease which was observed in C11 and C' during
irradiation is in agreement with the expected reduction of the electron-phonon
contribufion to the attenuation. This reduction arises f;om a.decrease in
the electron mean free path due to the additional scattering centers created
by the irradiation. Electromic attenuation is discussed in detail by

45/ 46/

Pippard— and Mason,—' who use a free electron approximation to calculate
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the magnitude of attenuation, &(ngﬁgg), to be expected per resistivity incre-
ment, P. The results are different for longitudinal (L) and shear (S) modes,
and depend- upon the frequency, f, and velocity, v, of the sound wave as well

as the density, Pqs of the sample:

2 £2 (h2(3n2N)2/3 )

o = (5)
L 3 2
lSpde e p
i 3
v
3L
% = 4(VS) *L - - (6)

N is the number of electrons per unit volume and e is the charge carried by
one electron.
A comparison of the experimental results with the values obtained

from these equations is made in Table 3, and the agreement is considered good.

Table 3

A comparison of the theoretical and experimental results
for the change in electronic attenuation due to the irradiation
produced resistivity change

Mode Theoretical @ Experimental &
(db/p-sec) (db/u=~-sec)
Cy -0.0050 -0.0061
c' -0.046 -0.031

The theoretical estimate for C indicates that it is smaller than the experi-

44

mental uncertainty of the present measurements, and is consistent with the

fact that no systematic change of attenuation was observed in either of the

Y

two C44 runs. This theory also accounts for the observed agreement between

the attenuation and resistivity recovery during annealing (Fig. 13).

This is believed to be the first such measurement of the change

in electronic attenuation produced by irradiation. The results indicate that
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attenuation measurements can provide a reliable measurement of defect con-

centrations in the same sample in which elastic constant changes are measured.
This is a very useful technique, especially for megahertz . elasticity measure-
ments where sample dimensions are too large for ordinary resistivity measure-

ments to be made.

B. Effects Observed above Liquid Helium Temperatures

.1. General Formalism

The normal temperature dependence of elastic constants is a conse-
quence of the anharmonic nature of the lattice phonon interactions and a
complete description is not within the intent of the thesis. However, since
an understanding of this dependence is helpful iﬁ interpreting the irradia-
tion induced temperature dependent effects, a brief outline of the general

3/

2 . .
approach=" for calculating the temperature dependence of elastic constants

will be given here.

The thermodynamic definition of the N'th order isothermal elastic
. 5
constants, ijkz.---, in terms of the strain derivatives, Sﬁ_—’ of the free
jk 4. ;i j

energy, F, and volume, V, is:

g l
. (7
anijank[ Tt

=1
Cijkz“""v

The free energy may be written as the sum of the cohesive energy, %, the total

vibrational energy from the'phonon modes, @, and an entropy term, -TS:

F=§+z€a-TS, - (8)

o

Here € o Defining the state of zero stress as the absence
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of all vibrations, the expression for the isothermal second order elastic

constants to first order in the vibrational part of the strain, T, is then

given by:
3N 2 0 o o
T _° +_1_Zl:1 Iy ¢ © 1 (an/)(awa )COT]
iikfd = “iik4 o o.3M. .0 o o2\aT. . e} o
+J +J Ve Y ij nkﬂ w, nlJ nkﬁ
N0 ~O :
O et Sk © . D)

o _
The angular frequencies w, are the frequencies of oscillation about the

. o
static lattice; C,~ represents the Einstein heat capacity for mode & and the

(04

~0
Cs ik e

- are the static lattice elastic constants.

This general expression applies to both perfect and imperfect lat-
tices, and gives the temperature dependence of the elastic constants if the
phonon frequencies and their strain derivatives are known. Conversely, it
can be used to gain information about the frequencies if the temperature
-dependence of the elastic constants is available. The prinéipal concern of
the present discussion is the effects produced by point defects, but we first
will consider briefly a comparison of the present results obtained brior to
the thermal neutron irfadiations, with a recent perfect crystal calculation

3/

by Garber -and Granato.g— This comparison is important because the very
precise énd demonstrably dislocation-insensitive data provide the best known
experimental check presently available for the theory.

Garber and Granato calculated the temperature dependence of the
elastic constants from Eq. (9), by assuming the strain dependence of all the
phonon frequencies is the same as that in the low temperature, long wave-
length region where the derivatives can be calculated on the basis of

elasticity theory. In this manner, they find an expression for the tempera- .

ture dependence of the elastic constants in. terms of third and fourth order



72

constants. Siﬁce short rangé repulsive interactions should Be increasingly
more important for the higher order constants, they further assume that only
nearest neighbor interactions will be significant in determining the fourth
order constants. Thus they were able to reduce the final expressions to ones
containing only measured third order constants aﬁd one fourth order constant.
These final expressions for the temperature dependence of the second order

elastic constants of copper for low temperatures in terms of the fourth order

constant C1111 (1010dynes/cm2), in units of (102 dynes/cm2 Ka), are:
(C.. (T)-C. . (T=0))/T* = -(5.46x10"%)c. ... + 10.1  (10)
11 11 : 1111 ‘
(C (T)-C,  (T=0))/T* = -(2.73x10"%)¢ +5.43  (11)
4t 44 ' 1111 2
© Gy T L -(La3ex1074YC. .+ 3.76 . (12)
(T) (T=0) ' 1111

Three independent determinations of C

1111 @ be made by flttlng these equa-

tions to the experimental results preéented in Fig. 14. The values obtained
in this manner are given in Table 4; the length change correction given'in
-Eq. (4) is less than 5% in this case, and has been neglected. Also shown in

Table 4
23/

A comparison of the calculations of Garber and Granato=—
with the present results of the pre-irradiation temperature dependence.

