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ABSTRACT

Internal damping and relative Young’s modulus measure-
ments were made of single crystals of four nines pure aluminum
and magnesium and single crystals of zone refined aluminum in
the kilocycle range. Particular attention was placed on strain
amplitude dependent effects”™ measurements were made from room
temperature to 400°C at strain amplitudes from 10-? to 10" and
as a function of thermal and mechanical history. Time dependent
cffects were studied in some detail, and a correlation was made
with these effects and certain anomalies in the amplitude de-
pendent behavior. The amplitude dependent effects were
described in terms of the pinned dislocation model of Granato
and Liicke. It was concluded that this model can explain the
above findings if it is assumed that the active dislocation
density is of the order of 1/10 to I/IOO of the total disloca-
tion density. It is believed that the time dependent effects
can be attributed to the redistribution of the point-type

imperfection atmosphere surrounding the dislocations.

UNCLASSIFIED



ACKNOWLEDGEMENTS

The author wishes to thank Professor R. anoluchowski for his
encouragement and assistance throughout the course of this work.

The author is grateful to the National Carbon Company for its
generous financial aid in the form of a fellowship during the early
part of this work and to the Atomic Energy Commission for its sup-
port during the past year.

The author also wishes to extend his sincere thanks to the
following people:

L. Vassamillet for his x-ray studies and helpful discussions

J. Hall for his calibration studies

L. Couling of the Dow Chemical Company for the magnesium samples

The Aluminum Company of America for the aluminum ingots

H. S. Ingham of the Metallizing Engineering Company for his
help in the spray bonding of the magnesium samples

W. A. Tiller for the zone refining of the aluminum ingots

A. Seeger, G. Schoek, A. Granato, K. Lucke, and J,, Weertman
for helpful discussions

I. M. Chambers for the preparation of the figures.
Finally, the author wishes to thank his wife most sincerely for help

in preparing the manuscript and typing of this thesis.

i1



Part I
yvo — 772
INTRODUCTION AND THEORY

Of increasing importance in solid state physics today is the study of
crystal lattice defects. These lattice defects may be classified by speci-
fying the dimensionality of the defect: the point-type defect - missing,
misplaced, or outsized atoms; the line defect - the dislocation (see
Appendix); and the surface-type defect - certain dislocation arrays,
intra- and inter-crystalline boundaries.

The measurements reported here are believed to represent information
which can profitably be interpreted in terms of an interaction between
defects from two of these classes, namely, the point defect and the dis-
location. Conversely, if the interpretation is valid, then the model that
has been chosen to interpret the data should provide a useful basis for
further study of these defects.

Internal damping (or internal friction) refers to the dissipation of
energy which accompanies the motion of any solid which is set into oscil-
lation even though the solid may be completely mechanically and acoustically
decoupled from its surroundings. A convenient measure of internal damping,
and the one used here, is called the decrement 6

6 = AW2W
where AW is the energy dissipated in taking the solid through a stress
cycle and W is the elastic energy stored in the solid when the strain is
a maximum in the cycle.
The internal damping effects which form the substance of the present

study refer to 1) the dependence of the damping and the Young’s modulus of a



crystal upon the amplitude of oscillation, the temperature of the measurement,
and the thermal and mechanical history of the crystal; and 2) certain time
dependent effects which involve the dependence of the state of the solid
on the presence of the mechanical oscillations.
A. BACKGROUND

Much work on danping problems in Metals (1, 2) has been done on poly-
crystalline material measured at frequencies ranging from fractions of a
cycle to several thousands of cycles per second and at strain amplitudes
in excess of 10"". Most of these experiments are notable in that they
exhibit linear characteristics; that is, there is little or no dependence
of damping on the amplitude of oscillation. The theory of Zener (1), based
on the flow of macroscopic thermoelastically induced heat currents, and
linear relaxation mechanisms (2) such as the viscous flow of complex internal
(grain) boundaries, stress-induced atomic rearrangements, or phase changes
in certain types of lattices seem to explain most of the linear damping
phenomena found in the above-mentioned experiments.

There have been, however, a number of damping experiments (3 - 23)
in metals beginning with T. A. Read's systematic study of copper and zinc
single crystals in the kilocycle frequency range (3.,7,5) that show non-
linear (strain arrplitude dependent) phenomena. These experiments show that
both the decrement and the Young's modulus are strongly dependent on the
magnitude of the oscillating strain amplitude; moreover, both quantities
obey the same amplitude dependence with the ratio of the change in the
decrement to the change in the modulus being the order of unity. Since
attempts to interpret these experiments in terms of intrinsically linear

models have not been productive, it appears that the experiments showing



non-linear behavior represent an entirely different class of damping
phenomena from those classed as linear relaxation mechanisms.

There are other features which set the non-linear experiments apart
from the linear ones. The non-linear damping appears to be relatively
frequency independent (11, 35) while linear damping shows characteristic
relaxation-type frequency dependence (2). The non-linear damping is also

associated with measurements made in relatively pure material and at low

(1078 to 10-5) oscillating strain amplitudes; while linear behavior, on

the other hand, is associated with higher (10“5) amplitudes and generally

less pure substances. In fact, by increasing the impurity level, a specimen
which exhibits non-linear characteristics may change to one showin”/ (i?rll}éar
behavior (22). Damping in crystals exhibiting non-linear behavior is

greatly increased by small applied external stresses (3 - 8,10.,11i) while
annealing reduces the damping (3 - 5>7%8,10,12). In general, extreme sensi-
tivity to externally applied stresses, static or oscillating, is a characteristic
of these non-linear damping phenomena.

Thus the mechanism responsible for non-linear damping must in some way
be intimately related to those parameters which determine the mechanical
state of the metal and which can be influenced by very small applied stresses.

In 193U, Taylor, Polanyi, Orowan, and others (21t,25,26) proposed the
line-like atomic defect called the dislocation to explain the ease with which
plastic flow occurs in metals. Six years later in 1940 T. A. Read (3)
suggested that dislocation motion was an adequate mechanism to account
qualitatively for many of the observed features of the non-linear damping and

modulus change.



More of the evidence connecting internal damping in single crystals xtfith
the presence of dislocations was found by T. A. Read in 19lit His
observations showed a large increase in danping with prior application of
static stress and subsequent decrease of the damping to very low values by
high temperature annealing. He also showed that there was a dependence of
damping on orientation in hexagonal zinc where plastic flow by slip occurs
only along the basal planes.

Another phenomenon that Read observed was the difference in the damping
behavior between the metals zinc and copper. Zinc was found to exhibit
definite time dependence: the decrement increased as the result of the oscil-
lations that were necessary to make the measurement and decreased with time
when the crystal was left undisturbed. Copper showed none of these time
effects. The differences between zinc and copper were attributed to the
difference in melting temperatures of the two metals; thus room temperature
represented a higher effective temperature for zinc than for copper. Time
effects in zinc were discussed in terms of dislocation mobility involving a
balance between the numbers created by the vibrations and the numbers lost
by migration out of the crystal.

In 19118 (27) Cottrell showed that point-type imperfections can interact
strongly enough with dislocations to impede their motion and thus affect
significantly a number of the plastic properties of crystalline materials.

Later (1950) T. A. Read suggested (29) that the essential difference
between the time dependent behavior of zinc and copper probably lies in the
different diffusion rates of foreign atoms in the two metals at room temperature
the foreign atoms diffusing to and influencing the motion of the dislocations.

In 1970 both Koehler and Nowick (28,30) proposed dislocation models to

explain non-linear damping. Both of these models recognize that in addition



to dislocations, point-type imperfections are important to the understanding
of these phenomena. Recently, Weertman (33) and Granato and Lucke (36,37)
have constructed more elaborate dislocation-point imperfection models. These
models will be discussed in the following sections.

B. THE KOEHLER MODEL

Koehler's modej/considers a metal to contain long lines of dislocations
held down or "pinned” at intervals along the lines either by other inter-
secting dislocations or point-type imperfections. The interaction with the
point-type imperfections is assumed to be given by the Cottrell elastic
binding (27). The resolved shear component of a stress applied to the
specimen causes the segments between the pinning points to bow out in the
slip plane (see Fig. 1). The pinning points are assumed to remain immobile
during the time of application of the stress because the diffusion jump time
for most pinning points is generally larger than the period of the applied
stress.

An internal damping experiment would then consist of applying a rapidly
alternating stress to the specimen making the pinned dislocation lines vibrate
like an elastic string held at points along its length. As the maximum
value of applied stress increases, the Cottrell binding force will be exceeded
at some places along the line and the dislocation torn loose from the pinning
points resulting in a sudden displacement of the dislocation line during the
first and third quarter of each cycle. Koehler assumed that during the
second and fourth quarter of each cycle, the dislocations were repinned.

Since (31) a displacement of a dislocation means that more total strain
results from a given applied stress than would otherwise occur if the dis-

location were either not present or considered immobile, the dislocation



displacement is equivalent to a decrease in the effective Youngrs modulus.
The depinning mechanism can then account, at least qualitatively, for the
amplitude dependence of Young’s modulus. Koehler also assumed that the
motion of a dislocation is damped according to an interaction with the
lattice which gives a velocity dependent retarding force. In Koehler’s
model, then, the amplitude dependent depinning mechanism would result in an
amplitude dependent damping since depinning would allow more dislocation
length to move at higher amplitudes and, hence, dissipate more energy.

A direct consequence of assuming that the damping force is velocity
dependent is that the damping will depend in some manner on the frequency of
oscillation. The details of the frequency dependence vary with the particular
model chosen.

Koehler applied his model to measurements of single crystal copper and
lead by Marx (12) and found that the magnitude of the damping predicted
from estimates made by Eshelby (31); Leibfried (£3)» and Nabarro (54) of
the intrinsic lattice damping constant was about 100 times smaller than that
needed to give the magnitude observed. Marx (35) found evidence that the
damping increases only slightly with increasing frequency in copper crystals.
0. THE NOWICK MODEL

A. S. Nowick (28) also made damping and modulus measurements in single
crystal copper in the kilocycle range. His data had the typical non-linear
characteristics noted previouslyj in addition, he found that the ratio r
of the modulus change to the decrement change which Read had found to be
independent of amplitude was independent of frequency and temperature as well.

In Nowick's attempt to explain non-linear damping phenomena, he examined
two formal mechanisms: A) a non-linear relaxation mechanism which because

it is a relaxation mechanism is frequency dependent; and B) a non-linear static



hysteresis mechanism which is frequency independent. He showed that
mechanism A predicts different frequency dependence for the modulus change
than for the decrement change and also that the ratio r defined above is
dependent on temperature. Both of these results contradicted his data, but
the hysteresis mechanism did not; furthermore, the particular hysteresis
mechanism that he used predicted the wvalue of the ratio r to be between 0
and 4, which was verified by his data.

Any static hysteresis-based mechanism must stand or fall on a determination
of whether the damping phenomena concerned is frequency dependent. Some of
Read’s data seems to show a frequency dependence; Nowick's did not. Other
authors find mutually contradictory evidence for this dependence. Nowick
pointed out, however, that since non-linear experiments generally were made
by resonant techniques, different frequencies could only be obtained by going
to higher harmonics; and this meant measuring, in effect, different parts of
the crystal because the maxima in the standing wave pattern must shift position
with different harmonics. Variations, therefore, in dislocation density
along the specimen could cause an apparent frequency dependency where none
may in fact exist.

The following phenomenological approach to damping problems is also due
to Nowick (2); Suppose a solid is subjected to an oscillating stress T given
by the real part of TO;EiCO , where (0 is the angular frequency of oscillation
and t is time. Consider that a maximum principal strain in the oscillating
solid is composed of two parts: Se - the elastic component and Sp - the
plastic or non-elastic component. Suppose also that in this body the non-
elastic component Sp lags in phase behind the elastic component Se . Complex

notation will be used to express components with their phases so that Sp is given by



where is that component of Sp which is in phase with Se , and S 1is the
component lagging 90° behind Se. The total strain SQ is then given by

So - S€ t Sp
or

S0 =se + st~ {Sp Cui]

If the non-elastic components do not exist, the stress and strain are assumed
to be related by the elastic relation

T = IS k.2)

where there exists the periodic sinusoidal solutions

7601" .
x = T,,e [i.3]

and
g 2 * 50 [Lu]
If the non-elastic strain components do exist, Cl.| and [L1?! will not
be solutions to [1.3. Ifthe non-elastic components are non-linear functions
of the stress. Cl.2] will be a non-linear equation with CL.31 and D-.U] replaced

by Fourier series solutions. Simple approximation solutions to Ci.l] may be

obtained by standard techniques employed in solving non-linear equations (32)
for the condition that both non-elastic components of strain are small by

comparison to the elastic component. These approximate solutions are
M [1-3)

. . rwt

s=(sp ts1 -1s" )e

where [1.3] and [1.!”] are regarded as the fundamental Fourier components,
and the higher order components are ignored. The lag angle 4 is then given by
G- s« /se [1.5]

Furthermore, from the definition of the decrement 6 given on page 1,

6 =ir<> . [1.6]



The dynamic modulus is defined as

Y* H -2a.
Sp -h Sp
If s*p« se.
Y« = Y(1 - /Se) &.7)

or defining the modulus change AY =Y - Y,
SAY/Y - S, /A [1.8]

The decrement is thus proportional to the out-of-phase component of
the non-elastic strain, and the modulus change is proportional to the in-
phase non-elastic component,,

Combining by eliminating the parameter )¢ yields
(again for and S small) a quasi-linear stress-strain hysteresis loop.

