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ABSTRACT 

Single crystals of molybdenum were strained in direct 

shear on (110) planes along the [111] direction. Crystals 

were sheared to approximately 5, 10, 20, and 40 percent 

shear strain at 195°K, 300°K, and 373°K, and to 2 and 6 per¬ 

cent shear strain at 78°K. 

Specimens taken from the (110) shear plane were examined 

in transmission electron microscopy. The dislocation struc¬ 

ture was examined at each strain and temperature increment, 

and measurements of the dislocation density and the density 

of jogs on primary screw dislocations were made. The results 

indicated that: 

1. The dislocation density of molybdenum single 

crystals deformed in shear increases with strain 

at all temperatures investigated except 300°K. 

2. This increase in p was linear, and as the deforma¬ 

tion temperature is lowered, the rate of increase 

is accelerated. 

3. The density of jogs on primary screw dislocations 

varies with strain and temperature much as does 

the dislocation density. 
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4. Conservative motion of jogs on screw dislocations 

becomes appreciable above 300°K. 

5. The ease and scale of cross-slip of screw dis¬ 

locations increases with increasing temperature. 

6. The amount of secondary slip in crystals oriented 

for direct shear on (110) planes increases as de¬ 

formation temperature decreases. 

7. At 195°K and 300°K, the proportion of edge dis¬ 

location length to screw dislocation length increases 

as strain and tangling increase. 

No definite conclusion was reached on the dislocation 

mechanism controlling the flow stress. 
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INTRODUCTION 

Opinion varies widely on the controlling mechanism in 

the plastic flow of body-centered metals. The chief mechanisms 

proposed are: 

1. Interaction of dislocations with impurity atoms, 

2. Overcoming the Peierls stress, 

3. Intersection of dislocations, 

4. Cross-slip, 

5. Conservative or nonconservative motion of vacancy 

or interstitial jogs in screw dislocations. 

Conrad (1) evaluated these mechanisms in various irons 

and steels from consideration of the activation volume, 

activation energy, and frequency factor in the equation 

of the strain rate. He concluded that the most logical 

dislocation mechanism was overcoming the Peierls stress. 

Gregory and Rowe (2) used tensile tests to evaluate 

the activation volume, V* = big in polycrystalline niobium. 

Here b is the Burgers vector, l is an average distance be¬ 

tween pinning points, and g is an activation distance. The 

activation volume was found to decrease with strain, and 

increase rapidly with deformation temperature near 300°K. 

They concluded the controlling work hardening mechanism to 
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be nonconservative motion of vacancy-producing jogs in screw 

dislocations, combined with a "debris" mechanism. 

Youngblood (3) used v* to investigate the mechanism of 

palstic flow of molybdenum single crystals. The crystals 

were deformed in direct shear on (110) planes in the [111] 

direction. This choice of plane and direction was made to 

eliminate any uncertainty of the slip system. The temperature 

range investigated was 120°K to 500°K. He found that v* de¬ 

creased with increasing strain, and also increased rapidly 

with increasing deformation temperature above 300°K. 

Youngblood attributed these changes in v* to changes in the 

pinning distance l. He concluded that the rate controlling 

mechanism at low temperatures is the addition of a new 

vaccency, by thermally-activated non-conservative movement 

of a jog, onto a string of vacancies previously formed by 

motion of this jog. Youngblood reasoned that the rapid rise 

of the flow stress at low temperatures is due to the lack 

of nonconservative jog motion in screw dislocations. The 

rapid rise in v* above 300°K was attributed to increasing 

conservative motion of jogs, which increases v* by increas¬ 

ing H. 

Lawley and Gaigher (4) investigated single crystals of 

molybdenum deformed in tension in the temperature range 4.2°K 
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to 300°K. Analysis of electron microscopy investigations 

and data from the literature led them to conclude that con¬ 

servative motion of jogs in screw dislocations was the con¬ 

trolling mechanism at this temperature range. 

Whitmire (5) measured the increase in electrical 

resistivity with strain in molybdenum single crystals de¬ 

formed in tension from 195°K to 473°K. He observed the 

creation of point defects during strain, at a rate which in¬ 

creased with decreasing temperature. 

In order to understand the deformation mechanisms in a 

metal, it is necessary to have some knowledge of the dis¬ 

location arrangements. Dislocations were first observed in 

thin foils of aluminum using transmission electron micro¬ 

scopy in 1956 (6). In the following years, the major 

proportion of work has been done in the face-centered cubic 

metals. References (7) and (8) summarize much of the work 

done on these metals. 

Body-centered cubic metals have not been so thoroughly 

investigated. A current review article by Keh and Weissman 

(9) summarizes the results of various transmission electron 

microscopy investigations into this class of metals. Some 

other references concerned with specific studies have a 

appeared in the literature. Metals studied include niobium (10), 
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vanadium (11) , tungsten (12) , tantalum (13) , iron (14) , 

silicon-iron (15), and molybdenum (4, 16, 17, 18). Dis¬ 

location distributions have most often been studied in 

deformed polycrystalline metals during recovery and re¬ 

crystallization. 

The deformation process is found to be associated with 

the formation of certain structural features, namely, dis¬ 

location junctions, jogs and superjogs, dislocation loops 

and tangles, and cell structures. The dislocation arrange¬ 

ments are found to be similar to those formed in face- 

centered cubic metals of high stacking fault energy. There 

is, however, little agreement as to the mechanism of 

formation of these structures on to their roles in work¬ 

hardening . 

It is only in the cases of iron, silcon-iron, and 

molybdenum that detailed transmission electron microscopy 

studies have been made on specimens cut from sections 

parallel to specific lattice planes of single crystals. 

Investigations of this type are believed necessary in order 

to understand the details of dislocation arrangements, and 

to gain insight into the work-hardening mechanism of body- 

centered cubic metals. 
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EXPERIMENTAL PROCEDURE 

A. General 

Molybdenum single crystals were strained in direct shear 

to approximately 5, 10, 20, and 40 percent shear strain at 

195°K, 300°K, and 373°K. At 78°K, two crystals were sheared 

to approximately 2 and 6 percent shear strain. 

Specimens were taken from these crystals and examined 

in transmission electron microscopy. Dislocation densities 

of each specimen were obtained. 

B. Growth and Analysis of Single Crystals 

Single crystals used in this investigation were grown 

from 1/8" diameter molybdenum rod supplied by the Dover Wire 

Plant of the General Electric Company. Crystals 1/8" in 

diameter and 4" to 6" long were grown in the electron beam 

melting apparatus built by Youngblood ( 3 ). Seed crystals 

were oriented with the (110) plane normal to the growth crystal 

centerline, and this orientation was accurately reproduced in 

the new crystal'. 

