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ABSTRACT 

The kilocycle range dislocation damping and Young•s modulus of 

single crystals of magnesium and single crystals of magnesium containing 

small additions of lithium, zinc, or aluminum have been studied as a 

function of strain amplitude, temperature, and time during annealing 

and following a high strain amplitude vibration. 

The data are compared to ~he Granato-L~cke theory of dislocation 

damping, the Granato-Hikata-Lucke theory for the recovery of damping 

following plastic deformation, and the Yamafuji-Bauer theory for the 

recovery of damping following a high strain amplitude vibration. 

Reasonable qualitative agreement is obtained between the Granato

Lucke theory and the observed dependence of the damping and modulus on 

strain amplitude and temperature. Reasonable quantitative values for 

the dislocation density, network node loop length, and activation energy 

for the migration of vacancies in magnesium are obtained. 

It is found that in order to get agreement with the decay of the 

damping during annealing at high temperature, it is necessary to modify 

the Granato-Hikata-Lucke theory. This is accomplished by replacing the 

Cottrell-Bilby expression for the segregation of pinning points to 

dislocations by an expression suggested by Harper to account for longer 

times. 

The observed dependence of the damping on composition does not agree 

with the Granato-Lucke predictions. A possible explanation for this 

discrepancy is offered. 

Several new phenomena that were observed are described and 

discussed. 
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I. INTRODUCTION 

A. Statement of Problem 

Since the suggestion by T. A. Read 1 in 1940 that the dissipation 

of mechanical energy within a vibrating solid (internal friction) 

could be attributed to the motion of dislocations (now termed disloca

tion damping), research on dislocation damping has progressed from 

studies of the phenomenon itself to the use of damping as a tool in 

the study of defects in solids. This change was made possible largely 

by a successful theory of dislocation damping published in 1956 by 

Granato and LUcke. 2 This theory placed the interpretation of damping 

data on a quantitative basis. It is now possible to predict reason

able values of dislocation density, point defect concentration, diffu-

sion coefficients and other parameters involved in dislocation point 

defect interactions from a measurement of the dislocation damping of 

the material. 

In order to determine quantitative values for all of the para

meters in the Granato-Lucke theory, it is necessary to measure the 

dislocation damping and Young•s modulus as a function of strain ampli

tude, temperature and time for the same specimen. A comprehensive 

study of a single sample is desired because the damping is so sensi

tive to conditions that cannot be controlled or evaluated such as 

mechanical and thermal history, and handling. 3 

There is a general lack of experiments in the 1 iterature in which 

enough parameters were systematically varied for the same sample to 

provide a complete check of all the predictions of the theory. In 

most experiments, only a few parameters were varied and usually the 

range of variation of each parameter was small. 
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B. Purpose of the Investigation 

The investigation reported in this thesis was undertaken with 

the above need for a comprehensive study of dislocation damping in 

mind. The specific objective of the research was to interpret the 

dislocation damping data quantitatively in terms of the Granato-Lucke 

theory to determine a) whether the theory was consistent with the data 

and b) whether the predicted values of dislocation density, impurity 

concentration, activation energy, and other constants were reasonable 

and in agreement with known values in the crystal. It was also hoped 

that the results might make it possible to identify the nature of the 

point defects involved in the dislocation damping. 

C. Method Used~ Meet Objectives 

An ideal experiment would be one in which the dislocation damping 

of a single specimen is studied as a function of strain amplitude, 

temperature, impurity concentration, frequency, orientation, recovery 

time after plastic deformation and possibly irradiation. It is nearly 

impossible to achieve this ideal for several reasons. First, a meas

urement of the damping as a function of frequency from the 1 cycle per 

second range to the megacycle range for the same specimen is nearly 

prevented because of measuring techniques. 

range the torsion pendulum method is used. 

In the 1 cycle per second 

In the kilocycle range the 

resonant bar method is usually employed, while in the megacycle range 

the pulse-echo technique is used. The physical size and shape of the 

specimen vary for each of these three frequency ranges. Size and shape 

requirements also hinder the variation of the orientation for the same 

specimen, although it can be studied to some extent in the megacycle 

range. Variation of the impurity concentration for the same specimen 

over a very wide range would also present considerable difficulties. 
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As a compromise to the above ideal, it was decided to measure 

the dislocation damping and Young 1 s modulus of magnesium single 

crystals at approximately 33 kilocycles per second as a function of 

strain amplitude from about 10-8 to 10-S, as a function of temperature 

from approximately 25° C to 280° C, and as a function of annealing 

time and recovery time following a high strain amplitude vibration. 

Single crystals of magnesium containing small additions of aluminum, 

zinc, or lithium were also studied to determine the effect of known 

amounts of metal impurity atoms on the dislocation damping. 
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II. LITERATURE REVIEW 

A. General Background 

Damping in a solid containing dislocations results from a viscous 

drag on the dislocation as it moves through the lattice. In addition 

there is an effective decrease in the modulus of elasticity since 

the dislocation strain will add to the elastic lattice strain. The 

exact mechanism by which the dislocation is viscously damped is still 

somewhat obscure but recent evidence strongly indicates it is due to 

scattering of phonons by the moving dislocations. 4 

It was recognized early that the theoretically predicted damping 

would be much larger than that observed if the dislocation motion 

were not restricted in some manner. All of the existing dislocation 

damping theories assume some type of restrictive mechanism. The 

restrictive mechanisms vary from Peierls barriers in the theory of the 

Bordoni peak damping5 in plastically deformed face-centered-cubic 

metals at low temperature, to point defects which pin the dislocation 

in the Granato-Lucke theory. 

Although other dislocation damping theories have been advanced 

by Koehler6 , Nowick7, and Weertman 8 , none of these has received the 

wide acceptance that the Granato-Lucke theory has received. Also, 

some of their predictions are not substantiated by the experimental 

data. The Granato-Lucke theory has been successful in explaining 

nearly all of the dislocation damping data to date (other than the 

Bordoni peak damping) with the exception of data obtained from mate

rials that were exceptionally pure or highly deformed. For this rea

son the review here will be limited to a brief description of the 

Granato-Lucke theory and its experimental consequences. 



B. The Granato-Lucke Theory 

1. The Model. A detailed review of the Granato-Lucke theory 

will not be presented here because several detailed reviews of the 

theory are available in the literature.9,lO,ll However, the results 

5 

of the theory will be briefly summarized for the benefit of the reader. 

The theory is based on an earlier model by Koehler6 in which the 

dislocation is considered to be pinned by two types of pinning points. 

The first type are known as major pinning points and are caused by 

dislocation network nodes. The second type are known as minor pinning 

points and are presumably impurity atoms or vacancies in the lattice. 

When an oscillatory stress is applied to the sample, the dislocations 

vibrate between the pinning points much like a stretched string in a 

viscous medium. Figure l(a) shows a dislocation of length LN pinned 

by a number of minor pinning points separated by an average distance, 

L. If a small vibratory stress is applied, fig. l(b), the dislocation 
c 

will bow out slightly in the slip plane which is the plane of the paper 

in this figure. If the stress is reduced to zero at this point, the 

dislocation will return elastically to its unstressed position. How-

ever, if the maximum stress in the first quarter cycle is great enough 

to unpin the dislocation from one of the minor pinning points (fig. l(c)), 

then the whole line will unpin catastrophically as shown in fig. 1 (d). 

This catastrophic unpinning is designated as ''breakawaY 11
• If the stress 

is now increased further, the dislocation will continue to bow out as 

shown in fig. 1 (e). However, in this case it is pinned at its ends 

by the major pinning points (network nodes) and will therefore have a 

smaller restoring force. It is assumed that the stress is never 
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Figure 1. Schematic representation of the motion of a 
pinned dislocation under an increasing and 
decreasing stress 

--·-·----

·---·-·------------------
DISLOCATIC~ STHAIN -~ 

. .. 

Figure 2. Approximate stress-strain curve resulting from 
the model of a pinned dislocation 

·-·------·----------------~-----
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sufficient to pull the dislocation away from the network nodes. If 

the stress is decreased to zero, the dislocation will return to its 

unstressed position in the manner of fig. 1 (f) and fig. 1 (g). 

It is then assumed that the dislocation is repinned at zero stress 

and the process begins again on the third quarter cycle. 

Figure 2 shows the approximate stress-strain curve resulting 

from the unpinning process illustrated in figs. 1 (a) to 1 (g). 

Each part of the graph in fig. 2 is labeled with the letter of the 

illustration in fig. 1 to which it corresponds. The curve follows 

different paths for increasing and decreasing stress due to the 

different restoring forces before and after unpinning. Only the 

dislocation strain is shown in fig. 2, the elastic lattice strain 

having been subtracted out. 

This model predicts that the damping, ~ , and modulus change, 

7 

~E/E, will be of two types. The first loss results from the viscous 

damping of the dislocation as it moves while still being pinned by 

the minor pinning points. This loss is independent of the strain-

amplitude but is frequency dependent. It is predicted that this 

strain-amplitude independent decrement ( hereafter referred to as 

the independent decrement, ~I ) will have a maximum value at the 

resonant frequency of the dislocation and it is estimated that this 

12 
will occur in the megacycle range. The second loss arises when 

the strain amplitude is sufficient to break the dislocation away 

from the minor pinning points. The large increase in strain at 

breakaway for no increase in stress results in a hysteresis loss 

that is dependent on the strain amplitude. This loss is referred to 

as the dependent decrement, ~H' and is proportional to the area 
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inside the stress-strain cycle shown "1n f"1g. 2. Th h d · us t e amp1ng 

observed is given by the sum of these two losses, ~ = 

2. Predicted Dependence on Strain Amplitude. At kilocycle 

frequencies and for a specimen vibrating longitudinally in resonance, 

the dependence of the damping on strain amplitude is given by, l3 

( 1/2 ~H = A1/E0 ) exp( (l) 

where A = 1 (~AL~/n 2 ) (2Kna/nl~) 1 12 Kna/L c 

In the above expressions, 

£ is the maximum strain amplitude, 
0 

~ is an orientation factor, 

A is the dislocation density, 

LN is the average distance between major pinning points or 

network nodes, 

K is a parameter related to the force required to produce 

breakaway and is also dependent on orientation, 

n is the misfit parameter, 

a is the lattice parameter, 

and L is the average distance between minor pinning points. 
c 

The associated strain amplitude dependent fractional modulus 

change is given by (~E/E)H= r ~H where (~E/E)H is the ratio of the 

difference between the modulus measured at any strain amplitude and 

the modulus measured at low strain amplitudes to the modulus measured 

at any strain amplitude, and r is a constant of order unity. 

The damping and modulus change observed at low strain amplitudes 

are independent of strain amplitude and at kilocycle frequencies are 

• b 14 g1ven y, 
(2) 

(3) 



where A3 = 120nABw/n3c• , and A4 = 6nA/n2 . 

In the above equations, (~E/E) 1 is the ratio of the difference 

between the true elastic modulus and the measured modulus to the 

true elastic modulus, L is the average loop length including both 

the major and minor pinning points and is given by 1/L = 1/Lc + 1/LN, 

B is the damping constant for dislocation motion, w is equal to 2n 

times the resonant frequency of the specimen, and c• is the disloca-

tion line tension. 

An evaluation of the above constants, as well as the exact forms 

for n K , and c•, is presented in the Appendix for the case of 

magnesium single crystals. 

The dependence of the damping on strain amplitude can be tested 

by writing equation (1) in the linear form; 

1/2 1/2 ln[(6-6 1)E0 ] = ln(6HEo ) = ln A1 A2 (1/E0 ) 

and a plot of 1n(6HE!12 ) vs 1/£0 should yield a straight line 

with slope of absolute value, S = A2 and intercept, I = ln A1 . 

This type of plot is known as a Granato-Lucke (G-L) plot. In general, 

quite good agreement is obtained for the strain amplitude dependence 

f h d . 9 o t e amp1ng. G-L plots are quite numerous in the literature and 

linear plots are obtained for materials that are not too pure and not 

highly deformed. However, curved plots have been noted for some dilute 

15 16 alloys. ' 

3. Predicted Dependence~ Temperature. The temperature depen-

dence of the damping can be predicted from the dependence of the pop

ulation of pinning points on temperature. It is generally assumed 

that the dislocation is surrounded by a Cottrell atmosphere of 

pinning points that are in equilibrium at a temperature T and 



given by the following equation, 17 C = C exp (Q/kT) 
0 

where Q is 

the interaction energy between a pinning point and a dislocation, 

C
0 

is the overall point defect concentration in the sample, and 

10 

kT has its usual meaning. The dislocation damping should depend on 

temperature through the loop length, 

point defect concentration, c ' by 

L , which is related to the 
c 

C = a/L c 

Therefore, the slope of a G-L plot should depend on temperature 

in the following manner: S = KnC exp(Q/kT). 
0 

Thus plots of 

1/T should be 1 inear with slope Q/k and intercept 1 n KnC . 
0 ln s vs 

This has been verified by a number of people and values of Q range 

0.3 
18 aluminum. 19 

eV for lead to 1.6 eV for The intercept 
from 

of a plot like the above gives a value for the constant K if 

is known. 

c 
0 

If the temperature dependence of the major pinning points is 

neglected 
(L = L ), the temperature dependence of the independent 

c 

decrement and fractional modulus change will be given by: 

~I = (A3a4/c~) exp( -4Q/kT) 

(~E/E) I = (A4a2/c!) exp( -2Q/kT) 

A plot of ln ~I vs 1/T should be linear with a slope, -4Q/k and 

4 4 an intercept, 1n(A3a /C 0 ). Also, a plot of ln (~E/E) 1 vs 1/T 

should be linear with a slope, -2Q/k and an intercept, 

4. Predicted Dependence~~· In 1958, Granato, Hikata and 

LUcke 14 (G-H-L) published a theory for the recovery of the dislocation 

damping and modulus change in a plastically deformed solid. The 

theory was based on the assumption that during plastic deformation the 

number of dislocations is increased, causing an increase in the damping 

and recovery occurs as point defects created by the deformation migrate 

to the dislocations, pinning them and therefore immobilizing them. 
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Other interpretations as to what occurs during recovery have also been 

d d S . h20 a vance . m1t assumes that the number of dislocations formed by 

the plastic deformation is reduced by mutual annihilation of the dis

locations. Nowick21 assumes the dislocations become immobilized by 

dislocation rearrangement. However no model has been constructed to 

permit experimental checks. 