To the approximation that the first Fourier component is an adequate solution,
this loop is an ellipse with major axis having a slope proportional to the

The area contained within the loop
is, of course, equal to AW, the energy dissipated per cycle.

It can be seen from the above considerations that almost all the essential
features of damping phenomena are contained in the knowledge of the form of
the dependence of the non-elastic strain components on the total stress and
in whether the hysteresis loop is dependent on the frequency.

Nowick interpreted his static hysteresis mechanism in terms of the
hysteretic displacement of dislocations. Dislocation lines are considered
to be pinned at low total strain amplitudes and progressively unpin with
increased amplitudes as in the Koehler model. Nowick’s model does not assume
that the dislocations become repinned to the same pinning points on the return
quarter cycle, however; he assumes that as they unpin, they move rapidly to
other potential minima near by.

Since this model makes no use of a velocity dependent damping force and

since the time required for the dislocation displacement to occur is considered
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to be negligible compared with the period of oscillation used in most experi-
ments, i1t meets the requirements of a static hysteresis model. Nowick did not
extend his model to find an expression for -the amplitude dependence of the
decrement and modulus changej he did, however, consider the reasons for the
observed dependence of these quantities on temperature. The pinning point
population and, hence, the form of the relations between the amplitude and
the non-elastic strains were postulated to depend on a Boltzmann factor:

the fraction of available pinning sites left unoccupied was taken to be
proportional to exp(-V/KT) where V is the interaction energy between solute
atoms and the dislocation. The value he obtained for V was 0.062 eV for the
interaction in copper; this is believed to be of the correct order of
magnitude for most soluble solutes in copper.

D. Tfti2 WEERTMAN MODEL

Weertman and Salkowitz (19) obtained much detailed damping data at
kilocycle frequencies in lead and lead alloy single crystals. Their lead
data was characterized by a large zero amplitude decrement and the typical
non-linear amplitude dependence of the modulus and decrement.

The model (33) used to explain this data was a modification of Nowickrs
non-linear static hysteresis mechanism. The pinning feature was abandoned
since Cottrell binding calculations indicated that the solutes in lead could
not interact strongly enough with dislocations at temperatures encountered
in their work (27°C and up).

In place of pinning, a collective long-range interaction with solute
atoms was used based on a solution-hardening model due to Mott and Nabarro ($5)o
By relinquishing the concept of pinning, the Weertman model emphasizes the

explanation of the amplitude independent region of damping and provides an
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analytical expression for its value:

¢, 0-02NAD [1.9]
where ~ 1is the zero amplitude decrement, N the total active dislocation
density, A the average distance between impurity atoms that interact with
the dislocation, b the Burger's vector, p, the shear modulus of the lattice,
andOM is the average retarding stress on the dislocation due to the random
array of impurity atom stress fields calculated from the theory of Mott
and Nabarro. The relation [1.9] does produce values for 60 that generally
give the correct order of magnitude, especially if it is assumed that not
all the dislocations that are estimated to be in a crystal are participating
in the damping process.

Weertman (37) also extended his model to explain the zero amplitude
damping at high temperatures. The work of Pittenger (13)» Birnbaum and
Levy (18), Beshers (20), Kamentsky (21), and the present research all indicate
that at temperatures above 100°C the zero amplitude damping in most metals
rises very rapidly, showing only a slight tendency to saturate at the highest
temperatures.

Weertmanls high temperature model assumes that the nodal inter-
sections formed by intersecting dislocations remain fixed during the internal
damping measurement. Upon application of stress, the dislocation length
between the intersectional nodes bows out in the slip plane reaching an
equilibrium position determined by the balance between the force due to the
shear component of the applied stress and the dislocation line tension. The
dislocation line moves through a random distribution of point stress fields
due to the dissolved unsegregated impurities. Weertman considers the motion
of such a dislocation to be made up of a series of jumps made by short,

coherent subsections of the line to new low energy positions. Each elementary
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jump advances the whole line a certain average distance. Thus the line as
a whole may respond to an applied stress only by moving in jumps into dis-
crete energy wellsj the energy of the bottom of each well increases for
wells farther removed from the zero stress equilibrium position.

The height of the energy barriers separating the wells will depend
on the applied stress in such a way that thermally activated jumps of the
sub-lengths are more probable in directions that a free dislocation would
move under the same stress. With this model, Weertman sets up a rate
equation the solution of which is similar to the equation of motion of
an inertialess elastic string undergoing forced oscillations and damped by
a velocity dependent retarding force whose damping coefficient B is temperature
dependent. The form of his solution is

6 = Ij.ioJ
where 6 is the decrement, A the dislocation density, o] the angular frequency,
C the dislocation line elastic restoring force, and A a constant depending
on the properties of the lattice.

The relation (l.ioj predicts a peak in the decrement as the temperature
is raisedj however, in the experiments that have been performed at low
amplitudes, the temperature could not be raised high enough to find the peak.
By performing experiments at lower frequencies, the peak temperature can be
lowered; but it is difficult to do experiments at low enough amplitudes for
low frequencies. The above mechanism is wiped out at the amplitude usually
employed in low frequency damping experiments. [1.i0] reduces to

6 = 6, exp(-q/KT) [1.11]
for temperatures on the low side of the peak. Both Q and 6, can be determined
by Weertman's analysis. Comparison of the activation energies Q obtained by

the above-mentioned investigators with that predicted by Weertman's formula
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indicates that his value lies consistently below the observed values by
about 20 to 50 per cent where the mechanism should be applicable,
E. TEE GRANATO-LUCKE MODEL

The most extensive effort to construct a dislocation model that can
be compared quantitatively with damping data was undertaken by A. Granato
and K, Liicke (36%*37)e

They took as a starting point the Koehler pinned, velocity damped dis-
location model described in Section B, To obtain quantitative results,
they considered in detail the action of an applied shear stress on a pinned
dislocation. Consider Fig. 2. A dislocation of length is shown held at
its extremities by nodal intersections with other dislocations. Pinning
points are distributed along the length of the dislocation, dividing it into
loops which have lengths JI ranging from one lattice spacing to a maximum of
nearly L]\, The average of this distribution of loop length is designated as
Lc. With the application of a shear stress, the loops bow out in the slip
plane (the plane of the paper) as is shown in A. Opposite A is plotted the
resolved shear stress vs. the shear strain contributed by the displace-
ment of the bowed-out dislocation. If the stress were released at this
point, the line would return elastically to the equilibrium position under
the restoring force produced by the line tension of the dislocation. B shows
a depinning event where the applied shear stress has exceeded the pinning
point binding force at a pinning point which is flanked by two long loop
lengths. Once the line has started to break loose, the rest breaks away
catastrophically as is shown in C. Breakaway is thus nucleated by a chance
"weak" configuration of two long loop lengths placed side by side. The

effect of breakaway is to increase the dislocation strain irreversibly
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for now the freed loop has a smaller restoring force and will return over a
different path in the stress-strain diagram (D, E) on the second quarter
cycle. It is assumed that the dislocation will be retrapped by the pinning
points, and similar events will occur on the third and fourth quarters with
the signs of the stress and displacement reversed.

A hysteresis loop is generated by this elementary breakaway process;
also on the average the "modulus" is lowered when breakaway occurs. It is
seen from this model that as long as the applied stress amplitude does not
exceed a certain value determined by the parameters - pinning binding force,
number of pinning points, distribution of pinning points, and the dislocation
network length LiJ - danping due only to intrinsic velocity damping and a
small modulus change is predicted. When the breakaway stress is exceeded,
a large increase in damping and modulus, both of hysteretic origin, is
obtained.

Granato and Lucke then calculate the effects of all the active net-
work length in the crystal by making the following assumptions: 1) All
the network lengths are the same size; 2) At resolved shear stresses

below breakaway, the loop lengths X are distributed according to the Koehler

relation (30) . i _
N@)cU = di O<<1c LN

Lc N
where N(™M)d”™ is the number of loops with lengths between™ and ™ + d£;

Lc is the average loop length; A- is the total length per unit volume of the
dislocation segments taking part in the breakaway process. As the resolved
shear stress exceeds breakaway, the distribution function N(X) changes to
Nf (i/) for the first quarter of the cycle and to NA(",) for the second quarter

of the cycle where N ef KU.U.LJJI
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where -AQ- f fm is the Cottrell binding force, <r is the applied

stress, F is the fraction of the network lengths in which the catastrophic
breakaway has occurred, and K is determined by the conditions that the length
of line lost from the exponential distribution is gained by the delta
distribution. In the second quarter cycle when the stress is decreasing, there
is no change in the distribution of stress because the loops return elastically,.
Thus (1)d”™ is the same as NJ(“(“corresponding to the largest stress ob-
tained during the first quarter cycle. Fig. 3 shows how N’(/) changes with
increasing resolved shear stressed and also how the total dislocation

strain Sx depends onO". In A the stress has just exceeded breakaway, and the
number of completely depinned network lengths is beginning to increase. In B
further increases in stress begin to depopulate completely the shorter

pinned loops, and in C the stress has reached such a value that nearly all

the network lengths are unpinned.

Having found the equation of the hysteresis loop as a function of stress
amplitude in terms of the parameters of the model, an application of the
linearization techniques discussed in Section C yields the relations given
in Fig. for the amplitude dependent decrement and modulus change.

Since velocity dependent intrinsic damping is also assumed, the model
must predict a frequency dependence; it turns out to be relatively insigni-
ficant in the kilocycle range but becomes important in the megacycle region
when dislocation resonance effects occur,

Granato and Lucke have examined in considerable detail most of the
available data that shows non-linear behavior in terms of their model and
find reasonable fit by assuming plausable values for some of the more

inaccessible parameters, e.g,, Lf
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Part 11

EKPERIMENTAL CONSIDERATIONS

A. METHOD OF EXCITING AND DETECTING SPECIMEN OSCILLATION

A resonant bar technique is used to measure the decrement and effective
Young's modulus. The method used to excite the specimen into longitudinal
oscillation and then to detect the oscillation appears to have first been
reported by Wegel and Walther in 7935 (©~0). Subsequently, other investi-
gators have used substantially the same technique of making measurements
of damping and Young's modulus at temperatures up to 500°C (13). As used
in the present experiment, this method consists of supporting the bar-shaped
specimen horizontally on wires placed at the center of gravity of the bar
(see Fig. 7). Longitudinal standing waves are induced in the bar by means
of a telephone-type electromagnetic exciting unit which superposes a DC
magnetic field on a variable AC magnetic field. The theory of this kind
of driving unit is found in (111). Since the specimen is non-magnetic, the
force coupling between the bar and the electromagnet was provided by a
thin magnetic disc cemented to the end of the bar. The specimen oscillation
is detected by means of a variable reluctance magnetic pickupj the wvariable
component of the magnetic circuit is another magnetic disc cemented to the
pickup end of the specimen. The alternating voltage developed in the pickup
coils is measured by an electronic voltmeterj it is also amplified and
displayed on a scope. Generally, this output signal is the sum of 1) voltage
induced in the pickup coils as the result of the moving magnetic disc,
of 2) air coupling to the pickup coils - the exciting magnetic field as the
sourcej and of 3) air coupling to the pickup coils - external background

fields as the source. Since only the specimen signal is desired, 2) and 3)
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should be eliminatedj 2) can be practically removed by taking the signal from
the exciting unit and retarding its phase 180°, adjusting its amplitude, and
then feeding it into the pickup circuit thereby cancelling out the undesired
component. The cancellation was accomplished by the procedure indicated
in the block diagram shown in Fig. 5 where, by manipulating in space two
oppositely wound auxiliary coils, each in series with the exciting and
pickup coils, cancellation could be effected. Both 2) and 3) were reduced
considerably by surrounding the pickup coil with a high frequency eddy
current shield. Aluminum sheet 1/S" thick proved to be effective for this
purpose. Once a reasonably pure specimen signal was obtained, it was
important to know whether a given change in the specimen oscillation ampli-
tude was accompanied by a proportional change in output voltage; i.e., how
linear was the pickup. It was also necessary to be able to calibrate the
output signal, i.e., to find out what maximum strain corresponded to a given
output voltage. Of course, i1f the maximum strain in the specimen and the
mode of oscillation is known, the distribution of strains can be determined.
Both the linearity and the calibration of the pickup was established
by substituting a quartz piezoelectric assembly for the specimen. The
details of the piezoelectric assembly are discussed later in Section B. The
essential features were as follows: A dummy of the specimen as regards to
size and approximate fundamental resonant frequency was used. The same
magnetic discs were attached to the dummy as were attached to the specimen.
Reproducible geometry with respect to exciting unit, pickup, and specimen was
maintained. The piezoelectric dummy output voltage was related in a known
way through the piezoelectric and elastic constants of the quartz to the