The number of zone passes, vacuum, and growth speed is 

listed in Table I. Due to the inconclusive results obtained 

by Youngblood ( 3 ) no impurity analysis of the single crystals 
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was attempted. The impurity content of the starting material 

as supplied by General Electric is as follows: 

Element 2£m Element ppm 

Ba 2 Mg <10 

K 1 Sn 19 

A1 <8 Co <8 

Ca 9 Ti <10 

Si 15 Ag <1 

Fe 25 Pb <10 

Cr <8 Zr <10 

Ni 7 C 20 

Cu <10 °2 8 + 5 

W 67 N2 4+4 

Mn <10 H2 1±1 

All deformation tests in this investigation were per- 

formed in direct shear. The crystals were oriented by Laue 

back-reflection x-ray photographs (19 ). The crystals were 

chosen so that the [110] direction was 3° from the crystal 

axis. A mark was lightly scribed on blue dye on the crystal 

surface, in the plane of the crystal axis and the x-ray beam. 

This scribed mark was used as a guide to align the [111] 
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direction parallel to the shear direction, Figure 1. From 

the photographs, the orientation could be determined to ±1°. 

C. Deformation of Single Crystals 

The tests were conducted on a Instron Model T T-C-L 

tensil-testing machine. The straining apparatud was designed 

by Whitmire (20 ), and is depicted in Figure 2, and 3. 

This apparatus consists of a central grip A, which is 

attached to the Instron Load Cell, and an end grip B which 

is attached to the crosshead. Downward motion of the cross - 

head imposes a tensile load on the central bar, and a direct 

shear stress on the crystal. The set of grips A and the set 

of grips B were made with varied diameters of gripping faces, 

so that crystals of different diameters could be gripped over 

most of their surface with tight fit. The grips cover about 

300° of the face of the crystal, and the grip diameter is at 

most 0.002" greater than the crystal diameter. 

Grips B are held to the end plates of the cage by 

clamp screws, and are centered and aligned by close-fitting 

pins. Grip A is held and aligned in the central load bar 

by a locking screw. 

The crystal is inserted in the central grip, A, and 

aligned so that [111] is paralled to the center line of the 



8 

central load bar. To accomplish this, the T-section is 

unscrewed from the central bar, and the crystal is inserted 

in grip A. The grip locking screw is tightened so that the 

alignment of grip A is fixed. A goniometer consisting of 

a protractor and Lucite pointer is fitted onto the crystal. 

The Lucite pointer has two 0.030" holes drilled to the center 

hole, and aligned with the pointer. These holes are centered 

on the scribed mark, and the rotation determined from x-ray 

orientation is imposed. Grip A is then tightened on the 

crystal, removed from the T-section, and the central load bar 

is reassembled. This method is believed accurate to 3°. 

The central grip is then re-inserted in the central load 

bar, and the crystal is slowly seated into grips B. Two 

0.065" wires are used as spacers between grips A and B to 

establish the gauge length. Another spacer is inserted in 

the B grip opposite the center to insure proper alignment of 

the lower end plate. The two end plates are then clamped 

tightly together by the clamp bolts. During this procedure, 

the crosshead is controlled so that the stress imposed on 

the crystal does not exceed 250 psi. The crystal axis was 

found to be normal to the load axis to within 1°. 

A Sanborn DC-Differential transformer is attached to 

the upper end plate by means of a supporting stand. The 

transformer core is attached to the T-section of the central 
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load bar. Relative displacement between grips A and grips 

B is measured by the output voltage of the transformer. A 

Mosely X-Y Recorder is used to record the load signal from 

the Instron Load Cell, versus the transformer output. 

The entire shearing assembly, with the exception of 

the grips and locking screws, was made of stainless steel 

to minimize temperature effects. The assembly could be 

immersed in a Dewar flask for temperature control. The 

transformer was shielded from temperature fluctuation. 

Temperatures were obtained in the following way: 

liquid nitrogen at 78°K; methyl alcohol and solid CO2 at 

195°K; a controlled silicon oil bath (20 ) at 373°K. The 

temperature variation from the 195°K tests was +2.5°K. 

The silicon oil bath was controlled to ±1°K. 

A standard deformation rate of 0.001"/min. was 

employed for all tests. This is a strain rate of 2.55 x 

-4 10 sec 1 for a 0.065" gauge length crystal. The gauge 

lengths of crystals tested varied from 0.066" to 0.070", so 

-4 -1 strain rates were in the range 2.52 x 10 sec to 2.38 x 

10 ^sec ^. 

D. Calculation of Shear Stress-Shear Strain Curves 

The diameter of the crystal was measured after it had 
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been clamped in grip A of the shearing apparatus. A Vernier 

caliper was used for the measurement, and the diameter in 

the gauge length was measured on two perpendicular diameters. 

Accuracy of this measurement is about 1% . 

Shear strain was measured on a Wilder Micro Projector. 

The crystal was removed from the grips and laid flat on the 

measurement table. L was measured as the distance between o 
marks left on the crystal surface by grips A and grips B. 

AL was measured as the distance between straight edges of the 

crystal as shown in Figure 4. The average of both sides was 

used as Y£* The crystal was rotated about its axis until the 

AL value was greatest, and measurement was taken at this angle. 

There was some crushing of the crystal surface in the gripped 

area, which seemed to depend on the grip surface roughness 

and the ripple in the crystal surface. A measurement error 

of 0.0005" in AL corresponds to an error of about 1.5% strain. 

At 78°K, the grip marks were difficult to see, and combined 

with the low strains at that temperature, an error of 3% is 

expected. 

The optically measured strain was taken as the true 

final strain, Y£> and load-deformation curves were replotted 

into shear-stress shear strain curves using this value. 

Calibration tests made with a steel specimen stressed in its 
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elastic region gave load-deflection curves which were taken 

as the deflection of the apparatus. The unloading curves of 

strained molybdenum single crystals were found to be very 

nearly parallel to the curve for steel; in fact, a linear plot 

of final load versus voltage return on unloading was establish¬ 

ed in order to predict strain values. Sterss-strain curve 

points were plotted from load-deflection curves by drawing a 

line from the origin parallel to the unloading curve, Figure 5. 

At any stress x^, the strain is = ( i/x£). 