For the case of the G-H-L theory, the decrease in damping is 

described by the decrease in loop length L The decrease of L 

with time is obtained from the Cottrell-Bilby strain aging law. This 

law, derived by Cottrell and Bilby22 in 1949, gives the number of point 

defects that have diffused to the dislocations after a time, t 

per unit dislocation length as: 

n(t) = n aA(AOt/kT) 213 
0 

where n is the number of point defects in the lattice per unit 
0 

volume, 

a = 3(TI/2) l/2 

A is the dislocation density, 

(4) 

A is a parameter related to the force between a pinning point 

and D 

and a dislocation, 

is the diffusion coefficient given by 0 = 0 exp(-U/kT) 
0 

where o is the frequency factor, and U is the activation energy. 
0 

In terms of concentrations, n = C N where N 
0 0 

is the number of 

atoms per unit volume, and n(t) = A/Lc = C(t)A/a · For ideal hcp 

structures, Ni2a3 = 2 where a is the basal plane lattice parameter. 

Therefore, C(t) =(C /:2a/a2 ) (ADt/kT) 213 
0 

G-H-L assume two types of defects, one mobile, whose concentration 

is given by c1(t), and the other immobile, whose concentration is 
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given by C2 . The total loop length is given by, 

1/L = 1/LN + c1 (t)/a + c2/a {5) 

If we substitute c 1(t) = (c 101:fa/a2)(ADt/kT) 2/3 and c2 = c20 in 

this expression for L and neglect the numb f t k d · er o ne wor no e potnts 

we obtain: 

L = a/[c20 ( 1 + at2/3)] 

where c 10 and c20 are the overall concentrations of type 1 and 

type 2 point defects, respectively, and = (c 101:2a/c20a2) (AD/kT) 2/3 

This expression for L may be substituted in equations (1), (2), and 

(3) to give the dependence of the damping and modulus change on time 

following a plastic deformation. We obtain: 

6H 
1/2 1 + at213 >l = (A 1/£0 ) exp[-(Knc20/£0 )( (6) 

4 4 St2/3)]4 
61 = A3a /[C20( 1 + (7) 

(8) 

In equation (6) the time dependence of A1 is neglected with re

spect to that of the exponential. These equations were applied by 

G-H-L to recovery data on Na Cl by Gordon and Nowick, 23 on copper by 

Smith, 20 on zinc by Alers, 2~ and on aluminum by Hlkata et a1, 25 

Hlkata and True11, 26 and Koster. 27 Only the Na Cl data were complete 

enough to permit a full check of all the equations. Smith's data are 

for the recovery of the modulus only and not the damping, and Alers, 

Hikata et al, and Hikata and Truell did not report the modulus recovery. 

Koster reported the recovery of both the damping and modulus. However, 

the frequency of vibration was too low to consider the damping a 

dynamic loss. Also, insufficient data points points were reported to 

allow an accurate check. 
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In general, the above data agrees reasonably well with the theory 

except for recovery data obtained after an extremely small deformation 

for zinc, and a rather. large ( 8.4% ) deformation for copper. 
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I I I. EXPERIMENTAL CONSIDERATIONS 

A. Crystal Preparation 

1. Description of Equipment. The pure magnesium and magnesium 

base alloy single crystals were grown by the Bridgman technique in an 

apparatus described in detail previously. 28 The major components of 

the crystal growing apparatus are shown in fig. 3 and consist of two 

separate vertical furnaces, one placed on top of the other, a long 

alumina tube containing a graphite crucible at the bottom, and a me-

chanism for lowering the tube down through the furnaces. 

2. Growing Procedure. The procedure followed to grow the pure 

magnesium crystals has been described in detail previously. 28 The 

alloy crystals were seeded so that all of them would possess the same 

orientation. The seeding was accomplished by using a special graph-

ite crucible shown in fig. 4. The seed was obtained from a previously 

grown single crystal having the desired orientation. Each magnesium 

alloy rod stock was machined to fit the crucible exactly for filling 

purposes, and prior to each run the rod stock and the seed to be used 

were cleaned in dilute HCl, rinsed with acetone and air dried. The 

seed and rod stock were placed in the graphite crucible and this en-

tire assembly was inserted into the alumina tube and evacuation be-

gun. The assembly was kept under vacuum (10 microns) at 400° C for 

8 hours before the crystal run began. At the start of each run, the 

furnace temperatures and position of the alumina tube were adjusted 

to permit partial melting of the seed. The tube was then lowered 

into the bottom furnace at the rate of .75 in/hr. 

Because of the high vapor pressure of magnesium, the crystals 

were grown in helium at approximately atmospheric pressure. It was 

found that to obtain fonding between the melted portion of the seed 
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Seed Cavity 

Heat Sink 

Figure 4. Graphite Crucible for Growing Seeded Crystals 
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and the rod stock, it was necessary to purify the helium. This was 

accomplished by passing the helium through a drying column and heated 

(900° C) titanium chips. Special care was also taken to avoid con-

tamination of the crystal by the graphite crucible and alumina tube. 

The alumina tube was baked in air at 700° C for 8 hours prior to each 

crystal run to oxidize any impurities remaining in the tube. The 

graphite crucible was cleaned after each use in dilute HCl, then 

soaked in distilled water for 6-8 hours and finally soaked in acetone 

for 1-2 hours. It was then placed in a vacuum oven at 100° C and 

kept under vacuum (1-2 mm Hg) for approximately 8 hours. 

3. Crystal Examination. After the crystal run was completed, 

the crystal was removed very carefully from the graphite crucible and 

the seed was sawed off with a jeweler•s saw. The crystal was initially 

examined for grain boundaries usually by rotating in a strong light. 

If no grain boundaries were noticed, it was then etched in a manner 

described provious1y. 28 The etchant was dilute HCl in every case ex-

cept that of the Mg-Zn alloys, where dilute HN0 3 was employed. This 

was to prevent the darkening caused by the dilute HCl on Mg-Zn alloys. 

After etching, the crystal was again visually examined for grain 

boundaries. If none were found, the orientation of the crystal was 

determined by the back reflection Laue method. Crystals possessing the 

desired orientation were etched to approximately 5/32 inch diameter 

cylinders by rotating in dilute HCl and then they were cut to length 

by a spark cutter. Each crystal was then reexamined by X-ray diffrac

tion in several places along its length to insure that it was a single 

crystal. 
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Table I 1 ists the crystals used in this investigation. The orien

tation is given for each crystal and is expressed as the angle, e , 

between the normal to the basal plane (i.e., the [0001] axis) and the 

cylinder axis. The pure crystals are identified by their orientation 

and the alloy crystals by the type and approximate amount of added 

impurity. 

4. Chemical Analysis. The ends of the alloy crystals and one 

pure crystal were analyzed qualitatively by spectrographic analysis 

and quantitatively by atomic absorption analysis. The average analy

sis for each crystal is given in Table I. The distribution of alloy

ing elements along the crystal length was analyzed for each element 

by sampling a typical crystal that was not usable because of the wrong 

orientation or small grains. The results show that there was less 

than 10% variation in percentage of alloying elements along the length 

of the crystal. The possible segregation of alloying atoms into clus

ters was not investigated. 

It is not known why no lithium was found in the Li doped crystals. 

However, Ueki 29 found that heating a sample of magnesium containing 1% 

Li to 750° C and holding it for 1 hour in a graphite crucible under an 

argon atmosphere yielded only .00005% Li upon analysis. It is pos

sible that the lithium is reacting with the graphite crucible. Secrist 

and Wisnyi30 produced LiC in an argon atmosphere by heating lithium 

and graphite to 700° C. 

Lithium, aluminum and zinc were chosen as alloying elements be-

cause each is soluble in magnesium and the respective phase diagrams 

showed it is possible to grow single crystals of each alloy. All three 

al Joying atoms possess a smaller atomic radius than the magnesium atom. 

Magnesium melts containing lead and calcium which possess a larger 
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TABLE I 

Orientation and Chemical Analysis of Crystals 

Crystal e Fe Cu Ca Li Zn Al 
-

Atomic Absorption Analysis At. % 

PlO 10° 

P14.5 14.5° 

P38 38° .004 . 0011 .0012 

P44 44° 

P50 50° 

P57 5r 

P62.5 62.5° 

P68 68° 

P74 74° 

P84 84° 

Li 23° .004 .0008 .0004 <.001 

Zn 22° .004 .0011 .0004 .048 

.03 A1 24° .008 .0008 .002 .027 

.05 Al 22° .004 .0004 .003 .045 

. 135 A1 23° .004 .0004 .002 . 16 



atomic radius than magnesium were prepared, but time did not permit 

an investigation of crystals containing lead and calcium. 

B. Modulus and Decrement Measurements 

1. Description of the Oscillator. The decrement and Young's 

modulus were measured by the resonant bar technique using a Marx 

piezoelectric composite oscillator which employs a gauge crystal in 

20 

addition to the driver crystal. Construction details of the oscilla

tor have been given by Schwaneke31 and the theory of operation was 

presented by Marx.3 2 

Figure 5 is a functional diagram of the oscillator set-up. The 

basis function of the oscillator is to generate resonant longitudinal 

vibrations in a specimen and to provide a measure of the input and 

output energy. The oscillator consists of two identical quartz crys-

tals and an extension rod of fused silica. Both quartz crystals and 

the extension rod possess approximately the same resonant frequency 

* and are cemented together to form a resonant unit. The unit is 

driven by applying an ac voltage to the driver crystal by a signal 

generator. The lower crystal, called the gauge crystal, serves to 

indicate the output voltage of the unit. The input and output volt-

ages are measured by vacuum-tube voltmeters. The specimen to be 

measured is placed on the extension rod. The length of each speci-

men is adjusted so that the resonant frequency of the specimen is 

approximately equal to that of the oscillator unit. The frequency 

of the applied voltage is adjusted to equal the resonant frequency 

of the entire unit (oscillator plus specimen). The resonance con-

dition is indicated by a peak in the output voltage, or by a 90 degree 

* Eastman 910 adhesive was used for the cement. 
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phase difference between the input and ouput voltages. The latter 

method is facilitated by the use of an oscilloscope as shown in fig. 

22 

5. Al 1 of the decrement and modulus measurements are made at resonance. 

The formulas for calculating the decrement, strain amplitude, and 

Young•s modulus from the observed voltages and frequency have been 

28 given previously by the author. 

2. Oscillator Calibration. Three separate oscillators were em-

ployed to speed the measurements. The decrement of each oscillator was 

measured as a function of strain amplitude and temperature with no 

specimen attached. The results although non-linear were fitted with 

a straight 1 ine. For an oscillator with no specimen attached the 

general equation for the decrement, ~ , as a function of strain amp
q 

litude, £ 0 , and temperature, T , in °C is: ~ =A + B £ + C (T-25), q q q 0 q 

where A , B , and C are constants which vary slightly for each 
q q q 

oscillator but are of the order of 4 x 10-6, 10-8 , and 10-9 °C-l 

respectively. The resonant frequency of the oscillator alone, 

was found to be quite linear with temperature and is given by, 

f 
q 

f = f + D (T-25) , where f is the resonant frequency at 25 °C 
q qo q qo 

and is approximately 33.5 kilocycles and Dq is approximately 

.25 cps/°C for all three oscillators. 

Since it is very difficult to obtain a material which has a known 

standard value of internal friction, the oscillators were not standard-

ized. Therefore, while absolute values of the damping are question-

able, relative values are comparable. 

3. Accessory Equipment. Each oscillator was fitted with a long 

pyrex tube with a vacuum O-ring seal at the bottom end and a rubber 

stopper at the top. An aluminum heat shield which contained iron-



23 

constantan thermocouples surrounded the crystal to provide an even dis

tribution of heat. A large tube furnace surrounded the pyrex tube. 

The furnace temperature was controlled with a temperature controller 

and a powerstat. Temperature regulation was maintained in all cases 

to ±1° C. 

Each oscillator was affixed with a stop-cock to permit evacuation 

of one, two, or all three oscillators by the same vacuum pump. The 

vacuum was maintained at approximately 15 microns during specimen tests. 

Measurement of the vacuum was made by a thermocouple vacuum gauge. 

The resonant frequency of the oscillator was determined by meas

uring the period of 100,000 cycles with a frequency counter. This 

method permitted the frequency to be accurately known to within 0.1 cycle. 

4. Special Modification. In making measurements at high strain 

amplitudes it was sometimes necessary to minimize the duration of the 

applied voltage to the oscillator. The reasons for this are given on 

page 70. Measurements of this type were made with a special set-up. 