Mode Presen§4Results2 Garber azd Granago
1
Cllll(lo dyn/cm#) Cllll(lo dyn/cm<)
~Cll 1.2 1.05
C44 o7 0.87
c' 1.3 : 1.07

the table are corresponding results found by Garber and Granato by fitting

the high temperature portion of their theory to other available data.
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obtained in both the high and

The three different'values of C

1111

low temperature regions are reasonably consistent with each other in consider-
atién of the crude assumption of a single fourth order constant. This agree-
ment is in contrast to a discrepancy of more than a factor of two obtained
with the only other previously available measurement sensitive enough to

. 9/

allow a comparison. The previous measurements were made by Alers et al.=™

for the C44 mode of copper from 4 to 21 K, but no procedure was used to check
possible dislocation contributions. Such contributions would be expected
to destroy such agreement, since dislocation effects may be strongly tempera-

ture dependent.

2. The Temperature Dependence of the Defect Contributions to the

Elastic Constants

Following thermal neutron irradiation, strong changes were observed
in the temperature dependence of all three elastic constants. The most pro-

nounced change occurs in the C results (Fig. 16), and includes in part a

44
‘sharp. drop in resonant frequency near 18 K. This temperature aependence is
in qualitative agreement with the relaxation effect which was anticipated
prior to the actual experiment. However, it is important to realize that the.
lower curve in Fig. 16 contains contributions from at least two other sources
besides the observed relaxation: (1) some annealing of defects occurs at
each temperature and (2) the defects which remain after the 45 K annealing
pulse also give a tempefature dependent effect.

In order to obtain a more quantitative picture of the anelastic

process, we first correct each point of the lower curve in Fig. 16 for the

annealing which was measured at 3.6 K. The magnitude of this correction is

evident from a comparison of the corrected and original curves shown in
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Fig. 20.. In particular, this annealing correction has practically no effect
on the sharp dispersion near 18 K. The temperature dependence from the
defects which remain after the 45 K annealing pulse is given by the upper
curve in Fig. 16. 'Consequently, we can remove this contribution by consider-
ing only the difference between the upper curve of Fig. 16 and the corrected
curve of Fig. 20, This‘difference represents the behavior of the irradiation

induced temperature dependence of the C elastic constant during the anneal-

44 _
ing from 3.6 to 45 K, and is presented in Fig. 21.

This behavior indicates that a defect is created during the irradia-
tion which introduces a sharp relaxation modulus effectAcentered about 18 K
and which énneals over the temperature interval from 25 to 40 K. -Although
a curve obtained by treating the data of C' in a similar fashion also gives
evidence of temperature dependent effects, the dependence is considerably
weaker and no indication of a drop near 18 K is present. It is ﬁot possible
to obtain a similar curve from the Cll'results because of the different
annealing program which was followed.

As mentioned in section I, this effect has been observed previously

by Nielsen and Townsend (NT),g/

who attributed it to the stress induced
ordering of the interstitial member of either the IB or IC defect. Their
obseryation that the effect occurs in the Young's modulus of a (l11)-oriented
single-crystal and not in a (100 )-oriented single-cryétal agrees with the
presenf results, which show the modulus defect occurs in the C44land not fhe
C' mode.

By combining the present 10 MHz results with the kHz measurements

of NT, we can reach more quantitative conclusions than are available from

each study taken independently. For example, the measurement of the anelastic



75

Fig. 20.

A comparison of the results for the irradiation
produced change in the resonant frequency
observed at the various pulse temperatures
during the first C,, run, with the same results
corrected for the annealing measured at 3.6 K.
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Fig. 21. The behavior of the irradiation induced tempera-
ture dependence. of the C resonant frequency
during the annealing from 3.6 to 45 K.
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contribution at two very different fréquencies provides a good estimate of
the attempt frequency. This frequency was determined to be 612x1011 Hz;
che.value.of the energy of activation is then 0.017i.002 eV. These values
are in good agreement with those reported solely on the basis of the NT

1141

experiments: 8X10 - Hz for the attempt frequency and 0.015+.002 eV for

the energy of activation.
As shown in Fig. 21, the anelastic effect anneals between tempera-
tures of approximately 25 and 40 K, in agreement with NT. Since NT were

able to observe this annealing in detail, it is possible to analyze which

of the énnealing substages should be associated with the recovery of the

anelastic process.

Although this annealing range is broad enough to include both the

IB and IC stages, we note that in the present results the center of this

annealing range lies within one degree of the IC resistivity peak and more

than 5 degrees above that of I_,. In order to determine where stages IB and

B
) . . 2,41,42/
IC occur in the NT study, we again correct the data of various authors=——
for the difference in annealing rate.ﬁg/ These results are given in Table 5.
Table 5

The location of the maximum rate of annealing of stages I and Ig
as determined by various investigators, and their predicted occurrence
in the NT experiment based on the annealing rate correction
of Nilan and Granato.40

Author IB IC
Observed Corrected Observed Corrected
Nilgy and Granatotl/ 29.6 27.7 34.5 32.3
.CSW= 26.25 26.7 31.25 31.8
Snead et al.42/ 26.5 27.9 30.5 32.3

Average . 27.4 32.1
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We note that the annealing peak of the I defect given in Table 5

C
coincides almost exactly with the value of 32 K reported by NT for the maxi-
mum rate of recovery of the anelastic pfocess. Furthermore, the annealing
of the aneldstic process does not begin (26 K) until after the onset of IB
recovery. For these reaéons, we conclude that IC is the only recovery stage
with which this relaxation may be identified.

Many attempts have been made to assign a particular latticé con- ‘
figuration to each of the three close pair defects solely on the basis of
théir relative activation energies, but this approach leads to a wide variety
of possible choices. However, the determination of the symmetry of a relaxa-
tion from the IC defect places further restrictions on these choices, and
makes a new attempt more promising.