E. Preparation of Transmission Electron Microscopy Specimens 

The specimens used for electron microscopy were cut from 

the gauge lengths of crystals that had been deformed to vary¬ 

ing degrees along the shear stress-shear strain curve. The 

only orientation investigated was the (110) plane, the plane 

of shear (Figure 1). All specimens were deformed at approx¬ 

imately 2.4 x 10~4 sec."'1'. Table II lists the temperatures 

of deformation, strains, and strain rates of each specimen. 

All crystals were strained in the as-grown condition, no 

other treatment was given them. 

Crystals of 0.125" diameter were chosen because this 

diameter would fit in the Philips EM-200, electron microscope 

specimen holder. The gauge length-was chosen as 0.065" in 

order to obtain three specimen disks from each strained crystal. 
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Specimen disks were cut from the strained crystals by 

a Servomet spark cutter with a wire-slicer attachment. Disks 

0.010" thick could be cut by means of a goniometer attachment 

with an advancement screw mechanism (Figure 6). A teflon 

wedge was employed to keep the disk from bending into the 

cutting wire under the influence of residual surface stresses. 

The finest spark-discharge setting consistent with reasonable 

speed and surface finish was employed. This was found to be 

the next-to-last position on the rate selector. 

All specimens were prepared from disks cut perpen¬ 

dicular to the centerline of the crystal, the [110] direction. 

The goniometer was pre-aligned before the crystal was inserted. 

X-ray analysis showed the plane of the disk to be within 3° 

of the (110) shear plane. 

The width of the cut made by the spark wire averaged 

0.016". Three 0.010" disks could be cut from the gauge length 

of each crystal, with the smallest distance between the face 

of a disk, and the grip mark equal to 0.002". A 20 power 

telescope was used to position the crystal for the first cut 

and to examine the last cut to insure that each disk was 

taken from entirely within the gauge length. As the gauge 

length varied up to 0.070" disks could be taken from 0.002" 

to 0.004" from the grip marks. Any variation of the spark 
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intensity, or roughness of the sparking wire was reflected 

in an increase of decrease of the disk thickness. Thick¬ 

ness varied from 0.0095" to 0.012". 

A dimpling operation was performed on the disks in a 

Carl Zeiss-Jena Elypovist electropolisher, Figure 7. This 

machine is equipped with a 225-power microscope by which the 

polished surface can be observed during electropolishing. A 

teflon holder (Figure 8) grips the disk around its periphery, 

with an area of 1.6 mm diameter in the center exposed to the 

electrolyte. Only the exposed area was attacked by the elect¬ 

rolyte. An electrolyte of 20 ml. I-^SO^ to 100 ml. methyl 

alcohol was used for dimpling (21 ). Polishing was carried 

out at 10 volts at a current density of 2.5 amPer^2 . Etch- 

ing was done at 5 volts, 1.2 amPer®/^2. The electrolyte 

pump motor was run at constant speed during the entire run. 

A series of etching and polishing steps was followed 

in dimpling. An investigation showed that approximately 

0.001" was removed from the surface per minute of polishing, 

with about 15 seconds of etching between each polishing time. 

Approximately 0.002" of disk was left in the center of each 

disk after the dimpling operation. This gave the necessary 

strength for handling and storing the dimpled specimen, and 

also proved to give a better surface on final thinning. In 

practice, the specimen was inserted in the holder, and the 
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first polish was started. The specimen was rotated about 

its axis at least once per minute. Cumulative time was 

kept with a electric timer, with etching time not counted 

in the total. After each minute of polishing, etching was 

carried out until the dislocation structure and subgrain 

boundaries were clearly resolved. This method also kept 

the surface in focus during polishing. When the dimple 

reached the desired depth, the specimen was inverted in its 

holder and the reverse side of the specimen was dimpled. 

Specimens were washed in three successive washes of methyl 

alcohol after dimpling. It was found tha 951 of the disks 

were dimpled successfully. 

The spark-cut surface damage was always removed during 

the first minute of polishing, therefore any surface damage 

was no closer than 0.003" to the area investigated in the 

electron microscope. 

The arrangement used for final thinning of the dimpled 

disks is shown in Figure 9. The specimen was held by 

platinum-tipped tweezers. Polishing was carried out in a 

glass container made from cleaned photographic plates, glued 

with Hysol epoxy cement. The cathode is the stainless steel 

cooling coil seen at the sides of the container. Magnetic 

stirring was employed to keep the electrolyte mixed. 
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The electropolishing solution consisted of 75% ethyl 

alcohol and 25% sulfuric acid (22 ). Polishing was carried 

out at 4.25 volts at a temperature of 25°C. Polishing current 

was 0.05 amp. The specimen was immersed about 1 cm below the 

electrolyte surface. 

During polishing, a viscous film, dark blue in color, 

forms on the surface of the specimen. The best polishing 

condition was attained when this film simply falls from the 

crystal surface under its own weight. The magnetic stirrer 

rod was rotated at its lowest possible speed to reduce any 

currents in the electrolyte, yet keeping it mixed. A strong 

light source, collimated by an aperture was focussed on the 

rear of the specimen. From the front, a twenty power tele¬ 

scope was used to determine the moment of penetration, as 

indicated by appearance of a small spot of light on the 

specimen. The voltage was then shut off, and the specimen 

was washed in a succesion of two distilled water washes and 

six ethyl-alcohol washes. The specimen was agitated for 

thirty seconds in each wash. 

This electrolyte, even though it removes the flat surface 

very slowly, attack the edges of the penetrated area very 

quickly. The specimen must be watched very closely through 

the telescope because if the voltage is left on for more than 
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one second after the first spot of light appears, the amount 

of transparent area in the specimen will be greatly reduced. 

Hole diameters of less than 0.001" usually resulted in speci¬ 

mens with transparent areas large enough for more than twenty 

micrographs. If the solution is stirred too strongly, the 

blue film will not be thick enough, and the hole will enlarge 

at a much greater rate. 

Polishing times with voltage of 4.25 volts ranged from 

8 to 80 minutes. This time depended on the relative location 

of the deepest penetration on each side of the dimpled speci¬ 

mens, and could not be estimated. The average polishing time 

at 4.25 volts was about 40 minutes. The penetration time 

could be decreased by a polish at 5 volts for 10 minutes, 

followed by polishing at the standard 4.25 volts. In this 

way penetration times could be reduced to an average of 

about 30 minutes. This technique was not always applied, 

however, because if the hole appeared during the 5 volt polish, 

the one-second reaction time was often too late. With proper 

care, 951 of the dimpled specimens penerated gave areas that 

were satisfactory for at least one set of twelve micrographs 

to be taken. In about half the specimens, 30 or more 10,000 

power photographs could have been made. 