The meter of the vacuum-tube voltmeter (VTVM) used to measure the out

put voltage was disconnected, and the meter voltage amplified and ap

plied to an oscillograph. The oscillograph (trade name Visicorder) 

employs a light beam galvanometer and special light sensitive paper. 

The oscillograph was necessary since the inertia of the meter in the 

VTVM was too great to respond to the short pulses applied. The meas

urements were made by applying a series of short pulses of applied 

voltage to the oscillator while varying the frequency over a small 

range about resonance. The resonant frequency was read from the 

counter when the output pulse was maximum. This method of measure

ment permitted the duration of vibration time to be as short as 0.1 



sec. Calibration of the oscillograph showed its accuracy to be the 

same as that for the VTVM which is about 1%. 

It should be emphasized that this system was only used when it 

was necessary to keep the duration of the applied voltage as short 

as possible. 

C. Experimental Procedure 

24 

The data reported in this thesis were obtained from measuring the 

damping and Young's modulus of the crystals listed in Table 1 as a 

function of strain amplitude, temperature, and time. Almost every 

crystal was mounted and measured several different times. The mount

ing number is included on each figure to distinguish the separate 

mountings. Table 5 on page 67 lists the different mountings for all 

the crystals. If a considerable time lapse occurred between succes

sive mountings of a crystal, the specimen was etched in dilute HCl to 

remove any oxide layer which may have formed and to restore the bright 

surface. 

All of the early data were taken in air, and both air and vacuum 

measurements were made in the later work. The symbol A or V be

fore the mounting number indicates air and vacuum measurement 

respectively. 

Although the procedure followed to obtain the damping data for 

each crystal varied somewhat depending on the behavior of the crystal, 

it was basically the following: The crystal to be measured was etched 

in dilute HCl and mounted with silicone vacuum grease on the end of 

the quartz extension rod of the composite oscillator. The tube fur

nace was then put into position and evacuated if vacuum measurements 

were to be made. The temperature was raised to approximately 280° C 
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to begin the anneal of the crystal. The crystal was usually annealed 

until no change in decrement vs time was observed. Measurement of 

decrement vs strain amplitude was taken periodically during the anneal

ing. When fully annealed, the temperature was lowered about 50° and the 

decrement again measured as a function of strain amplitude. This was 

continued until room temperature was reached. It should be emphasized 

that the above was the 11 idea1 11 procedure and in many cases circumstan-

ces prevented following it exactly. 

D. Experimental Er~ 

1. Specimen-Quartz Bond Error. The most significant error in 

the damping measurement was due to the specimen-quartz bond. Prel imi-

nary measurements at the beginning of the investigation showed that 

the type of bonding agent had little effect on the measured damping.33 

Beeswax, shellac, and silicone vacuum grease were some of the bonding 

agents tried. Others 1 ,34-36 have tried beeswax, beeswax and rosin, 

phenyl salicylate, and insulate. In all cases the effect of the bond 

was reported to be neg! igible. This is to be expected since the bond 

is located at a stress node. 

As stated earlier, silicone vacuum grease was used exclusively 

for the specimen-to-quartz bond. However, a very serious problem as-

sociated with the use of this bond was unfortunately discovered rather 

late in the investigation. It was found that slight variations in the 

specimen position could cause large variations in the observed damping 

at room temperature. For one particular specimen, variations in the 

mounting position caused the independent decrement to vary from 

-3 -3 .36 X JO to 2.5 X 10 . It should be emphasized that the changes 

in mounting position were very slight and usually involved a rotation 
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of the specimen about its axis or a tilt of the specimen axis 1 or 2° 

from the vertical. It is believed that the variation in damping is 

caused by a non-uniform attachment of the specimen to the quartz rod 

by the grease. It is also believed that the best mounting produces 

the lowest value of the damping, because obviously poor mountings 

always resulted in higher values for the damping. However, the po

sition providing the lowest damping was not always the perfectly ver

tical position. 

It was also discovered that the variation of damping with mount

ing positions was largest for specimens having diameters of the order 

of the quartz rod diameter,which is 5/32 inch. The damping variation 

for different mounting positions was less than 15% for specimens hav

ing diameters of 1/8 inch or less. However, several specimens had 

diameters of nearly 5/32 inch as did the one reported above. There

fore comparison of the absolute magnitude of the damping between dif

ferent specimens is very unreliable. 

2. Temperature Fluctuation. Another experimental error is due 

to temperature fluctuations. The temperature did not usually vary 

more than ±1° C, but the modulus was sensitive to variations of 0.1 

degree. Figure 6 shows a typical variation of the specimen frequency 

with temperature. The damping was much less sensitive to thermal 

changes varying only about ±1% for a variation of ±1° C. Therefore 

measurements of the damping at a constant temperature are much more 

reliable than modulus measurements. 

3. Pressure Variation. Variation in the system pressure af-

fected both the modulus and damping. A variation in the vacuum of 

100 microns could cause a change in the damping of 10%. This error 

could have been compensated for by measuring the damping of the 
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oscillator with no specimen attached as a function of pressure. How

ever, the oscillator was calibrated only at 15 microns and atmos

pheric pressure. Measurements were made with a vacuum of 15 microns 

whenever possible, but measurements at higher pressures were some

times unavoidable. 



IV. EXPERIMENTAL DATA AND ANALYSIS 

A. Dependence on Strain Amplitude 

In general, the damping for the pure crystals exhibited a well 

defined independent decrement up to a breakaway strain amplitude, 

Eb , where amplitude dependence began. The dilute alloy specimens 

exhibited a less well defined region of amplitude independence and 

the damping was much less dependent on strain amplitude. In gen-

eral, the dilute alloys exhibited smaller values for the independ-

ent decrement and larger values for the breakaway amplitude. This 

is shown in fig. 7. 

G-L plots (see page 9) of the early pure crystal data showed 

28 
very good straight lines and were reported earlier by the author. 

29 

However, occasionally curved G-L plots were obtained for some of these 

pure crystals and also for some of the dilute alloy crystals. Curved 

G-L plots are not unusual and have been reported by others. l5,l 6 It 

is not known why dilute alloys in general seem to give curved G-L 

plots. The problem seems to be that the G-L equation overestimates 

the rate of increase of the damping with the strain amplitude for 

these alloys. This problem needs additional theoretical consideration. 

For the data giving curved plots, the values of and S were 

not obtained from a 1 inear least square fit to the curved data plot, 

but a generalized least squares fit of the actual G-L equation to the 

data. This results in a much closer fit of the data to the equation 

since the G-L plot exaggerates the deviations at low strain amplitude. 

A similar method to this has been employed by Hinton and Rider37 to 

obtain the slope and intercept values for their curved G-L plots. 

A graphical representation of all the G-L fits and the values of 

and s obtained from them will not be given because there are a 



1;-4 
z 
~:-1 
.,.~. 

w 
-l~ 0 
(.z.l ,-, 
~· 
...:1 
<f' r-:; 
0 
1'0-1 

6~xl.0-,3 

I ? 
I I 

~ 11 

v 
40t 

I 

- V3a 

~~ 
I 
I .05 Al - Vla 
lovo o--o cr--o--0 

30 I 

\ 2()t 

I 
\ 

\ .135Al-Vlb 

10 TL:~2a--o-.--o-----.... 
I Zn - Vl 

10 20 38 4() · 50 60xlo- 6 

STH.AI:\ AY:.PLITUDE 

Figure 7. Typical decrement vs strain amplitude curves 
for pure and.doped magnesium crystals 

w 
0 



31 

considerable number of them. However, fits for which the average de

viation between the calculated and experimental points was greater 

than S~o were not used. S 1 · 1 G L 1 8 evera typrca - pots are given in fig .. 

An unusual strain amplitude dependence effect was observed for 

the P74 crystal. To the author's knowledge, this effect has not been 

reported by anyone else. It is usual to find that the damping increases 

with the duration of vibration for strain amplitudes above breakaway. 

The rate of increase is somewhat proportional to the strain amplitude. 

This effect is especially pronounced in magnesium and was reported 

earl 'rer by the author. 28 H th P74 1 h'b' d owever, e crysta ex r rte a very 

unusual strain amplitude dependence which is illustrated in fig. 9. 

It was found that as the driving voltage to the oscillator was increased, 

the damping increased with strain amplitude in the normal fashion be-

ing slightly time dependent at the higher strain amplitudes (a to b 

in fig. 9). However, at some critical strain amplitude, e: , (point 
c 

b in fig. 9), the damping suddenly increased to a much larger value 

(point c in fig. 9) for no increase in driving voltage. This also 

caused a decrease in strain amplitude (see page 53). The damping then 

continued to increase with time but much more slowly (c to d) and 

reached a saturation value (point d). Again, this occurred for no 

increase in driving voltage and therefore required a decrease in 

strain amplitude. A subsequent decrease in driving voltage resulted 

in a decrease in damping and strain amplitude (d to e) but the damp

ing was much larger than before the "jump". At some lower strain 

amplitude (point e) the damping would rapidly decrease to the same 

value observed before the increase (e to f). 
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Equally striking was the reproducibility of these measurements. 

At a temperature of 280° C, the cycle was continued as many as 10 

times with no change in the values of~ and~ from their original 
H I 

values. As the temperature was lowered, greater and greater in-

creases in ~I after the high excitation were observed. 

The critical strain amplitude, £ c , was also observed to in-

34 

crease with temperature, and at 86° C no break could be obtained. In 

addition, it was found that a break could be caused at a value of 

slightly less than £ by a slight tap of the oscillator housing. 
c 

£ 
0 

There was also a critical value of £ below which even tapping could 
0 

not induce the break. 

The same effect was also noted for the .03 Al crystal. However, 

even at 280° C small increases in ~I were detectable after a break. 

Analysis of the strain amplitude dependence of ~H before and after 

the break showed that two separate linear G-L plots were obtained. 

This is shown in fig. 10. The value of the slope is much smaller 

after the break than before. These double G-L plots were obtained 

for several different temperatures down to 147° C. 

It is to be emphasized that the above double G-L plot is quite 

different from other double slope plots obtained by Hasiguti, lgata, 

and Tanaka,38 and also obtained by the author for the P68 crystal 

during an air anneal. These plots are of the type shown in fig. 11 

in which 1 ines of two different slopes connect. 

It is possible that these type G-L plots can be explained by 

the activation of an additional slip system at the high stresses. 

This could cause a change of slope because the orientation factor 

would be different for the different slip system. However, it is 
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difficult to see how this could explain the double plots of fig. 10, 

because the decrement exhibits two different values for the same strain 

amplitude. 

B. Dependence on Temperature 

In general, an increase in temperature caused an increase in 6 1 • 

a decrease in Eb , and an increase in the dependence of 6H on the 

strain amplitude. Plots of ln ~I vs 1/T are available for most 

specimens and typical ones are shown in fig. 12. The fit is quite 

linear except for a tail in the low temperature region. This tail is 

probably due to the fact that the equation, C = C eQ/kT is valid 
0 

only for low concentrations and the concentration at temperatures of 

the order of room temperature may be too high. Also the diffusion 

rate may be too slow at room temperature to produce an equilibrium 

situation in a reasonable time. Table II gives Q and A4 a4Jc~ 

determined from the above type plot for most of the crystals. 

Plots of ln S vs 1/T obtained from the slopes of G-L plots at 

different temperatures are available for several specimens and are 

shown in fig. 13. The deviation from linearity begins at tempera-

tures below approximately 150° C. Values of Q and 

mined from these plots are reported in Table I I. 

C. Dependence ~Time 

KnC 
0 

deter-

The dependence of the damping and modulus on time can be di

vided into two areas. The first concerns the dependence of the in-

dependent damping, modulus, dependent damping on annealing time 

following mounting, and an increase in the temperature (usually about 

280° c). The second concerns the dependence of the independent damp

ing on recovery time following an excitation at a high strain amplitude. 
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TABLE I I 

Slopes and Intercepts of ln ~I vs 1/T and ln A v 
uH s 

Crystal Mount In ~I VS 1/T ln ~H 

Q Intercept Q 

Kcal/mole Kcal/mole 
P14.5 Ala 1.94 39.2 

P44 AI 2.46 200. 

P57 Al 2.55 3017. 

P62.5 AI I. 62 24.6 

P62.5 A2 2. I 6 96.7 2.48 

P74 AI I. 63 16.3 2. I 8 

P74 V4a 2.38 136. 4.4 

li VIa 1.69 4.63 

li VIc 2.31 26.4 5.96 

li Vld 2. 18 13.2 

Zn V2a 2.23* 2.57* 6.33 

.03 AI Vlb 2.33 163. 9.55 

.03 AI Vlb 5.02 

.05 AI VIc 2.00 67.5 

1/T Plots 

vs 1/T 

Intercept 

xJo-7 

7.97 

13.8 

I. 08 

I. I 3 

10.5 

.015 Before 
"Jump" 

40.9 After 
''Jump'' 

*Calculated from high temperature part of In ~I vs 1/T plot 

before reverse temperature dependence started. 
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1. Dependence~ Annealing Time 

a. Reverse Anneal Effect. Without exception, a certain 

amount of annealing occurred each time a specimen was mounted and 

the temperature raised to the annealing temperature. The tempera

ture was kept at the annealing temperature throughout the annealing 

period. In every case, the independent decrement was observed to 

decrease with time until a constant value was reached. However, 

for a number of specimens that were permitted to remain at the an-

neal ing temperature for some time after the decrement had leveled 

off, it was observed that the damping began to increase with time. 

This effect has not been reported previously by anyone else to the 

author's knowledge. This effect was observed in both the doped and 

un-doped crystals and for both air and vacuum anneals and thus it 

is unlikely to be due to polymerization of the bond. A possible ex

planation for this will be offered in the last section. 