Relaxation can occur when.an appliedvstress causes certain of the
defect orientations which were equivalent in the unstressed crystal to become
_energetically favored. 1In a cubic crystal, if the defect symmetry axis lies
along one of the symmetry directions, (100), €110) or (111), then the absence
of a relaxation in the C' mode indicates trigonal symmetry. The assignment
of the strain symmetry axis of the defect along a (111) direction by NTg/ is
.consistent with this interpretation.

For isolated defects, the symmetry axis would be expected to lie
along one of the symmetry axes of the crystal: However, for a close pair
defect the symmetry‘axis need not lie along one of the symmetry directions.
In this case, the defect orientations whose relative energies are unéffected
by a direét measurement of the C' elastic constant are those in which the

two orientations are symmetric about a (100) plane. Therefore, the type of

motion which is compatible with the relaxation observed in the present case
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must possess mirror symmetry about a (100) plane. Since the two orientations
should be equivalent in the unstfessed crystal, the vacancy member of the
close pair must also lie in the same (100) plane.

Additional information regarding the nature of the defect is pro-
vided by the magnitude of the anelastic effect. The anelastic behavior of
point defects is often discussed in terms of an elastic dipble,él/ since in
many ways the effect is similar to that experienced by an electric dipole under
the influence of an applied field. The second rank tensor, xij’ used to
describe the elastic dipole is the strain component per unit mole fraction

of defects:
€, .
A, =1,
ij acp

For trigonal defects in cubic materials, there are only two independent
elements of this tensor, Al and A\, , and only the absolute value of the dif-
ference between these two, the so called ''shape factor" lkl—kzl, can be
obtained from measurements of the elastic moduli. This difference may be

47/

found from the relation—':

ac C.V
b 4,700 2
3 (b ~)2 27( kT ) (xl KZ) . (13)
44’
" where C0 represents the molar concentration of defects and V0 is the molecular
volume.

A review of the energy dependence of the total recovery of close

48/

pairs by W. Schilling— indicates that about 8% of the total damage in the

present experiment is comprised of IC defects. Using this result and the

change of 135 Hz. in the resonant frequency indicated in Fig. 21, Eq. (13)

gives a value of 0.5 for ]XI-KZ . From the NT results, we also calculate a
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value of 0.5. This shape factor implies a difference of approximately 56%
in the strain per unit concentration of defects in two principal directions.
"The criteria then which must be satisfied for the IC defect are:
(1) it must have a low activation energy for annealing and (2) an even lower
activation energy for relaxation; (3) the relaxation must involve motion
symmetric about a (l00) plane; (4) the vacancy member -of :the close pair must
lie in the same (100) plane; (5) the relaxation must be induced 5y a measure-

ment of the C elastic constant and (6) it must be characterized by a

44
relatively large relaxation strength.

Defects whose symmetry strain axes lie along the (111) crystal
directions possess trigonal symmetry, and satisfy criteria 3, 4 and 5. 1If
we begin by considering the two interstitial types which appear to be the

9/

most energetically stable,é— the (100>-split and body centered configurations,
then.only two arrangements appear to have both a low activétion energy for
annealing and trigonal symmetry: (A) the body-centered interstitiﬁl with a
vacancy at one of the unif cell corners and (B) the {100)-split dumbbell wifh
a vacancy in the diagonally opposite 111 direction) corner.

However, the identific#tion of either of these schemes with the IC
defect is unlikely. In configuration A, the arrangement of the pair is such
that the interstitial and vacancy are next-nearest neighbors; thus only one
closer lattice position, nearest neighbor, is available for both the IA'and
IB defects. Although arrangement B appears good from a proximity standpoint
(there are at least five closer lattice positions), the requirement that the
dumbbell must move two entire lattice spacings, without annealing, and with

an activation energy less than 0.02 eV, in order to relax into an equivalent

lattice configuration, makes this arrangement highly improbable. 1In fact, it
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appears that any model which requires motion of the center of mass of the
interstitial over a distance greater than the nearest neighbor distance
cannot satisfy criterion (2).

Consequeﬁtly, we are ledlto the conclusion that it is not the
entire vacancy-interstitial arrangement which relaxes, but rather only a
reorientation (little or no motion of the center of mass) of the interstitial
member that occurs. In this case, the symmetfy information which is available
from the observed relaxation is characteristic of the interstitial motion,
and not of the entire close pair.

We first note that the flipping of a (100)-splif interstitial
between different (l00) orientations does not involve motion which is symmet-
ric about a (lQO) plane, and therefore is not compatiblevwith criterion (3).

Thus we conclude that the interstitial member of the I, close pair cannot

C
have the (100>-split configuration frequently assumed for the isolated defect.
However, the large relaxation strength calculated above (Jkl-lzl =
0.5) indicates ﬁhat the intersfitial still is characterized by some form of
splif configuration. In fact, the observed reiaxation strength is even
greater in magnitude than that estimated for the isolated (iOO)-split con-
figuration (lkl-k2| = .025,29/ 0.2121/). This large value is understandable
in terms of the.nearby vacancy, which probably allows even further elongation
of a split configuratioﬁ interstitial.> Therefore, we are.looking for a simple

reorientation of a split-configuration interstitial that involves motion

which is symmetric with respect to the (100) plane containing the vacancy.
' 52/

We use the results of a computer calculation by Gibson et al.
as a guide in selecting which of the nearby lattice sites surrounding a

vacancy provides a stable location for an interstitial atom. Their results
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for:a (100) plane containing the vacancy are shown in Fig. 22. -All stable
positions have been marked with a large cross. -Although these calculations
are based on the geometry of a <100>-s§lit interstitial, we -assume that the
somewhat different configuration to be considered below can be approximated
by these calculations.