maximum strain amplitude in the dummy. By comparing the piezoelectric
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output with, the electromagnetic pickup output, a calibration was made (see
Section D for another calibration method). It was also established that
the pickup was linear to within several per cent through the strain range
employed in the present experiments. These measurements were made at

room temperature. Pittenger established (Ii2) by a similar piezoelectric
technique that the same pickup as was used in these experiments was linear,
again to within several per cent, at temperatures up to 260°C. He also
concluded that the calibration was essentially unaffected to within several

per cent up to 2600C,

B. APPARATUS DETAIL

Fig. 6 shows the apparatus used in making most of the present measure-
ments. The pickup magnet has been pulled out of position to show the
placement of the specimen in the apparatus. The exciting unit or drive
magnet is opposite the pickup. Both magnets are held by stainless steel
supports which slide in stainless steel channels parallel to the specimen
axis. Motion of the supports is controlled by backlash-free micrometer
screws. Both support channels in turn are constrained to move on the
opposite ends of an aluminum base rail. Removable pins can lock both of
the steel support channels at desired positions along the rail. There
exists a unique pinning position on the rail for each specimen such that
a given magnet-specimen gap width can be maintained which is relatively
independent of temperature. The correct location of the channel pins
was determined in two steps for each specimen: The first was made by
calculation using available coefficients of expansion for aluminum, stain-
less steel, and specimen material; the second involved setting the gap

width near zero and using the resistance indicator as described later in
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Section D to determine zero gap as the temperature increases. This method,
of course, assumes that the first approximation is in error such that the
gap closes with increase in temperature.

The use of the adjustable mounting on a central aluminum rail proved
to be quite effective in solving the gap-width temperature dependence
problem. As long as gap widths not less than 15 mils were used, it is
believed that errors introduced in the strain amplitude calibration constant
from changing gap width with change of temperature did not exceed five per
cent.

Since it was necessary to eliminate air damping, provisions were
made for enclosing the specimen in a vacuum while measurements were made at
elevated temperatures. FEarlier measurements were made by introducing the
entire magnet-rail assembly into a vacuum chamber during a measurement run;
the pressure obtainable was of the order of several microns - good enough
to reduce air damping to a value not measurable. Later measurements were
made in the apparatus shown in Fig. 6§ the vacuum chamber enclosed only the
specimen and specimen holder. Much better vacua were obtainable (10“3 to 10~k
microns)j and hence, there was better control of the gaseous atmosphere
surrounding the specimen. This latter design was prompted by the possibility
of performing controlled hydrogenation experiments on magnesium single
crystal specimens with the specimen in situ during gas charging. Results
of several preliminary experiments in this direction will be discussed
later in Part ‘F.

In order to be able to control the gap width while maintaining a
vacuum around the specimen, the vacuum case had to possess a certain
mechanical flexibility in a direction parallel to the specimen axis. This

flexibility was achieved by two large metal diaphragms which were hard
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soldered to the stainless steel "Oll-ring plates. Metal O-rings were used
to provide a high-temperature seal. The most satisfactory metal was found
to be either copper or commercially pure aluminum. The rings were fabri-
cated by welding a stack of square metal plates together, turning out the
inside, then mounting on a mandrel, clamping, and turning off the outside
to the required dimension. The metal O-rings were coated with silicone
varnish and baked at 1i00°C. This coating allowed a very good vacuum to

be maintained even when the apparatus was cycled through a large temperature
range *

Since temperatures in excess of li00°C were encountered, all joints
had to be hard soldered; furthermore, since emphasis was placed on low
contamination of the specimen, zinc- and cadmium-free solders were used.
Most of the vacuum case was constructed of 1/8"-wall copper tubing. The
ends of the tube that fit against the drive and pickup magnets were
covered with 6-mil hipernik alloy sheet and hard soldered. It was found
that this material was vacuum tight and gave very little eddy current loss -
an iigportant consideration when working xdth frequencies in the ten's of
kilocycles range.

Details of the specimen support can be seen in Fig. 7. The arms
and base of the support are made of a single 20-mil tantalum sheet drilled
and bent into position. Tantalum wire of 6-mil diameter was threaded
through the drilled holes and around a slightly undersized mandrel; then
the two ends of the wire were twisted together. By slightly pinching to-
gether the support arms, the loop was enlarged; the specimen was then
slipped through the loop and at the specimen's midpoint, the support arms

were released; the loop shrinks, holding the specimen. Numerous experiments
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show that the placement of the loop was not critical to within 1/16” on
either side of the geometrical midpoint for reasonably uniform cylindrical
bars. The support also functions to stabilize any imbalance between the
opposing DC horizontal thrusts of the drive and pickup magnets.

The support is screwed into a fixture suspended from the top of the
vacuum case through an insulating Stupakoff seal which is hard soldered
to the case. The electrical insulation thus achieved was essential to the
location of the zero-gap setting as was mentioned previously.

Both drive and pickup magnets were the same magnets as were used by
Pittenger (h2,13) in his work on the temperature dependence of kilocycle
damping in aluminum and magnesium. Their construction details will be
stated here; for further details, the reader is referred to Pittenger*s
thesis. The magnet cores are made of 4O five-mil hipernik (high-permeability,
550 per cent iron, “0 per cent nickel alloy) sheetsS a silicone high-temperature
varnish was used to insulate the laminations. Laminated construction was
essential to reduce eddy current losses; and hipernik, when properly
annealed in hydrogen, possesses a very low hysteresis. The cores are in the
shape of a squared "C" with DC and AC coils on each arm of the "C." The
separation distance of the tips of the arms is 1/16n. The coils are wound
on pyrex spools with No. 2k double silotex-covered magnet wire. In operation
the DC coils carry 0.10 amps supplied by a 12-volt automobile battery. The
voltage applied to the AC exciting coils varies from approximately 1/10 of
a volt to 10 volts depending on the response of the specimen. The impedence
of the coils is about 2000 ohms at 15,000 CPS. The geometry of both drive
and pickup magnets and the coils is the same.

The horizontal thrust on the specimen due to the DC biasing field was

1) gmf at the gap width used in the experiments (15 mils).
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C, MEASUREMENT OF THE EFFECTIVE YOUNG'S MODULUS AND THE DECREMENT

The raw data of the present experiments appear in the form of response
curves as illustrated in Fig. 9. In this figure is plotted the output
voltage from the pickup, calibrated in terms of maximum strain amplitude vs.
the exciting frequency for wvalues of relative driving force. Note that the
shape of the response curve changes as the driving force, and consequently,
the strain amplitude increase. For small amplitudes the response is
essentially symmetrical about the central maximum and is thus character-
istic of the behavior of a linear oscillator. For this linear type of
response, the frequency corresponding to the position of the maximum is
the resonant frequency f1p. As the strain amplitude increases, the res-
ponse curve leans to the left and, finally, for large enough amplitudes
becomes double valued. This double valued behavior means that different
maxima can be obtained by traversing the response curve in different
directions since there are unstable positions on the curve. The maximum
obtained by descending from higher frequencies corresponds to a frequency
called fr1.

The peculiar response behavior noted above is characteristic of a
driven oscillator whose restoring force decreases as the amplitude of
oscillation increases. This kind of oscillator is called a soft non-
linear oscillator (!1?7).

It can be shown (5?) that the relation between fr' as defined above
and the geometrical and physical constants of a long, thin, homogeneous,
quasi-non-elastic, non-linear bar oscillating in the fundamental longitudinal
mode is

pRLfH2 = ~ - Y.(S) - yeEl) ) [2.1]

q<«¥Fe,
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where p is the density, L is the length, and Y0 is the linear Young’s modulus
of the bar. Y( is a small, strain amplitude dependent term and Y” is a small
term dependent on the damping/gvhich in turn may be dependent on amplitude»
Thus in an isothermal experiment,

2APR) . AY(S)
fr ° Yo

(2-
where AY(S) = Y((S) + YMDLCS)) .

In the present experiments where the decrement hardly ever exceeded
5 x 103, the size of Y”" could not have been larger than 1/20 of the observed
modulus decrease AY(S); thus AY(S) can be attributed to Y((S), the non-linear
modulus term with only a slight contribution from the damping term. It
is also qualitatively reasonable that most of the frequency shift with
anplitude is due to an increase in the size of the non-linear modulus term
because of the large jump effectj a shift in the frequency caused by an
increase in damping is not accompanied by a jump effect.

Since the response curve at low strain amplitudes approximates the

low amplitude

characteristics of a driven linear oscillator, thg/decrement may be measured
by observing A) the damping coefficient for free vibrations, B) the frequency
width of the half power points on the resonance curve, and C) the ratio of
the driving force to the amplitude at resonance (2).

As the response curve becomes asymmetrical and shows signs of the
jump effect, methods A and B.cannot be usedj only method C is applicable (57?)
as long as the modulus shift does not exceed several per cent. Method C,
however, presents the difficulty that if used by itself, the absolute value
of the maximum driving force and the maximum strain amplitude must be determined.

Method B and C were used together in measuring the decrement. In

method C, the driving current and output voltage were observed, the latter
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being calibrated in terms of maximum strain amplitude by the method
described in Section D. By measuring the decrement at low amplitudes by
both methods B and C, the proportionality constant between the driving force
and the driving current was determined. Method C was then used to obtain
the decrement in the non-linear region.

The resonant bar technique necessarily yields values for the decrement
and modulus change that have been integrated over a range of amplitudes
from nearly zero at the ends of the bar to a maximum at the strain anti-
nodes. It can be shown by the application of perturbation theory (58) that
the integration over the bar gives for the integrated fractional frequency

change Af/f as a function of the maximum strain amplitude Smax the following:

S(x)= SASinCrfx/L)

where x is measured along the length of the bar, S(x) is the strain amplitude
along the bar, L is the length of the bar, Af is the change in f associated
with the change AY in Y, and f is the resonant frequency of a homogeneous
bar of modulus Y.
Also, it can be shown (3) that;
5(Sik) =-r- / 5[s(x)] smVyUdx

o

SM * 5 Sin(Trx/u)
where 6 is the integrated decrement as a function of maximum strain amplitude.
In comparing theory with experiment, Af/f and 6 give essentially the

same numbers as Af/f and 8 measured at the maximum amplitude because
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the theoretical expressions for these quantities (see Fig. 1*) give an
exponential dependence on the strain amplitude; and thus the maximum ampli-
tude dominates the integration.

D. PICKUP CALIBRATION BY QUARTZ DUMMY SPECIMEN ASSEMBLY

The following discussion gives the details of the amplitude calibration
and the establishment of linearity of the pickup output. Since it was
impractical to obtain a quartz piezoelectric resonator the same length as
the specimen ("-17 cm), an assembly was constructed which consisted of a
polycrystalline extruded aluminum rod the same dimension as the specimen;
the center of the rod,two centimeters in length”was replaced by a piezo-
electric x-cut quartz crystal of matching area by cementing together the
quartz and aluminum with sauereisen cement. Because quartz and polycrystal-
line aluminum have about the same Young's modulus and density, the acoustical
matching between the two materials was good. This assembly was supported
in the same manner as the specimen, the wires acting in the dual capacity
of mechanical support and electrical leads to the silver-painted electrodes
of the piezoelectric oscillator. The Q of the dummy was, in general, lower
than that of the specimen because the cement joints did not coincide with
strain nodes; but this was of little consequence.

It was important to be certain that the gap distance between the
magnetic discs and the pickup magnet was the same when the dummy was inter-
changed with the specimen. Good control over the gap distance was maintained
throughout the experiments at room temperature by means of a spring-loaded
backlash-free micrometer screw adjustment that permitted setting of the
gap reproducibly to within 1/2 mil in 15 mils. Gap measurements and

adjustments were made as follows: The specimen (or dummy) was electrically



26

isolated from the vacuum case through the wire support attached to the
Stupakoff lead-through seal. Electrical contact was made to the magnetic
disc end piece by painting a small aquadag strip bridging the cement. An
ohm meter was connected between the case and the Stupakoff terminal; the
micrometer screw was turned until continuity was established:;thus determining
the position at which gap width was zero.