41 

b. Bond Polymerization Effect. In the early studies of 

the pure crystals, annealing was performed in air. This had the 

effect of polymerizing the silicone vacuum grease and causing a tight 

specimen to quartz bond as described earlier. It was found that 

these crystals were very sensitive to thermal changes. That is, a 

decrease in the temperature from the annealing temperature and sub

sequent increase in the temperature back to the annealing tempera

ture would cause an increase in the damping from the value measured 

before the temperature change. This effect was not observed in some 

of the same crystals if annealed in vacuum, which did not polymerize 

the bond. The effect is evidently due to a small deformation in the 

crystal region next to the bond caused by the difference in the 



coefficient of thermal expansion of magnesium and quartz. To check 

this possibility, a crystal was annealed in vacuum, then annealed in 

air to allow the grease to polymerize and then returned to vacuum. 

A subsequent temperature change caused an increase in damping, sub-

stantiating the above hypothesis. Although the deformation ts small 

(about 1%)* and occurs at a stress node which would further tend to 

minimize the effect, the effect is quite striking as shown in the 

following example. The annealing curve for the P68 crystal is shown 

as part A in fig. 14. After 169 hours, a power failure caused the 

temperature to decrease to room temperature. A subsequent return of 

the temperature to the annealing temperature (267° C) caused the 

damping to increase to nearly its original unannealed value and de-

crease again with time, to almost the same previously annealed value 

(Part B). Part C of fig. 14 shows the subsequent increase of the 

damping with time as described earlier. 

c. Comparison of Annealing Data to the Granato-Hikata

Lucke Theory. The annealing data were compared to the Granato-

14 Hikata-Lucke (G-H-L) theory although there are some questions as 

~'; The magnitude of this can be estimated as follows: The coeffi-
'1' . 5 10-6 °C-l f cient of thermal expansion for fused s1 1ca IS • x or 

-6 -1 
20° to 1000° C while for magnesium it is 27.7 x 10 oc parallel 

to the (0001] axis and 26.6 X 10-6 °C-l perpendicular to the (0001) 

of about 27 X 10-6 °C-l for any orien-axis which gives an average 
tation. Thus, if the grease polymerizes at 280° C, for example, 

and the temperature is lowered to 20° C, the percent difference in 

the area of the bond end and the free end of t~6 cryst~l would be 

given by [1 _ 2] x 10-6(260)] 2 - [1- .5 x 10 (260)] which 
-6 6 ) ] 2 ( 1 - • 5 X 1 0 (2 0 

equals about 1%. 
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to the applicability of this type data to the G-H-L theory. First, 

except for the specimens having polymerized bonds, no plastic deforma-

tion occurred. However, the theory assumes that plastic deformation 

produces point defects and free dislocations which are subsequently 

pinned. The mechanical state of an unannealed crystal should be very 

similar to that of a crystal that has been plastically deformed, because 

the unannealed crystal should also contain free dislocations which 

during annealing can be pinned by a diffusion of unsegregated point 

defects. Second, it is usually assumed that annealing reduces the 

dislocation density, and this is assumed to be constant in the G-H-L 

theory. However, it seems reasonable that the dislocation density would 

also decrease following plastic deformation. Therefore, there seems to 

be just as much reason to apply the G-H-L model to annealing data as to 

recovery data following plastic deformation. 

To apply the G-H-L theory to the annealing data, equation (7), 

page 12, can be written in the following linear form: 

- C (l+St213 )tA 114 a - 20 3 
and a vs t 2/3 should be a straight line with 

slope and intercept Figure 15 shows 

typical annealing data plotted in the above fashion. It will be 

noticed, that agreement is obtained only at early times. 

does not depend on the power of convincing plot that 

equation (7) as: 

1/4 
[ll 1 (0)/ll 1(t)] - 1 = Btn 

t 

A more 

is to express 

where ill (0) is the value of the decrement at 

1/4 
t = 0 and equals 

4 4 
A3a tc20 . A plot of ln{[ll 1 (o)t6 1(t)l - 1} vs ln t should be 

1 inear. Figure l6 shows typical plots,of the annealing data in this 

fashion. They also deviate at l'onger times. 
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d. Modification of the G-H-L Theory. In order to correct 

for longer times, a modification was made in the G-H-L theory. The 

modification consists of replacing the Cottrell-Bilby law (eq. (4), 

page 11) by a modified relation derived by Harper39 to account for 

longer times. Based on a suggestion by Johnson and Meh1 40 , Harper 
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proposed that the rate of precipitation of solute atoms on a disloca-

tion array would decrease in proportion to the fraction, f , of the 

orginal solute already precipitated. Using this, he obtained: 

f = n(t)/n = 1 - exp[-aA(ADt/kT) 2/3] 
0 

where the symbols above have the same meaning as in equation (4). 

In terms of concentrations, we have (using the same relations as 

on page 11) : 

C(t) = (/:2C /a2A)(l - exp[-aA(ADt/kT) 213]) 
0 

For short times, ex= 1 + x , where x = -aA(ADt/kT) 213 , and the 

above expression reduces to the Cottrell-Bilby law. 

If this expression is substituted for c 1 (t) in equation (5), 

page 12, the modified expression for the loop length L becomes: 

where y = 

L = 
l + (c 101;2;c20a2A)( 1 - exp(-aA(ADt/kT) 213 J) 

a/C20 
= _+_y_[ -1---e-=x:..:p-( --A.-t-;;2"73;-)-.) 

2 and A. = aA(AD/kT) 213 c 1 o 1:2/c20a A 

"f" d G-H-L equations for the damping Therefore, the Harper modi 1e 

and fractional modulus change are: 

2/3 J (8) ~H = (Al/E~/2)exp{-(KnC20/Eo)( 1 + y[ 1 - exp{-A.t ) )} 

4 4 
A3a /C20 

2/3 4 
+ y [ J - exp (- .H ) ]} 

(9) 
{ 1 
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(L'.IE/E) I = ( 1 0) 

{1 + y[ 1 - exp(-At213)]} 2 

where the time dependence of A1 has again been neglected. 

e. Comparison of the Independent Decrement Annealing Data 

to the Harper Modified G-H-L Theory. In comparing the independent 

decrement annealing data to the above equation, a complication occurs. 

In order to put equation (9) in a 1 inear form, either the value of L'.l 1 

at t = 0 or t = oo must be known. Both of these values are difficult 

to obtain experimentally. There is some question as to when to let 

t = 0 because annealing undoubtedly begins during the temperature 

increase. Therefore the value of L'.l 1 (0) is somewhat unreliable. An 

approximate value for L'.l (oo) 
I 

can be obtained by drawing a rough 

asymptote to the L'.ll vs t curve. However, this is only an approx

imation at best. Therefore, the following method was used to fit the 

data: 

where 

Equation (9) was written in the linear form: 

ln{[L'.II(oo)]-1/4- [L'.II(t)]-1/4} = ln('yC20a/A~/4)- At2/3 

= An approximate value for L'.l ( 00) 
I 

was used as the initial trial value, and a successive approximation 

routine was employed to find the value of L'.l 1 (oo) which gave the best 
4 4 

least squares fit of the equation to the data. The values of A4a /C2o· 

y and A obtained in this manner were then used as trial values for a 

generalized least squares fit to the non-1 inear equation. This latter 

method f · "1 sons given on page 29, viz. a was used because o stmt ar rea 

1 · 1 ·1near"1zed form of a non-linear equation 
tnear least squares fit to a 

· f f the data to the non-linear equation. 
ts not always the best ito 
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Typical fits of equation (9) to the annealing data are shown in 

figs. 17-19. In general, good agreement is obtained for nearly all of 

the annealing data of both doped and undoped crystals that were 

annealed in vacuum. However, annealing data obtained from crystals 

that were annealed in air could not be fitted by this equation. The 

fits of the data from the air annealed crystals usually predicted unrea-

sonably low values for -8 Ll 1 (co), (~ 10 ) , or negative values for y or 

f. Comparison of the Independent Modulus Data..!£_ the Harper 

Modified G-H-L Theory. The fit of the modulus data to equation (10) is 

even more complicated. First, as stated earlier, the modulus data are 

rather scattered due to the extreme sensitivity to temperature changes. 

Second, the true elastic modulus is unknown. However, a close approx-

imation to its value can be obtained by irradiation because this pins 

down nearly all the dislocations sufficiently so that they do not con

tribute to the modulus. This method was used by Gordon and Nowick 23 

on their Na Cl measurements. However, irradiation was not practical in 

this study, so the following method was used to fit the modulus data: 

For those crystals which a fit of the independent damping was ob

tained and which reasonably good frequency data was obtained, the con

stants y and A from the independent decrement fit were used to 

check the modulus data. In terms of frequencies, E = 4p ~2 f2 where 

R. and p are the specimen length and density respectively. 

Thus, E = 4p ~2 2 f6 f 

and LlE/E = 2Llf/f = 2[f - f(t)]/fe 
e e 

Thus, f(t) 

frequency associated with the true elastic modulus. 

2 2 ( 2/3)])-2 
= fe - (feA4a /2C20) ( 1 + y[ 1 - exp -At 

f(t) vs ( 1 + y[ 1- exp(->..t213 )])-2 should be 

where f is the 
e 

so that a plot of 
2 2 

a straight line with slope -feA4a / 2C20 
and intercept f . 

e 
The 

A. 
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quantity 2 2 
A4a /2C20 will be represented by X· 

Plots of the above type are shown in fig. 20. The agreement is 

not bad considering the fluctuations in the frequency data. The fact 

that the plots are approximately linear shows that the assumption 

stated on page 44 that the dislocation density, A , does not vary 

with time is reasonably valid. If A were changing considerably with 

time, a non-linearity should be noticeable even with scattered data. A 

generalized least squares fit to the modulus data was attempted, but 

the points were too scattered to permit the process to converge. 

g. Comparison of the Dependent Decrement Annealing Data~ 

the Theory. To check the dependence of 6H on t, either the value of 

6H at constant strain amplitude or the slope of a G-L plot is needed 

as a function of time during the recovery process. To compare the 

G-H-L theory with the data, plots of In 6H vs t 213 or plots of 

S vs t 213 could be made which should be linear. Comparison of the 

data to the Harper modified G-H-L theory is complicated because the 

equation cannot be conveniently put into linear form. Also, the in-
;'t 

herent nature of the composite oscillator, and the rapid increase of 

the damping with excitation time makes it extremely difficult to 

obtain values of 6H at a constant strain amplitude. 

Table Ill 1 i 5 t s the values of 61(0), y ' >. ' 
and X obtained 

from the fits of the theory to the annea 1 i ng data. 

* For a constant input voltage, the product 6£0 is a constant. 

Therefore, the input voltage must be adjusted by a trial and error 

t h · b · · This is extremely difficult especially ec nrque too tarn a grven £0 · 

rap .rdly with the duration of applied vibra
if the damping is changing 

t ion. 



C) 
Cl) 
l:ll 

........ 
0 
:>.. 
C) 

., 
!>I 
u z 

3Isoor 

I 
I 
I 

I 
31000~ 

~ 30500 
0' 

~ \ 
::r.. I ... I ...... r;.·, 
~:1 I 
~ I 

d I 

~ \ 
30000f 

I 

P74 - V4a 
1:! 

o- CJ-.a 

Q 

-a ~oaoooo.-.. Li - Vlc 

g a a 
.,. C C 0~ D D t:k D a 

- V3b 

.OS Al - Vlc 

0 

0 

29500 1 -......o 
.3 .4 .5 .6 ·7 .8 .9 1 

( 1 [1 ( 2/3 1 -2 
.1.. + "Y - ex? -A. t ) J ) 

Figure 20. Harper plots of independent modulus increase with time during an anneal 

\J1 
-'="" 



TABLE Ill 

Parameters Obtained from Harper Plots of 6 1 and (6E/E) 1 vs 

Annea 1 i ng Time 

C rys ta 1 Mount 61 (0) y A X 

x10- 3 
hr -2/3 

P62.5 A2 2.27 .665 .465 
P68 V3a 163. .330 1. 142 .0556 
P68 V3b 240.8 . 270 .475 .0308 
P74 V4a 54.2 . 169 . 178 .012 
Li VIa 25.3 .202 .665 

Li V1c 73. I .552 .234 . 013 
Li V1d 12.6 .275 .514 

.03 AI Vlb 80.2 .220 .263 .026 

.05 AI VIa 93.7 .259 .487 .019 

.as AI V1c 492.3 .815 .477 .098 

. 1 35 A I VIa 46.4 . 161 .338 .015 

Zn VI 105.3 1. 468 .329 . 098 

Zn V2a 1.69 . 153 .542 .006 
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2. Dependence ~ Recovery Time 

a. Experimental Recovery of the Independent Damping Follow

ing~ High Strain Amplitude Vibration. As described earlier on page 

, the damping at high strain amplitude was found to increase with 

the length of time of excitation. When the excitation was turned off ' 

the damping decreased back to its original value. To observe this ef

fect, the measurement times during the recovery should be very short 

so as not to disturb the crystal again. It was also found that exci-

tation at a high strain amplitude caused the damping to increase over 

the entire range of strain amplitudes below the excitation strain am-

p 1 it ude. In other words, a long excitation at a high strain amplitude 

would also increase the independent decrement. Upon removal of the 

excitation, the independent decrement would decay back to its initial 

value before excitation. 