Some additional comments about this electropolishing 

technique and its application to molybdenum should be made. 
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The polishing tank should be made of a very smooth glass or 

plastic, free from optical distortion. This lessens the 

strain on the eyes of the viewer, and also permits a better 

telescope image of the specimen. The observer can thus see 

any harmful roughness developing on the surface and take 

appropriate action. Also, a sharp image of the specimen is 

necessary for quick recognition of the appearance of the hole. 

Even though the dimpled specimens had been carefully 

washed in methyl alcohol, they formed a dark film on their 

lower surface during storage. This film was found to appear 

after about three hours storage in air. If left on the sur¬ 

face of the specimen during the thinning operation, this 

film was found to cause a very rough surface, because it 

tended to protect parts of the surface from the electrolyte. 

A cotton swab dipped in a solution of 10% NH^OH in distilled 

water, gently wiped over the dimpled surface removed or 

loosened any film that may have been formed there. This 

procedure was followed before each final thinning, whether 

a surface film was visible or not, and was found to improve 

the polished surface and the cleanliness of the transparent 

areas. 

On some specimens the swabbing technique-did not remove 

all surface contamination. In this' case, the normal polish¬ 

ing operation was modified by the addition of a few vigorous 
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stirrings of the electrolyte. The voltage was applied for 

about three minutes until the blue film had formed and 

polishing was well under way. Voltage was then shut off, 

and the magnetic stirrer was rotated at its maximum speed. 

This procedure quickly removed any remaining contamination, 

and roughness could then be smoothed by normal polishing. 

Cleanliness of the transparent areas was found to be 

improved if the specimen was taken directly from the final 

alcohol wash and blotted dry on a soft paper wiper. The 

amount of alcohol left to dry on the specimen should be 

minimized, for the drying alcohol cools and condenses water 

vapor, which contaminates the specimen. Specimens can be 

stored in ethyl alcohol if not exposed to air, but four 

hours is a maximum for good resolution in the electron 

microscope. Storage under mechanical vacuum, however, is 

very satisfactory. 

Some specimens examined in the electron microscope 

still exhibited considerable surface contamination. If the 

contamination had not been exposed to too high an intensity 

of electrons, it could often be reduced by a rinse in the 

10% NH^OH solution. This rinse was carried out only under 

these circumstances, however, because most specimens were 

cleaner after the final alcohol' rinse than the NH^OH rinse 

would leave them. 
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The alcohol and water in the rinse beakers was chafed 

after each penetration. It was found that any water in the 

ethyl alcohol considerably reduced the success of the rins¬ 

ing operation. All beakers were kept covered until the moment 

of rinsing to minimize the absorption of water from the air. 

The disk technique of electron microscopy sample pre¬ 

paration is considered to have these advantages over conven¬ 

tional techniques: (1) the specimen used in the final 

thinning process can be produced from much thicker samples 

than is possible by most other methods (usually 0.1 mm or 

less); (2) specimens can be taken from complete samples of 

much smaller size (3 mm diameter to 1 x 1 cm); (3) the thin 

area need not be removed from the remainder of the sample, 

as the complete disk fits into standard microscope holders; 

(4) supporting grids need be used only to clamp the specimen 

in the holder, and can be cut away at the center so no area 

will be obscured; (5) the rim of thicker material makes 

specimen handling much easier during the various washing and 

mounting procedures, and the amount of deformation during 

these steps is greatly reduced. Specimens of thickness great¬ 

er than 0.012" could not be clamped in the Philips holder, 

however other microscopes will accomodate samples 0.030" 

thick ( 13 ) . 
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F. Determination of Dislocation Density 

To measure the dislocation density in the transmission 

electron microscopy specimens, at least ten enlarged micro¬ 

graphs were used for each specimen. In most specimens, at 

least twenty micrographs were taken, and each dislocation 

density represents an average taken from not less than twelve 

nor more than forty micrographs. The highest magnification 

that was representative of the dislocation structure was used 

in the density measurement. For example, at 373°K, the 

structure exhibits tangled areas separated by wide clear 

areas. Two series of micrographs of the crystal deformed 

20.8% were taken at magnifications of 13,500X (film plate) 

9 - 2 and yielded a density of 3.45 and 3.8 x 10 cm . A third 

series of micrographs, taken at 24,500X, and centered more 

9 - 2 on the tangled area gave a density of 5.8 x 10 cm , which 

was not representative of the total specimen. 

The measurement technique used was the intersection 

method based on an analysis by Smith and Guttman (23 )• A 

series of transparent sheets, ruled with grid lines was over¬ 

laid on the enlarged micrographs. The number of intersections 

of dislocations with the lines of the grid were counted. Three 

different sizes of overlay grids were used, the largest grid 

that covered the entire visible structure being applied to 

each micrograph. In each size, two grids were employed. 
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Each had a series of perpendicular lines ruling off rectangular 

areas, however one was vertical and one was at 45„ to the side 

of the micrograph. The technique of drawing random lines ac¬ 

ross the micrograph was not used, because the irregular dis¬ 

location structure shown resulted in dislocation density values 

which depended greatly on placement of the lines. A regular 

grid of lines eliminated this variable. When the density 

values between different micrographs of a series varied ex¬ 

cessively, or when the structure was highly unidirectional, 

both grids of the appropriate size were employed. Usually, 

however, only one grid was applied to each micrograph. The 

dislocation density, p, can be calculated from 

p _ _ N 

2 Lt 

where: N is the number of intersections which dislocations 

make with the grid lines. 

L is the total length of the lines of the overlay 

grid. 

t is the foil thickness. 

This- formula is valid if the projected dislocation length is 

equal to the true dislocation length. In this investigation, 
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only foils taken parallel to the (110) slip plane were 

viewed, and the condition holds true. The formula is 

satisticially valid if the number of intersections is 50 

or more, and this condition was satisfied in every case. 

The foil thickness was calculated from observations 

based on the number of thicknesses extinction contours 

around the hole in the tapered foil (24 )• A dark-field 

deflection coil was employed to view the specimen in a {110} 

reflection dark field. The extinction distance t (depth 

periodicity of the diffracted wave) is 267 ft for {110} re¬ 

flections in molybdenum at 100KV. The thickness of the foil 

at the nth extinction fringe is ntQ. No pictures were taken 

in areas less than 6 extinction fringes from the hole, and 

the greatest number of fringes observed was 13, however this 

was unusual. A mean value of 2,000 ft was used in the cal¬ 

culation of dislocation density. An error of 500 ft in foil 

thickness introduces a maximum correction factor of about 

1.3. Since density measurement made from adjacent micrographs 

taken from the same extinction contour could vary this much, 

this error is entirely acceptable. No micrographs were taken 

in areas where the foil thickness is less than 1,200 ft, because 

modification of the dislocation structure often occurs in these 

regions during the thinning process (25 ),( 4 )• 
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Since dislocations were never observed to move under 

the electron beam, no slip trace analysis of the thickness 

was possible. The "dotted contrast of dislocations" (11) 

was rarely observed since the slope of dislocations through 

the foil was not steep enough, therefore it could not be 

measured in this way. 

