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ABSTRACT 

Hysteresis loops were observed in 99*999 1° pure copper single crystals 

under unidirectional cyclic stressing using a capacitance gage microstrain 

measuring technique. These loops, which represent an energy loss presuma¬ 

bly due to dislocation damping, were measured at low frequencies as a 

function of stress amplitude, prestrain, and temperature. The prestrain 

-6 -2 
region extended from 10 in/in to 10 in/in, and the temperature range 

covered was 135 °K to 300 °K. 

The decrement, or energy loss per total energy input, was found to 

decrease markedly with prestrain. For prestrains greater than 1 # only 

small decrements (less than O.03) could be observed below stress ampli¬ 

tudes of 250 psi. No temperature dependence of the decrement was noted 

in the temperature range concerned. 

The microyield point, or the stress level at which an open hystere¬ 

sis loop was first observed, was found to increase with prestrain, but 

was also temperature independent. Room temperature stress-strain curves 

indicated a work-hardening effect at strains less than 1 <jo. Experimental 

checks revealed that the crystals tested exhibited only a limited easy 

glide region ( < 0.2 #). 

The early onset of Stage II hardening is explained as a specimen 

size effect. X^ , the microyield point, is associated with the stress 

necessary to operate a Frank-Read source. The prestrain dependence of the 

decrement and of the stress to create an open loop are thought to be due 

to the shortening of the average dislocation network loop length in the 

Stage II region. A theory describing the temperature independence of the 

decrement is currently unavailable. 
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INTRODUCTION 

The ability of a material to dissipate mechanical energy is termed 

internal friction. Experimental measurements of internal friction in 

metals have been prompted by recent presentations of several theories 

which have quantitatively sought to explain this phenomenon. Since any 

dislocation theory must ultimately involve stress and strain, the experi¬ 

mental procedure must be of a type which assures that both these parameters 

will be known to a high degree of accuracy. The experimental technique 

must also assure that inherent non-linear effects in the stress and strain 

states do not hinder the data analysis. 

The development by Roberts and Brown ^ of a technique for accurate¬ 

ly measuring strains of at least 10-^ has been applied by Hartman and 

Roberts^ to low frequency (less than 1 cps) cyclic stressing measure¬ 

ments of magnesium and zinc single crystals loaded in simple tension and 

( 3) 
in shear. Lukens and Brown' 7 have made a microstrain study of poly¬ 

crystalline iron by using essentially the same technique. Both stress 

and strain were accurately determined in these experiments, and the non¬ 

linear behavior observed can definitely be attributed to internal friction 

in the solids investigated. 

These experiments have shown that non-linearities which may be re¬ 

lated to dislocation motion, occur at extremely low stresses and strains. 

Not only is the material behavior not described by Hooke's Law, but, in 

addition, hysteretic energy losses may be observed. Closed hysteresis 

loops, indicative of internal friction, have been detected in zinc^, 

(3) (2) 
ironw/, and magnesium' 7 for a unidirectional stress cycle. By defin- 
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ing the decrement, A , as 

A - wirr/wT 
where W^rr is the irreversible energy loss per unit volume, and is the 

total vibrational energy input per unit volume, a measure of the internal 

friction may be obtained as a function of prestrain, temperature, purity, 

strain and stress amplitude, and other parameters. 

Roberts^^ has intensively investigated internal friction in zinc 

(2) 
monocrystals, and Hartman ' has extended the experimentation to include 

temperature and purity studies of magnesium single crystals. These meas¬ 

urements have been made upon both tensile and shear specimens. The ob¬ 

servation of large hysteresis loops as well as a frequency dependent in¬ 

ternal friction peak at low temperatures in the magnesium studies has 

helped to further substantiate a dislocation theory of mechanical damp¬ 

ing. 

Copper was chosen as the solid for this investigation with the hope 

that a point defect effect upon internal friction could be studied. It was 

anticipated that copper single crystals radiation damaged by large fluxes of 

fast neutrons would be tested according to the aforementioned technique 

and then the results compared with data for unirradiated samples in an 

effort to sort out a point defect mechanism. Resistivity measurements 

have been made on irradiated copper wires, and the results have indicated 

annealing effects attributable to point defect motion and interaction. 

Precise data for the energies of formation and migration of vacancies and 

interstitials in copper have been recorded, and the backlog of experimen¬ 

tal work done allows for a more systematic and objective interpretation 

of the results of any internal friction study performed on copper speci¬ 

mens. A comprehensive survey of radiation damage investigations has 
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(4) 
"been made by Seitz' . 

However, several problems pertaining to the proposed radiation damage 

arose. The damage was scheduled to have been done at Argonne National 

Laboratories. Neutron fluxes of 10^ to 10^ neutrons /crn^ were to be 

employed, but the specimen sizes (l/2 inch diameter and 3-l/2 inches in 

length) were too large to permit safe handling within a reasonable amount 

of time after such large radiation dosages. The specimens could not be 

irradiated with aluminum grips (see Experimental Procedure) epoxied to 

them, because irradiation would break the epon bond and also contaminate 

the sample. If the grips were to be fixed to the crystals after irradia¬ 

tion, the epon curing process would allow point defect annealing to occur. 

A suitable alternative for gripping the crystals was lacking, as the pres¬ 

ent method allowed for good tensile alignment during testing. 

Internal friction studies could still be made on undamaged copper 

specimens, and it was decided that temperature, prestrain, and stress and 

strain amplitude dependence would be investigated. At the same time com¬ 

parisons between internal friction data for face-centered cubic copper 

and hexagonal close-packed magnesium and zinc, which had previously been 

investigated, could be made. 

Theories of dislocation contributions to the internal friction have 

(5) 
been based largely upon the work of J. S. Koehler'^7 and A. S. Nowick. 

Koehler approached the problem of the cyclic stressing of a dislocation 

line pinned by impurities by approximately solving the analogous equation 

of motion for forced damped vibrations of a string. His theory accounts 

for a distribution function for the loop lengths pinned by randomly situ¬ 

ated solute atoms. Breakaway of the loop lengths from the impurity agents 

then occurs at stress amplitudes large enough to overcome the Cottrell 
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(22) 
binding force' between the solute atoms and the dislocation. The energy- 

loss increases with strain amplitude because breakaway increases the aver¬ 

age loop length. 

Nowick envisioned the internal friction mechanism as a hysteresis 

loss due to dislocation motion from one potential mlnirmnn to another 

Specific hysteresis models have been constructed by Weertman and 

(Q\ 
Salkovitz' ' to explain strain amplitude independent internal friction 

at low stresses. However, this theory requires dislocation displacement 

over a distance b/cQ ' , where b is the Burgers vector and CQ the impurity 

concentration. Granato and Llicke^^ have rejected this model on the 

grounds that even dislocations as long as Frank-Read source lengths can 

only move about an interatomic unit at relatively large stress amplitudes. 

However, this objection does not appear to be valid. An elementary cal¬ 

culation shows that at moderate stress levels dislocations may move about 

10^) to 10^. 

(9) 
Weertman' was able to solve Koehler's formulation for the internal 

friction by an exact method, but the closed-form solution he obtained 

does not enable one to readily describe the effect of the parameters in- 

tc\ 

volved. Granato and Liicke' ' therefore concentrated on a rigorous mathe¬ 

matical solution to an extension of Koehler's theory. Particular atten¬ 

tion was focused on the stress-strain law, the loop length distribution 

function, and the breakaway stress. 