The principal method that was used to obtain the value of the proportion-
ality constant K connecting the output voltage V of the magnetic pickup
and the maximum strain amplitude S in the dummy specimen was the same as
that used by Marx (li3)«

S = KV

Marx (Ii3) shows that the relation between the maximum strain amplitude in a
crystal resonating in the fundamental longitudinal mode and the voltage applied

to the electrodes of the piezoelectric crystal is

4]

where R = sinirU/L; L* is the length of the adherent electrodes; L is the
total length of the dummy specimen; M is the total mass of the dummy specimen;

b is the breadth of the bar; f is the resonant frequency of the assembly;

d* 1is the piezoelectric constant taken to be: dr = -6.8£ x 108 statcoulomb/dyne
is the relevant elastic compliance of quartz: = 1.14p> x 10-"  cm”/dyne;
and 6 is the decrement of the bar determined by measuring the frequency width
between the half power points of its resonant response curve.
Calibration measurements were made as follows: The frequency of the
voltage applied to the piezoelectric crystal was varied until a maximum
pickup voltage was obtained; then both the pickup voltage and the piezo-

electric voltage were recorded; the 6 was then measured at that amplitude
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by measuring the frequency width of the response curve. The driving voltage
was increased and a new pickup voltage recorded. Since the decrement of the
dummy oscillator was amplitude independent over a large range in strain
amplitude, only one 6 and frequency measurement was necessary. By this means
K was determined for a given specimen-pickup gap width. To find the magni-
tude of the error introduced by not having the same gap width when the

dummy was substituted for the specimen, K was measured for a number of
widths on either side of the standard width. It was found that as long

as the gap width exceeded 10 mils, K became a slowly varying function of

gap width. In this way and by estimating the uncertainties in the measure-

ments of the constants contained in [2.6] , it is believed that the strain

amplitude is known to within about 10 per cent - the largest single source
of error occurring in the setting of the gap.
E. FURNACE CONSTRUCTION, TEMPERATURE MEASUREMENT AND CONTROL

Most of the experiments were performed using a drop-type furnace with
an open bottom. The furnace was constructed around an aluminum rectangular
frame which held transite inner-lining sheets. Chromalox strip heaters were
mounted around the top and sides of the inner lining. The outer side walls
were covered by 1/T6" 2-S aluminum sheet. The space between the outer walls
and the inner lining was insulated with Silocel powder.

The apparatus was secured to a raised transite base; the space between
the supporting wooden table and the transite base was filled with glass wool.
The entire furnace with insulation weighed about 25 1bs., thus was relatively
convenient to lower over the apparatus onto the transite base by hand.

When the best temperature control was required, the furnace received

power regulated by a Raytheon line voltage regulator and then drawn from a
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Variac. Part of the current to the furnace was controlled by a Wheelco
Capacitrol regulator. If measurements were made below 100°C and the controller
removed from the circuit, the temperature often would not drift more than
several hundredths of a degree in 10 minutes - one advantage of the large
thermal inertia of the furnace.

Temperature measurement was made by using a pair of iron-constantan
calibrated thermocouples which were mounted firmly to the bottom of the
copper vacuum case. It was determined that the equilibrium temperature
recorded by a thermocouple placed in a dummy specimen and suspended in the
same fashion as the regular specimen was very close to that recorded by a
thermocouple mounted below the level of the specimen and close to the
aluminum rail.

There was no question as to when equilibrium was established; the
specimen itself was a very sensitive thermometer since the temperature
variation of Young*s modulus was large enough to enable a temperature change
of I/10OO of a degree to produce a frequency change of about 1/20 CPS, a
frequency change which was easily detectable. Conversely, good control of
the temperature was essential to enable measurement of time dependent effects
involving the modulus.

Generally, the thermocouples were considered sensitive enough; and it
is estimated that the absolute error in the measurement of the temperature
in the range 17° to 1J00°C did not exceed one per cent.

F.  OSCILLATOR AND FREQUENCY MEASUREMENTS

The wvariable frequency oscillator was a negative resistance type (1]I))

with tank circuit thermally insulated to reduce drift. Under favorable

conditions, the drift rate did not exceed several CPS in an hour at 15> KC.



The smallest trimming capacitor enabled frequency increments of 1/50 CPS
at If) KC to be obtained.

The frequency measuring system consisted of a Millen standard
oscillator, a multivibrator and mixer, and a Conn Chromatic Stroboscope
(see Fig. 5). For construction details of the multivibrator and mixer,
see (Ii2). The 10 KC standard oscillator synchronized the output of the
multivibrator which put out a one KC signal with higher harmonics. The
one KC signal was mixed with the signal from the wvariable frequency
oscillatorj the resultant beat frequencies were amplified and put through
a 00 to 1000 CPS band filter from which emerged only three frequencies:
the one KC signal and two beat frequencies: {-1000n and (n + 1)1000-f where
f is the signal frequency and n is an integer. The stroboscope was capable
of measuring the beat frequency to five figures. A rough calibration of
the audio oscillator was enough to determine n, and the behavior of the
beat frequency when f was increased indicated which of the above-mentioned

frequencies was observed.



Part III

PREPARATION AND NON-ACOUSTICAL OBSERVATIONS OF CRYSTALS

A. THE MAGNESIUM CRYSTALS

All the single crystals used in these experiments were grown by the
Bridgman method in graphite crucibles. Six of the magnesium crystals were
donated by the Dow Chemical Company; these crystals were grown in a Jilson-
type variable resistance furnace. As received, the crystals were 131l long
and 1" in diameter. To reduce the diameter of these crystals so that they
could be held easily by the small wire support, each crystal was suspended
vertically in a large graduate and chemically etched with 10 per cent
nitric acid solution until final diameter was approximately 5 nim. Final
cross sections of these crystals after etching were slightly eliptical
depending on the angle with which the basal plane met the specimen axis.
The crystals were then cast inside a glass cylinder with paraffin and the
ends squared to the proper length with an acid-etch cut-off wheel. The
orientation of each crystal (Tablesl, 1II) and its perfection were studied
by taking Laue back-reflection x-ray shots. Pictures were taken in
directions perpendicular to both end faces of each specimen and the two
photographs compared. Both ends of each crystal, D-1 through D-lj, have the
same orientation to within the limit of resolution of the back-reflection
technique (1/10°) and thus are considered to be single crystals in an
extended sense. Crystals D-1 and D-2 were examined down their length by the
same technique and again were found to be coherent crystals. Examination
of the individual Laue spots indicated very little asterism in D-1, D-2,

and D-3 and some slight spreading of spots on one face of D-Lu The magnitude
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of the asterism in the first three specimens was small enough to indicate
that the local perfection was good (perhaps can be accounted for by assuming
a random dislocation density of from £ x 10" to x 10? cm/cm3).

The spectroscopic analysis of the original unetched crystals supplied
by Dow is as follows:

Atomic % Impurity

Al: 0.000]; Ni: <0.0005
Ca: <0.01 Pb: <0.0005
Cu: <0.0005 Si:  <0.001
Fe: 0.0033 Sn: <0.001
Mn: <0.0006 Zn: <0.020

Also from other work with magnesium (Ii5,ib6), the crystals used in the
present work probably contain, in addition to the above, about 0.01 atomic
per cent of hydrogen.
B. THE ALUMINUM CRYSTALS

The h-9 aluminum specimens were 1 c¢cm in diameter and about 18 cm long;
h0 per cent aqua regia - 20 per cent HF acid etch - was used for the final
finishing. Laue orientation pictures were taken and gave little evidence
of asterism. After one of the crystals (1j-9 Al-1) was acoustically measured
rather extensively, 1t was machine cut in a manner described below to a
smaller cross section to provide a better comparison with the machine-cut
specimen ZR-A1-1. This machine-cut version of hA~9 Al-1 is called k-9 Al-1C.
The aluminum for the above specimen was donated by the Aluminum Company of
America. The spectroscopic analysis for this material is as follows:

Atomic % Impurity

Si:  0.0019 Gu:  0.0001*
Fe: 0.0005 Mg: 0.0008

Mn, Ca, and Na were not detected. There was also a possibility of carbon

pickup from crucible and of gases”especially hydrogen.
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The two zone-refined aluminum specimens ZR Al-1 and ZR Al-2 were made
from another pure aluminum sample donated by Alcoa (sample 15>21j61-A) with
the following analysis:

Original Aluminum Stock Before Zone-Refining
Atomic % Impurity

Cu: 0.000 Si: 0.001
Fe: 0.001 Zn: 0.003

This sample was given about [0 zone passes in a carbon boat by ¥. A. Tiller
of Westinghouse Research Laboratories. After refining, large portions of
the ingot exhibited uniform optical flash planes indicative of single
crystal structure. To reduce the possibility of contamination, square
cross-sectioned bars were milled from the single crystal portions of the
ingot using a 1/16" slitting saw. In an attempt to reduce the amount of
mechanical distortion, light 20-mil cuts were made with the bed of the
milling machine set at its lowest feed speed. Throughout the milling, copious
quantities of oil-water coolant were used. Two 1li.7 mm square bars about 18 cm
long were obtained from this operation. Sections 1 c¢cm long were removed
from each end of both of these bars leaving each bar slightly over the
desired specimen size.

The 1 cm long end sections were subjected to an intensive x-ray
crystal perfection analysis by observing the width and fine structure of
Bragg reflection spots with the Lambot technique (modified double crystal
spectrometry) (UTjW). This x-ray work was undertaken by L. Vassamillet
at Carnegie Institute of Technology. The results of this analysis of the
extent of the lattice distortion sustained by the crystal due to the milling
operation are summarized in Fig. 8 where the index of lattice distortion used

is the effective random dislocation density p. Some idea of the inhomogeneity
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of the deformation was obtained by etching successive layers from the crystal
sections and observing the change in the width of the x-ray patterns as
etching proceeded; these observations are recorded in Fig. 8 as dislocation
density p vs. effective specimen radius R. X-ray observation began only
after a thin (~—0.3 mm) heavily worked and recrystallized layer was etched
away revealing the even flash planes of a single crystal below. It is
believed that immediately under the recrystallized region, the dislocation
density was as high as 109 cm/cm3. As Fig. 8 illustrates, the density
quickly drops to the order of » x 10? cm/cm3 at R = 0.2 c¢cm and appears to
level out in the interior to a value of about 10? cm/cm3. Both specimen
bars were further etched so that their cross section was slightly less

than [j] mm square. The etchant used to reduce the dimensions of the
zone-refined specimens was an aqueous solution of [I00 cc/lit HCl1 plus 5 gm/lit
of NiCl. Other etchants including aqua regia and HF were virtually inactive.
The average dislocation density of the finished bars was taken to be not
more than It x 107 cm/cm3.

A temperature study was undertaken,again using the Lambot x-ray technique,
to discover whether the distortion configuration was stable at elevated
temperatures. One of the four l-cm sections mentioned above was studied.
Ten hour anneals were made at increasing temperatures up to $50°C. No
detectible change in the structure of the Bragg spot was noted until tempera-
tures exceeding 200°C were reached. Annealing at 300°C showed strong breakup
of the spot into many small lines indicating that the continuous nature of
the distortion was changing into a block-like structure (polygonization).
The final anneal at 550°C resulted in a sharply polygonal pattern.

With regard to the purity of the zone-refined specimens, ZR Al-1 and

ZR Al-2, an estimate can be made as to what impurity species are probably not



present. The following is a list of available values of the ratio of the
solubility of the given element in the solid aluminum phase to the solubility

of it in the liquid aluminum phase (K values):

K Value
Fe: 0.1
Si: 0.1
Cu: 0.3
Zn: 0.5

Since the end of the refined ingot that was used for preparing specimens
was the ,,clean, end for K values <1, and 150 zone passes is considered to be
effectively infinite (56), one would expect to find Cu, Fe, Si, in concen-
trations less than 10”7 for the size ingot used. Very little can be said
about such impurities as Mn which has K> 1 and hence should be concentrated
in the specimen. Also little can be said about carbon or gaseous contami-
nation; especially suspect would be hydrogen. There is some evidence (1i9)
that hydrogen may exist in Al to as much as 10“".
C. ATTACHING MAGNETIC DISCS

The magnetic discs were attached to the aluminum specimens by cementing
with a mixture of sodium silicate and aluminum oxide or sodium silicate and
silicon dioxide (sauereisen cement). This cement did not crack with temperature
changes if air dried for several days. Measurements by Pittenger (1|2) made
by comparing both the eddy current drive and the magnetic drive at different
temperatures showed that strains from the cement caused no observable change
in the decrement. This result is reasonable since the discs are attached at
strain nodes.

A two-step process proved necessary in attaching the magnetic discs to
the magnesium specimens. First a thin layer of sprayed molybdenum was deposited
by the Metco Spray-Bond Process; then the discs were cemented to this surface

using sauereisen-type cement.



35

Part IV

DATA

A,,  AMPLITUDE DEPgUDENCE OF DECREMENT AND YOUNG'S MODULUS AT ROOM TEMPERATURE

Both the decrement and Young's modulus of the aluminum and magnesium
crystals described in Part III were measured as a function of strain
amplitude and also as a function of temperature and time. In this section,
data will be presented to describe the strain amplitude dependence of the
decrement and modulus of these crystals at room temperature and for short
measurement intervals (<5> seconds per measurement). The stipulation on the
length of time to make a measurement anticipates the "time effect" which
will be discussed in Section D.