Since the defect must possess a low activation energy for annealing
(criterion 1), we eliminate all sites further removed from the vacancy than
the site labeled 2 (site 3 and beyond). Site 2 lies along a (1009 direction
from the vacancy. This arrangement makes it unlikely that the interaction
between the two members of the close pair would create more than one equiva-
lent orientation for a split interstitial éonfiguration which would be
symmetric with respect to a (100) plane. On the contrary, it appears that
a split interstitial located here would simply point directly towards the
vacancy. However, these objections do not apply to site 1, where a split-
interstitial configuration which satisfies all the criteria may be located.

The proposed model for the,IC defect is shown in Fig. 23, with the
center of mass of the split configuration interstitial located at site 1 of
Fig. 22; the fohr equivalent positions of the center of mass of the inter-
stitial have been marked with a cross. The equivalent orientation into which
the interstitial is believed to relax has been indicated by a dotted outline.

The value of the shape factor required to give'the measured
modulus change depends upon the orientation of the defecf, becoming larger
as the interstitial axis moves closer to the (100) plane. Since the value
éf 0.5 estimated above by assumingva (111) defect orientation is already
considerably larger than the theoretical’. - magnitude of the <100>-sp1it

interstitial, it is unlikely that the interstitial axis shown in Fig. 23

lies much closer to the (100) plane than does the (111) axis.
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Fig. 22.

The stability of a vacancy and a nearby
interstitial in a (100) plane of copper.
vacancy is at the lower left corner. All
stable sites have been marked with a large
cross.

The






Fig. 23.

Proposed model for the I, defect. The four
equivalent sites for the center of mass of
the interstitial have been marked with a
small cross. The equivalent position into
which the split-interstitial relaxes.is shown
by a dotted outline.
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The close proximity of the interstitial and vacancy satisfies

criterion (1). The proposed relaxation motion is' apparently characterized
by a low activation energy (2), and is symmetric with respect to a (100)
plane containing the vacancy (3 and 4). The relative energies of the two
orientations are affected by a direct measurement of the 044 elastic con-
stant (5) and due to ﬁhe split configuration of the interstitial, this
relaxation would be expected to give a large relaxation effect.(6). There-

fore, this model of the I, close pair satisfies all the criteria discussed

c

above.
The configuration proposed here places the center of mass of the
interstitial defect in the same lattice position with respect to the vacancy

as the model suggested previously by Peretto et 1.22/

Their model was used
to explain the observation of a magnetic after-effect for the IC defect in
nickél, and involved the motion of the center of mass of the interstitial
between the four equivalent sites marked in Fig. 23. However, the model
of Peretto et gl;ég/ is based on the €L00)-split interstitial, and is incon-
sistent with the symmetry requirements imposed by the elastic constant
measurements. Furthermore, if the magnetic after-effect does involve motion
of the center of mass, the model presented here would allow such motion with
apparently only a slightly higher activation energy than that characteristic
of the relaxation.

Besides the additional temperature dependence introduced by the IC
relaXation process, further changes in the temperature dependence‘of all

three elastic constants are apparent in Figs. 15-18. We next turn to a dis-

cussion of these results,



We first note that the measurements obtained with the 044 mode

subsequent to a 60 K annealing pulse, and with the C' mode subsequent to a

45 K pulse, indicate that a signifiéant portidn of the irradiation induced
temperature dependence is due to defects which do not anneal in stage ' I. Since
annealing.behavidr was not studied above this recovery stage, ﬁo analysis of
this portion of the effect will be attempted.

We next separate the temperature dependent contributions from par-

_ticular stage I defects by looking at the change in the temperature depend-

ence of the elastic constants which occurs between appropriate annealing
pulses. The difference between the}measured température dependence after an
anneal to temperature Tl’ and that measured after an anneal to temperatureth,
gives the elastic constant temperéture dependence which is introduced during
irradiation by the defects which anneal between T1 and T2° The results
obtained with the C' mode (Fig. 18) permit separation of the temperature
dependent contributions from. the IB’ IC’ and ID defects, since the.temperature
dependence of the elastic constants of the irradiated samples was measured

44

16) only allow separation of the contribution from the IE defects, since

after anneals to 25, 30, 35, and 45 K. The results from the C,, mode (Fig.

measurements were made only after 45 and 60 K anneals. No separation is

possible with the limited C,, data (Fig. 15).

11
The change in the temperature dependence of the resonant frequency
which occurs during various annealing intervals for the C' m;de is given in
Table 6. No temperature dependent contribution is evident from the defects
which anneal between 25 and 30 K (IB region) or between 30 and 35 K (IC

region). However, a strong temperature dependent contribution to this

elastic constant does arise from the defects which anneal in the temperature




Table 6

The change in the temperature dependence of the resonant frequency
of the C' mode introduced by the defects which anneal

in three different temperature regions

: COf - (Hz) - JAf-(Hz) _Af (Hz) -
Temperature (K) Annealing Region Annealing Region Annealing Region
25 to 30 K 30 to 35 K 35 to 45 K
3.6 -- -- --
8 +2 -2
. 10 +5 -1 -6
13 -6 -3 -9
16 -5 -3 -16
18 -3 +1 -17
20 -9 +1 -22
25 -4 | +2 -37
30 -7 -48
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interval from-35 to 45 K (stage ID). In fact, the temperature dependent
part of the contribution at 30 K is about half of the zero temperature effect.
This temperature dependence from the ID defects is not characteris-
tic of a relaxation process. -Also, it would be surprising if the polarization.
and bulk contributions from the individual defects carried a temperature
dependence which is so much larger than that 6f the ideal crystal elastiq
constants. On the other hand, the large observed temperature dependence
could arise from only a small change in the vibrational contribution to the
elastic constant from the entire lattice.
The simplest interpretation of a change in the vibrational spectrum

is that the Debye characteristic temperature, 6_, has been shifted as a

D’

result of the irradiation. 1In the Debye approximatiorL,Zi/ Eq. (9) leads

to a 1/9D5 temperature dependence of the elastic constants. The required
shift of the Debye temperature necessary to produce the observed change in