Briefly then, the Granato-Liicke model is the following. The initial 

dislocation configuration in a single crystal is regarded as characterized 

by two loop lengths, L and L . L is the average distance between nodal 
II C IX 

points of the dislocation network, and L is the average distance between 
c 
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impurity pinning points along the dislocation line. The dislocation net¬ 

work is taken to he the network as described by Mott^11^, and the impurity 

pinning mechanism is a Cottrell interaction. 

Under the application of an external stress, elastic strain and dis¬ 

location strain occur. The dislocation strain is due to the bowing motion 

of the line between the pinning points. At stresses large enough to over¬ 

come Cottrell pinning, the dislocation breaks away from the impurities, 

and a large increase in dislocation strain occurs with no stress increase. 

The breakaway configuration is line tension limited, and upon unloading, 

the dislocation returns to its initial position in a manner dependent 

upon the long loop length Ln> Thus, a closed, asymmetrical stress-strain 

hysteresis loop is predicted. 

Granato and Liicke predict both a frequency dependent and a frequency 

independent loss. The resistive damping mechanism, assumed to be propor¬ 

tional to dislocation velocity, opposes the external stress and produces 

a phase lag between stress and strain. This loss is frequency dependent. 

The frequency independent loss is the hysteretic loss described above and 

is found to be stress amplitude dependent. The Granato-Liicke model is a 

0 °K theory, and the loop length distribution function is quite elegantly 

described. 

Thermal effects were accounted for by the Teutonico-Granato-Liicke re¬ 

vision of the original Granato-Liicke theory. Thermally activated impurity 

breakaway was treated in the Teutonico-Granato-Liicke analysis 

Roberts'experimental data indicated agreement with both the G-L 

and the T-G-L theories for stress amplitude decrement dependence. 

(2) 
Hartman's' low temperature studies supported the T-G-L theory in several 

respects. However, two serious disagreements were noted. The observed 
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hysteresis loops were symmetrical, and a frequency dependent decrement 

relaxation peak was noted at low temperature. 

(12 1R) 
Hartman and Roberts' ’ ' have sought to explain these observed 

results by considering that the dislocations see Mott-Nabarro stress 

fields of average amplitude O^i , a function of impurity concentration. 

Using a truncated normal distribution function to describe the stress 

field seen by a dislocation under an applied stress , they can predict 

the observed stress amplitude dependence of the energy loss# Reasonable 

values for various dislocation parameters were predicted and checked. 

Thermal assistance to the frequency at which coherent dislocation loop 

lengths attack the Mott-Nabarro potential hills accounts for a reTaxation¬ 

al decrement that is both frequency and temperature dependent. The mag¬ 

nitude of the relaxation is correctly predicted, but the experimentally 

observed peak temperature of the decrement is rather poorly predicted 

theoretically as a function of frequency. 

flL) (2k) (15) 
Friedel' , Weertman and Swartz' , and Alefeld' have also ad¬ 

vanced theoretical explanations for internal friction. Alefeld's approach 

is unique in that it is essentially a phenomenological treatment. He has 

approximately solved the standard linear solid equation for a sinusoidal 

applied stress and has used the plastic strain rate expression currently 

employed by most investigators. On this basis Alefeld can predict a re- 

laxational decrement peak. 

The immediate purpose of this investigation, however, was not to 

correlate data to any predetermined theory. Of primary interest was the 

direct observation of internal friction in copper single crystals and a 

comparison with the results obtained from other metals previously studied. 

As the results of this experiment indicated, a ready theoretical explana- 
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tion of the copper internal friction studies is not available. 

- 7 - 



EXPERIMENTAL PROCEDURE 

Specimen Preparation - 

The starting stock was in the form of 99*999 $ pure copper, 3/8 inch 

in diameter, obtained from the American Smelting and Refining Company. 

Cylindrical single crystals were grown in vacuo in a split graphite cru¬ 

cible using the modified Bridgman technique. The crucible was machined 

from high purity AUC graphite obtained from the National Carbon Company. 

The as-grown specimens were approximately 7 to 7-l/2 inches long and 

l/2 inch in diameter. Crystal CM-1 was grown at a growth rate of l/2 

inch per hour, and the remaining crystals were grown at a rate of 1 inch 

per hour. 

A 2-l/2 inch I.D. McDanel Alumina tube, 44 inches long, served as 

the vertical furnace chamber. The bottom end of the tube was sealed by 

a Viton gasket and a McDanel aluminum end seal. The top flange was brass 

and housed a Wilson seal and an oilite pulley arrangement for maintaining 

a vacuum and for assuring a uniform growth rate. The vacuum was drawn on 

a l/4 inch I.D. brass insert which was silver-soldered to the top flange. 

Braided steel wire, chosen because of its flexibility, was used to 

lower the charged crucible through the furnace. However, because the 

wire corroded noticeably at temperatures near the melting point of copper, 

a 12 inch strand of 0.01 inch diameter tungsten wire — one end Joined to 

the braided wire, the other end Joined to the crucible — was inserted 

into the system. In this manner it was assured that upon completion of 

■the growth process the steel wire would still be positioned above the "hot" 

zone of the furnace chamber. A l/4 inch O.D. stainless steel thermo¬ 

couple well, 24 inches in length and closed at the bottom, was silver- 
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soldered to the top flange to permit temperature measurements to he made. 

However, due to radiation heat transfer between the graphite crucible and 

the thermocouple well, the actual temperature gradient in the chamber 

could not accurately be determined. 

Chemical etching and x-ray analysis were used to determine whether 

or not the grown specimens were single crystals. The most successful 

etchant used was prepared in the following manner: 

Cupric Ammonium. Chloride ... 5 grams 

Distilled HgO ... 120 cc. 

Add concentrated NH^OH until the white precipitate which forms 

redissolves yielding a blue solution. 

Crystal orientation was determined using the standard Laue back-re¬ 

flection technique ^ ^ ^. Using a copper target (35 kvp, 14 milliam- 

peres) and a collimator pinhole diameter of 0.025 inches, exposure times 

of 20 to 30 minutes were found to yield satisfactory Laue patterns. A 

summary of important crystallographic angles with respect to the cylin¬ 

drical specimen axis is recorded in Table I. Once the crystallographic 

orientation was known, the elastic modulus for each crystal was calcu¬ 

lated for later comparison with the experimentally observed modulus. 

Each crystal grown was cut in half with a fine jeweler's saw. The 

cutting time required was usually about 2 hours per specimen. Etching 

after cutting revealed no visible recrystallization in the vicinity of 

the cut. During the cutting process the specimen was encased in model¬ 

ing clay to prevent bending or twisting the crystal. 

Cylindrical aluminum grips — one end bored to a slightly larger 

I.D. than the diameter of the crystal being gripped, the other end tapped 

for 10-24 threads — were fixed to the specimen with Shell Epon Adhesive 
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VI. A small relief hole vas drilled in the thin wall portion of each 

grip to allow for expansion of the adhesive during the curing process. 