Figs, 9 and 10 are typical examples of the highly non-linear behavior ex-
hibited by all the high-purity and relatively undeformed single crystals
studied. At low amplitudes a region exists that is relatively independent
of strain amplitudej the decrement and modulus corresponding to this region

and modulus
will be called the zero amplitude or amplitude independent decrement/- 60
and Y0 respectively. That amplitude where the decrement and mod-ulus show
a 5 per cent change in their zero amplitude values will be called the
breakaway amplitude, Sg. The quantity 6 - 60 = *6 will be called the
amplitude dependent decrement, and Y - Y0 5 AY will be called the amplitude
dependent modulus or modulus change.

It will be noticed that beyond Sg both the modulus and the decrement
change rapidly with increasing strain amplitudes. At still higher ampli-

tudes both the modulus and decrement tend to decrease their rate of change
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with increasing amplitudej i1.e., the amplitude dependence saturates.
Better examples of saturation can be seen in Figs. 9> If>> 16, 2%, 28 - 31%*
The decrease in the modulus with increase in strain amplitude is large
enough at high strain amplitudes in all the crystals examined to exhibit
the "jump effect" in the response curve (see Part II, Section C). Fig. 9
shows a good example of this effect in a zone-refined specimen of aluminum.
Fig, 11 is a plot of the amplitude dependent decrement vs. the
fractional decrease in the Young*s modulus -AY/Y, the fractional modulus
change, for the aluminum crystals. It has been noted frequently (2,6 - 8,
10 - 12, 14.16.19) that this kind of plot generally gives a good linear
relation over a considerable range of amplitudes. The slope r in this plot

defined by

r _ S-6p,
-AY/Y

ranges from about 0.35 in aluminum to between 1 and 3 in magnesium.

The Granato-Lucke model predicts that the quantities A6 and AY/Y
depend on a homogeneously distributed oscillating strain amplitude S as
shown in Fig. 1* To compare data obtained by the resonant bar technique
with predictions from the Granato-Liicke (G-L) model, the integrated quantities
KE and AY/Y (Part II, Section C, p. 2li) should of course be used. For
rea\lsons given on page 2U, however, it is believed that little error results
from using the unintegrated relations of Fig. I to fit the data.

Fig. 12 is a G-L plot : the reciprocal of the maximum strain amplitude
vs. the product of the maximum strain amplitude and the amplitude dependent
decrement. (In all the G-L plots, the term "decrement" stands for "amplitude

dependent decrement,” and '"strain amplitude" means "maximum strain amplitude."
P p P
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It can be seen that the data satisfy the G-L relation moderately wello
At low amplitudes., there does appear to be a definite departure from the
G-L relation: In all low-amplitude cases examined there existed a '"tail"
with the data lying above the predicted line. The size of the deviation
depends to some extent on the length of the anneal and the mechanical history
of the specimens the longer the anneal;, the smaller the deviation,,

Certain time effects which are evident while making room temperature
measurements will be discussed here. These effects have a time constant
of the order of days at room temperature and are called slow time effects,
In contrast,, those effects which are considered in Section D have a time
constant of the order of hours and are called fast time effects,

Fig. 10 shows a good example of the slow time effect in the magnesium

specimen Mg D-2 measured at 27°C0 In a period of three days 60 has
dropped from [; x 10" to 0.7 x 107", and Sg has increased from 0.8 x 10"

to 6.£ x 10"6. Analogous behavior has been observed in zinc crystals (8) and

has been called room temperature annealing. Similar changes in 6Q Sg
were observed in all magnesium specimens and in the li-9 Al specimens. Along
with these changes, room temperature annealing produced only a very slight
increase in Y0 (<0.1$)<

In contrast, the room temperature annealing of ZR Al-1 and ZR Al-2
showed very little change in 6Q over a period of one week (60 = 12 x 10"
to 11 x 10“4)o The breakaway amplitude Sg and Y0 also showed effectively
no change during this time.

In Fig. 13 is plotted the fractional increase AY/Y0 in the Young's
modulus measured at S = 10"7 and 29°C vs. the time held at 150°C. This

annealing has produced a large modulus increase (~'1.37)| comparable
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anneals of A-9 aluminum and magnesium crystals produced modulus increases
less than 1/10 of the above figure.
Fig. 1li shows another aspect of annealing above room temperature in
the zone-refined specimens: 60 decreases and the slope A in the G-L
plot remains constant while the intercept B with the 1/S = 0 axis decreases.
A summary of room temperature data for the aluminum specimens is
contained in Table I, Page i|0. Table II, page 1|1, gives a corresponding
summary for the magnesium specimens. These summaries contain the
following:
1). The gross purity and principal impurity
2). The perfection rating
3). Orientation

It). The mechanical history - annealing and handling
history of the specimens

9), The slope A in the G-L plot and the quantity
B/A” where B is the intercept with the 1I/S = 0
axis

6). The zero amplitude decrement 60

7). The slope r of the curve of amplitude dependent
decrement vs. amplitude dependent modulus

The first three items of the above list were determined by the methods
discussed in Part III. All of the above measurements -were made in the funda-
mental mode at approximately 15,000 CPS.

The key on the following page gives the orientation values and the per-

fection ratings for the data listed in Tables I and II.



b~9 Al-2

= 73°
Pi = 56°
Yp = 39°

where a, (3, y are the angles

KEI TO TABLE I

ORIENTATION

1i-9 Al-1
1i-9 Al-1C

a2 = 8Li°
p2 = 35°

Y2 » 123°

faces and the specimen axis

KEI TO TABLE II

ZR Al-1

7R

a3

P3

Y3

Al-2

= 125°

» 36°

= 77°

between the normals to the cube

The angle indicated under orientation in Table II is the angle
between the normal to the basal plane and the specimen axis.

KEI TO TABLES I AND II

PERFECTION

Dislocation Density

less than 10?

greater than 107
but less than 10°

probably greater than 108



SPECIMEN PURITY

2.-9 AL-!

4-9 AL-2,

4-9 AL-

4-9 AL-JC

ZR AL-|

ZR AL-Z

3ROSS
ATM. N

99.0

99.996

99.996

99.999?

99.999?

ALUMINUM CRYSTALS MEASURED AT — 27°C?

IMPURITY

Cu

Si, Fe, Mg

Si, Fe, Mg

C, N, O, H

C, N, O, H

PERFECTION ORIENTATION

POLYXAL

ai Pi n

a2 P2 T2

al P3 3

n

al p3 v3

MECH. ANNEALING

HISTORY TIME TEMP.

Brawn

un-
annffAlfid

un-
armsaled

annealed

annealed

un-
annealed

annealed

un-
annealed

annealed

shock

un-
annealed

annealed

TABLE 1

100 hr

28°C

1000 hr

30 hr

30 hr

100 hr

28°C

i00°C

200°C

iSo°c

i50°c

Ax 10

No obse rvable
amplitu 3e dep.

>10.0

1.5

1.5

3.0

5.1

1.20

3.75

0.95

0.95

0.72

0.90

0.95

500

800
1#00

300

700
1*00
S00
320
100
550

300

£ 715,000CPs.

57010

0.80

1.0

0.10

0.08

1.2

0.7

12.0

11.0

m.o

6.0

*lw

0.1t

0.33

0.38

0.35
0.33

0.3
0.3

0.3
0.38

0.35



SPECIMEN

Mg

Mg

Mg

Mg

D-2

D-3

D-l;

GROSS PpRINCIPLE

PURITY
ATM. %

99.97

99.97

gl

MAGNESIUM CRYSTALS MEASURED AT ~ z7c0y

IMPURITY

Ca, Zn, Fe

n

tl

PERFECTION ORIENTATION

Il

tl

MECH-
© HISTORY
o un-
26 annealed
650 un-
annealed
|| n
Il n
o un-
30 annealed
o un-
2.8 annealed

TABLE IT

ANNEALING

TIME TEMP.

100 hrs 30°C

10 min 27°C

72 hrs 27°C

200 hrs 27°C

1550 hrs -'27°C

100 hrs /-26°C

/\><5

8.0

0.6h

5.0

6.0

2.0

5.0

-f — 15,000 CPS.

350

780

300

300

600

350

S*io

0.20

0.80

0.10

0.9

r

1.2

2.5

1.0
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B. TEMPERATURE DEPENDENCE OF THE AMPLITUDE INDEPENDENT DECREMENT AND MODULUS

As the temperature is slowly increased above room temperature, the
amplitude independent decrement of well-annealed aluminum and magnesium
specimens increases gradually. At about 200°C for aluminum and 15>0°C for
magnesium the rate of rise increases rather sharply. Fig. 1$ is a good
example of this temperature dependence in aluminum. 6 is plotted vs. I/T.
Crystal 1i-9 Al-1 had been in the apparatus at 1/00°C for 30 hours and at
successively lower temperatures for over 100 hours before the runs plotted
in Fig. 15> were made.

The data show little scatter; the same curve is found by increasing as
well as decreasing the temperature. Above 200°C a good straight line
dependence is obtained.

Similar curves are found for annealed magnesium specimens with the
exception that the straight line break starts £0° lower, and the slope
and intercept of the straight line portion are slightly different.

Transient long-time constant effects can produce an apparent minimum
in such a curve at temperatures between 100°C and room temperature. By
either raising or lowering the temperature too rapidly, the room temperature
decrement frequently could be raised five-fold. It is believed that the
minimum reported by other observers (13.20) can be attributed to similar
transient non-equilibrium effects.

The slope of the straight line portion in the aluminum specimens can
be characterized by an activation energy of from li; to 1 Kcal/molej
approximately the same values were obtained for the magnesium specimens. The
values of the decrement 6, obtained by extrapolating to the 1I/T = 0 axis
ranged from 500 to 1000 in the aluminum specimens and from 200 to 300 in the

magnesium -specimens.



The following is a discussion of the dependence of Young's modulus on
temperature. Measurements were made at low strain amplitudes x 1078)
of the resonant frequency of several aluminum and magnesium crystals as a
function of temperature. A typical example, h-9 Al-1, is shown in Fig. 16.
Since the measurement is made at resonance with a thin bar, the square of the
resonant frequency should show temperature dependence through the product
of the Young's modulus and the reciprocal of the length of the specimen.
From room temperature to about ISOC C for aluminum and to about 100O 0 for
magnesium, a linear dependency of f2 on temperature existed; however, above
these temperatures, a monotonic drop-off from linearity was exhibited in
all specimens studied. By taking the difference between the observed
variation of f2 with temperature and the extrapolated (dotted line in Fig. 16)
linear variation and then plotting this difference vs. the reciprocal of the
absolute temperature. Fig. 17 is obtained. Variation of specimen length
with temperature is excluded from contributing to the deviation from linearity
since to a first approximation, it is linear. Corrections (50) due to the
second order coefficient of expansion are noted in Fig. 17; they are small.
The deviation observed, therefore, must be contributed only by the Young's
modulus. It is seen that the deviation of Young's modulus appears to be a
simply activated process with an energy of about $./2 Kcal/mole for specimen
h-9 Al-l.

It is of interest to note the size of this deviation at several

temperatures. At 200°C (£2 - £2)/f2 = AY/Y = 50 x 10°“?, and at h00°C

AY/Y«=*3£0 x 10"" for h-9 Al-1.

The value obtained for the fractional change in Young's modulus per

degree, dY/YdT, for aluminum was 5.3 x 10°“~. The literature contains values

for this quantity for aluminum which range from h.7 x 107" (51) to 5.9 x 10" (52).



C. TEMPERATURE DEPENDENCE OF TOE AMPLITUDE DEPENDENT DECREMENT AND MODULUS

As the- temperature increases, not only does the zero amplitude decrement
increase and the modulus decrease, but the breakaway amplitude Sg also decreases
as shown in Fig. 18. In Fig. 18 is plotted the total decrement vs. the
strain amplitude as measured in the specimen /-9 Al-1. This specimen first
received a 30-hour anneal in situ at [IOO°C. Then the temperature was
lowered at the rate of 10° per hour until 200°C was reached. The temperature
was then lowered at a rate of 2° per hour until room temperature was reached.

Fig. 15 shows the course of the zero amplitude decrement during the
temperature decrease. The amplitude was never increased beyond Sg during
the first temperature descent. The first amplitude dependent run was made
at 18°C. Care was taken to make each measurement as rapidly as possible
(see Section D). As long as the measurement time was less than 5 seconds,
reproducible amplitude dependent curves could be obtained. The temperature
was then increased very slowly ( 1i/0/hr.) and held at the next desired measure-
ment temperature for a minimum of 6 hours, and another amplitude dependent
curve was made. This procedure was maintained throughout the experiment until
339°C was reached.