Q .
the temperature dependence can therefore be found from the relation:

fd(Tl) - fd(TZ)
) - £,@,)

Ae
1

-2 _
Here, fd(T), is the irradiation produced change in the resonant frequency at
temperature T, and fp(T) is the measured pre-irradiation value of the resonant
frequency ét temperature T. The present results obtained in the interval
from 3.6 to 25 K would then require a fractional change in the Debye tempera-
ture of about 4x10-3. However, such a large change in GD is not consistent
with the observed elastic constant changes. In the Debye approximation, the
velocity of sound, v, is assumed constant, aﬁd the Debye characteristic

temperature is then defined'byéé/:

L hy 6PN |
=% Cv) o 1)
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Here N is the number of vibrational modes present in a volume, V, of the
lattice. Therefore, the change in the Debye characteristic temperéture pro-

duced by the irradiation is given directly by the change in the velocity of

sdund:
AeD Av
N 16
D

If the observed temperature dependence can be attributed to a shift of the
Debye temperature, the relative change of the velocity of the sound wave pro-
duced by the ID defects during irradiation must therefore also be on the

3. The total velocity change which was measured during irradia-

order of 4X10°

tion of this mode is less than 3x10'5, clearly demonstrating that the

radiatign induced temperature dependence is far too strong to be explained

by a rigid shiff of tﬁe lattice spectrum. /
However, a strong change in the temperature dependence in the low

temperature region could be producedvby a relatively small change in the

vibrational spectrum due to the introduction of new low frequency modes. The

11/

computer simulation by Dederichs et al.=™

predicts, in fact, the existence
of such modes for the <100>-sélit dumbbell interstitial, with characteristic .
frequencies of about 1/7 the maximum cut-off value for the ideal lattice.
-Although Dederichséi/ was concerned with the excitation of these modes by
an applied stress, resonaﬁt modes can be excited thermally as well.

| The result of thermal excitation of resonant modes may be quanti-
tatively analyzed by considering the addition of a number, N, of Einstein
oscillators,feaqh'of characferistic frequency ®_, in Eq. (9). The addi-

tional contribution to the elastic constants, Acijkﬁ(T)’ is given by:



2
Car X% ) .awE) ye an
. . Vw2 Bﬂij T Bﬂjz T (ey_l)z ‘
0 E
~0 ~O
+ ANt O k)
hwE
Here, y = XT ° and AT.is the change in the vibrational part of the strain.
From the equilibrium condition,gi/ it is found to be:
AdW_
E :
Al = - ?% 3+ ——l—) —36) o (18)
e’-1 T
If we define K1 and K2 in the fdllowing manner,
: 2 o )
. (oM vy . C 11 £ 1k o’ awE)
= 3 . )
1 v, aﬂij L) 3B oV /s
and :
| (o awE')awE»)'
= T
2 Yo'y aﬂij T ankﬂ T

we may write the contribution to the elastic constants from the addition of

N lattice modes of characteristic frequency wE as:

_ s 1, __yeY

e’-1 2(eY-1)?

Eq. (19) shows that the introduction of resonant modes into the
vibrational specttum of the lattice produces both a~éero-point and tempera-
ture dependent effect. It predicts a linear decrease of the elastic constant
with temperatdre for hwE much less than kT, and an exponential temperatufe

dependence for hwE much greater than kT, achieving zero slope at zero degrees

Kelvin. 1In fact, the qualitative temperature dependence of the elastic
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constants given by this equation is precisely the behavior exhibited by the
ID defect contribution to the temperature dependence of the C' elastic con-
stant (Table 6).

In order to determine the quantitative agreement between these
results and the predicted behavior from defect resonance modes, we may fit
the data given in Table 6 to the temperature dependent terms in Eq. (19).

In this way, it is possible to obtain an estimate of the frequency associated
with the defect which can then be compared to the results of Dederichs et

al.ll/

The measured contributions from the ID defects to the temperature
dependence of the C' elastic constant are shown in Fig. 24, along with a

curve obtained from a least squares fit of the temperature dependent terms in
Eq. (19) to this data, using wE=5X1012 Hz. 'Error bars are given on the figure
which represents our own estimate of the experimental uncertainty. Although
the curve obtained from the least squares analysis'fits the data points .
extremely well, it is difficult to assigh errof limits to the resulting values
for the three parameters. It is possible to obtain satisfactory fits to the
data with frequencies in the range (1-9)X1012 Hz. However, we may restrict
this range furtﬁer b§ requiring reasonable values for the frequency strain

12 H

derivatives appearing in K, and K,. In the range wE=(4-7)XlO z, the magni-

ow, 1 2

wE 2w

and 100. The magnitude of =— <7—=-— is a very sensitive function of frequency
w aﬂ..ankz
ij A

‘tude of L BﬂE required for a satisfactory fit varies between approximately 40
; ; . .