Each set of grips was marked with a punch to facilitate crystal identi¬ 

fication. Since two specimens, each about 3-1/2 inches long, were ob¬ 

tainable from each crystal grown, the suffixes T and B were affixed to 

the crystal nomenclature to distinguish between the top and bottom por¬ 

tions of the initial crystals. About 3/8 inch of each specimen end was 

encased by the aluminum grips. 

The adhesive was cured for U5 minutes at 175 °F in a muffle furnace. 

Each crystal was then chemically polished in an HNO^ solution, rinsed in 

distilled water euad methyl alcohol, and then given a warm air blast dry¬ 

ing. Once the epon was cured, the grips could most easily be removed by 

soaking the crystal in concentrated HC1 for about 5 minutes. The acid 

readily attacked the aluminum grips without visibly reacting with the 

copper crystal. The bond strength of the adhesive was at least high 

enough to withstand loads of 250 pounds at room temperature. 

Stress and Strain Measurements - 

All tests were conducted in simple tension on an Instron testing 

machine. Types C (0-50 pounds),CT (0-200 pounds), and D (0-1000 pounds) 

Instron load cells were used. The load cell signal was simultaneously 

applied to the Instron recorder and to the Y-input of a Moseley X-Y re¬ 

corder. The Instron chart recorded load-time curves. These curves were 

always linear except during initial loading and during yielding. Cross- 

head speeds of 0.02 and 0.05 inches per minute were generally employed. 

The "dead" weight of the system, approximately 0.75 pounds in most cases, 

was suppressed from the load signal. Hysteresis loops were usually 

measured over a load range of 20 to 100 pounds. 
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Strains were measured using the capacitance gage technique described 

by Roberts^ and Hartman^. The gage used was a slight modification of 

(19) 
the original design and the alterations are amply described by Bresle' . 

Ample descriptions and detailed analyses of this technique have been well 

treated by these authors, and hence, to avoid needless repitition, only 

some brief remarks about this method will be noted here. Each plate of 

the capacitance gage, annular in shape, was mounted to the specimen by 

means of four pointed Allen head set screws. The mounting procedure was 

such as to enable the two plates to be aligned as parallel as possible. 

Hartman and Roberts have performed both experimental and theoretical 

analyses on the effects of non-parallel plate alignment and have found 

negligible effects due to misalignment up to angular deviations as large 

as 5 degrees. 

A shielded tri-axial capacitance cable Joined to the capacitance 

gage was used for the input to a Fielden Proximity Meter*. This meter 

is essentially a capacitance bridge device which measures the capacitance 

change due to specimen extension. The Proximity Meter output was then 

made the input to the X-axis of the X-Y recorder, so that load - displace¬ 

ment (or essentially stress-strain) curves could be permanently recorded. 

A schematic of the recording circuit is shown in Figure 2. 

Absolute values of the observed strain could not be obtained unless 

the initial separation of the two gage plates was known to an extreme de¬ 

gree of accuracy. The desired accuracy could not be obtained by standard 

measuring techniques. However, knowing the elastic modulus of copper as 

a function of temperature and orientation, absolute strain values could 

* Robertshaw-Fulton Controls Co., Fielden Inst. Div., 
2320 N. 4th Street, Philadelphia 33, Pa. 
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"be calculated. A check of the modulus of each specimen was accomplished 

(2) 
using a steel specimen standard and a method described by Hartman' 7. 

Experimental and calculated moduli are given in Table I 

Testing Apparatus and Temperature Control - 

Figure 3 shovs a schematic of the low temperature testing apparatus. 

A brass bucket, made from a 3"l/2 inch O.D., l/8 inch wall thickness, 15 

inch length of yellow brass tubing, with a brass plate silver-soldered to 

the bottom, was used to shield the specimen and gage from the isopentane 

cooling medium. During room temperature tests the bucket shielded the 

specimen from air currents which tended to cause local temperature varia¬ 

tions detectable by the gage. Measurements cannot be made with the gage 

submerged directly in isopentane. 

The isopentane was contained in a stainless steel dewar, and liquid 

nitrogen was introduced through cooling coils suspended in the isopentane. 

A motor-driven stirrer agitated the bath. Control was achieved at a 

given temperature through use of a Thermotrol* temperature control system. 

The Thermotrol probe was suspended in the isopentane, and best results 

were achieved when the probe end was located at about half the bath depth. 

The liquid nitrogen flow rate was adjusted by means of a micrometer meter¬ 

ing valve and temperature control was achieved by balancing the power out¬ 

put from the Thermotrol and the nitrogen flow rate. Three iron-constantan 

thermocouples were located against the specimen, so that specimen tem¬ 

perature could be recorded. An ice water bath was used as a reference 

junction. At equilibrium about a 1.5 °C temperature difference existed 

between the specimen top and bottom. 

Once the bath was cooled to the desired testing temperature, 

* Hallikainen Instruments, 13^1 Seventh St., Berkeley 10, California 

- 12 - 



approximately one hour was required to achieve specimen temperature equi¬ 

librium. However, tests could not be conducted immediately, as additional 

time was required to allow drift instabilities in the Proximity Meter to 

stabilize. Testing time at any one temperature was on the order of 15 

to 20 minutes. 

Isopentane was usable as a cooling medium for temperatures as low as 

-157 °C. Several test runs were attempted at liquid nitrogen temperature, 

but stability problems prevented the obtaining of usable data. 

Hysteresis Loops - 

No hysteresis loops were observable until each specimen was subjected 

to small prestrains. Figure 4 shows typical results obtained from a pre¬ 

strain test. The specimen was prestrained to a stress 'Tp corresponding 

to a plastic prestrain . It will be noted that Jp is purely plastic 

strain, as the elastic strain contribution has been subtracted out in 

these calculations. After prestraining, linear load-unload curves were 

observed at small stress amplitudes. At higher stress amplitudes closed 

hysteresis loops were noted until an open loop appeared at a stress level 

denoted as Tp . The stress amplitude at which a given loop was measured 

is denoted by 7T0 f and at a constant prestrain the area inside the loops 

increased with increasing T0 . The specimen was prestrained further, 

and hysteresis loops were again measured as a function of T0 until an 

open loop was first noted. In this manner the crystals were incrementally 

prestrained to about 1 # resolved shear strain, and hysteresis loops 

measured at each prestrain. All prestrain tests were performed at room 

temperature. 

Crystal CM-2T was prestrained at room temperature until hysteresis 

loops judged large enough to be measurable were observed. Temperature 
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was then decreased in increments of about 25 °C, and hysteresis loops, as 

well as , were measured as a function on temperature. Crystal CM-5T 

was prestrained about 1 ^ at liquid nitrogen temperature, but only extreme¬ 

ly small loops were observed as temperature was incrementally increased 

to room temperature. 

Each crystal was etched prior to and after testing, and no visible 

recrystallization due to the set screw gage mounts was noted. 
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ANALYSIS 

A typical page of data recorded by the X-Y recorder is shown in Fig- 

Tire 4. The vertical axis or Y-axis is calibrated in load units, but know 

ing the orientation and cross-sectional area of each specimen, the re¬ 

solved shear stress T could be calculated from: 

*X = j cos 9 cos <f 
P = load in pounds 

A = cross-sectional area in square inches 

9 = angle between the specimen axis and the normal to 

the principle {111} type slip plane 

0 = angle between the specimen axis and the principle 

(llO^ type slip direction 

X = resolved shear stress in psi 

Thus the vertical scale could be calibrated in units of resolved shear 

stress. 