Figures 21-25 show the recovery of the independent decrement fol-

lowing excitation at high strain amplitude for two specimens. The ef-

feet of temperature can be seen in the recovery curves for the Li 

doped crystal. As can be seen in the graphs, the independent decrement 

does not return to its initial value at temperatures 235° C and below. 

However, for the case of the recovery at 235° C, the temperature was 

increased to 277° c and then decreased to 235° C and the damping was 

approximately the same value as before the excitation. 

b. 

type of time 

Interpretation .!::t_ Chambers and Yamafuji and Bauer. 

dependence was first studied in detail by Chambers. 3 

This 

He 

explained the increase in damping during a high amplitude vibration as 

due to a thinning of the Cottrell atmosphere surrounding the disloca-

t .1on. the atmosphere diffuses back to the disloca-
Recovery occurs as 

tion. Chambers quantitatively measured the increase 

with time during a large strain amplitude excitation 

of the damping 

and its subsequent 
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decrease after removal of the exc'1tat'1on. Th e measurements of the 

damping during the decay were made at the same strain amplitude as the 

excitation amplitude but the excitation periods were kept very short. 

He did not, however, study the decrease of the independent decrement 

after removal of the excitation. He found that the decrease in damp-

ing was proportional to tn where n varied from 1/3 to 2/3 depend-

ing on the length of excitation time before recovery began. 

More recently, Yamafuji and Bauer41 have reinterpreted the above 

phenomenon as due to a redistribution of the pinning points along the 

dislocation during the application of the high excitation amplitude. 

The recovery is then a return of the pinning points along the disloca-

tion to the original distribution. 

c. Campa rison of the Recovery Data ~ the Theory. Compa r i

son of the recovery data to the Harper modified G-H-L theory is shown 

in fig. 26. The agreement is good, but the predicted values of 6 1 (oo) 

are too low for two cases and too high for the other two cases. If the 

value of 6 1 before excitation is used for 6 1(oo) in the Harper plots, 

the agreement is considerably worse, as shown in fig. 27. 

According to the Yamafuji-Bauer theory, the recovery of the inde

pendent decrement after the application of a high strain amplitude is 

given by: 

61 (t) = ill (oo) + (ill (0) - ill (oo)] exp (-t/T) 

where T is the relaxation time. Thus a plot of ln[ill (t) - 6 1 (co)] vs t 

1 1 /T and intercept 1 n [6 1 (0) -6 1 (oo)]. should yield a straight line of s ope 

Plots of the recovery data ·,n this fashion are given in fig. 28. 

The value of the damping before excitation was used for ill(m). The 

here the damping returned to its agreement is good for the two cases w 
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value before excitation. However, it is evident th at a larger value for 

6l (oo) is needed to obtain agreement for the two cases where the deere-

ment appears to approach a larger value for ( ) 6 1 oo than the value be-

fore exc i tat ion . 

The values of 1 /T obtained from the slopes of these plots as well 

as the values of T obtained from the Harper plots · are grven in Table IV. 

TABLE IV. 

Parameters Obtained from Harper Plots and y f · ama ujr-Bauer Plots of the 

Recovery Data 

Crystal Mount Temp. A 1/T 

oc sec-213 -1 sec 

Li Vla 278 .077 .013 

Li Vla 257 .014 .0019 

Li Vla 215 .005 . 001 

.03 AI Vlb 210 .051 . 011 

D. Dependence~ Miscellaneous Parameters 

In this section the variation of the damping with regard to mount

ing history of the specimen, etching, handling, and annealing in air 

will be presented. 

A considerable variation in the damping for the same crystal was 

observed for different mountings. Some of the undoped crystals were 

subjected to as many as five different mountings. Table V gives among 

other quantities the lowest value of 61 observed for each of the 

separate mountings. Although for reasons given on page 25,variation 

of the damping between different mountings could be due to the 
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TABLE V 

Annealing Data and Minimum Values of Independent Decrement Observed 

for All the Crystals 

Crystal Mount 6 Time 6 Time Anneal 
tt 11 1nitdlll Value When 11 lnitia1'' Minimum 1Value When Minimum Temp. 

After Temp. Inc Va 1 ue Read During Anneal Value Read 
xlo- 3 hours xl0- 3 hours oc 

PlO Al 199.8 24 . 166 127 276 

PlO A2 1. 12 67 .882 378 276 

Pl4. 5 A2 65. 1 0 . 161 169 273 

Pl4.5 A3 252.2 . 152 96 272 

Pl4. 5 A4a 107.6 0 .080 408 271 

P38 Ala .408* 264 272 

P38 A2 149.3 46 .494* 688 269 

P44 A2a 20.5 0 .302 70 271 

P44 A3a 70.5 22 .308 193 267 

P44 A3b 2.9 72 .23 383 272 

PSO A1 . 31 22 . 154 96 276 

PSO 4. 14 67 .436 378 267 
A2 

P57 20 . 153* 164 273 
A2a 1.5 

P62.5 A2a 5. 11 15 .308 48 273 

P62.5 .292 29 267 
A2b 1.29 0 

P62.5 6. 77''t 143 267 
A3a 37. 1 0 

. 172 500 267 
P62.5 A4a 17.05 0 

. 191 92 272 
P68 Al 1. 59 21 

.373 145 263 
P68 A2a 4.27 16 

.583 313 267 
P68 A2b 5.02 0 
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Crysta 1 Mount 6 Time 6 Time Anneal 
11 lniti!1 11 Value When 11 lnitla1 11 Minimum 1Value When Minimum Temp. 
After Temp. Inc Va 1 ue Read During Anneal Value Read 

xlo- 3 hours xlo- 3 hours oc 

P68 A2c 72.3 13 .574 450 267 

P68 V3a 169.2 0 31. 79 99 281 

P68 V3b 234.7 0 95. 9~'c 1 5 278 

P74 A2 .232 28 . 177 72 272 

P74 A3a 51.3 18 2.87 332 267 

P74 A3c 40.07 24 .297 190 271 

P74 V4a 50.8 0 27.8 174 287 

P74 A4b 126. 0 .21** 52 288 

P84 AI .63 19 .353* 21 271 

P84 A2 77.5 0 .337 646 262 

Li Vla 25.6 0 6.38* 305 280 

L i Vlb 6. 1 0 5. 72 36 278 

Li VIc 70.5 0 II. 56* 404 278 

Li Vld 5.47 0 I. 64* 178 274 

Zn VI 105.9 0 3.07t 51 277 

Zn V2a 1 . 57 t 0 .956t 34 278 

Zn I . I 7 t 17 I. 097 t 65 280 
V2b 

· 03 A I 0 19.9* 48 279 
VIa 59.8 

.03 AI 0 34.98 216 281 
Vlb I 1 5. 5 

19.25 280 284 
.05 AI Vla 105. 0 

.as AI 15.9 0.2 283 
Vlb 17.9 0 

37.8 147 281 
.05 AI VIc 390.8 0 

25.95 68 282 
· 135 A I VIa 46.2 0 

9.46 682 273 
· 135 A I Vlb 44.2 0 

(see following page for footnotes) 



Footnotes for Table V 

ttThe Mount symbols have the following meaning: 

A Air anneal 

V Vacuum anneal 

1,2,· •· Designates specimen was etched before mounting 

a,b,··· Designates specimen was removed and replaced or a 
rapid temperature change caused a large increase in 6 1. 

* Anneal was stopped before a definite minimum or constant value 
was reached. 

**Value obtained after an air anneal. 

t These values are deceptively low due to the reverse temperature 
dependence of 6 1 . 
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condition of the bond, a definite trend ·1s seen f 
or some of the crystals. 

For the P68 crystal, a definite increase ·1n the d · amprng is evident for 
successive mountings. 

The effects of etching, and handling were studied for the P74 

crystal. The results show that etching in general reduces the damping, 

which is in agreement with earlier work by Marx and Koehler.42 The 

effect of handling was complicated by the bond problem, but in general, 

removing a well annealed crystal, replacing it and heating it to 

280° C caused increases as large as 103 in the value of 6 1 from its 

previously measured value at 280° C before removal. 

The effect of annealing in air is shown in fig. 29. These data 

were obtained for the P68 crystal after it had been annealed in vacuum 

for 82 hours by opening the oscillator to air. The resulting decrease 

in the damping was compared to the G-H-L theory and the result is shown 

in fig. 30. The fit is quite poor and an "S 11 shaped curve is evident. 

It is of interest to note that close examination of Harper plots of data 

obtained while annealing in vacuum show a slight "S" shaped deviation. 

E. Unusual Behavior of the Zn Doped Crystal 

The behavior of the zinc doped crystal was so unusual, that its 

measurements will be described separately. 

During the first mounting of the zinc doped crystal, the depend

ent damping was observed to be very sensitive to the duration of the 

applied vibration. Measurement of the output voltage with the VTVH was 

virtually impossible and all measurements of the damping above breaka

way were performed with the oscillograph method described earlier on 

the decrement Jncreased to. over 50% of its Page 23. It was found that 

initial value within 0.1 sec after application of a high strain 
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amplitude vibration. Actually, because of the reasons given on page 53, 

the strain amplitude decreased as the damping increased. Thus it is not 

possible to study the increase of damping as a function of time for a 

constant strain amplitude. Continued excitation at the high strain am

plitude resulted in a saturation of the damping with time. 

If the high amplitude vibration was removed and the damping imme-

diately measured at high strain amplitude again, the damping was observed 

to exhibit the same initial value and increase with time as before. 

After long excitations at high strain amplitudes, a small increase in 

the independent damping could be observed. To the author•s knowledge, 

no one has ever reported time effects as rapid and reproducible as the 

ones described above. 

After an anneal of 104 hours at 2]8° C, measurement of the damping 

at a high strain amplitude caused the damping to nearly triple in mag

nitude. Subsequent measurement of the independent damping showed it 

had increased 28 fold. At this point the crystal was removed from the 

oscillator. 

The second mounting of the zinc doped crystal yielded very low 

values (~10-4) for the damping after the initial increase in tempera-

ture. Also, annealing progressed rather slowly. Measurements of the 

damping as a function of strain amplitude showed the damping was quite 

no t ·1me dependence could be detected strain amplitude dependent, but 

even at the highest strain amplitudes. Subsequent decrease in tempera-

· b to increase with de-ture showed that the independent damp1ng egan 

creasing temperature. This is shown in fig. 31. It should be mentioned 

dependence, the independent 
that because of the unusual temperature 

f t emnerature several times and 
decrement was measured as a function ° "~ 
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the data were very reproducible. The damping also became less and less 

dependent on strain amplitude as the temperature was lowered, but more 

and more time dependent. In addition, at temperatures of 76° C and 

below, the damping exhibited a very unusual dependence on strain amp-

1 itude. The damping was observed to decrease with increasing strain 

amplitude for high amplitudes. This is shown in fig. 32. 

It was also noted that the independent decrement decreased with 

annealing time much more rapidly at low temperatures (approximately 

25° C) than at high temperatures (280° C). This is the exact reverse 

of what was observed for the other crystals. 
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V. DISCUSSION 

In this section, values for some of the parameters in the theory 

will be determined from the previous analysis of the data. A 1 so, some 

of the new phenomena discovered in th ese experiments will be discussed 

and possible explanations offered. 

A. Discussion of the Analysis of the Annealing Data 

1. Reinterpretation of Parameters~ the Harper Modified G-H-L 

Equations. A reinterpretation of some of the parameters in the Harper 

modified G-H-L equations (given on page 47) for the dependence of the 

damping and fractional modulus change on annealing time is necessary to 

have reasonable agreement with the data. 

First, in the orginal development of the theory on page 12, it was 

stated that the concentration of type 2 point defects, c2 , was equal 

to the overall concentration of type 2 point defects in the crystal, 

C20 · This was because the orginal theory was developed for room temp

erature (~25° C) studies, and for temperatures of this order, the im

purity point defects were assumed to be immobile. However, for the 

annealing experiments in this study, the temperature is high enough that 

diffusion of these defects is expected. If the mobility of these defects 

is large enough for thermal equlibrium to be established we would have 

C = C Q/kT Since this condition may be subject to question, the 
2 20 e 

concentration of type 2 point defects will be simply represented by c2, 

where it is assumed that c2 is dependent on temperature and definitely 

larger than c20 . 

The above change is also necessary to obtain consistency with the 

other data. If the change is not made, the value obtained for the 

q . 4 4 ' from the value of the damping at time equal zero, 
uantsty, A4a /C20 
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) -2 -3 
t:J. 1 (0 , is from 10 to 10 times smaller than the value obtained from 

the theoretically equivalent quantity, A4 a4;c~, from the intercept of 

1 n tJ. I vs 1 IT . 

An additional reason for the change, and perhaps the most convinc

ing, is that the value of t:J. 1 at t = 0 and at 280° C, i.e., immedi

ately after the temperature increase, is much larger than the room tern-

perature value. The only way to explain an increase of the independent 

damping with temperature is for c2 to decrease, because the disloca-

tion density, A will certainly not be expected to increase in an 

unannealed sample. (Excluded from this discussion is the case of the 

tight quartz-specimen bond for which A could increase as a result of 

the plastic deformation.) If c2 is given by c20 only, then it 

d d h f C b · b c20eQ/kT or cannot ecrease, an t ere ore 2 must e g1ven y 

some other temperature dependent expression. 

Second, the theory assumes that 

Thus, at t = oo we would have, c 1(oo) 

2 2/3 c1 (t) = (c 10/2/a A)(l-exp(->.t ]). 