Fig. 15 also shows the zero amplitude decrement for these experiments
during the second increase in temperature. It will be noticed that almost
the same curve is followed on the increase as on the preceeding decrease in
temperature. Reproducible airplitude dependent as well as amplitude indepen-
dent curves were obtained as long as the rate of change of temperature did
not exceed those used and sufficient time was taken between successive
amplitude dependent runs. It became clear in earlier measurements that

transient effects had to be eliminated before reproducible data could be obtained.



The amplitude independent decrement was subtracted from the data in
Figl 18, and a G-L plot was made for each temperature. Fig. 19 is the plot,,

Fig. 20 is a plot of the slopes A of the curves in Fig. 19 vs. the
reciprocal of the absolute temperature at which the slope was measured. It
can be seen that over the range of temperatures from 18°C to 200°C the data
can be fitted to an equation of the form

A = AOe

The following table gives the wvalues of Q and A0 obtained in this manner

for some of the aluminum specimens?

Q(Kcal/mole) A0 x 10+?
1i-9 Al-1 2.5 - 300 0.06
k-9 Al-lc 2,01 - 2.6 0.05
ZR Al-1 23 - 2.7 0.01 - 0.02

In Fig. 21 are shown the results of the plot of the quantity B/A* vs. I/T
obtained from the G-L plot in Fig. 19 for [1-9 Al-1. B/A* appears to remain
approximately constant until 200°Cj then it rises rapidly, increasing over 20
times in the next 100-degree interval. The break in B/A" vs. temperature

curve occurs in the same temperature region where the exponential temperature

dependence fa Is in the curve of Fig. 20. B/A” remained approximately con-
stant (within 50$) for the other aluminum specimens! however, the temperature
was never increased beyond 200°C with them so that no break above that
temperature could be observed.

After the above experiment with b~9 Al-1, i1t was removed from the
apparatus? machine cut to the same dimensions by the same technique as was
used to form the ZR Al soecimens, entitled bh-9 Al1-1C, and returned to the

apparatus.



The unannealed amplitude dependent curve measured at 20° C appears in
Fig. 22. This first run was made after the usual long time-constant effect
had saturated (3 days). The value for 60 was 1*2 x 10-'4. The breakaway
amplitude is quite small ( 5§ x 10°7), and the curve levels off early only
to proceed rising at higher amplitudes creating a plateau. Upon increasing
the temperature to lliO°C, Sg increases instead of decreasing; the plateau
almost vanishes. Increasing the temperature 60° more results in the usual
decrease in Sg and a regular, smooth increase after breakaway. The

teirperature was then slowly decreased to 26°C; the next room temperature

measurements were then made. Sg had increased to about 3 x 106 and 60

decreased to 0.8 x 10“~. A slight trace of the plateau was still evident.

Further room temperature annealing for 100 hours resulted in 60 decreasing to
0.? x 10“" and Sg increasing to~-3»5 x 10“~. Very similar behavior was
observed in the amplitude dependent modulus vs. amplitude plots with r
remaining essentially constant throughout the above-mentioned changes.

Plateaus similar to that shown in Fig. 22 were observed in the other
aluminum specimens before they were annealed in the apparatus. A carefully
annealed specimen could be removed from the apparatus and then replaced - all
the while using utmost care not to stress it - and plateaus might still appear.
In all cases, Sg would decrease by almost an order of magnitude, and 60 would
rise three- or four-fold due to the handling operation. Subsequent room-
temperature long time-constant effects would result in a decrease in 60 and
an increase in Sg but seldom to the same values as obtained before handling.

The handling operation could not be reproduced as far as the effects on
60 and Sg were concerned. These observations regarding the effects of

handling are consistent with the observations of others (see page 3)»



Fig. 23 shows the amplitude dependent decrement vs. amplitude curves
for ZR Al-1 after it had received a 100-hour anneal in situ at 150°C. The
annealed curve for h-9 Al-10 is included for comparison. The zero amplitude
decrement vs. temperature dependence for this run is shown in Fig. 15.

In Fig. 21|, a G-L plot is made of the HS8°C curve obtained from the
data in Fig. 23. After the run shown in Fig. 23 was completed and the
temperature reduced to 27°C, the room temperature curve was again closely
reproduced. Then an additional stress was applied to the crystal by in-
creasing the DC biasing voltage by approximately a factor of The points
indicated by triangles show the amplitude dependence resulting from this

mechanical shock.



D. TIME TWI-KIul

Early in the investigation of the strain amplitude dependence of the
decrement and modulus it became apparent, especially at elevated temperatures,
that oscillations of amplitude in excess of Sg disturbed the mechanical
state of both the magnesium and aluminum specimens. The disturbance was
manifested by the failure of the curve of decrement and modulus vs. amplitude
made by decreasing the amplitude to reproduce the curve made by increasing
the amplitude. This type of behavior, analogous to the multiple valued
B-H curves encountered in magnetic experiments, has been called the
hysteresis effect(3»8,12). It was also noted that the size of the hysteresis
effect depended upon the speed with which measurements were made. Par-
ticularly at high strain amplitudes, hysteresis effects could be induced
if measurements were not completed in seconds.

In Fig. 2" an extreme case is shown in which "measurements" at several
amplitudes were continued for 20 minutes and the resultant decrement vs.
strain amplitude curve quickly made for lower values of amplitude. It is
seen that there is considerable change from the original plot in which a
measurement of the decrement at a given strain amplitude was made "instantan-
eously" (1 to 2 seconds per measurement). Fig. 25 also shows that the
instantaneous decrement curve at amplitudes exceeding the amplitude at
which the 20-minute "measurement"” was made is relatively unchanged by the
lower amplitude oscillation.

It is to be emphasized that only by making measurements, especially
high amplitude measurements as quickly as possible, could the hysteresis
behavior be avoided. If a high amplitude measurement was made too leisurely,

however, and hysteresis noted, it was found that the original instantaneous



curve could be reproduced several hours later. It became evident that some
sort of "excited state" which affected the amplitude dependent behavior of
the crystal for amplitudes less than the highest amplitudes previously
encountered was created by the oscillation and that this state was decaying
and finally disappearing in the order of hours.

One crystal, h-9 Al-2, after remaining in the apparatus for several
months, was first measured instantaneously, then excited for 20 minutes
at a strain amplitude of 7 x 10-" and rested for 2h hours, measured
instantaneously, excited again, etc., for a total of 19 cycles without
significant changes in the instantaneous decrement vs. amplitude curve.
Further investigation showed that this cycle could be reproduced apparently
inde finitely.

Another effect that was noted and clearly related to the above is the
following: Amplitude dependent measurements made at elevated temperatures
and high amplitudes were found to be very difficult to make because both
the decrement and the resonant frequency would change rapidly with time.
In some cases the decrement might double in 30 seconds, which in turn would
reduce the response of the crystal; the output voltage would drop necessitating
an increase in the driving voltage to maintain the desired strain amplitude.
Both Figs. 26a and 2£ show this effect in Mg D-2 and 1j-9 Al-2 respectively.
This effect was evident in all the crystals measured. Fig. 26b is a plot of
the variation of decrement vs. excitation time for various strain amplitudes
in Mg D-2. A plot of -&Y/Y modulus vs. time for the same crystal shows a
very similar variation, the ratio r being about unity - about the same as
was observed in the instantaneous amplitude dependent measurements.

Fig. 26 a demonstrates the point mentioned above} characteristic of all

specimens: No time dependence was ever noted as long as the excitation
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was produced at strain amplitudes below the breakaway amplitudej also no
hysteresis effects were noted if the measurements never exceeded the break-
away amplitude. Fig. 27 shows the strong temperature dependence found in
the excitation experiments.

Figs. 28 through 31 represent the results of a set of time dependent

experiments on the specimen ZR Al-1. The specimen was annealed in situ
at 15>0°C for 100 hours and brought slowly to room temperature] 60 = x 10"»
and Sg = 1.5 x 10“~. The temperature was increased to A5°C) and measurements
were made of the decrement and resonant frequency vs. strain amplitude
(Figs. 28.29). The solid triangles represent data taken "instantaneously,"
and the open triangles are points taken after the crystal was oscillated
at S = 2.5 x 106 for 20 minutes (excitation time). The decrement at the
excitation amplitude increased, and the resonant frequency dropped as indicated
by the arrows. At the end of the excitation time, measurements were taken
as the amplitude was lowered giving the triangle points] then the amplitude
was increased and the rest of the points taken. The large increase in the
zero amplitude decrement and frequency change as well as the slight de-
pression of the decrement above the excitation amplitude should be noted.

Figs. 30 and 31 are corresponding curves taken at 115°C. The zero
amplitude decrement and frequency change have become larger| the excited
state is evidently decaying rapidly as can be seen by comparing the triangle
points with the measurement (designated by the squares) made within several
seconds after cessation of the excitation. The depression of the decrement
is evident. The large change in the zero amplitude decrement and modulus
following excitation was characteristic of the zone-refined material.

The following set of experiments were performed in an attempt to

characterize more fully the nature of the excited state and the subsequent
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decaying state. The specimen was first annealed in the apparatus at 1400°C
for 2h hours, then slowly (—~5°AlLr») cooled to room temperature, and finally
held at the desired measuring temperature until no change was detected in the
zero amplitude decrement. This treatment resulted in the lowest zero
amplitude decrement observed in these experiments. Next, an instantaneous
decrement and modulus vs. strain amplitude curve was run. At high amplitudes
where i1t was difficult to make a measurement fast enough or when the crystal
was mistakenly oscillated for too long a period, measurement of the next
higher point was delayed for several hours. Instantaneous curves taken this
way were reproducible day after day. The crystal was then oscillated for
a given time period (called the excitation time on some of the figures) at
a high strain amplitude (S”10%“5). At selected times after the end of the
excitation period, instantaneous measurements were made tracing out the
amplitude dependence of the decrement and modulus as the decay proceeded.
These measurements were continued until the original instantaneous curve
was obtained. In Fig. 32 an example of this type of measurement is shown.
The specimen was It-9 Al-1, and Fig. 32 records just three of the ten curves
made at the temperatures 29° and 60°C. Very little change was observed
beyond 2000 minutes in the decay sequence.

Fig. 33 is a Granato-Lucke plot of the decay sequence taken at
60°C and shown in Fig. 32. (Due to a drafting error, both scales of
Fig. 33 should be divided by 3») Only part of the decay sequence is
shown, the sequence at U minutes and those later than 60 minutes being
omitted. It is found that the slopes A of all of these curves decrease

monotonically, the curve taken at 2000 minutes having the largest A.
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It was also found that the quantity B/A* remained approximately constant

during the decay sequence.

Fig. 3ll represents the results of another experiment to determine both
the form of the decay law and the effect of different excitation periods on
that law. Crystal U-9 Al-2 received the same annealing in situ as previously
mentioned. Constant strain amplitude and temperature were maintained through-
out the experiment. A short excitation period of two minutes was first made
while recording the rise in decrement and decrease in resonant frequency
every 30 seconds. The decrement followed the open circles starting from the
aero time point indicated by a small solid circle. Following this excitation
period, measurements were made instantaneously at frequent intervals.

The time constant of the crystal response when the decrement was greater
than 10" was such that rapid measurement could be made. The decay measure-
ments following the two-minute excitation are recorded in Fig. 3" by solid
circles. The decay was then followed until the decrement returned to the
original value. Following the decay by recording the resonant frequency

has been done; but since the decrement is of the order of 100 to 1000 times
less sensitive to temperature changes than is the resonant frequency, the
casiest measure to use was the decrement. Enough evidence has been obtained
during fortunately stable thermal circumstances to show that modulus time
dependence parallels that of the decrement.

By extending the excitation periods to longer times and recording the
corresponding decays, the remainder of Fig. 3" was obtained. In all cases
the excitation curves tend to saturate; runs to three hours and longer show
very little measurable rate of change in the rise of the decrement. The

reproducibility of the rise in decrement for longer excitation periods should

be noted
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Fig. 35 is a plot of the quantity P defined in the figure vs. time
during the decay sequence. 60 is the initial decrementj 6, is the maximum
decrement reached at the end of the excitation period. It is seen that such
a plot shows good straight lines indicating that the decay follows the
relation

6 - 60 = (6, “60)exp(-pt*») [1ual)

Fig. 36 indicates that the power n of the time dependence is a function
of the length of the excitation period ranging from about 1/3 for short five-
minute excitations to about 2/3 for periods extending to saturation.

Figs. 37 and 38 show that p in (U”Q 1is inversely proportional to the

strain amplitude and directly proportional to the quantity

(D/RT)1/3 where D =

for the decay following short excitation times. The Q for the decay process
appears to be 8 or 9 Kcal/mole although this number is obtained from only

four temperatures, three of which are included in Fig. 38»
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PART V
INTERPRETATION

A. GRANATO-LUCKE MODEL PARAMETERS

Since most of the amplitude dependent data discussed in Part IV can
be satisfactorily fitted to Granato-Lucke plots, it seems that the KoehOer-
Granato-Lucke model would provide the best starting point for discussion
of the data. The basis of this model is outlined in Part I, Section E.