The horizontal or X-axis recorded displacement changes. Knowing the 

elastic modulus of the crystal and the appropriate gage length, the longi 

tudinal strain could be determined. For the small strains encountered 

in the course of these experiments the resolved shear strain X is given 
quite accurately by: 

% = £/cos 9 cos <f 
£ = longitudinal strain 

9, 0 are as defined above. 

The gage length was taken to be the length between the set screws (1.00 

inches) which mounted the capacitance gage to the specimen. This seems 

appropriate because extension was actually being measured over this 
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region of the specimen. The symbols % and X will always refer to re¬ 

solved quantities in this work. 

At room temperature the elastic modulus, E, in dynes/cm2, of the 

crystals was calculated from: 

| = lCf12 | l.l<-9 - 2.90 ( X2 m2 + m2 n2 + X2 n2) } 

where 1, m, and n are the direction cosines between the specimen tensile 

axis and the 3 {lOO^ crystallographic directions. Below room tempera- 

(17) 
ture the modulus is given by:' ' 

1 { . Bkh I,,2 2. 2 2.12 2) 
g ^11 2 I si2 " ^11 2 j ( A. m + m n + /. n 

Data for the temperature dependence of c^, c^g, and c^^ for copper was 

(23) 
taken from the data of Overton and Gaffney' . Using basic elasticity 

relations' , one may easily calculate s^, s1?, and sj^, and thus de¬ 

termine E at any given temperature. 

The decrement A is defined as the ratio of the energy loss to the 

total vibrational energy input for a closed hysteresis loop. The area 

inside a loop is denoted as Wirr (or irreversible work), and the area 

tinder the loading portion of the curve is W^, the total work input. The 

decrement will then be given by: 

A - MlrA 
W^rr and W,p have dimensions of work per unit volume or inch-pounds per 

cubic inch. The decrement is dimensionless and is always less than unity. 

The most difficult portion of the experimental analysis was the de¬ 

termination of the decrement with a minimum of error. It will be noted 

that the decrement is independent of the strain calibration, since A 

is merely a ratio of two areas. The hysteresis loops measured were much 

smaller than those observed by Hartman in magnesium monocrystals, and 
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(2) 
planimetering was found to be a highly unsatisfactory method for area 

determination. 

Figure 5 schematically depicts the method by which the decrement 

was determined. Although neither the loading nor the unloading portions 

of the hysteresis loops were linear, if the loops were subdivided into a 

series of n trapezoids and triangles as shown, the resulting area very 

closely approximated the actual loop area. If h is the constant incre- 

t/ll 
mental stress subdivision, w^ the loop width at the i subdivision, 

it is a simple task to show that the approximated loop area, or corres¬ 

pondingly the energy loss (in graph units), is given by: 

The total work input was analyzed in a similar manner. If a vertical 

line is drawn from the top of the loop to the horizontal axis, and if b^ 

is denoted as the horizontal distance from this vertical line to the load¬ 

ing portion of the loop, then: 

The decrement, or is thus seen to be independent of h, the in¬ 

manner is almost entirely due to error in determining w^, the loop width. 

It is estimated that for small loops measured at low stress amplitudes 

the error is about 10 $. At higher stress amplitudes where the loops 

are larger in size, the error is probably only about 3 At any rate, 

the percentage error in decrement determination is not large enough to 

account for the large decrease in decrement observed after prestraining, 

an effect which will be discussed later in this thesis. 

cremental stress subdivision chosen. The error in determining A in this 
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EXPERIMENTAL RESULTS 

Stress - Strain Curves - 

Using data obtained from the room temperature prestrain tests, it 

was possible to reconstruct stress-strain curves for each specimen tested. 

It is again noted that strain refers to purely plastic strain, or devia¬ 

tion from the linear initial modulus line observed upon loading. Figures 

6 through 9 represent the reconstructed curves. Figures 7 and 8 are stress- 

-3 
strain curves for plastic strains between 0 and 10 . The data indicates 

a relatively flat work-hardening slope for both crystals in this region. 

Examining the 10to 10 ” strain region, Figures 6 and 9 show a large 

increase in the work-hardening slope. These stress-strain curves essen¬ 

tially resemble conventional macroscopic stress-strain plots in the Stage 

I - Stage II region. However, one notes that the strains concerned here 

are less than 1 $, a much lower strain value than is normally associated 

( 2l) 
with Stage I - Stage II work-hardening' . Figure 10 is a logarithmic 

plot of T vs. for CM-4T. Linearity is observed over a strain range 

-5 -3 -3 
of 10 

y
 to 10 , while the curve is extremely non-linear from 10 to 

-2 
10   the region of increasing work-hardening coefficient. 

Prestrain Dependence of TA - 

The stress to create an open loop was also recorded as a function 

of prestrain, and these results are given in Figures 11 through 15. TA 

is found to be an increasing function of ~Cp and , and the shapes of 

the TA vs. 'Up curves very closely resemble the stress-strain plots 

for the individual crystals. Figure 12, which also contains data observed 

(2) 
by Hartman' ' for magnesium, depicts the gross difference between the pre¬ 

strain dependence of "£A for magnesium and for copper. The magnesium 
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data indicates a prestrain independence of TTA . However, if one examines 

the associated stress-strain curve for Mg, as noted by Hartman, an easy 

glide region extending from almost zero prestrain to strains as large as 

5 $ is detected. Obviously, two vastly different work-hardening effects 

were prevalent in the two types of monocrystals tested. 

Prestrain Dependence of the Decrement - 

An extremely interesting effect was noted here. A preliminary test 

of crystal CM-2T at low prestrains, the results of which are given in 

Figure 16, revealed an increase and then a sudden decrease in A with pre¬ 

strain. (Hartman's magnesium data had indicated an increase in decrement 

up to prestrains of nearly 1 $, and he noted a further increase in A 

upon prestraining after annealing overnight at room temperature.) Crystal 

CM-4T was then prestrained at room temperature, and as Figure IT shows, 

the decrement was found to decrease markedly with prestrain at higher 

stress amplitudes. The dashed lines represent a decrement decrease for 

high stress amplitudes at which only two data points were obtained. 

This effect was again reproduced when crystal CM-1T was incrementally 

prestrained to about 1 $ at room temperature. This data is shown in Fig¬ 

ure 18. More data points were taken at high stress amplitudes for this 

test, and one notes that the magnitude of the marked decrement decrease 

cannot be attributed to errors in the decrement analysis. The values of 

the decrement lie between 0.02 and 0.l6, much lower than decrements ob- 

(2) 
served in magnesium' '. 

After prestraining, crystal CM-1T was regripped and annealed over¬ 

night. The decrement decrease was again noted as a function of prestrain, 

aid after a prestrain corresponding to a preload of 250 pounds (over 500 

psi), hysteresis loops at loads of 100 pounds (over 200 psi) or less were 
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virtually undetectable. 