2 = c101:2/a A • However, if we 

assume that thermal equilibrium is established after a certain length 

C Q/kT . This of t i me, then C 1 at t = oo wou 1 d be g i ven by, 1 oe 

Wo 1 d . h c 1 oeQl /kT -- c 10 /n2/a2 A • u req u 1 re t at ~ L.. n 
( 1 1 ) 

If we assume a reasonable value for the dislocation density, A ' 

of 106 cm-2 , equation (11) requires that the interaction energy, Ql ' 

equal approximately 20 Kcal/mole. This value for Ql is in considerable 

disagreement with the value of approximately 4 Kcal/mole obtained from 

the slope of vs 1/T and vs l/T. (See figs. 12 and 

obtain a value of 4 Kcal/mole from 13 and Table II.) In order to 

equation (11), it is necessary to have 
-2 em which is unrea-

sonably large. b rel ation between Q1 Furthermore, the a ove 
and A 
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does not depend on the condition of th 1 . e samp e, which is theoretically 

incorrect. It appears that either one or both expressions for c 1 ( t) 

Therefore, the concentration of type 1 point defects may be incorrect. 

wi 11 be given by; c1 (t) = c1 ( 1 _ exp[->.t2/3]), 

concentration at t = oo 

Third, the concentration of the network nodes 
' 

where is the 

given by 

should be added to the concentrat"lon f o the type 2 point defects ' 

to be completely correct. 

If the above changes are made, the new expressions for ( ) t~, 0 ' y ' 

and X , are the following: 

6.1 (0) 
4 4 = A3a /(C2 + a/LN) 

y = c1/(C2 + a/LN) 

X = 

2. Evaluation of the Parameters K , L , L N , U , an d D • It is 

immediately evident that values for all the parameters in the theory 

cannont be experimentally determined from the reported measurements. 

It is therefore necessary to use the theoretically calculated values 

for some of the parameters. The dislocation line tension, c• , the 

orientation factor, n , and the parameter, A , which is related to 

the force between a solute atom and a dislocation, will be assumed to 

equal their calculated values in the Appendix. Although conclusive 

experimental proof is lacking for the theoretical values of these 

constants, no contradictory evidence has been found either. 

The value of the damping constant, B 
is in doubt yet, but 

recent evidence indicates 

Li ebfri ed~2 Therefore, a 

it agrees with the theoretical estimate by 

value of 10-4 wll be used for B. This value 
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is close to the Liebfried calculation (see Appendix) and is probably 

quite reasonable. The parameter, K which is related to the force 

required to produce breakaway, is in much greater doubt and therefore 

it will be left to be determined from the data. The remaining quanti-

ties to be determined are the dislocation density, A , the average 

loop length, L , the network node length, LN , the activation energy 

for diffusion, U , and the diffusion coefficient, D . The follow-

ing procedure has been used to obtain values of the above parameters: 

From the independent decrement and independent fractional modulus 

change fits, experimental values for the following quantities have 

been determined (see Table Ill). 

c 1 (c2 + a/LN) 

aA(AD/kT) 213 

A4a 2 

2(c2 + a/LN) 
2 

= y 

= A 

= 

4 1200ABwa 

30Aa2 

1T2(c2 + a/LN) 
= X 2 

B/A If B is assumed Thus the ratio, ~, (0)/x2 gives a value for · 

4 From the value of either to equal 10- , then A can be determined. 

the value of is found. The value for 

is then calculated from Y· The value of A determines D Which 
' 

equals D -U/kT 
e If a value for 00 

is picked, then u can be 
0 

determined. 
d re given in Table VI The results of the above proce ure a 

bl fits of the data to the theory. 
for the crystals possessing reasona e 

d "ty A , seem very 
the dislocation ens• ' The values obtained for 

nt s on well annealed metal 
h • t measureme reasonable and agree with etc P' 4 6 -2 

between 10 and 10 em 
crystals which yield values for A 

43 

I'~ ,, 



TABLE VI 

Values of Dislocation Density, Point Defect Concentration, and 

Activation Energy Obtained from the Annealing Data 

Crystal Mount B/A A c2 + a/LN cl D 

81 

u 
xlo- 10 x106 xlo-5 xlo-5 xlo- 8 Kcal/moJe 

P68 V3a .474 2. 1 1 2.40 .79 53. I 13.28 

P68 V3b 2.29 .44 1.47 .40 149.2 12.08 

P74 V4a 1. 98 .so 1. 93 .33 28.5 14.24 

li VIc 4.33 .23 1. 72 .95 135.3 12.27 

Zn VI . 107 9.36 3-97 5.83 .87 17.76 

Zn V2a .475 2. I 7.64 1. 17 16.4 14.61 

.03 AI Vlb 1. 13 .88 2.35 .52 29.3 14.2 

.05 Al VIa 2.57 .39 1. 84 .46 186. 12.05 

.05 AI Vlc .49 2.03 1.84 1.50 14.7 14.76 

.135 AI VIa 1.90 .53 2.37 . 38 69 . 13. 17 
f ,, 
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In regard to the values obtained for U, 44 
Shewmon obtained a value 

of 32 Kcal/mole for the self diffusion activation energy of magnesium. 

This would give a value of about 16 Kcal/mole for the activation energy 

for the migration of vacancies, which is close to the values given in 

Table VI. This seems to indicate that vacancies or substitutional 

solute atoms are the segregation point defects. 

The values obtained for cl and c2 + a/LN seem to be rather 

sma 11 • Even if the value of a/LN is zero, the value of c2 for the 

• 135 A 1 doped crystal is much too sma 11. It is only about 24 ppm and 

if c2 = c20 eQ2/kT 

about 1.68 x 10-3 

, this value should be larger than C which is 
0 

from the actual chemical analysis. This difficulty 

will be discussed more later. 

3. Evaluation of the Parameters JS., ~, and ~· It is possible 

to determine values of K, and LN for those crystals for which the 

damping was measured as a function of strain amplitude after the anneal. 

Values for the following two quantities are obtained from the slope, s 

and intercept, I, of a G-L plot: 

= Kna/Lc = S 

= 
3 2 3)1/2 

(~ALN/n )(2Kna/nlc = I e 

( 12) 

If we assume a/L 
c = + c2, 

S/Kn 

then from equation {12) we have 

= 

However, values of + 

Plus col. 6 in Table VI). were obtained previously (col. 5 

have from the above two equations: 

a/Ln 

If we now replace the factor 

= c - S/Kn 
T 

in the expression for Al 

Thus we 

( 13) 

( 14) 

( 15) 

by Kna/S, 



we have: 

Thus, 

(OAL~/TI 2 )(2/TI) l/2 (s312 !Kna) = el 

AL~ = TI 2 (TI/2) l/2 (el Kna/S3/2n) 

Values for the quantity, are listed in col. 5 of Table VI 1. 

If we now use the value of A d t · d 1" H e erm1ne ear 1er, we can find a value 

for a/LN in terms of (Kn)- 113 . This relation and equation (15) above 

can be solved simultaneously (a graphical solution was used) to give 

values of a/LN and Kn. These are listed in co 1. 6 and 8 in Table 

Then from either equation ( 13) or (14) a value of cl + c2 is found. 

Using the value of cl obtained earlier, the value of c2 is deter-

mined. The values of c2 are given in col. 10 of Table VII. 

The values obtained for LN are in agreement with the work by 

Weertman and Salkovitz. 45 In the early tests of the G-L theory, it 

was thought that LN would not be expected to be larger than 

However, values of 10-3 are now quite commonly found. 

Using the values of n in the Appendix, values from 1.6 to 28 

VII. 

are found for the constant K. These values are considered quite 

large. Theoretical estimates for K as given in the Appendix show it 

should be of the order of 0.5. Also, we note that the value of K is 

considerably larger for the .05 Al doped crystal than the .03 Al 

doped crystal. This is theoretically incorrect because the binding 

force should be the same for the same type pinning point. 
The values 

obtained for c2 are even smaller than expected, because a/LN 

certainly not negligible. In face, a/LN exceeds the value for 

C2 + a/LN for the case of the .135 Al doped crystal. 

is 



TABLE VII 

Values of Network Node Loop Length, Parameter K, and Point Defect 

Concentration Obtained from the Annealing Data 

Crystal Mount ln(AHE~/2 ) vs 1/E0 AL~/K a/LN LN Kn K c2 
Slope 

1 
Intercept 

x10-S x10-4 x10-S x10- 3 

P68 V3a 1.22 20.5 .392 . 71 4.52 .492 2.46 1.69 

P68 V3b .82 6.55 .227 .47 6.83 .586 2.93 1.00 

P74 V4a .52 1.89 .225 . 61 5.26 .314 1. 57 1. 32 

Li V1c 7. 14 3. 13 • 0038 .80 4.01 3.81 19 . .92 

84 

c1o 

x1o- 15 

12.2 

1.3 

1.2 

1.6 

Zn V1 24.8 51.4 .0096 1. 85 1. 73 3. 12 21.5 2. 12 400. 

Zn V2a 32.7 1900. .244 .41 ].83 3.89 26.8 7.23 18. 

.03 A1 V1a .39 1. 71 .0016 . 94 3.41 .20 1. 65 1. 41 3-3 

.05 A1 V1b 5.04 .04 .00007 >10 >100 1.3 

.05 A1 V1c 1.8 .26 .0025 2.4 1.34 1.9 15.7 <0 22.2 
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Finally' col. 11 of Table VII gives the value of as 

calculated from the relation 
' The values obtained 

are unreasonably small' because estimates of vacancy concentrations are 

usually of the order 10-5 to 10-8. 46 

B. Discussion of th A 1 · ---..::..:....;;;.:...:.. _ __.!:. na ys1s of the Dependence of the Damping~ 

Temperature. 

1. Eva 1 uat ion of the Parameters 

moment that 

c = = 

K and C 
0 

If we assume 

and further assume for the 

or C = C eQ/kT 
0 

where c = 
0 

Under these assumptions, 

the intercept of In ill vs 1/T yields a value for the quantity, 

A3 a4/c~ , and the intercept of ln 6H vs 1/T gives a value for KnC0 , 

where n is the misfit parameter, and C is the avera 11 impurity 
0 

concentration in the crystal. These values have been listed previously 

in Table II. If the value for c is calculated from the intercept 
0 

of In ill vs 1/T and the values determined earlier are used for 

then K can be calculated from the intercept of In 6H vs 1/T · 

The values of c and K obtained in this manner are listed in 
0 

Table VIII. 

Again, we see the values of c are too small, especially for 
0 

the Al doped crystal. However, the values of K are in better agree

ment with the theory. 

the 

a/LN has been neglected in 
It should be noted that the factor 

In ill vs 1/T plot. 
The inclusion of this term would actually 

invalidate this way of plotting the data. 
If we assume, however, that 

the effect of the term would have only a small influence on the plot, 



TABLE VIII 

Values of Point Defect Concentration and Parameter K Obtained from 

the Temperature Dependence of the Damping 

C rysta 1 Mount 

P74 V4a 

Li Vlc 

Zn V2a 

.03 Al Vlb 

.03 Al Vlb 

*Calculated from ln ~, vs 

tCalculated from ln ~H vs 
and previous values of Kn 

* c Kn 0 

xlo-6 

2.77 .039 

3.91 .029 

18. 1 .058 

3.5 .0004 

3.5 1. 16 

1/T and ln ~H vs 

1/T intercept using 
from Table VIL 

ct 
0 

xlo-4 

5.86 

1. 72 

s. 1 

.as Before 
••Jump•• 

44.9 After 
IIJump'' 

1/T intercepts 

c = c2 e2Q/kT 
0 

86 
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the intercept would then equal A3 a4/ (c0 + a/LN)4. If th I e term a LN 

is not negligible and the previous discussion shows that it may have a 

sizable effect, its inclusion would tend to 1 ower the already low value 

of C0 and also increase the value of K. 

A second difficulty has to do with the value of the interaction 

energy, Q. Table I I shows that the values obtained from the ll.H data 

are about twice those found from the ill data. This was also found 

by Hinton and R i der37 i n the i r study of dilute lead alloys. However, 

the va 1 ue for Q depends on the assumption that Q1 = Q2 and this may 

not be true. It has been argued that if two types of defects were pres-

ent with different interaction energies a plot of In ll. 1 vs 1/T would 

not be 1 inear. 47 This is not true in practice, since fig. 33 and 34 

show plots of ln ll.l vs 1/T, where t~ 1 is calculated from two differ

ent defects. A very good straight line is found showing that the de

viation from linearity caused by two types of point defects is not 

great enough to be detected. 

A third difficulty is that according to the theory 

the interaction energy, Q, is not dependent on C, I.e., plots of 

1 n ll.l vs 1 /T should have the same slope even if c 
0 

is different. 

Thus, for example, if the interaction energy is due to an 

and a dislocation then we would expect the same value of 

AI atom 

Q for a I 1 

concentrations of Al. 
· · f Q determined from We see a wide var1at1on o 

In ll.l vs 1/T plots is exhibited for the crystals. 
If we assume two 

3'· shows that a change in the con
different defects as above, fig. ~ 

Can cause a change in the value of 
centration of one of the defects 

is exhibited for the crystals. 
Q found from a In ll.l vs 1/\ plots 

as above, fig. 34 shows that a 
If we assume two different defects 
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Points are theoretical and are 
calculated from the equation: 
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88 

.002~~------4--------------~---------~--------------~------~ .· I I I -1 3 1.8 1.9 2.0 2.1 2.2 2.3x10-
(TEMPERATURE)~1, oK-l 

Figure 33. Theoretical plot showing that ln A vs 1/T is linear even 
if two types of pinning points inte~act with the dislocation 
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Figure 34. 