From the G-L relations shown on Fig. 4* it is seen that the slope A
of a G-L plot is proportional to the concentration of pinning points on
the dislocation network. The intercept with the 1/s = 0 axis gives the
quantity "B,” Combining these two measurements gives B/A" which is pro-

ortional to A. L”, a quantity which is a measure of the dimensions of
P aq Y

the dislocation network.

It follows fron the definition of the breakaway amplitude, Sg, and
the G-L relations for reasonable ranges of v&ues of 50, B, and S*, that
A = 10 SBj
so that, qualitatively at least, the concentration of pinning points is

directly proportional to the breakaway amplitude.

For more quantitative information, the values of the parameters con-
tained in the G-L model must be obtained. The following are the parameters
that go into the model (compare Fig, 4)°

R* = KG
n  2f(ei, Ai >r(a,., WVL

ZAj- A
2 Aj !

1 da
t 1is the atomic misfit parameter, a cfc * or change in

the lattice constant a with the change in solute concentration C.

A' is the density of dislocations active in the breakaway process
on the " th slip system.
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is the total dislocation density active in the breakaway process.

(8, , >r ) is the ratio of the longitudinal component of dislocation
strain to the dislocation shear strain on the j th slip system.

r(0’ t ) is the resolved shear stress factor on the 7 th slip system.
K = [p2r(0} 5 X; where p is the cutoff parameter in Cottrell#s ex-

pression for the elastic binding energy - p 2

or 3, thus K—1/2 to 1/5.
The orientation factor XI may be evaluated precisely only when the distri-
bution of dislocations over the various slip systems is known. In lieu of
strong objections to the contrary” it is assumed that all /Vj are the same; then

N = £(ei, "\ (07 , »
or the product £(0" * )r(®; , X- ) averaged over all i slip systems. Weertman
(33)considers that for fee crystals (12 slip directions on 4 slip planes)
XX — 1/25.

The parameter K is also orientation dependent through its dependence on
r(e, A )

For hep structures (3 slip directions on the basal plane) orientation
dependency should be particularly evident. Unfortunately, the four magnesium
crystals used in the present experiments did not provide a good orientation
spread and so were not useful in showing orientation dependence.

The appropriate values for 6 can be estimated from x-ray studies of
lattice constant change with alloying. Granato and Lucke consider (z = 0.1
to be a representative value for sane fee systems.

From Table I, page 40, and Table II, page 41* the progress of the room
temperature slow time effects and/or annealing can be followed by observing
the change in the pinning point concentration C and the quantityXL L. In the
4-9 aluminum and the magnesium specimens, the pinning point concentration
increases during annealing but remains constant in the ZR aluminum specimens.

The quantity XL decreases in all crystals during the annealing sequence.
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All the network lengths LiJ are assumed to be the same size in original
derivation of the G-L formulasl It is not difficult to show that if a

distribution g(Ljj® ) of network lengths is assumed, the quantity A is

replaced by the fourth moment of LN with respect to the distribution gs

~ g, )L~. . It is believed, then, that the most information which can
reasonably be obtained from the B/A” measurements is that they are a measure
of the distribution of network lengths with special emphasis placed on the
longest lengths in the distribution. Thus in the annealing sequences, it
appears that at least the longest lengths are being shortened. From x-ray
studies (see Section B) it seems likely that the shortening should be
attributed to the absorption of extra long lengths into the regular network.

If the G-L analysis is to hold, the amplitude dependent decrement and
modulus must be associated with the long length part of the network length
distribution. This relationship can be seen as follows;

Granato and Lucke point out that the mechanism of breakaway is in-
operative if the excursion of a depinned loop does not exceed the local
strain field of the pinning points; these considerations lead to the
requirement that LiJ exceed - 5 x 10“" cm.

From the temperature studies (see Part IV, Sections B and C) in the
4“9 Al specimens, the G-L relations hold up at least to the break in the
In A vs. I/T plot at 200°C (Figs. 20, 18). From the value of A, e.g..

Fig. 20, obtained at 200°C and taking the above-mentioned estimates for K
and 6 , the concentration C of pinning points on the active dislocation lines

at 2000C is 3 x 10°“?; this corresponds to an average loop length of —' 107" cm.

In the wvicinity of 200°C (Fig. 16) the zero amplitude modulus deviation,

Y/ Y)O™ 5 x 1043 (page 43). This modulus deviation is interpreted (Section B)

to mean that enough pinning points have been dispersed from the entire network
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by the increase in temperature to leave enough dislocation length free to
decrease the modulus by Y.
From the relation (17,36)s
A YY) = 125 A 12,
where L is the average pinned loop length at 200°C and assuming the total

A

dislocation densityA to be 5 X 10" cm/ca?, L again must be 10~ cm.

But the G-L analysis breaks down for too sparce a pinning populations so
L probably must exceed 10 times L or be > 10%“3 cni.

From roan temperature values of B/A2 and using the above-mentioned
estimates for the model parameters, the quantity is found to average
3 x 105. For purposes of estimation, consider again that all Lu are
equal; this leads to the product A ’ =3 x 10~ . If is then taken
to be of the order of 10"* cm, A ~ 3 x 10~ cm/em” where A is the dislo-
cation density involved in breakaway.

The above estimates for LN and A of the dislocations involved in
the breakaway process should be compared with estimates of the average

network length and density associated with relatively undeformed crystals.

From x-ray estimates (47,48) such crystals probably have dislocation

densities ranging from 10* to 10* cm/enA These values for the density
lead to average network lengths of ™ 20 to 5 x 10“* c¢cm assuming once
again a regular cubic-type network.

The existence of the long lengths is shown by the following strength

experiments? 1) The critical resolved shear stress in pure magnesium single

crystals is —' 35 x 10* dynes/cm2 (71), and 2) the critical resolved
shear stress in 4-9 aluminum single crystals is —' 10 x 10* dynes/cm2 (68).
The Frank-Read sources that produce slip at such low stresses must have a

length of the order of 5 x 103 em. Furthermore, Suzuki (59) points out
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that dislocation lengths unattached to the dislocation network or mosaic
walls have longer range stress fields than the network and, hence, gather
in quantities of impurities which help to stabilize them.

Wyon and Lacombe (60) in studies on aluminum show that etch pits
probably form preferentially on dislocations which have formed atmospheres
of impurities. Lauriente and Pond (68) show that the etch pit density of
4-9 aluminum single crystals grown from the melt ranged from 0.7 to 2.5 x KIS:
cm/cm”,

It seems, then, that from the above considerations relatively unde-
formed single crystals contain two classes of dislocations? one forming
a network or mosaic and the other consisting of dislocations unattached to
the network with longer effective lengths but having a total density of
about /10 to 1/100 of the network dislocations. The unattached dislocations
are surrounded by Cottrell "clouds" of the point-type imperfections; in
"aged" crystals the network too is probably pinned by impurities. It is
suggested that the pinned long length dislocations unattached to the net-

work are responsible for the amplitude dependent decrement and modulus change.



B. TEMPERATURE DEPENDENCE OF THE AMPLITUDE INDEPENDENT DECREMENT AND MODULUS

Although there have been a number (30,31,19,33.36,37,38,53,54) of attempts
to construct a model to explain the zero amplitude decrement in metal single
crystals, only very limited success has resulted to date. In particular
(31,53.54,69), it appears that an intrinsic loss based on the interaction of
dislocations with a point-imperfection-free lattice yields a decrement
several orders of magnitude too small at room temperature. Seeger's theory (39)
of the Bordoni peaks at low temperatures appears to represent the most notable
success of the intrinsic interaction theories. His mechanism involving the
dislocation interaction with the Peierls stresses of the lattice is probably
almost completely washed out at room temperature.

The Koehler pinned dislocation models do provide an explanation for an
observed dependence of the zero amplitude decrement on the inverse fourth
power of the pinning point concentration (70) but at the expense of predict-
ing a linear frequency dependence which is not verified. The Granato-Lucke
modification appears more promising in its prediction of a very slow fre-
quency dependence in the kilocycle range.

Weertman’s high temperature model (Part I, Section D) is in fair agree-
ment with the facts, and several ways seem to exist to verify it experimen-
tally by hunting in the right places for the peak it predicts.

At higher strain amplitudes (S ™ 10~") at high temperatures other
effects may take place as has been pointed out by Birnbaum and Levy (18).
Instead of considering that dislocation nodal intersections remain fixed
as Weertman does in his treatment of the high temperature zero amplitude
decrement, Birnbaum and Levy suppose that the intersections move in a
non-conservative manner, i.e., producing interstitials or vacancies accord-

ing to Seeger's creep theory (72).
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The aluminum and magnesium zero-amplitude high temperature-dependent
data obtained in the present studies are in fair agreement with WeertmanTs
prediction (see page 42),(34)o

It is interesting to note that plastic straining of the lattice in-
creases the general level of the zero amplitude decrement but produces only
slight changes in the form of its dependence on temperature (compare 4~9 Al-1C
with 4~9 Al-1 in Fig. 15). Annealing is seen only to decrease the level of
the decrement

If the zero amplitude decrement is the result of interactions with
point-type imperfections, the increase observed in Fig. 15 as a result of
the cutting operation cannot be due to an increase of impurities. Vacancies
or interstitials formed during the deformation can interact with dislocations.
At these temperatures they are mobile enough to be distributed quickly to
low energy sites, i.e. either on the surface of the crystal, mutually
annihilated, or segregated to dislocation lines. In metals like magnesium
and aluminum the frequency of occurrence of jogs (61) on dislocation lines
is fairly high; vacancies or interstitials can be annihilated at jogs resulting
in an increase in the size of the jogged region and, on the average, con-
tributing to the displacement of the dislocation perpendicular to its slip
plane (climb). Thus in metals like magnesium and aluminum, deformation prob-
ably does not produce any additional effective point-type imperfections.

It is certain that deformation does produce an increase in total dis-
location density. Thus it seems that the rise in the general level of the
decrement upon deformation must be associated with an increase in the total
dislocation density and the mechanism of damping be either an intrinsic
interaction with the lattice or interaction at long range with the stress

fields of the point-type imperfections existing before deformation.
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The fact that the damping decreases with annealing probably excludes
any short-range interaction mechanism such as proposed by Kessler (73).

The decrease in damping during annealing in ZR Al-2 (not shown in
Fig. 15 but of the same order of magnitude as found in 4-9 A1l-1C) is ac-
companied by a considerable increase 1.3 per cent in the zero amplitude
modulus. X-ray studies show (page 33) that annealing of ZR aluminum at
200°C produces little observable change in either the total dislocation
density or network configuration; annealing at higher temperatures (up
to 550°C) showed strong evidence for the formation of a regular dislocation
network pattern called polygonization but little o'verall change in the
dislocation density.

Also the amplitude dependent data for zone-refined aluminum show
little change in the pinning point concentration as a result of annealing,
but i]; does increase.

One mechanism that would fit these observations would be the motion
of dislocations which have screw orientation unattached to the general net-
work; the damping might arise from a weak hysteretic interaction with
impurities (Weertman mechanism) or an intrinsic lattice interaction.

It is very probable that in the zone-refined aluminum specimens the
Weertman mechanism is not applicable since the solute concentration is
probably very small (see Section C), and the dislocation density is fairly
high as a result of the cutting operation. Compare the average distance X

between solute atoms with the average excursion, y, made by a dislocation

at the lowest stresses ((7* 5 x 10~ dynes/cm?”).

7

Z2 0'/4Gb where X = 10”" cm

y = 1CT6 cm and C = 106
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In both aluminum and magnesium the zero amplitude Young's modulus is
observed to decrease linearly with increase in temperature fran room
temperature up to about 150°C in aluminum and about 100°C for magnesium.
Above these temperatures it drops off from the linear variation in roughly
exponential fashion (Figs. 16, 17)« It is assumed that this departure from
linearity represents an increased dislocation contribution to the strain
resulting from the thermal dispersal of pinning points and perhaps freeing
of dislocation nodal interactions at the highest temperatures.

It is also assumed that the Young's modulus of a perfect lattice free
of phase transitions varies linearly with temperature in the temperature
range investigated (63 - 66). Friedel et al,, (17) have observed similar
anomalies in the modulus in aluminum wires measured at low frequencies and
have treated the temperature variation of the modulus in the same manner.

The apparent activation energy (5°5 Kcal/mole for aluminum) associated
with this wvariation of the modulus is 2 times the pinning point binding

energy (2.5 to 3.0 Kcal/mole). That this is reasonable can be seen as followss

AY/Yoc™2
where X is the average loop length, and”oc I/C and Coc O (see Section C)
so that
In AY/YoC-2 Qg/RT
where it is assumed that the concentration and binding energy of pinning
points on the regular network is similar to the concentration and binding
energy of points around the unattached dislocations, a condition probably

valid only with long annealing.
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C. TEMPERATURE DEPENDENCE OF THE AMPLITUDE DEPENDENT DECREMENT AND MODULUS
The basis of most of the present internal damping effects thought to be

the interaction of the dislocation line with the point-type imperfections;

and the Cottrell elastic binding is probably the major source of this inter-

"chemical" inter-

action (69)o Other sources of binding - "electrical” and
action (74.75) ~ have been proposed but are thought to be considerably smaller
than the elastic binding (69).