A plot of the decrement as a function of stress amplitude for various 

prestrains is shown in Figure 19. This data was taken from prestrains of 

crystal CM-1T. At low prestrains A is a rather rapidly increasing func¬ 

tion of ~£o , but with increasing prestrain the curves tend toward a shal¬ 

low stress amplitude dependence. Logarithmic plots of and vs. C0 

yielded excellent fits for all prestrains. A typical fit is shown in 

Figure 20. Thus W^rr and W^, could be written as: 

Wirr ’ A T» 
m 

wT = B -c0; 

The exponent n varied between 2.0 and 2.2 as expected. Ordinary damp¬ 

ing theory predicts to vary as the square of T0 . The exponent m was 

about 3.0 at low prestrains and decreased to about 2.4 with increasing 

prestrain. This accounts for the shallow A vs. plots at higher pre¬ 

strains as depicted in Figure 19* 

The observed hysteresis loops were almost symmetrical except in one 

instance. During the first prestrain test of crystal CM-1T the loops 

observed were symmetrical. After regripping the specimen and curing the 

epon adhesive (the crystal is simultaneously annealed during the cure), 

upon re-prestraining, the hysteresis loops observed were of the Granato- 

Lilcke^ type — i.e., unsymmetrical loops whose unloading portions were 

almost exactly linear. Further prestraining produced symmetrical loops. 

Temperature Dependence of T\ and A - 

Crystal CM-2T was prestrained at room temperature until measurable 

hysteresis loops were observed. was found to be temperature indepen¬ 

dent from 135 °K to room temperature, as Figure 21 indicates. The decre- 
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ment appears to fluctuate only mildly from a constant value over this 

temperature range so that for practical purposes A may he called tempera¬ 

ture independent in this region. This result also differs from the large 

(2) 
relaxation peaks associated with the decrement in magnesium crystals' . 

If the fluctuations noted in A (Figure 22) are associated with relaxa¬ 

tion peaks, the peak changes are too small to allow detection hy the ex¬ 

perimental means employed here. 

A check was also made to determine whether or not some type of time 

effect existed at room temperature. After prestraining CM-2T at room 

temperature prior to the low temperature test, a six hour time period was 

allowed to elapse. During this time six tests were performed on CM-2T 

without further prestraining. Both TA and A showed no time dependence. 

The time invariance of the decrement could most easily he checked hy 

placing loops measured at a constant stress amplitude directly over one 

another and noting the coincidence of the curves. 2* is plotted versus 

time in Figure 23 and is seen to he time-independent. 

Macroscopic Stress-Strain Curve for CM-2T - 

Figure 2h represents a macroscopic stress-strain curve for Crystal 

CM-2T. This test was performed after microstrain measurements on the 

crystal had heen completed. Previous testing had subjected this specimen 

to a prior plastic strain of about 1 $. Figure 2h is the load-time 

(converted to stress-strain) curve recorded hy the Instron chart. The 

initial loading line corresponds to the elastic behavior of the pull-rod 

assembly. The actual extension of the copper crystal is measured as the 

deviation from the initial loading line upon yielding. 

A calculation of the work-hardening coefficient associated with the 

plastic flow region indicated that Stage II hardening was occurring. 
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The absence of an extended easy glide region in the samples tested is 

discussed in the next section. 
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DISCUSSION 

The rapid increase in work-hardening coefficient at strains below 1 $ 

is indicative of the Stage I - Stage II transition noted in copper stress- 

(21) 
strain curves . A macroscopic stress-strain test performed on crystal 

CM-2T (Figure 24) indicated a work-hardening coefficient of an order of 

magnitude normally associated with Stage II, and one may well conclude 

that the four crystals tested exhibited only a limited easy glide region 

( YP < 0.2 $). 

Several conjectures may be advanced to explain the limited easy 

glide region observed. Crystal purity, orientation, handling, oxide 

layer presence, and specimen size might possibly be Important factors. 

(25) 
Paterson' discards purity, mishandling, and oxide layers as major 

factors contributing to the appearance of easy glide. Since all specimens 

tested during this work were chemically polished before testing, the oxide 

layer contribution may be considered unimportant. The four crystals 

tested were handled as carefully as possible at all times and were en¬ 

cased in surgical cotton when not undergoing testing. A variety of orien¬ 

tations were tested, as the stereographic net in Figure 1 shows. 

Spectrographic analyses of the crystals have not yet been performed. 

Reliable analyses are based on a consumable electrode process, and the 

specimen sizes required would result in destruction of a single crystal 

sample. Purity will be examined at a later date. 

Experimental evidence points to a strong specimen size dependence 

of the easy glide region. Paterson^^ refers to experiments by Rosi^^ 

in which Stage II work-hardening occurs at strains of 0.1 $. Paterson's 

results, however, indicated an easy glide region extending to almost 3 $ 

strain. Both Rosi and Paterson used specimens of 99*999 $ purity. The 
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striking difference "between the two sets of data was the size of the 

crystals tested. Paterson used 1.6 mm diameter specimens, and Rosi's 

crystals were 9*5 mm in diameter. 

Many other experiments in which extended easy glide was observed 

have been conducted, and in nearly all cases specimen diameters varied 

between 0.2 mm and about 5 mm* The present work involved l/2 inch (or 

about 12.5 mm) diameter samples, an even larger diameter than Rosi's 

crystals which exhibited almost no easy glide. These results favor Mott's 

suggestion that in the easy glide region most dislocations pass out of 

(25) 
the surface of the crystal and thus do not contribute to work-hardening' 

For large diameter specimens there exists a greater probability for dis¬ 

locations to encounter obstacles during motion through the crystals, and 

thus only a limited easy glide region is observed. At the same time it 

is interesting to note that Hartman's^ magnesium crystals, also l/2 inch 

in diameter, exhibited easy glide to at least 5 # strain. However, the 

hexagonal metals primarily slip on only one (000l), <112^ system. Dis¬ 

locations in the primary slip planes in copper crystals may become harder 

to move through an enhanced jog density produced by intersections with 

dislocations lying in three other sets of octahedral planes. Consequently, 

secondary slip may be induced if dislocation movement on the primary slip 

plane is made more difficult after a small strain. 

The possibility exists that a high dislocation density in the as- 

grown crystals might affect easy glide. Etch pit studies have not yet 

been performed on the as-grown samples. However, the initial yield stress 

(as deduced from the reconstructed stress-strain curves) varied between 

60 and 100 psi (or 40 to 65 gms/mm^). These are within the normally ob¬ 

served critical resolved shear stress values, and an abnormally large 
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grown-in dislocation density might have resulted in the observation of 

higher yield points. 

The appearance of the Stage I - Stage II transition at low strains 

should have a profound effect on the "T* data and possibly on the pre¬ 

strain dependence of the decrement. An extended easy glide region should 

result in an almost prestrain-independent ^ , and this is precisely 

(2) 
what Hartman's magnesium data indicated. For the case of copper, the 

fact that "TA vs. ^ plots were similar in shape to the reconstructed 

stress-strain curves implies that the same mechanism which governs Stage II 

work-hardening may be responsible for the prestrain dependence of in 

the crystals investigated. 

The two most elementary explanations for the internal friction re¬ 

sults obtained for copper are: 

(1) A decrease in Lq, the average dislocation network nodal 

length. (The relation of j> and Ln must be considered in this 

case). 

(2) The presence of a long-range internal stress field which 

increases with prestrain. 

These two explanations are suggested because of simplicity and possibility 

for correlation with the Stage II work-hardening model. 