E ,
in this region, ranging from about -10 to +10 and becoming zero at a frequency

slightly less than 6)(1012 Hz. There are no theoretical values with which to

compare these numbers, but 1w is approximately 2 for typical lattice modes
p w 3 PP yp

2
and i é—% is on the order of 1-10. The large values obtained from the
' o ;

present results imply that the resonant modes couple very strongly to shear
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strains. If we assume the first and second order strain derivatives pro-

gressively increase, as with typical lattice modes and higher ordeE elastic

aw A%w

constants, the values for these parameters g% Asﬂg— ~ 60 and L STTEEWT_ ~
12E ij E - ij k4

3 . .
107) required to fit the results for w=5X10 Hz are not unreasonable.
However, very large values of the second strain derivative, as much as three
orders of magnitude greater than the first derivative are not to be

expected. Therefore we believe the frequency of the resonant mode is:

w, = 5x10'%430% Hz . -

This frequency compares very well with the prediction by Dederichs et _l.—l/
of approximately 6X1012 Hz for the (100)-split dumbbell interstitial. The
magnitude of £he zero-point effect calculated from Eq. (19) for this fre-
quency range is only a small fraction of the ecovery of the C' elastic
constant observed at 3.6 K between annealing pulses of 35 and 45 K.

The limited data obtained with the C mode permit only the

44
temperature dependence which anneals in'the intervallbetween 45 and 60 X
(stage IE) to be separated in the ﬁanner discussed. above. These results
are shown in Fig. 25. Here again, we observe the kind of behavior which is
expected if the defects introduce low frequency resonance modes into the
vibrational spectrum of the lattice. The fit to Eq. (19) for wE=5XlO12 H;
obtained with the C' results has been included in this figure for comparison.
Although theserresults are also in agreement with the predicted
behavior from the introduction of resonance modes, their interpretation is

more difficult than in the C' case. -As discussed previously, the small

amount of annealing which occurs in this temperature range is further
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Fig. .24,

The change in the temperature dependence of the
C' resonant frequency produced by the defects
which anneal in the 35 to 45 K temperature range
(stage ID). Since no significant change was
observed between 30 and 35 K, both the difference
between the 45 and 35 K results and between the
45 and 30 K results are shown. The solid curve
represents a least squares fit for OJE=5X1012 Hz
of the temperature dependence terms in Eq. (19)
to the results. ::The error bars represent our
estimate of the experimental uncertainty.
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Fig. 25.

The change in the temperature dependence of the
C44 resonant frequency from the defects which
anneal in the 45 to 60 K temperature range. The
solid curve represents the least squares fit of
the temperature dependent terms in Eq. (19)
obtained with the C' data for wE=5X1012 Hz. .
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complicatéd by the clustering and trapping of defects during thé long-range
interstitial migration. Hence the change in the temperature dependenée

which occurs in this interval may be significantly affected by the new types
of defects which are created. Therefore, the important quesfion of whether

the frequency found from the.C data is the same as the frequency observed

44
in the C' mode cannot be answered on the basis of the present results.

The prepeding discussion indicafes that low frequency resonance
modes cause a significant change in the normal temperature dependence of
the elastic constants of irradiated crystals. The question then arises as
to the magnitude of similar contributions to the temperature dependence of
other physical properties. For example, the vibrational energy associated
with a defect resonance mode should contribute to the stored enérgy of an
irradiated solid. Thié energy (approximately 4+><10-3 eV at 35 K for a fre-
qdency of 5,-X1012 Hz) is very small in relation to the value of about 5 eV
for the formation energy of a frenkel pair, and therefore would not be
discernible in a measurement of the stored energy rgleasedAduring annealing.
However, this effect would also contribute to the heat capacity of the
irradiated solid at temperatures below the annealing range of the defects
which possess the resonance modes. The magnitude of this contribution may
be estimated by considering the change in the heat~capacity at constént
volume, ACV, produced by N defects each with one resonance ﬁode of

23/

frequency wE—— :

i
KT

w2
) T 5 A . (20)
£
kT
e

N
By =y (

-1

The relative contribution from a resonance mode-at any given temperature to
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the specific heat is therefore determined only by its charaéteristic fre-
quency. This calculation gives a maximum contribution at a temperature near
.9 K. -At this temperature, it gives a change in the total heat capacity of

copper of 2.2)(10_4 J/mole-deg (approximately 0.5% of the total specific heat

at this temperature) for a resonance frequency of.5x1012 Hz and an .atomic

fraction of contributing defects of 10-4. For frequencies of 4x1012 Hz

12

and 6X10°" Hz, and the same concentration of defects, the change in the

total specific heat at this temperature would be approximately 0:8%.and 0.3%

respectively. Changes in the heat capacity of this magnitude can be easily

55/

measured,~ so that a measurement of the irradiation produced change in

the Heat capacity at low temperatures should permit an accurate determination

of the frequency of the resonance mode.

1

The presence of these modes should also change the temperature

dependence of the lattice thermal expansion. The magnitude of this contri-
oW
bution is given by Eq. (18). However, since the value of‘—gv is unknown, no

estimate can be given. -

The temperature dependence of the electrical resistivity (devia-

tions from Matthiessen's rule) should likewise be altered by the introduction’

of defect vibrational modes. 1In fact, the large resistivity effects observed

1/

by Magnuson, Palmer and Koehler,= and which they interpreted as a large shift
in the Debye characteristic temperatufe, are probably a consequence of the
creation of resonance modes characteristic of stage I defects. However,

the effect on the resistivity temperature dependence is difficult to analyze
quantitatively, and no estimate will be given.

In conclusion, the present results indicate that resonance modes

should significantly change the temperature dependence of
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-

- a number of physical properties. Since changes in elastic constants can be
measured very accurately at low temperétures, and because their temperature
dependence can be easily rélated to resonance mode effects, the measurement
of tehperature dependent effects of stage I.defects on the elastic constants

provides a particularly convenient means for investigating the properties

of resonance modes. -A more detailed experiment especially designed for
measuring irradiation produced changes in the temperature dependence of the

elastic constants in the range from 3 to 25 K seems quite promising.