Suppose a slightly deformed crystal contains solute atoms initially
distributed homogeneously. Depending on the temperature and the binding
energy between the solutes and dislocation, the solutes will diffuse to
and condense on the dislocation lines. If the temperature is increased, a
"back flow" of solutes can occur thinning out the concentration around the
dislocation: At equilibrium the thinned-out concentration of solutes then
forms the "Cottrell atmosphere." Cottrell et al. (76,77) developed an ex-
pression for the net flux of solutes through any volume element. By setting
this net flux to zero it can be shown that the local concentration C’' in an
element of volume with interaction energy Q is

C =C0 eQ/RT [5.13
where C0 1is the concentration of solutes that would exist at very high
temperatures when there is no segregation to dislocation lines and R is
the gas constant.

Expression [5.1] is applicable when C < 1, i.e., at a temperature
T >TC where

Tc - NWB 1'""(1/00).
Tc for the measurements considered here may be estimated as follows:

is taken to be Qg, the Cottrell binding energy (69), estimated from the

values of €. and p believed to be appropriate for solutes in aluminum and
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magnesium (see page 55). Take Qg = 3 Kcal/mole and CQ = 10“*, then
Tc = 130°K.
Thus [S5.1] is applicable in the present experiments.

Pinning, therefore, must result from the acquisition of solutes fron
the Cottrell atmosphere and must be of a statistical natures solutes coming
from the atmosphere, sticking on the line for a time, and then moving back
into the atmosphere. The '"sticking' time must be longer than the period of
the applied stress for pinning, in the Cranato-lAicke sense, to apply.

From Fig. 4»

A = R«C
where C is the pinning point concentration, i.e., C = (rjn ax where CI;laX is the
concentration of the atmosphere near the core of the dislocation. At this
point the concentration is a maximum corresponding to the maximum binding
energy Qg.

If it is assumed that Rr is a slowly varying function of the temperature,

the variation of A with temperature may be given from [S.1] bys

where

AO0=KeCO0. [5.3]

Fig. 20 shows in aluminum that A does depend on temperature as [5.2]
predicts up to about 200°C. A similar dependence was indicated in the
magnesium specimens, but only limited data was taken and hence not re-
ported in detail.

Although the aluminum data is fairly scattered, it seems that Qg
can be bracketed by the values 2.5 to 3.0 Kcal/mole (see table, page 45).
Such values for the binding energy are not out of line with estimates made

using the modified Cottrell relation (69)| furthermore, from [S5.3] and
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the values assumed for K and € on page 55
1 x 104 for 4-9 Al-1

° 2 x 10"5 for ZR Al-1

These values for CQ are high, but not unreasonably so, since little is
know about impurities such as the gas content not contained in the usual
analysis. It is questionable whether dissolved gas can interact strongly
enough to give a misfit parameter of the order of 0.1.

Throughout the above experiments the ratio r remained constant as
shown by Fig. 11. Thus the same information concerning (X, and was ob-
tained by observing the amplitude dependence of the modulus as was obtained
by measuring

That Figs. 19 and 20 represent an approach to equilibrium measurements
was demonstrated by measuring the decrement and modulus vs. amplitude curve
first by going to successively higher temperatures and then by decreasing
the temperature slowly. Curves obtained in this fashion were quite repeatable
as long as close attention was paid to maintaining very gradual temperature
changes. Apparently thermal stresses were sufficient to displace pinned
dislocation lines from their atmospheres and to reduce SB making the crystal
appear to be at a higher temperature than it actually was. Also, of course,
the speed with which the Cottrell atmosphere might adjust to changes in tem-
perature was diffusion controlled and could be a limiting factor at lower
temperatures,

When data was repeatable, as discussed above, remained essentially
constant up to 200°C (Fig. 21) for aluminum specimens. The magnesium
crystals were so very sensitive to thermal stressing that scatter obscured
any trend which might have been present.

It would seem, therefore, that the Cottrell atmosphere could be either

thinned by going to higher temperatures or concentrated by decreasing the
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temperature while the distribution of network lengths remained relatively unchanged.

When well-annealed aluminum or magnesium received slight handling or
thermal shock, Sg decreased; and many times the form of the breakaway curve
changed frcm its characteristic smooth rise to the plateau mentioned on
page 46. Apparently these small static stresses can pull dislocations out of
weak parts of the pinning atmosphere and effectively change the randan expo-
nential distribution of loop lengths to a distribution in which an excess of
long loop lengths prevails. The new non-equilibrium distribution makes the
early part of a G-L plot resemble a plot taken at higher temperatures. Fig. 24
shows this effect in ZR Al-1. Either diffusion of the atmosphere to the new
site of the dislocation or migration of the dislocation back to the atmosphere
is probably responsible for the annealing effects shown in Fig. 22.

"Weak” parts of the pinning atmosphere probably occur because the con-
centration should depend on the orientation of the dislocation - the G-L
model applies only to dislocations in edge orientation. Since the elastic
binding force between a point imperfection which creates only dilatational
strain and a close pair of partials foiming a total dislocation in screw
orientation is about one half of the force when the total dislocation is in
edge orientation, one can expect less attraction of point imperfections to
sections of the network in screw orientations. As a consequence, the pro-
portions of long loop lengths are increased over the regular distribution;
this, in turn, means that the breakaway should occur earlier. An explanation
is thus suggested for the occurrence of the general ''tail" in the G-L plot
at low strain amplitudes even in well-annealed crystals and the early rise

and plateaus in slightly stressed crystals.
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D. TIME DEPENDENCE

The following is a summary of the experimental conditions that charac-

terize the occurrence of the fast time dependence ¢

1. If the excitation amplitude Sg is less than the breakaway amplitude
Sg, there is no change observed in the instantaneous curve - this
includes the case when Sg is slowly increasing in a slow time
annealing sequencel

20 A. There is effectively no influence of excitation on the
modulus at amplitudes greater than the excitation amplitude Sg.

B. Above Sb there does exist a slight depression of the decrement
compared with the “instantaneous' curve measured in the same
amplitude region.

3. If Sg>Sg, the instantaneous curve below Sg is
A. Increased.

B. An increase is evident in both the decrement and modulus measured
at S~ 10_7, the increase being larger in crystals with smaller CO.

4. The ratio r remains constant during excitation.

5. Excitation at very high amplitudes(S ~10°5) produces instantaneous
amplitude dependent curves that resemble instantaneous curves taken
at a higher temperature.

6. Excitation produces reproducible instantaneous amplitude dependent
curves.

7. There is little or no time dependence in freshly strained crystals.
Time dependence begins to occur as the crystal ages; return of time
dependence is accelerated by high temperature anneal.

8. 1If there is no time dependence, there is no hysteresis effect;

and if there is no hysteresis effect, there is no time dependence.
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The decay following excitation at high amplitudes can be characterized
by a sequence of G-L plots which show thats

A. The pinning point concentration increases monotonically with time.
B. The distribution of network lengths remains constant in time.

The dependence of the pinning point concentration on time during

the decay following short excitation follows a t*/3 law and

following long excitation, approaches a t*~/3 law.

Limited observations indicate that the decay following short exci-
tations is governed by a diffusion activation energy in the range

7 to 10 Kcal/mole.

From the summary 1-11 and the previous Sections A, B, and C, the use of

the G-L model to interpret the amplitude data results in the following?

€))
(b)

©

(d)

O)

Breakaway is necessary to produce time dependence - item 1.

The disturbance produced by breakaway is such that it increases
the number of long loop lengths - items 2, S.

From the nature of the loop length problem, the number of long
loop lengths can be increased by 1) decreasing the number of
pinning points on the line or 2) redistributing those present

on the line, or both.

The original distribution of loop lengths is recovered when the
breakaway process is stopped - items 6, 9A - and during excitation
and decay the network lengths are unchanged - items 6, 9B.

Items 2 and 3A follow from (a) because network lengths either with
a "strong" distribution of pinning points or larger concentration
of pinning points will not have experienced breakaway and thus show
no change in their response to instantaneous increases in S, while

network lengths with either "weaker" distribution of pinning
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points or smaller concentration of pinning points will have
experienced breakaway and hence become weaker (b).

() Item 2B follows fran 9B and (b) as well as the G-L relation.

(g) From the arguments used in Section C, it appears that pinning is
statistical in nature; and therefore, it seems more reasonable to
assume that the loop length distribution on each network length
is randomized. Thus (e) must be interpreted in terms of different
network lengths having different concentrations of atmospheres
instead of different distributions of pinning points. Thus the
orientation consideration mentioned in Section C isuseful here.

Also only (c)-1 is permissible for the same reasons.

From these considerations, then, the excitation time dependence seems
to be due to the thinning of the Cottrell atmosphere surrounding the long
network lengths; the thinning is directly related to the phenomenon of
breakaway. The decay following excitation is considered to be the densification
of the atmosphere by diffusion back to the dislocation. The occurrence of
the t~/~ iaw following long excitations is suggestive of the Cottrell-Bilby
strain aging relation (76). This in turn suggests that the excitation for
long times has produced a thinning of the atmosphere which is fairly extensive
and possesses cylindrical symmetry. The occurrence of the tV3 jaw suggests
a planar distribution (78) of the atmosphere following short excitation.

The very low activation energy for diffusion (item 11) suggests that
the atmosphere may be composed of nitrogen, hydrogen (see Note, p. 70), carbon,
or perhaps vacancies. The difficulty with the assumption of a gas atom is
that a mobile imperfection probably produces little dilatation and, hence,
will have a very small binding energy to a dislocation. A vacancy is in

a unique position of being both mobile and able to produce a relatively strong
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interaction with a dislocation. It is believed, however, as was mentioned
earlier (page 60) that vacancies are readily absorbed at jogs and thus
removed fran the pinning population in metals like aluminum and magnesium.

From the above arguments, the cause of the fast time dependence is
considered to be: a pinning atmosphere which has high diffusivity and can
be dispersed easily by a dislocation segment moving through it.

From evidence like item 7, the dislocation must have, in addition, a
more substantial pinning atmosphere probably composed of metallic solutes

and not subject to easy dispersal.

NOTE: That hydrogen was considered important in producing internal
damping effects was shown by Marx and others (12,42). Sane
preliminary hydrogenation experiments on magnesium were under-
taken prior to the present work, but the extreme thermal stress

sensitivity of magnesium made decisive experiments difficult.
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CONCLUSIONS

interpretations of the results of this study are summarized

The Granato-Lucke pinned dislocation model satisfactorily
explains most of the amplitude dependent decrement and
modulus data for four nines pure aluminum single crystals

from room temperature to 200°C. There is less detailed
agreement for zone-refined aluminum and relatively pure
magnesium crystals.

The density of the dislocations responsible for amplitude
dependent damping and modulus is probably I/1O to 1/IOO of

the total dislocation density.

The binding energy of the pinning point responsible for the
amplitude dependent damping and modulus change in aluminum

is 0.11 to 0.14 eV.

In four nines aluminum there is as yet an unidentified pinning
point which has the above-mentioned binding energy but is very
mobile; it appears to be responsible for the time dependent

effects observed at room temperature and above.
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APPENDIX

The properties of dislocations are discussed at length in such works ass

Read, ¥,, T. Dislocations in Crystals, McGraw-Hill, 1973«

Cottrell, A. H, Dislocations and Plastic Flow in Crystals,

Oxford, 1973»

Nabarro, F,, R. N, "The Mathematical Theory of Stationary

Dislocations.," Adv,, in Phys,,, July 1952.

A shorter account may be found in:

Kittel, C. Introduction to Solid State Physics, 2nd ed.,

Wiley 1956.

For the purpose of aiding in the formation of a concept of a dislocation
which will suffice for the purpose of explaining internal damping phenomena,
the following partial list of their properties is given (only dislocations
related to slip are considered).

177

lu

They are internal boundaries separating slipped from unslipped
atomic planes.

As a boundary between two areas on a surface, they are
essentially one dimensional.

As a boundary, they possess a boundary energy or energy per
unit length or line tension and hence resist bending.

Since the slipped region will change its extent under the in-
fluence of a shear stress, the dislocation moves in response to
an applied shear stress; dislocations,unimpeded, move very easily.

A dislocation can interact with other dislocations in such a
way as to be made relatively immobile.

A dislocation can interact with point-type lattice defects; the inter-
action can influence the motion of both dislocation and point defect.

At increased temperatures, point-type defects interact less
strongly with dislocations.

At increased temperatures, dislocations can move more easily
under the influence of internal stress fields - move either
to certain groups of dislocations and accumulate or annihilate
or move to the surface of the lattice.
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