(27) 
Kuhlmann-Wilsdorf has recently proposed that Stage II work-harden¬ 

ing may be explained in terms of decreasing network length. The argument 

presented is based on the following evidence: 

(1) Dislocations multiply throughout Stage II. 

(2) The only known mechanism by which dislocation multiplication 

occurs is the Frank-Read mechanism. 

The stress necessary to activate a Frank-Read source is given by: 
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o< G b 

where G = the shear modiolus 

b = the Burgers vector 

<*. = a constant « l/2 

As LR decreases, the stress to activate the source, > increases. 

It is then proposed that Stage II hardening is caused by the gradual 

increase of the source stress 7-F.R. due to constantly increasing disloca¬ 

tion density and corresponding decrease in Lr, while the dislocation 

(27) 
arrangement decreases in scale but remains similar to itself' '. 

Wilsdorf then derives a linear relationship between and which 

describes Stage II work-hardening. 

The immediate application of such a theory to the copper internal 

friction data is quite evident. Recalling that was defined as the 

stress to create an open hysteresis loop, one may expect to associate ~CA 

with the stress to operate a Frank-Read source. If the Granato-Liicke^ 

model for the decrement is considered, for all stress levels below X\ 

the Frank-Read source length Ln cannot be activated. Therefore, unidirec¬ 

tional cyclic stressing should produce a closed hysteresis loop, since 

no new dislocations have been generated — i.e., those dislocations which 

have hysteretically broken away from impurity pins return to their initial 

configuration during unloading. However, at the stress amplitude ~CA a 

statistically large number of network lengths may be operated as Frank- 

Read sources, and the generated dislocation loops, having propagated away 

from the source, cannot return to their initial positions. Thus, plastic 

strain has been produced, and an open hysteresis loop should be observed. 

o< G b 
One further notes that ~CA = —:  should depend on tempera- 

Iin 
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ture only through G, the shear modulus. The variation of G with tempera¬ 

ture is only slight, and thus, if is interpreted as the Frank-Read 

source activation stress, it should he virtually temperature independent. 

This indeed was noted experimentally. Consequently, this rather simple 

model can explain the salient features of the prestrain dependence and 

temperature independence of ~C* . 

The decrement decrease with prestrain may also he examined in view 

of Wilsdorf's Stage II theory. In all dislocation damping theories for 

internal friction, the decrement is severely dependent upon f> , the dis¬ 

location density, and Ln, the network length. Usually the dependence is 

a proportionality, such as: 

The predicted dependence upon I»n is largely due t6 the fact that: 

contributing to damping. 

(2) Ln determines the average distance, x, the dislocation 

loops how out under unidirectional cyclic stressing. 

On the basis of a line tension limited breakaway model, for parabolic 

loops: z 
— I T!» Ln 
* = T G~ 

where T0 => the maximum stress amplitude 

G = the isotropic shear modulus 

The simple physical picture envisioned is that longer loop lengths will 

A 

A « fLn
2 

(l) I»n and affect the total length of dislocation line 

break away to larger distances, giving rise to a higher energy loss 
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To examine the decrement dependence upon prestrain in view of Wils- 

dorf's theory for Stage II hardening, it is useful to investigate the pro- 

?V 
2 3 

ducts ^)Ln and pL^ as a function of prestrain. Essentially the 

2 
L_ contribution to the decrement is composed of two terms: 

A = A, 
where 

A 2 A, oc P 1^ ~ the damping contribution from the dislocations 

initially present in the crystal, and A2oc JD LR ~ the 

damping contribution from dislocations generated during prestrain, 

so that 

j)p= initial density of locked dislocation sources in the primary 

slip plane 

Ln = the network length associated with the " j>op " dislocations 

pp = the density of primary dislocations generated by the 

initial " p0P " sources 

Ln = the network length associated with the " j>p " generated 

dislocations. 

Now consider a circular dislocation loop of radius R which has been 

generated by one of the " j5ftp " primary Frank-Read sources. During in¬ 

cremental prestraining the loop radius will expand by an amount AX , 

such that the differential area swept out is approximately 2 7T R AX . 

Now if there exist ps secondary dislocations/cm whose intersections with 

the loop will produce strong locking jogs, the number, Nj, of such inter¬ 

sections will be given by = 2 7T R f>s AX . But the new network length, 

Ln, of the generated dislocations must be defined as 

Ln = 2 7T R/Nj , so that 

Ln = (1/fsAX ). 

The incremental strain is given by Yp = j^p bAX 
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Ln = ( fp/fs > VP > ‘ 

Since the decrement was given by 

the theory predicts that 

A °c j 

A oc p L 3 
JOP n 

+ ^P( jp / j^s (*>/ ••• Roberts-Hartman 

+ ( j’p/ )3 (b/ Vp )
3 ... Granato-Llicke 

One can now apply these equations to the experimental data by consider¬ 

ing: 

During the initial portion of easy glide, one may well assume that 

only the primary slip system is activated — i.e., fp^s is increas” 

ing, and is essentially constant. Because dislocations on secondary 

slip systems are not moving, Ln, the nodal length of the original Frank- 

Read sources should not be changing due to intersections. Experimental 

evidence obtained by Rosenfield and Averbach^30^ indicates that in¬ 

creases linearly with prestrain during easy glide. If this linear depen¬ 

dence is assumed, then during easy glide this theory predicts a constant 

LQ and a decrement which increases linearly with prestrain. Since and 

Ln are virtually constant in Stage I, then fA (= o<Gb/l/, where L » is 

some weighted statistical average of L and L ) should remain nearly con- 

stant with prestrain. This predicted initial increase in decrement is ex¬ 

perimentally detected (Figures 16 and 17 at low prestrains). Figure 14 

shows that fA is nearly constant with prestrain in Stage I. 

During the Stage I- Stage II transition secondary slip systems may 

(1) 

(2) 

and Ln in the easy glide region 

and L in Stage II. 
n 
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(31) 
be activated. Livingston' has noted this experimentally. The activa¬ 

tion of secondary slip systems implies: 

(1) A hardening of the primary sources 

(2) Dislocation multiplication and motion on secondary systems. 

Thus, after straining stifficiently into Stage II, the ratio 

will decrease with increasing prestrain. Hence, Ln will decrease. It 

is highly probable that after a sufficient prestrain, Ln, the nodal length 

of the original primary sources, will decrease also, since intersections 

with moving secondary dislocations may now occur. This analysis then pre¬ 

dicts a decrement decrease with strain in Stage II as Yp-<^, where 

1 ~ q ^ 2 (approximately). The exact value of q depends upon the 

functional relationships for jV = f( ) and = g( Yp ). Because 

Ln is decreasing in Stage II, and Ln is either decreasing or constant, ^ 

rA = «o( ps/j>p) 
should be increasing in Stage II. In fact, 

YP . 

Both a decrement decrease and 6m increasing ^ are observed experimentally. 

The mathematical model used here is only a crude calculation. Actu¬ 

ally, j^p , , and A% are functions of prestrain, emd an integra¬ 

tion should be performed to determine £>n as a function of Yp . The 

" " in Ln or pp should be a weighted average of j>p and 

j>s . Nevertheless, this simple calculation qualitatively agrees with 

these experimental observations: 

(1) IA is almost constant during easy glide. 