V. SUMMARY

This thesis has been concerned with the changes introduced in the
elastic constants of copperlfrom the production of point defects by low
temperature irradiation. Four different mechanisms through which point
defects may alter the elastic constants of a metal were known prior to
completion of the present experiments: (1) bulk and (2) polarization effects;
(3) relaxation processes and (4) dislocation pinning. AAnother mechanism,

(5) the excitation of defect resonance modes, has been proposed to explain
certain of the results obtained in the present study.

By far the largest potential contribution comes from the pinning
of dislocation segments, and therefore must first be eliminated if the other
effects are to be studied. This was accomplished in the present case by a
room temperature fast neutron irradiation of low-dislocation-density samples.
There is considerable evidence to show this procedure was effective in
saturating out pinning effects: The marked linearity of the measured changes
in the elastic constants and attenuation during irradiation; the agreement
between two different C1l and C44 irradiation runs; the magnitude of the
recovery of the elastic constants during annealing, which was always less
than the measured change during irra&iation; the good agreement in the anneal-

ing behavior of the two different C runs; the increase in the attenuation

44
which was always found during annealing, as well as the close agreement
between the recovery of the resistivity and attenuation changes  produced by
the low temperature irradiation with each other, and with the theoretical
estimates; the close agreement which was found between the pre-irradiation
measurements of the temperature dependence of the elastic constants and the

23/

perfect crystal calcuiations of Garber and Granato= ; and the agreement
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between the value of the relaxation shape factor, lkl—Kél, determined on the
basis of the present results and that calculated from the Nielsen and

9/

Townsend= study.

Several features of the present experiments were essentialvin extrac--
ting accurate information about particular defects from the total irradiation
produced éhanges in the elastic constants, and in separating the contributions
from different kinds of effects. (A) The present measurements were made on a

complete set (C and C') of independent cubic elastic constants. This

11° %
allows calculation of the changes to be expected in any cubic elastic constant
(bulk modulus, Yohng's modulus, etc.). Knowledge of these changes is useful
in the comparison of different experiments, as wéll as in the separation of
various effects. In addition, measurements of the behavior of a complete set
of constants is helpful in determining the symmetry of certain of the contribut-
ing defects. (B) The high degree of sensitivity which was achieved by use of-
the pulse-echo superposition technique, pefmitted a quantitative study of the
annealiné behavior of the irradiation produced changes. This in turn allowed
investigation of the contributions from particular stage I defects. (C) The
simultaneous measurement of the resistivity and attenuation gave an accurate
measurement of the concentration of irradiation induced defects. Finally,'(D)
the measurement of the change in the temperature dependence of the elastic
constants produced by the irradiation, and its annealing, allowed the relaxa-
tion and resonance mode effects to be studied.

The present measurements of the changes in the elastic constants
during irradiation (Table 1) lie intermediate in the range of previously
reported values, and show that the wide range of reported values cannot be

understood in terms of the different elastic constants which were measured.
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It was found that the contributions from different stage I defects to a
particular elastic constant were not the same, and also, the magnitude of
the effect from a given defect was found to vary among different elastic
constants. The results obtained here can be understood in terms of four
mechanisms.

1. The bulk effect is a result of the change in number and strength of
inter-atomic bonds caused by the creation of isolated vacancies and inter-

stitials. Based on the results obtained for the chénge in the bulk modulus

dz$B) I < 1)
stage 1 ’

‘relative to the other contributions, that not even its sign is known. This

during annealing through stage I, this effect is so small (

indication of a small effect is in agreement with the range of reported
theoretical estimates (-10 to +10).

2. Polarizability effects occur for defects whose atoms are not at perfect
crystal lattice éites. In this case, an internal strain can be produced by
the application of an applied stress, and this additional strain causes a
decrease iﬂ the measured elastic constant. This effect may be,quitevlarge,
and the variation in its magnitude among different elastic constants depends.
upon the symmetry of the defect. The results obtained at 3.6 K for the
recovery of the three elastic constants and reéistivity during stage ID’ are

43/

qualitatively in.agreement with the calculation by Dederichs—' of the
polarizability of the (100)-split dumbbell interstitial.

3. Relaxation involves the thermally activated, stress-induced ordering of
preferential defect orientations, and therefore is a temperature dependent
effect. The relaxation pr;cess previously reported by Nielsen and Townsehdgl

has been observed. By combining the present results with those of NT, values

have been obtained for the attempt frequency and energy of activation which




_in the temperature dependence of the C' elastic constant induced by the I

are in good agreement with those reported solely on the basis of the NT

results. We have attributed this relaxation to the IC defect, and a model

of this defect (Fig. 23) has been proposed. No other relaxation of stage I
defects has been observed. In particular, no relaxation procéess was found

to contribute to any of the modulus changes measured at 3.6 K.

4. The excitation of defect resonance modes changes the vibratioﬁal spectrum
of the lattice. This in turn introduces both a zero-point and temperature
dependent change in the elastic modulus. The results obtained for the change

D

defects are in good agreement with the expected behavior from defect resonance

modes. Based on a simplifying assumption, the frequency is believed to be:

w = 5x1012430% Hz .

This frequency is in reasonable agreement with the value of approximately

6X1012 Hz obtained by Dederichs et al.ll/

by a computer simulation of a
(100>—split interstitial in a copper lattice. The results for the tempera-

ture dependent change in the C,, elastic constant introduced by the IE

44
defects (Fig. 25) is also consistent with the expected behavior from defect
resonance modes. However, the interpretation of the effect is more difficult
in this anﬁealing range, and it is not possible to say from the present
results whether or not the frequency obtained from these results is the same
as that from the ID defects.