Directions in the foil were determined from standard 

diffraction techniques. It was not possible to preserve 

the crystal orientation during all the processing steps 

so that the [111] slip direction could be distinguished 

from the [111] direction, also in the (110) plane. How¬ 

ever, analysis of the micrographs always resolved this 

difficulty. 
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EXPERIMENTAL RESULTS 

A. Dislocation Configuration 

Undeformed . single crystals of molybdenum were thinned 

parallel to the (110) plane to observe the configuration of 

dislocations in the as-grown condition. Typical transmission 

photomicrographs are presented in Figure 15. No mechanical 

or thermal treatment prior to strain or examination was 

given to any single crystal used in this investigation. 

The typical structure seen in the undeformed crystals 

is the type shown in Figures 15a, and 15c. Dislocations 

tneded to be irregular in shape, and random in direction. 

Rarely seen were the long, straight dislocations of the type 

shown by Figure 15b. In the washing and handling of pene¬ 

trated foils, long, straight dislocations can be generated, 

but those in Figure 15b are not of this type. When long 

dislocations were seen, they tended to lie along <111> 

directions. A very non-uniform distribution of dislocations 

was usually observed in undeformed crystals. Areas several 

tens of microns in size often displayed dislocation densities 

of 10^ cm/cm\ while other areas had densities of almost 
Q QYT\ ^ 

10 /cm . Using the relative proportion of these areas, 
Q d"n 3 

an estimate of 0.3 x 10 /cm was established for the 

density of grown-in dislocations. 
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The small "dots" seen in Figure 15b are usually un- 

resolvable even at 200,000 power, although some appear 

as loops at this high magnification. The dots could be 

quenched vacancy loops, or precipitate particles. Similar 

observations have been made by Lawley and Gaigher (4 ). 

The same dots often appear in impure specimens which exhibit 

large precipitate particles, but no large precipitates were 

observed in the crystal pictured in Figure 15b. 
U 

Large precipitate particles of a type not illustrated 

here were often seen in molybdenum crystals grown by the 

electron-beam melter. Often these precipitates were long 

and narrow, and series of precipitates were observed along 

the narrow direction. No preference in crystallographic 

direction was observed. A very tangled dislocation structure 

was observed in the immediate vicinity of these particles, 

and strain dislocations were seen to be impeded by areas of 

large precipitate particles. No dislocation densities were 

measured in these areas. No precipitates of the kind ob¬ 

served by Lawley and Gaigher ( 17 ) which generated rows of 

prismatic dislocation loops were observed. 

Two crystals strained to 2.1 and 6.8 percent shear 

strain at 78°K are shown in Figure's 16 and 17, respectively. 
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There is an expected error of 3 percent strain in each 

strain value. All specimens were prepared from disks cut 

parallel to the (110) slip plane, and every micrograph is 

viewed normal to this plane. 

At 78°K, the dislocation distribution is very even 

over the entire slip band. Long straight screw dislocations 

are aligned with the [111] direction. Edge components are 

along [I12]. The proportion of lengths of edge to screw 

dislocation segments is seen to decrease as strain is in¬ 

creased from 2.1% to 6.8%. Profuse tangling is observed 

in both specimens, with the distance between tangles in the 

specimen strained 2.1 percent approximately equal to the 

slip distance of the edge component of the dislocation 

loops, about 0.5 to 1 micron. In the specimen strained 6.8 

percent, the slip distance of the edge segments has increased 

to over 2 microns, but the tangle spacing is seen to remain 

about 0.5 micron. At higher strains, the area which had 

previously been relatively clear fills with dislocations, but 

few new tangles seem to be nucleated. In both specimens, the 

screw segments exhibited a jog density of approximately 
4 

15 x 10 jogs per cm of dislocation line. Slip distance of 

screw segments is on the order of 0.2 microns. Jog densities 

on primary screw dislocations were- measured at all strains 

and all temperatures, and the results will be discussed later. 
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Secondary slip in the [111] direction on the (110) 

plane is shown in Figure 17a. Screw dislocations along the 

[111] direction are indicated at B in Figure 17a, although 

the contest is lower than for the primary [111] screw dis¬ 

locations. The dark and light "checkered contrast" between 

dislocation loops, also seen at B, has been similarly ob¬ 

served by Low and Turkalo (15 ) and Lawley and Gaigher ( 4 .) 

From the theory of Hirsch et al ( 26), a screw dislocation 

parallel to the foil surface will exhibit a gradual decrease 

in contrast on one side as opposed to a sharp decrease on 

the other side of the dislocation line. The light-dark 

effect then arises because adjacent dislocations have opposite 

Burgers vectors, 
a/2 [111] and 

a/2 [III]. 

Secondary slip on planes othre than (110) is also ob¬ 

served at 78°K. In Figures 16a, and 16c, specific examples 

of interaction between primary and secondary slip dislocations 

are seen at A. These secondary dislocations are consistent 

with slip on [111] and [ill] directions, and other examples 

can be seen. The intersection in Figure 16c appears to be 

pinning the primary dislocation at the intersection point. 

Another feature of interest at this temperature is the 

tendency for dislocations to group into tangles at apparent 

precipitate particles, as at A in Figure 16b and 17a. 
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A very low density of small, narrow dislocation loops 

aligned on the [112] direction is seen at 78°K. At higher 

deformation temperatures, both the density of these loops 

and their size increase. 

Electron photomicrographs of specimens deformed to 

4.6, 8.3, 15.1, and 35.7 percent shear strain at 195°K 

shown in Figures 18, 19, 20, and 21, respectively. The 4.6 

and 15.1 percent specimens were made from the same growth 

crystal. The 8.3 and 35.7 percent specimens were also taken 

from one crystal. 

Dislocation structures in the lower values of strain 

at 195°K resemble very closely the structure at 6.8%, 78°K. 