(2) k increases slightly with Yp (at low stress amplitudes) 

during easy glide. 

(3) increases with prestrain in Stage II. 
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(4) A decreases almost hyperbolically with prestrain in Stage II. 

The peaks observed in the decrement as a function of prestrain 

(Figures 16 and 17) at low stress amplitudes can only he discussed quali¬ 

tatively. The peaks presumably occur at the onset of secondary slip. 

Thus, the initial increase in A during easy glide is now offset by the 

activation of secondary sources, and the decrement levels off. Loops at 

higher stress amplitudes do not exhibit peaks, because at these stress 

amplitudes closed loops cannot be observed until the crystal has been 

prestrained well into Stage II. Experimental knowledge of the exact be¬ 

havior of j^s after the onset of secondary slip would greatly enhance 

a more quantitative discussion. 

The levelling off of A as a function of Vp to values of 

0.02 ^ A^O.05 at strains near 1 $ is seen in Figure 18. This "apparent 

base value" of the decrement may be due to the fact that even though the 

dislocation network has been sufficiently "chopped up" by intersections, 

there still exist the original primary sources which can contribute to 

damping (i.e., the ^pLn contribution). 

Several rough quantitative calculations may be made. It was shown 

previously that 

^=«G (f./fp ) yp • 

From Figure 12 the average slope of the vs. Vp plot in Stage II is: 

4^ = 60 x 103 psi. 
dip 

For °< = l/2, G = 5 x 10 psi, this slope corresponds to a value of 

( f3s /jV ) = 2.4 x 10*"2 or ( j>p / j>s ) = 40. Since 

Ln = ( fP / f s ) • ( b / Vp ) , 

the theory predicts that at a strain Yp - 6 x 10 , Ln = 1.2 x 10
H b. 

Using the data of Figure 14, in the easy glide region 7^ = 80 psi. 
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Hence, 

Ln (easy glide) = o<Gb/!CA = 3 x 10^ b. 

This value of Ln corresponds to ( j3p / j>s ) = 200. 

Although data for two differert crystals has been used in making 

these calculations, the similarity of specimen behavior in easy glide 

lends some validity to the calculation. 

L /b 
rr 

Easy Glide 

Yp= 7 x 10~5 
L 

3 x 1CT 

200 

Stage II 

V„ = 6 x 10~3 

1.2 x 10 

40 

The model predicts a decrease in by a factor of 3 and a decrease in 

j*p/ps by a factor of 5* 

The existence of a long-range internal stress field which increases 

with prestrain may be an effect which is superimposed upon the decreas¬ 

ing network length mechanism. An internal stress field of this type 

would probably arise from dislocation - dislocation interactions — 

possibly between individual dislocations (Stage i) or at pileups (stage 

Il)vo . The stress must then be expressed as 

rA = e*Gb/Ln -+- T1 

where is the internal stress which increases with prestrain. Since 

most theories predict a stress amplitude ( ) dependence of the decre¬ 

ment to be of the functional form 

A Ta
m , where m > 0, 

the effect of the internal stress is to change this relationship to 

A - (r0-T,)m 

An experiment which might uncouple an internal stress field effect from 
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the Wilsdorf mechanism would he extremely helpful to the analysis of the 

experimental data. 

It is interesting to note that the Roherts-Hartman(^3) theory 

could prohahly he applied to explain the stress-amplitude dependence of 

the decrement. A suitable adjustment of the parameters ( , Ln, etc.) 

as functions of prestrain could he made to fit the theory with experimen¬ 

tal data (Figures 19 and 20). Apparently the Roberts-Hartman calculation 

contains several built-in features (primarily the use of a normal distribu¬ 

tion function to describe the resisting stress field) which can account 

for a certain flexibility in its application to internal friction data. 

It is frequently convenient to postulate the existence of a fric¬ 

tional stress, "C f, which is related to the damping in the following 

manner^. Since represents an energy loss, this loss may be ex- 

pressable in the form 

Wirr = , 

where V^ is the dislocation strain (Figure 4), and the contour inte¬ 

gral is taken counterclockwise around the hysteresis loops. If 

represents the dislocation strain measured from the initial modulus line 

to the loading portion of the loop, and is the dislocation strain 

measured from the modulus line to the tanloading segment of the loop, then: 

where w^ is the loop width expressed in resolved shear strain. Since the 

loops are very nearly symmetrical about w^ (maximum), which occurs at 

approximately one-half the stress amplitude Ta 
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wL(max.) 

W = 2 _[ ~X. dw = a function of w (max.)* 
irr o i *J JJ 

Thus, from elementary integral calculus, 

dWirr 
dvT(Ss';’) = 2 ^f = slope of Wirr vs‘ WL curve* 

Figure 25 is a plot of vs. w^ (max.) at various prestrains for 

crystal CM-1T. The curves are not exactly linear, although there may "be 

large errors in w^ (max.), which is extremely hard to measure to tetter 

than 15 $ accuracy. If is computed from both average and initial 

slopes, then: . ^ _ 
op *^f(avg.) "£f (initial) 

in/in x 10^ psi psi 

2.06 20 10 

2.66 46 33 

3.13 46 46 

3.60 k6 U5 

4.T9 65 46 

9.63 101 95 

Hysteresis loops were measured over a stress amplitude range from 59 psi 

to 300 psi. 'ZTj is seen to be an increasing function of prestrain. If 

this frictional stress truly exists, its increase with prestrain is a 

natural consequence of the ^4 and decrement data observed. No further 

correlations of with the Wilsdorf mechanism or with the long-range 

internal stress field mechanism will be made in this thesis, however. 

It is perhaps worth mentioning that although hysteresis loops were analyzed 

only for stress amplitudes greater than 59 psi, at low prestrains hystere¬ 

sis loops could be detected at smaller stress amplitudes. These loops 

were usually too small to be analyzed with any degree of accuracy. The 

data depicted in Figure 16 was an exception, as this test was performed 

at an extremely high strain sensitivity — i.e., small separation of the 



capacitance gage plates. 

The temperature independence of the decrement must now he examined. 

Since the crystal tested (CM - 2T) had been previously prestrained into 

the Stage II region, the newly generated dislocations, which are now free 

to contribute to the damping, have acquired jogs. These jogs may be of 

two types — "strong jogs" which act as primary locking points and deter¬ 

mine (the Wilsdorf mechanism), and atomic jogs which serve as second¬ 

ary pinning agents. These "secondary" pins play the role of the impurity 

(6) 
pins in the Granato-Llicke' ' model. Dislocation bowing could now be 

opposed by the Peierl's stress resisting conservative secondary pinning 

jog motion in the appropriate conformity planes. This Peierl's stress 

is expected to be large and relatively unaffected by temperature. Since 

conservative motion is being considered, migration of point defects need 

not be accounted for, and in this respect no temperature dependence of A 

is predicted. The conservative motion of such jogs can be thermally ac¬ 

tivated only by the correlated thermal motion of several atoms in the 

vicinity of the jog. Such an event is not statistically favorable at room 

temperature or below. Wilsdorfhas considered this correlation effect 

upon the temperature dependence of the Peierl's stress and has concluded 

that thermal activation due to such correlated atomic motion is negligible. 