Based on the vélue of the frequency obtained here, the excitation
of resonance modes should also contribute significantly to the temperature
dependence of other physical properties. In particular, low temperature

elastic constant and heat capacity measurements should serve as tools with

which to investigate this phenomenon.
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In conclusion, we turn to one of the original questions posed in
the introduction: Why is there such a wide range in the values reported by
different investigators for the magnitude of the change in elastic modulus
as a function of Frenkel pair damage? The present results indicate that
some difference is to be expected between measurements on different elgstic
constants, and with different types of irrédiation, bu£ the large differences
in reported magnitudes cannot be explained by these effects. However, some
of the other results obtained here are heipful in explaining'most of thé
- apparent discrepancies.

A brief description of each of the reporte? measurements of-irradia-
tion induced changes in the elastic modqlus is given in Tables 7 and 8. The
first table (7) is included for the sake of completeness, and lists the
studies on materials other than copper. No comparison of these results will

be attempted. The experiments involving copper are shown in Table 8.

Two of these studies, by Dieckamp and Sosin,li/ and Roth and
Naundorf,lé/ were conducted at liquid nitrogen temperatures, and both report

large effects. These large effects méy be understood in terms of the strong

change in the temperature dependence of the elastic constants which was

observed after stage I annealing.
The remaining measurements were all at or near liquid helium

temperatures. The two investigations which represent the extremes of all

12/ 14/

the reported values, Thompson et al.= and Konig et al.=" are not consis-

tent with the present results or with any other similar measurement. The

failure of Thompson et al. to observe any effect is the most difficult to

understand, especially since the experiment by Wenzel et al.ll/ is so similar

in nature. Possibly, some cancellation due to dislocation pinning effects
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occurred during the measurement. The difficulties in the Konig et al. experi-

ment have been discussed elsewhere, in terms of both the inhomogeneity of

9/

damage in their sample,=

56/

pair production rate.=™

Wenzel et al.l—/

as well as:the uncertainty in the assumed frenkel

report a‘value of -39 using reactor irradiationm,
which is. about twice as large as‘wduld be expected on the basis of the present
results if the type of damage was the same. However, the damage introduced

by reactor irradiation is more complex than.thatAcreated by thermal neutrons,
and is characterized by large depletion zones. It is quite possible that
these zones may contribute significantly to the measured modulus changes, and
thus account for the larger observed value. In fact, the annealing studies.

10/

by Ehrensperger,— show that only about 20% of the observed shear modulus
change in copper produced by fast neutron irradiation anneals in stage I.

This indicates that studies of fast neutron induced changes in the elastic :
moduli of copper are primarily measurements of othef than stage I defects.

6/

The findings of Okuda-and Nakanii,l— which give only an upper
limit on the magnitude of the effect (-80), are consistent with the present
findings. |

Excellent agreement is obtained with the Townsend et al. and
Nielsen and Townsend resultsg/ of -13+3. Excellent agreemeﬁt was also
obtained previously with their values for the parameters associated with the

relaxation process. Since deuteron and thermal neutron damage is quite

 similar in néture, this high degree of agreement should be expected.



Table 7

A brief description of the reported measurements of irradiation induced changes

in the elastic modulus of various materials other than copper

d4nC Radiation Radiation  Measurement = Simultaneous Measurement
' _E?_ Material ... Type’. ... Temperature Temperature . Resistivity Frequency
. (K) (K) (Hz)
Likhter and No effect Mg Reactor 300 300 No L=
Kikoin2Z on bulk ‘Al Neutrons
modulus )
Muss and g/ -0.44 W 13T e 300 300 No 10%-10%
‘Gerlich ., Small LiF Reactor 300 1300 No 10
et al.== : Neutrons
Folweiler'%89 _ . . Quench Quench ’ 5
Brontzen==' -10° Al (only from 300 No 10
vacancies) 800
pifarlo andy/ -(.2-1) W 13 Mev 78-90 78 No 103-10%
Hillairet - Reactor '
ELHELJQL Large ‘Mg Neutrons 80 80 No
DiCarlo ; 2.5 Mev
- =V < <
EE.él:——/ ~-11 W EléCtibnS <20 <20 Yes 600
- Chountas Reactor ‘ A
ggwgl}gl/ 3919 Ag Neutrons 25 10 Yes 140
Soulie . 2 Mev .
EE,élzéif 70 Ni Electrons 11-21 11-21 Yes 350

011




Table 8
-A brief descrlptlon of the reported measurements of irradiation.induced changes
in the elastic modulus of copper

Townsend et al.=

dZnC Material Radiation Radiation .Measurement Simultaneous Measurement
—Ev— Type Temperature - Temperature Resistivity Frequency
(X) (K) (Hz)
Present 'Cll - 4.8 . Thermal » 7
Experiment C44 .=15.8 .Cu Neutrons 4 3.6 Yes 10
.c! -18.1
Dieckamp and 1 .Mev 78-206
Sosinl3/ 140460 Cu Electrons . (gradient) 78 No 500
Roth and . -3 Mev 3
Naundorf 5/ -.75+20 -Cu Electrons 120 78 . Yes 2.5x10
Thompson none Reactor 4
et al. 12/ <11 Cu Neutrons 21 21 No.. 10
Konig et al.l%/ ~130 Cu 5.3 Mev 30 30 No 102
-4 .
Okuda ayé < -80 Cu ' Reactor <15 4 No 4)(1012
Nakanii Neutrons
Wenzl EEHélrll/ =39 -Cu Reactor
=47 Al Neutrons 4 4 Yes 50-300
-67 Pt
Nielsen and i
Townsend, -1343 3“ -lOPMe" <15 4.2 No 5-20x102

111 -
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