= 

Points are th eoretical and are 
calculated from the equation: 

The 
the 

10-13 

value of Q. obtained from 
slope of this plot equals: 

2.93 Kcal/mole 

I I I .. 1 , 1 0-3 
.9 2.0 2.1 2.2 2.3 X 

(TEMPERATURE)- 1 , oK-l 
Theoretical plot showing that the value or Q derived from a 
ln 6

1 
vs 1/T plot can vary with the overall concentration of 

the pinning points 
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change in the concentration of one f th d f o e e ects can cause a change 

in the value of Q found from a ln 61 vs 1/T plot. Thus these 

arguments show that a two type defect theory may explain the observed 

results better than a single defect theory. 

2. Interpretation by Bauer. 48 Recently, Bauer has shown that 

if the entropy contribution of the grouping of pinning points on a 

dislocation line is taken into account, the expression c • c eQ/KT 
0 

h 1 d -F /kT sou be replaced by C = C0 e B , where F8 is the binding free 

energy and is equal to UB -TSB. (Note: u8 is the binding energy 

and is equal to -Q as used previously.) Bauer has calculated SB 

to be approximately equal to k ln c112 , where k is the Boltzm8nn 

constant. In this case, 

This relation would yield the same values of 

tained in cols. 3 and 4 of Tab 1 e VI II if the 

or 

Kn and C as ob
o 

intercepts of the tem-

perature plots of 61 and 6H are used together. Since the plot of 

ln 6 1 1/T intercept alone. The value of Kn, however, is neces-
vs 

sary for this calculation. If the values of Kn given earlier In 

col. 8 of Table VI 1 are used, then the above calculation gives the 

values of c as given in col. 5 of Table VIII. We now see that 
0 

is too large, especially for the pure crystals. In order to obtain 

reasonable values for the pure crystals, Kn would need to be as 

large as 20. 

c 
0 

It is possible that the entropy contribution is not quite correct 

as calculated by Bauer, or the assumptions made in his calculation, 

. is high, do not hold for 
namely that mobility along the dislocattons 

c. c e-FB/kT is only valid 
these crys ta 1 s. A 1 so, the expression, o ,.9 

i · given by Van Bueren as: 
for C << 1. The more general express on 15 
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C =Co e-FB/kT I (1 + C e-FB/kT) 
0 ( 16) 

is inserted into eq. (16) b a ove, we obtain: 

c1121 (1 +C)= C e-UB/kT 
0 (17) 

Unfortunately, eq. (17) cannot be put ·1nto a convenient linear 

form to permit comparison of the data to '1 t. However, for the approxi-

mate values of c 
0 

and U8 found earlier, there would be very little 

difference between the more general expression (eq. (17)) and the 

Boltzmann form. Th 1 1 ld b e on y resu t wou e to lower the deviation of 

the tail slightly in the low temperature region of the ln 6 1 vs 1/T 

plots, thereby extending the linear range of these plots. 

In view of the previous considerations, it is concluded that plots 

of ln 6 1 vs 1/T and 

retical correctness. 

ln 6H vs 1/T are questionable in their theo-

c. Discussion of Difficulties Appearing ..!.!!..Sections V-A and V-B. 

1 . I ncompat i b i 1 i ty of the Independent Decrement and Dependent 

Decrement Predictions. From the previous discussions, it appears that 

the independent and dependent decrement data are incompatible in sev

eral ways. There are two possible reasons for this. First, the G-L 
• 1 I 

theory neglects thermal assistance to breakaway. Recent est1mates 

of the effect of including thermal assistance show that it will not 

alter the strain amplitude dependence of the damping, but the value 

of the slope of a G-L plot will include a temperature dependent term. 

It is apparent that a proper change in the values of the obtained slopes 

could remove all of the previous difficulties. 
However, the theory is 

not developed completely enough to allow a comparison with the data. 
remains constant 

Second, the assumption that 6 = 61 + AH' where ~, 
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even into the strain amplitude dependent region, may not be valid. It 

seems 1 ikely that after breakaway lll should originate from the damp

ing of loop lengths of the order LN. This requires additional theo

re t i ca 1 cons i de rat i on . 

2. Incorrect Predicted Concentration of Solute Atoms. The most 

serious problem which exists for both dependent and independent deere-

ment separately, is that the magnitude of C as well as C0 is too 

smal 1, especially for the doped crystals. Also, the predicted values 

of the concentration do not vary with the amount of added impurity. 

Even glue joint variations would not be expected to be responsible for 

the tremendous discrepancy existing for the . 135 AI crystal. Although 

the impurity concentration, C, depends on the value chosen for the 

damping constant, B' an increase of in the magnitude of 8 

would be necessary to increase c by 100. This has the consequence 

of causing the dislocation density to become 1010, which is con-

side red unreasonably 1 a rge. Even so, this could not account for the 

lack of concentration dependence. In addition, the background (non-

dislocation) damping, lib is not known for these crystals. 
Its in-

elusion would have the effect of increasing the value for C. HQI'Wever, 

the air anneal data show that the dislocations are far from being satu-

h Jo-4. This value would 
rated, and lib would not be any larger tan 

observed for the 
not be large enough to reduce the value of ~, 

.135 Al crystal to the value of 
10-8 that Is necessary to obtain 

the correct value for c. . 50 
ag reement is found here than Ftore 

Nevertheless, much closer 
1 d the magnitude of AI to be 

obtained for Cu-Ge alloys. He calcu ate 

10
-15 i . g 60 ppm of added impurity. He did 

about for a crys ta 1 conta n 'n 
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not, however, determine any parameters · experimentally, but only esti-

mated their values. Th 1 f e va ue or the loop length, L, was calcu-

lated on the basis that c = c eQ/kT 
0 ' and it is apparent that the 

calculated value depends considerably on the choice of the values for 
4 Q. Since 6 1 ~ L , a small error in the choice of the value for Q 

would have a tremendous effect on the calculated value of 6,. In ad-

dition, there seems to be reason to doubt the relation c = c 
0 

Q/kT 
e . 

Recently, Hinton and Rider37 as well as Fiore have not found agree

ment with the predicted dependence of the damping on concentration. 

Fiore finds 6 1 varies as C to the first power rather than the fourth 

power, while Hinton and Rider do not find a constant power dependence 

at a 11. Since it has been conclusively verified by Thompson and 

Ho1mes5l as we 11 14 52 as others ' that 61 varies as L4 , it is doubt-

ful that the power dependence is what is causing the discrepancy. What 

seems to be more reasonable is that the impurity atoms are simply not 

reaching the dislocations in the predicted amount. This could be due 

to the fact that the impurity atoms largely move as a result of vacancy 

diffusion. It also seems reasonable that it is possible for a greater 

number of vacancies to reach the dislocation 1 ines in a given length 

of time than substitutional impurities. This is illustrated by the 

following figure of a one dimensional line of atoms. 

0 • 0 0 0 0 0 0 0 0 0 0 

Let the black dot represent a substitutional impurity atom. In order 

for the solute atom to move 10 lattice parameters to the right, 10 

vacancies must migrate to the left. Thus, if this is the case, it is 

possible that the vacancy concentration in the lattice is depleted dur

ing an anneal to the point where solute atom migration becomes difficult 
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before the concentration of impurity atoms has reached its theoretical 

value. If this is true, a small deformation of the crystal should 

cause the final value of ~I observed after the anneal following the 

deformation to be smaller than the value observed prior to deformation. 

This is because the increase in vacancy population would allow more 

solute atoms to migrate to the lines. However, this effect may be 

masked by the increase in dislocation density. 

It should be noted that although the values of the solute atom 

concentration obtained from the data analysis do not agree with the 

amount of added impurities, Table V shows that the minimum value of 

~I ever observed for each of the three Al doped crystals is at 

least in qualitative agreement with the known concentrations. That 

is, the damping is smaller for the more impure crystals. Again it 

should be emphasized that comparison of decrement magnitudes between 

different crystals is quite unreliable, primarily because of the quartz-

specimen bond problem. 

D. Evaluation of Parameters Obtained From the Analysis of theRe-

to 

covery Data. 

The parameter, A, as determined by the recovery data is equal 

aA(AD /k)2/3 e-2U/3kT /T. 
0 

Thus, if the dislocation density re-

mains constant during the recovery process, a plot of ln TA vs 1/T 

would give values of U and D . 
0 

Unfortunately, the data are not 

h b · 1 t f th ·, s type If we assume a va 1 ue of good enoug to o ta1n a p o o · 

1 cm2/sec for D , then values for the activation energy U can be 
0 

These calculated at the different temperatures for the recovery data. 

values are given in Table IX. (The values for the dislocation den-

sity, A, were obtained from Table VI.) 
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The variation in the obtained values for U is considerable, but 

the values are about half as large as those obtained from the anneal 

data. This would imply a more mobile defect is being dispersed by the 

high strain amplitude vibration than that which originally diffused to 

the dislocations. Since this seems unrealistic, the interpretation by 

Yamafuji and Bauer41 is probably more correct. The parameter 11< as 

determined from the Yamafuji-Bauer plots is 

fusion coefficient by, Dd = 2L~/T, where 

related to the pipe dif-

is the average dis
-Ud/kT tance between minor pinning points and e . If we use 

the values of L as obtained from the slopes of the G-L plots, we c 

obtain the values of Dd given in col. 5 of Table IX. If we assume 

values of Dd of . 1 and .01 cm2/sec, we find the values of Ud 
0 

given in cols. 6 and 7 of Table IX. These values can be compared to 

28 Kcal/mole as obtained by Oren and Bauer53 for Cu-Ge crystals. Not 

much confidence can be placed in these results, however, because the 

recovery data are visibly poor. 

TABLE IX 

Values of Activation Energy, and Pipe Diffusion Coefficient Obtained 

C rys ta 1 Mount Temp. 

Li VIa 278 

Li VIa 257 

Li Vla 215 

.03 Al Vlb 210 

From the Recovery Data 

G-H-L Harper 
Theory 

u 
Kcal/mole 

7.7 

10. 

10.8 

9.5 

7.5 

1.1 

.6 

5.7 

Yamafuji-Bauer Theory 

d 
d 2 u 

D =. 1cm /sec 
0 

d 2 D =.Clem /sec 
0 

Kcal/mole 

15.5 12.9 

16.9 14.5 

16. 1 13.9 

13.3 11.6 



E. Discussion of the Reverse Anneal Data 

It was stated earlier that the ·rndependent d ecrement was observed 

to decrease with annealing time at first, then reach a constant value, 

and, if held at the same temperature long enough, it was observed to 

increase again. This was observed for doped as well as pure crystals 

and in the case of both air and vacuum anneal. 

In order to account for this with the G-L model, the loop length, 

L , must begin to increase with time. This can only occur by a net 

migration of points away from the line, or a redistribution of the 

points along the 1 ine so as to reduce the average value of L , or a 

disappearance of pinning points. The latter possibility is a very 

real one for the case of vacancies, since dislocation jogs are known 

to readily annihilate vacancies and, in addition, mutual annihilation 

can also occur. Thus the reverse anneal would begin when the net flux 

of vacancies to the 1 ines is less than the rate of annihilation. 

This situation would require a reconsideration of equation (9) 

on page 47, since no account of this was taken in the theory. Although 

good agreement was obtained with the predicted rate of decrease, it 

cannot be said that the addition of an annihilation term would cause 

disagreement. In fact, this may be the reason a more exact treat

ment of the precipitation equation by F. S. Ham54 did not agree as 

wel 1 with the data as the supposedly incorrect form of the Harper 

equation. It is possible that the addition of an annihilation term 

in Ham•s equation could bring it into better agreement. 

It would be expected that the damping would eventually stop 

increasing and level off at a value governed by the equilbrium number 

of solute atoms and unannihilated vacancies. Unfortunately the anneal 
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was not permitted to progress long enough to determine if the damping 

would eventually reach a plateau. 

F. Discussion of the Large Decrease of Damping Observed During 

~ A i r Annea 1 . 

It is possible that the large decrease of the damping during the 

air anneal described on page 70 and shown in fig. 29 is due to the 

influx of gas atoms which further pin the dislocations and reduce the 

average loop length, L. Marx and Koehler42 found that an anneal of a 

copper single crystal in hydrogen caused the independent decrement to 

be an order of magnitude smaller than the value observed for a vacuum 

anneal. Although it is doubtful that oxygen or nitrogen atoms can 

enter magnesium interstitially, it is known that exposure to moisture 

can introduce hydrogen into magnesium through the reaction: 

Raynor55 states that 11 heat treatment of magnesium alloys under condi-

tions where they are exposed to the atmosphere results in considerable 

hydrogen 11 pick up 11 , especially if the atmosphere is humid. 11 

It may be argued that the polymerization of the vacuum grease 

at the specimen-quartz interface is the cause of the decrease in 

damping during the air anneal. However, the rate of polymerization 

is found experimentally to be much slower than the observed rate of 

decrease of the damping. Because interstitial hydrogen has a high 

mobility, this would agree more favorably with the rather rapid rate 

of decrease of damping. 

It is important to note that the minimum values of ~I 

obtained for the P68 and P74 crystals during the vacuum anneal are 

much larger than the values obtained for the air anneals. Although 
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this seems to support the above explanation, a question arises as to 

why the decrement is larger for the later vacuum measurements. In 

order for this to occur, the concentration of hydrogen must decrease. 