Long, straight screw dislocations are aligned with [111] 

while short edge components lie along [112] . Tangling 

again occurs in regions of precipitation, and here some tang¬ 

ling in the region of grown-in dislocations is noted. The 

dislocation distribution is again very uniform over the slip 

band. The distance between tangles is on the order of 2 to 

3 microns. 

The slip length of the edge dislocation segments seems 

to be on the order of 2 microns at 4.6 percent strain, and 

greater than 3 microns at 8.4 percent. The slip length of 

the screw segments appears to be oh the order of 0.2 microns 

in this range of strain. Above this strain, both lengths 



29 

are difficult to measure. A length ratio of this magnitude 

implies a velocity ratio of edges to screws of over 10, which 

is actually lower than usually observed. Lawley and Gaigher 

C 4 ) found a ratio of 40 in regions where very little tang¬ 

ling occurred. 

The number of dense tangles appears to remain relatively 

constant from 4.6 percent to 15.1 percent strain. However, 

the dislocation density increases with strain, and as at 

78°K, fills both the tangles and clear areas with disloca¬ 

tions. The tangles get denser, but in this region of 

strain their number appears relatively constant. 

At 36.5 percent strain, the dislocation density is so 

high that the entire slip band is a great tangle, and the 

clear areas are now reduced to approximately 0.3 micron in 

diameter. The edge to screw length ratio is now about 2. 

This ratio decreases with strain because as edge components 

become locked in the tangles, screw components move and 

decrease the length ratio by creating more edge dislocations. 

Dislocations are again heavily jogged, but the jog 

density is less than at 78°K. The extent of curvature at 

jogs on primary screw dislocations is higher at 195°K. 

Numerous cusps are observed at jogs, as at B in Figure 18c 

and 20c. The density and the size of the small dislocation 
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loops aligned with the [112] direction in larger than at 

78°K. 

Secondary slip is in evidence at 195°K. Points A in 

Figures 18b and 18c, are examples of secondary dislocations 

intersecting primary dislocations and causing jogs on the 

primary dislocations. 

Deformation structures produced by strain at 300°K are 

depicted in Figures 22, 23, 24, and 25. Figure 22b, and 

22c are from a 5.7 percent strain specimen. Figure 24 

represents 16.9 percent, and 25 represents 40.3 percent 

strain. 

Primary screw dislocations are not aligned as closely 

to the [111] direction as at the lower temperatures. Figures 

22b and 22c show screw dislocations generally along [111], 

but with changes in direction near intersections, precipitates, 

and parallel dislocations. Edge segments are not aligned 

strictly along [112] , but appear to be held between small 

precipitates or between intersections. 

Slip lengths of edge dislocations at 5 percent strain 

range from 3 to greater than 5 microns, while the slip 

lengths of primary screws is about 0.5 micron. Above 5 per¬ 

cent, no meaningful measurement is possible. 

Secondary slip dislocations not on the (110) plane 

are again in evidence at 300°K. At most strains, however, 
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the density of secondary dislocations is not much greater 

than the grown-in dislocation density. The curvature of the 

primary screws in the region of a jog is again higher than 

at the lower temperature. The density of the elongated [IlZ] 

dislocation loops is again slightly higher than at the lower 

temperature, and their size is slightly larger. 

Extensive tangling at 300°K does not develop until 10 

percent strain, as compared to 5 percent at 195°K and 78°K. 

The distance between large tangling points is about 1 to 2 

microns, and remains relatively constant with increasing 

strain. As at the lower temperatures, increased deformation 

fills the clear areas with dislocation and intensifies the 

tangling. However, at 300°K the density of dislocations in 

the clear area is lower, and the clear areas remain larger 

in size. No cell formation of the type usually seen is observed 

at any temperature or strain. As at 195°K, the proportion of 

length of edge dislocation segments to length of screw segment 

increases with increased strain and increased tangling. 

The specimen pictured in Figure 23 displays a much 

greater density of secondary slip dislocations than other 

specimens of the same deformation temperature. The dis¬ 

location arrangement is also different from that of lower 

and higher strains. This may have been the result of a mis¬ 

alignment of the crystal in the shearing grips, but there is 
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no way to establish any proof of this. Deformation at 373°K 

is pictured in Figures 26, 27, 28a, b, 28c, and 29 which 

represent 3.4, 8.4, 20.8, 22.3, and 36.4 percent shear strain, 

respectively. The specimens shown in Figure 26 and 27 were 

taken from the same growth crystal. Figures 28 a, b, and 29 

also show specimens taken from one growth crystal. 

Deformation structures of crystals strained at 373°K 

are strikingly different from structures obtained at the 

lower temperatures. At low strains, as in Figures 26, and 

27, edge dislocations are very rarely seen except along lines 

of precipitate particles or grown-in dislocation. Slip 

length of edge segments of dislocations can not be estimated, 

because the scale of cross-slip is such that no complete 

loops of average size can be seen. There is evidence of 

cross-slip at lower temperatures, but with long unbroken dis¬ 

location lengths of 20,000 X or more in 2,000 ft thick foils, 

the scale of this is limited. At 373°K, dislocations are 

observed to run into and out of the foil, as at A in Figures 

26b, 27a, and 27c. 

The density of jogs along primary screw dislocations 

is lower at 373°K than at 300°K. The curvature of the dis¬ 

location lines is very great in the region of jogs, and long 

cusps are often observed. It should be noted here that the 
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dislocation configuration shown in these micrographs is 

one of a relaxed stress state. No thermal locking pro¬ 

cedure such as commonly used in silicon-iron by Low and 

Turkalo (15 ) is possible in molybdenum. The variation of 

flow stress with temperature is such that to raise the 

temperature of the specimen by 100°K from a 195°K strain 

temperature would require relaxing the stress by more than 

one half, and the dislocations would be relaxed by this 

procedure. 

The [112] dislocation loops seen in small numbers at 

lower temperatures are greatly in evidence at 373°K. In 

regions of high impurity as seen in Figures 28a, b and 

Figure 29, these loops make up approximately half the edge 

dislocation density. These [1123 loops are thought to be 

generated primarily by the primary [111] screw dislocations. 

Low and Turkalo (15 ) discuss a mechanism whereby an inter¬ 

mediate size jog can produce a loop of this sort from the 

pinching off of a long dipole trail on a screw dislocation. 

Figure 28b shows numerous loops at A which appear to have 

precipitate particles at one end. A similar pinching-off 

could occur if a screw dislocation formed a long edge dipole 

around a pinning point such as a precipitate. B and C of 

Figure 28b show two loops in the process of being pinched 

off. Figure 26a shows a loop being pinched off at B, 
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however an edge dislocation is the dislocation responsible 

for this one. Another example of this process is at A in 

Figure 29b. 