An attempt was made to construct a dislocation hysteresis mechanism 

when jogs are considered to be the secondary pinning agents. However, a 

hysteresis loss cannot yet be mathematically constructed within the limits 

(og) 
of physical justification. Louat and Johnson' have considered the 

effect of moving a jogged screw dislocation, but the loop configuration 

has not been quantitatively described. At the present time a reasonable 
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mathematical and physical model for the loop configuration during unload¬ 

ing is lacking. 

Two further experimental observations deserve comment. The devia¬ 

tion from linearity (the initial modiolus line in Figure 4) observed indi¬ 

cates that dislocation motion is occurring at extremely low stress ampli¬ 

tudes. This effect was also noted by Robertsand Hartman^. Upon 

initially loading each specimen, no closed loops could be observed until 

further prestrain was introduced. This same effect was noted by Roberts 

and Hartman and was explained in terms of a surface effectThere 

is also the possibility that the resisting stress on the dislocations 

varies sinusoidally with distance (a long-range stress field of wavelength 

Ln/2) and has superimposed upon it a randomly undulating stress field 

due to impurity obstacles and obstacles due to the presence of other dis- 
(3M 

locations' . Such a resisting stress field would contain numerous meta¬ 

stable positions at which dislocations may be situated. Closed loops are 

not measured in the annealed as-grown crystals until sufficient prestrain 

has been introduced to move a large majority of the dislocations from 

metastable to stable equilibrium positions. 

The observation of unsymmetrical Granato-Ltlcke^ loops in Crystal 

CM-1T after annealing may be explained in the following manner. Anneal¬ 

ing allows more impurity pinning to occur, since the impurities may mi¬ 

grate to the dislocation sinks. Thus, the dislocation configuration in 

the crystal is more compatible with the true Granato-Lftcke model. Upon 

restressing the crystal, dislocation breakaway is impurity controlled, 

and Granato-Liicke loops are observed. Further prestrain decreases the 

impurity effect, and symmetrical loops are observed. 
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CONCLUSIONS 

The single crystals tested exhibited an extremely limited easy glide 

region, presumably due to a specimen size effect as noted by earlier in¬ 

vestigators^*2^. Three striking experimental results were noted: 

(1) is temperature independent and prestrain dependent 

in Stage II. 

(2) The decrement is severely prestrain dependent in Stage II. 

(3) The decrement appears to be temperature independent from 

130 °K to about 300 °K. 

A comparison with internal friction data obtained for magnesium single 

crystals^ lends credence to the belief that ^ is the stress required 

to activate a Prank-Read source. Thus, Wilsdorf*s theory for Stage II 

hardening^2^ (the shortening of the average dislocation network length 

Ln) can essentially explain results (l) and (2). If the easy glide region 

is due primarily to dislocation motion, then it is thought that tests 

performed on crystals exhibiting extended easy glide should yield results 

in agreement with those noted by Hartman for the prestrain dependence of 

TA and the decrement. 

The mechanism governing the apparent temperature independence of the 

decrement is possibly connected with intersection jog formation, although 

a reliable mathematical analysis is currently lacking. 

Two further experimental results support the findings of previous 

fl 2} 
investigations' * . Dislocation motion is occurring at very low stress 

amplitudes, and the observed hysteresis loops are symmetrical, a fact 

(6) 
that is in disagreement with the Granato-Llicke' ' concept. 
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SUGGESTIONS FOR FUTURE WORK 

Spectrographic analyses and etch pit and/or electron microscopy 

studies should "be performed on the tested specimens in an attempt to gain 

insight into the purity and dislocation configuration present. 

A new specimen gripping system consisting of 99*999 $ pure copper 

grips (modeled after the aluminum grips currently used) electron-team 

welded to the single crystals can be used for the purposes of any radia¬ 

tion damage study. 

An attempt to obtain specimens exhibiting extended easy glide should 

be made. Perhaps the use of longer specimens (to eliminate the effect of 

grip constraints) can be of help. Further checks of the temperature de¬ 

pendence of the decrement should be studied, both by increasing and de¬ 

creasing temperature in the range 77 °K to 300 °K. An experiment which 

could shed insight into the effect of an internal stress field would 

also prove extremely useful. 
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TABLE I 

Crystal 
9 

(deg) 
0 

(deg) cos 9 cos 0 
E(calc) ^ 

psi x 10 
E(obs) 

CM-1 52.5 38 O.Wto 14.7 14.6 

31 62 0.U02 

CM-2 47 14 0.490 14.0 13.2 
32 58.5 0.444 

CM-4 51.5 45 0.440 19.7 18.0 
51-5 51.5 0.388 

CM-5 6o 33 0.420 24.4 24.2 

67.5 29 0.354 

Note: 0 and 0 are given for the two slip systems 

exhibiting the largest cos 9 cos 0 factors. 

9 = angle between the specimen tensile axis and the normal 

to the {ill} type slip plane. 

0 = angle between the specimen tensile axis and the <^110) 

type slip direction. 
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TABLE II 

ROOM TEMPERATURE PRESTRAINS OF CRYSTAL CM-1T AND CM-4T 

EMPIRICAL REPRESENTATION FOR Wirr = A T0
m , WT = 

CRYSTAL CM-1T 

^P - 
in/in x 10J 

m n 

2.66 3.33 2.37 
3.13 2.86 2.19 
3.60 2.78 2.20 
4.79 2.78 2.13 
5.31 2.79 2.10 
7.42 2.63 2.18 
9.63 2.31 2.03 

CRYSTAL CM-4T 

y- , m n 
in/in x Kr 

.186 2.86 2.13 

.382 2.93 2.13 

.629 2.90 2.13 
1.49 2.89 2.13 
4.86 2.55 2.14 
9.20 2.31 2.03 
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TABLE III 

LOW TEMPERATURE TEST OF CRYSTAL CM-2T 

PRIOR STRAIN « OJJ £ (AT ROOM TEMPERATURE) 

TA DATA 

T TA 

JSl (psl) 

302 214 

271 215 

2h9 222 

229 215 
206 222 
174 223 

150 227 

136 215 

DECREMENT DATA 

T 

( °K) 
^T^(psi) 80.6 108 135 161 188 

* 302 o.o4o 0.042 0.055 0.061 0.067 
271 0.034 0.042 0.050 0.053 0.061 
249 0.034 0.048 0.053 0.055 0.062 
229 0.039 0.051 0.054 0.060 0.067 
206. 0.035 0.053 0.054 0.060 o.o64 
174 o.o4o 0.047 0.051 0.049 0.058 
150 0.040 0.046 0.054 0.059 0.057 
136 0.036 0.043 0.055 0.052 0.063 

* The decrements at 302°K were measured 6 times during a 6-hour period, 

and no deviation (as a function! of time) was noted from the values 

listed here 
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KEY TO FIGURE £ 

A — Tri-axial capacitance cable 

B — Universal joint 

C — Capacitance gage 

D — Copper specimen 

E — Iron-constantan thermocouples 

F — Thermotrol probe 

G — Pull-rod joined to Instron load cell 

H — Instron crosshead 

J — Liquid nitrogen inlet 

K — Micrometer metering valve 

L — Nitrogen outlet 

M — Heat exchanger 

N — Agitator 

P — Brass shielding bucket 

R — Isopentane 

S — Dewar 

T — Dewar support 
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