It is possible that a certain amount of degassing occurs in vacuum, 

but whether this process would be able to pull the hydrogen away 

from the dislocation Jines is questionable. It is possible that the 

increase of dislocation density due to the handling before each 

mounting causes the observed increase in damping. An additional air 

anneal would then be required to pin these new dislocations. This 

would mean that the dislocation density increases for each mounting. 

Techniques such as etch pit counts would be required to check this 

point, since the damping is not sensitive to completely pinned dis

locations. 

It was found that an air anneal of the Li doped crystal did 

not produce any greater decrease in ~, than would have been ex

pected for a vacuum anneal of the same length. Since the impurity 

content of the Li doped crystal is about the same as the P74 

crystal, it is difficult to explain this behavior. Of course, the 

surface condition (oxide layer) could have considerable influence 

on the rate of formation of magnesium hydroxide. Further study of 

this factor would be of interest. 

It is interesting to observe that the only data for the de

crease of the damping with time during an air anneal which was able 

to be fitted to the Harper equation was that for the P62.5 crystal. 

The conditions for this anneal were somewhat unique however. It 

had already been subjected to a long air anneal at 200° C, and then 

the temperature was increased to 280° C. The resulting increase in 
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damping and subsequent anneal was probably caused by the deformation 

produced by the tight specimen-quartz joint, since the grease had 

certainly enough time to polymerize. It is believed that the reason 

this air anneal data agrees with the Harper equation is that the influx 

of hydrogen had probably saturated during the long 200° C anneal so 

that no additional influx of hydrogen was present during the 280° c 

annea 1 . 

G. Discussion of the Double Strain Amplitude Dependence 

On page 31 an unusual phenomena called 11double strain amplitude 

dependence'' was described. It was found that G-L plots of this 

resulted in two separate 1 inear regions (see fig. 10). 

It is possible that this type of G-L plot can be explained by 

two types of intermediate pinning points, one being much more strongly 

bound than the other. The first strain amplitude dependent region 

would correspond to the breakaway of the less strongly bound inter

mediate pinning points and the second region, to the breakaway of 

the more strongly bound points. However, since a distribution of 

loop lengths would be expected for the strong as well as the weak 

pinning points, we would expect the breakaway of the strong points 

to be a gradual process. Thus, the suddeness of the process presents 

a problem with this interpretation. 

Another possibility is that Frank-Read multiplication has begun. 

Although this may explain a sudden increase in the damping, it would 

certainly not be expected to support a rapid decrease to the original 

value. 

It is also possible that a redistribution of pinning points 

occurs at a critical amplitude above the breakaway amplitude. It 
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is not known if this would be a sudden process, but rapid recovery 

would be possible with this interpretation. Also, it was noted that 

although the damping suddenly increased to a much higher value, con

tinued vibration at this high amplitude caused the damping to increase 

further with time until a relatively constant value was obtained. 

This would also be in agreement with a redistribution model. Recent 

theoretical treatment of this type model by Bauer and Yamafuji3B has 

shown that the critical stress for redistribution is smaller than the 

breakaway amplitude, ie, redistribution starts before breakaway and 

is the necessary condition for breakaway to occur. However, no 

second redistribution after breakaway is predicted by Bauer. Whether 

the above could be explained by this type model requires further study. 

A final possibility is that the sudden increase in damping is 

caused by a micro-crack opening up. Although this could explain a 

sudden increase, it is somewhat doubtful that it could explain why 

the decrement continues to increase with time after the 11jump 11 has 

occured. Also, it would seem that the strain amplitude at which the 

micro-crack opens up should not depend on temperature. Finally, it 

seems rather unusual that a micro-crack would appear in two different 

crystals. In any case, it would be extremely difficult to prove or 

disporve this possibility experimentally. 

H. Discussion of the Unusual Behavior of the Zn Doped Crystal ------ -- -- ---
The G-L theory in its present form is unable to explain the 

unusual behavior of the zinc doped crystal as described on pages 70 

and 73· Although a reverse temperature dependence of the independent 

damping has been observed earlier by D. N. Beshers 56 for an unannealed 

copper crystal, this dependence disappeared with annealing. This 
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behavior can be explained by assuming the defects are quite immobile 

at room temperature and in the unannealed crystal are unable to 

segregate to the dislocations. As the temperature is increased, segre

gation begins which decreases the average loop length L, and therefore 

the damping decreases with increasing temperature. A subsequent 

decrease in temperature would then cause a decrease in damping. Since 

this subsequent return to a normal temperature dependence after an 

anneal is not observed for the zinc doped crystal, it is evident that 

a different mechanism is responsible for the increase of damping with 

decreasing temperature. Even more mystifying is why the dependent 

damping seems to follow a normal temperature dependence. This 

would mean that while the average loop length, L , increases with 

decreasing temperature, the average distance between pinning points, 

L 
c decreases. If the relation 1/L = 1/LN + 1/Lc is assumed to 

hold, then as the temperature decreases, the network node loop 

length, , must increase faster than 

dition is nearly impossible to believe. 

L decreases. c This con-

The G-L model also can not explain the decrease of the damping 

with strain amp! itude at room temperature. Although the G-L theory 

predicts a maximum in the damping as very high strain amplitudes are 

reached, it is very difficult to see how a minimum could be explained. 

It is apparent, that further study of several zinc doped crystals 

is desirable to determine if the phenomena observed are associated 

with the zinc additive or only this one particular crystal. It might 

be mentioned that, unfortunately, the temperature dependence of the 

damping was not measured for the first mounting of the crystal. It is 

therefore quite possible that the unusual phenomena were unique to the 

second mounting. 
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VI CONCLUSIONS 

Reasonable qualitative agreement is obtained between the G-L 

theory .and the observed dependence of the damping and modulus 

on strain amplitude, temperature, and time for most of the 

magnesium crystals studied. 

2. The time dependence of the segregation of pinning points to 

dislocations is adequately described by the Harper modified 

Cottre11-Bilby equation. However, it cannot be stated that 

all future theories would have to be of this form to obtain 

agreement with these data. 

3. It is possible to predict from the data reasonable values of 

the dislocation density, network node length, and migration 

energy for the diffusion of vacancies in magnesium. 

4. There is evidence that the primary point defects that interact 

with the dislocations are vacancies with added impurity atoms 

as secondary. In the case of air annealed crystals, intersti

tial hydrogen atoms also contribute to dislocation pinning. 

5. The magnitude of the independent decrement does not agree with 

the amount of added impurities. However, there seems to be 

reasons why this could happen for substitutional impurities. 

102 



103 

6. The observed temperature dependence of the independent decre

ment seems to be better explained by assuming the pinning points 

are of two types having different interaction energies. 

7. An unusual 11double 11 stress dependence has been observed that 

does not seem to be explainable with present theories. 
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APPENDIX 

Definition and Evaluation of Some of the Parameters Appearing 

in the Granato-Lucke Theory 
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Burger's vector, which is equal to the lattice parameter in the 

basal plane for magnesium. 

= 3.209 A0 for pure Mg 

= 3.186 A0 for .05% Zn in Mg 

= 3.197 A0 for .03% Al in Mg 

= 3.190 A0 for .05% Al in Mg 

= 3.151 A0 for .15% Al in Mg 

n Misfit parameter, which is the fractional change in the lattice 

constant, a , with a change in solute concentration, C. 

= (1/a)aa/ac 

The change in the lattice parameter of magnesium with additions 

of Zn and Al has been measured by Raynor57 and Hardie and 

Parkins, 58 and their results give the following values for n: 

= -. 145 for Zn 

= - . 1 21 for A 1 

For additions of iron, copper, and calcium, the following 

approximation for n will be used: 

= (d - d )/ d where d is the atomic diameter of the added 
0 0 0 

element. In this manner the following values of n are obtained: 

= .20 for Fe and Cu 

= .23 for Ca 

G Shear modulus, which is isotropic in the basal plane for magnesium 

= 

and equals 1/ s44 = c44 

1.658 x 1011 dyne/cm2 
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\) Poisson's ratio 

= .33 approximately 

E Young's modulus 

= (22.1 sin4e + 19.7 cos 4e + 50.5 sin2ecos2e )-l x 10 13 dyne/cm2 

= 4.74 X 10 11 dyne/cm2 for 9 = 22° 

Q Orientation factor 

Q = 

Q = 

n = 

By a comparison of equation (67) in the first article by Granato 

and Lucke and equation (8) in their first review article 10 we find: 

R. 
I 

is the resolved shear 

stress factor for the ith slip system, A. 
I 

is the dislocation 

density for the ith slip system, and the other symbols have 

been defined above. Also, R. = sinecosecos¢, where + is the 
I 

angle between the slip direction and the projection of the 

cylinder axis on the basal plane. If the dislocation density 

is assumed to be equal for all three slip systems, we have 

A = 3 A. , and in this case we find: 
. I 

3 2 
[4(1-v)hrG] E(e) Ei=IR/3 

If only one slip system operates, then we have 

If al 1 three slip systems operate, Henneke and 

2 . 2 2 2 
ER. = s1n ecos ecos ¢· 

I 

Green 59 show that 

ER~ = sin2ecos 2a 1 2. We will assume for convenience that all 
I 

three systems operate. Using the above values for G and v, 

we have: 

13 ( ) • 2a 2a 9.215 x 10 E a s1n cos 

= .0525 for a = 22° 

.0285 for a = 74° = 
60 c• - Dislocation line tension. Mott and Nabarro have calculated 

this to be given as: 



c• = 

= 

A 

= 

= 

B 

= 
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2 2 Ga j,r( 1 -v ) 

l. 51 X 10-4 dyne 

Parameter measuring the strength of the interaction between a 

solute atom and a dislocation. It is calculated by Cot t re 11 17 to 

have the following form: 

(413) Gnr3 a ( 1 +v ) I ( 1 -v ) where r is the atomic radius of the 
0 0 

solvent atom and equals 1 . 76 A o for magnesium. 

2.17 X 10-20 n dyne 2 em 

Damping constant for the moving dislocation. 

Three separate theoretical calculations have been made for the 

constant B. Eshelby61 assumes the damping arises from irrevers-

ible heat flow in the region about the vibrating dislocation. 

Eshelby's formula for 8 is: 

(Ga2 11 OK) (c -c lc ) 1 n (Kiw.2.2) , where G is the shear modulus, 
p v p 0 

a, the lattice parameter, K , the thermal diffusivity, c and 
p 

c , the specific heat at constant pressure and volume respectively, 
v 

, is the circular frequency, and .2. , is a cut off length taken 
0 

to be approximately 10-7 em. For magnesium we have; 

K c .932 cm21sec, cp = .235 callgm °K for T = 300° K, and 

c -c = 9a2Ta lp , where 80 p v 0 0 
is the bulk modulus, is the 

coefficient of linear expansion, Tis the absolute temperature 

and p is the density. It is found that c -c = 9 x 10-3 callgm°K 
p v 

for T = 300° K. Thus for w = 2~(31,000) radlsec, we find: 

B = 1.4 x 10-5 dyne sec I cm2 for T = 300° K 

= 3.0 x 10-5 dyne sec I cm2 for T = 558° K 

Liebfried62 assumes the damping arises from the scattering of 

thermal phonons by the stress field of the dislocation. 



B = 

Liebfried 1 s formula is given as: 

2 3kTZ/10v a , where z s is the number of atoms per unit cell, 

v is the shear wave veloc"1ty, a · th 1 · s 1s e att1ce parameter, 

and kT has its usual meaning. For magnesium, 

= 3.08 x 105 em/sec, and Z = 2 

Thus, using Liebfried 1 s formula we find: 

v 
s 

I I 0 

B = 7.81 x 10-5 for T = 300° K 

= 

B = 

1.45 x 10-4 for T = 558° K 

Recently, Mason 63 interpreted the thermal waves in a crystal as 

a gas of phonons and calculated the energy loss of a dislocation 

moving through the gas from classical viscous-fluid flow theory. 

Mason•s formula for B is: 

1. 43 E• K Is• e T -c where E• i s the in te rna 1 energy calcu-

1 a ted from the De bye theory, s• is the electronic heat capacity 

coefficient equal to 3.15 X 10-4 cal/mole OK-2 for magnesium, 

c is the Fermi velocity of electrons given by c 2 1/2 = 2nh(3n N ) /m 
0 

where N is the number of e 1 ect rons per unit volume usually 
0 

taken as the number of atoms per unit volume, m is the mass of 

the electron, K e 
is the thermal conductivity due to electrons, 

and h is Planck 1 s constant. For magnesium we find, 

E 1 /T = 3.62 cal/mole for T = 300° K and E1 /T = 4.7 cal/mole 

for T = 558° K. These values are taken from the table of E'/T 

values as a function of e/T where 8 , the Debye temperature 

for magnesium, is We also have c = 1.25 x 10-8 em/sec 

and K = .376 cal/sec em °K. 
e 

Mason 1 s formula: 

With these values, we find using 

B = 1.67 x 10-S for T = 300° K 

= 2.1 X 10-5 for T = 558° K 



11 1 

K Parameter related to the force required to pull a pinning point 

from a dislocation. In the Granato-Lucke theory it is given by: 

K = 

K = 

2 nf /(4na RE) , where 
m f 

m 
is the force required to produce 

breakaway, R is the resolved shear stress factor and the other 

symbols have been defined earlier. 

4 2 
to be given by 4Gna /Xb , where 

Cottrell 17 calculated f m 

xb is the distance the impurity 

atom is from the dislocation when breakaway occurs. Using this 

relation for f we find: m 

If we assume Xb is equal to 2 or 3 lattice parameters when 

breakaway occurs, we fing: 

K = .78 to .35 fore= 22° 
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