Low and Turkalo (15 ) also discuss a mechanism whereby 

a large jog can act as a single ended source for new dis¬ 

locations. Examples of this are seen at S in Figures'29a 

and 29b. 

The spacing between tangles at 373°K is on the order of 

3 to 5 microns, although in the very impure crystal of 

Figures 28 and 29, smaller tangles at closer spacings are 

seen. 

Secondary dislocations in the clear areas at 373°K are 

of the same dislocation density as the grown-in structure. 

A tilting experiment was conducted to determine the amount 

of secondary slip at 373°K. Figure 30 shows the typical 
a 

structure observed at 36.4%, 373°K. The principal operating 

reflection for this orientation was g = (112) . The contrast 

exhibited by a dislocation is proportional to g’b, and when 

g*b = 0, the dislocation will not show contrast for that re¬ 

flection. The product g*b for Figure 30a shows that the [111] 

principal dislocations are visible. The specimen was then 

tilted until the principal operating reflection was g = (112) 

and [111] dislocations are invisible for this reflection, 
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Figure 30b. Directions in the (110) plane were preserved, 

however, and it is clear that secondary slip occurs princi¬ 

pally in the regions of large tangles. The two figures do 

not show the same area, as tilting the specimen caused all 

contrast to go to zero through one extinction contour, how¬ 

ever the effect is clearly apparent. 

B. Dislocation Density 

In Figure 11, the average dislocation density is plotted 

as a function of the shear strain, y, for each of the de¬ 

formation temperatures. A striking feature of this plot is 

the unusual appearance of the curve for 300°K. For 78°K, 

195°K, and 373°K, straight lines could be drawn through the 

points which crossed the p axis at approximately the grown-in 

dislocation density. The curve for 300°K, however, becomes 

flat at 10 percent shear strain. A rapid rise in dislocation 

density between 5 and 10 percent occurs, and the density at 

10 percent, 300°K was measured to be the same as that at 10 

percent 195°K. 

Special note must be made of the 10 percent, 300°K 

specimen. The dislocation structure at this point was a- 

typical of 300°K. Tangling was more complex and of a differ¬ 

ent type than for higher and lower strains. Also the length 
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of dislocation line seems to be less than at higher strains. 

The number of dislocation intersections counted on the measure¬ 

ment grid was the method used in counting dislocation density, 

and it is believed that if the total length of dislocation 

density had been instead measured, the dislocation density 

would be lower. This was not done, however. The readings 

at 16.9 and 40.3 percent strain, 300°K are believed accurate 

reflections of the true density. 

In general, as the deformation temperature is increased, 

the density of dislocation at a given strain is decreased. 

This is in accordance with the measurements of the slip 

lengths of screw dislocations previously noted, which in¬ 

creased with temperature of deformation. If dislocations 

can move over greater distances under the applied stress as 

temperature is increased, fewer dislocations will be re¬ 

quired to move to accomplish a given strain. 

Most theories of work hardening lead to expressions for 

the flow stress which are a linear function of the square 

root of the dislocation density. This has been verified in 

iron by Keh (27 ) and Carrington et al (28 ). Lawley and 

Gaigher ( 4 ) found similar results in molybdenum. 

A plot of T£ versus p is presented in Figure 14. 
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The linear relationship that exists can be represented by: 

T[psi X 103 1 - To + K /“ 

T = 29.9 + 1.96 X 10"4/T" at 195°K 

T = 19.3 + 0.52 X 10"4/^“ at 300°K 

T = 2.8 + 1.44 X 10"4/~ at 373°K 

The intercept on the stress axis, T , is interpreted as, a 

composite frictional stress. This plot is at variance with 

the one established by Lawley and Gaigher ( 4 ). Their values 

for TQ are 11 x 10
3psi at 200°K, and 10.4 x 103psi at 300°K. 

C. Jog Density 

The number of observable jogs per centimeter of dis¬ 

location line was counted on the primary screw dislocations 

at each strain and temperature increment. Results of this 

investigation are presented in Figure 13, which plots the jog 

density versus final shear strain. This plot of Pj0g versus 

Yp is seen to be very similar to Figure 11, which plots the 

average dislocation density, p, versus Yp. Again, the 300°K 

curve becomes flat at 10 percent strain, and p. is constant ’jog 

with increasing strain after this point. At the other de¬ 

formation temperatures, Pj0g increases with increased strain, 

and the rate of increase is greater as the temperature of 

deformation is lowered. 
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A plot of jog density versus final stress is presented 

in Figure 13b. The stress is seen to increase as jog density 

increases at each temperature, however few conclusions can 

be drawn from this plot because of the narrow range of values 

available.; 

Each value of jog density represents a measurement of 

at least ten long primary screw dislocations in each sample. 

The dislocations in the clear areas between tangles were 

chosen, because these would be mobile under the applied 

stress. A sufficient number of dislocations were counted 

in each specimen so that the average value was unchanged by 

the addition of three new values to the total. 

The width of the dislocation image is typically "150 ft 

in most of the photomicrographs. At 100,000 X magnification, 

1 cm on the photomicrograph represents 1,000 ft. A jog spac¬ 

ing of about 100 ft is the lowest that can accurately be 

measured. An observable jog is defined as a distinct change 

in the curvature or direction of the screw dislocation, not 

associated with an observed precipitate pinning. There is 

no way to determine if some points being measured as jogs 

are instead kinks in the dislocation, lying entirely in the 

slip plane. Only points which appear to impede the motion 

of the dislocation are counted As jogs, however, and the 
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technique is a standard one. Lawley and Gaigher ( 4 ) and 

Low and Turkalo (15 ) report a similar method, and obtained 

similar results. 
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DISCUSSION OF RESULTS 

Whitmire ( 5 ) deformed molybdenum single crystals in 

tension at 195°K, 273°K, and 373°K, and studied the re- 

stivity ratio *VRo, where R is the resistivity after strain 
and Ro is the resistivity prior to strain. He annealed the 

deformed crystals until the resistivity decrease with anneal- 

ing time had ceased. The annealed value of should give 

a measure of the contribution of dislocation structure to 

the resistivity of a deformed crystal. Some of these results 

are shown in Figure 12. The dashed lines represent the re¬ 

sistivity ratio after annealing the deformed crystal. 

It might be argued that the resistance due to a dis¬ 

location structure should be proportional to the total dis¬ 

location length of that structure. The rate of increase of 

o resistivity in deformation at 195 K is seen to be about 6 

times the increase at 373°K, and about 4 times the increase 

at 273°K. The dislocation density measurements of this in¬ 

vestigation, however, did not show such proportional increase. 

The rate of increase of p at 195°K is only 3 times that at 

375°K, while p is seen to remain relatively constant at 300°K. 

Thus, as the deformation temperature is raised, the contribu¬ 

tion of a unit length of dislocation to the resistance decreases. 
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An explanation of this effect is derived from ob¬ 

servation of the dislocation structure at these temperatures 

of deformation. At 195°K, the dislocations are evenly dis¬ 

tributed along the slip band, and any clean areas between 

tangles are relatively filled with dislocations. At 300°K 

and especially at 373°K, the proportion of dislocations in 

the clear areas is low compared to that in the tangled areas. 

Apparently, the strain energy of a given length of disloca¬ 

tion will be decreased by the formation of such tangled 

structures as are seen at 300°K and 373°K, and the resistance 

due to a unit length of dislocation will decrease. 

Youngblood ( 3 ) studied the behavior of the activation 

volume v* = btg in single crystals of molybdenum deformed in 

direct shear. He found that for temperatures below 300°K, 

v* decreased from a high value of 40 b or more at low strains 

to a constant value of about 10 b . The decrease was rapid, 

and after 20 to 30 percent strain had been reached, the curve 

of v* versus strain was almost flat. Youngblood also found 

that, plotting v* at one constant strain versus deformation 

temperature, the v* value suddenly increased in the region 

of 300°K to 350°K. The factor that was assumed to change in 

v* was l, the length between jogs on screw dislocations. 

Youngblood ( 3 ) believes the stress-controlling mechanism 
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below 300°K to be the nonconservative motion of vacancy jogs 

in screw dislocations. Above 300°K, he stated that conser¬ 

vative jog motion became important. 

Measurements of jog densities in this investigation do 

bear out that conservative jog motion on screw dislocations 

is appreciable at and above 300°K. The curve of Pj0g versus 

strain at 300°K shows that p. reaches a value of about jog 
4 

8.5 x 10 jogs per cm of dislocation line at 10 percent strain, 

and remains constant with increasing strain. The slip length 

of the screw segments is found to increase throughout this 

strain region. Conservative motion of jogs must occur to 

keep p. from increasing, r ''jog & 

At 373°K, the jog density is found to increase with 

strain. If a primary screw dislocation moves a distance L 

through a dislocation forest of density p£, the jog density 

8 - 2 
is Lp£. The grown-in dislocation density is 5 x 10 cm , 

which is a minimum value for p£. L values at this tempera¬ 

ture are greater than 1 micron. The minimum expected value 

for p. would be 5 x 104 cm”1, which is observed to be the 
jog 

value at 5 percent strain. However any cross-slip also adds 

to Pj0g» 
an^ cross-slip is ovserved to be appreciable at this 

temperature. Therefore conservative motion of jogs is acting 

to reduce the number of jogs in the dislocation line. 
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The observed density of jogs is not of the magnitude to 

give Z values of 40b. The value of Z is equal to ^/p. , and 
3 S 

measured values of z from this investigation are on the order 

of 300b. No drastic change in the value of L is observed near 

20 percent at any temperature, as predicted by the v* versus 

strain curves of Youngblood. Instead, linear variation of 

Z is seen. 

The high values of Pj0g seen at 195°K and 78°K deforma¬ 

tion are surprising. At 195°K, the slip length of primary 

screw dislocations at 5 percent strain is about 0.2 microns. 

If all jogs were from dislocation intersections, this value 

9 cm 
of L would require a forest density of about 4 x 10 / 3, 

which is higher than the observed density of slip dislocations. 

Therefore, cross-slip must be appreciable at 195°K and at 

78°K. The high density of jogs probably arises from the 

movement of screw dislocations from one close-packed plane 

to another in an attempt to follow the maximum shear stress 

plane. Since the dislocations are straighter at the lower 

temperatures, although more highly jogged, the number of 

planes across which the dislocation cross-slips must be small. 

In contrast, at 373°K, the jog density is lower, but the ex¬ 

tent of cross-slip possible is much higher. Dislocations are 

very nonlinear, and are frequently'observed to run in and out 
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of the plane of the foil. 

There is ample evidence that a jog mechanism on screw 

dislocations could be a controlling factor in establishing the 

flow stress. For large scale deformation to occur, many 

dislocations must move over relatively large distances. 

This means the applied stress must reach a level sufficient 

to move the screw dislocations. Lawley and Gaigher ( ) 

have shown that for p log 10 , the drag stress on screw dis¬ 

locations is on the order of 50% of the observed flow stress 

at 300°K. 

The results of this investigation allow no definite 

conclusion to be drawn as to the controlling mechanism in 

establishing the flow stress of molybdenum. 
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CONCLUSIONS 

The results indicated that: 

1. The dislocation density of molybdenum single 

crystals deformed in shear increases with strain 

at all temperatures investigated except 300°K. 

2. This increase in p was linear, and as the deforma¬ 

tion temperature is lowered, the rate of increase 

is accelerated. 

3. The density of jogs on primary screw dislocations 

varies with strain and temperature much as does 

the dislocation density. 

4. Conservative motion of jogs on screw dislocations 

becomes appreciable above 300°K. 

5. The ease and scale of cross-slip of screw dis¬ 

locations increases with increasing temperature. 

6. The amount of secondary slip in crystals oriented 

for direct shear on (110) planes increases as de¬ 

formation temperature decreases. 

7. At 195°K and 300°K, the proportion of edge dis¬ 

location length to screw dislocation length increases 

as strain and tangling increase. 
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311 

312 

315 

317 

324 

325 

326 

331 

333 

334 

350 

TABLE I 

No. of 
Zone Passes 

Filament Feed 
Rate 

(mm/min.) 

Vacuum Before Vacuum on 
Starting Last Pass 
(mm Hg) 

5 5.5 3x10 4xl0-6 

5 5.5 3xl0"6 4.5xl0"6 

5 5.5 5x10”5 2.5xl0'6 

3 5.5 2.5xl0"6 lxlO'5 

5 3.8 2xl0‘6 6x10 ^ 

5 3.8 2.5xl0‘6 • 5xl0'6 

5 Os
l 

• 0
0
 

3xl0"6 3xl0-6 

5 5.5 7x10 5.5xl0"6 

5 

0
0
 • 

to 3xl0"6 5x10 

4 3.8 lxlO'5 6xl0-6 

3 3.8 3xl0"6 4x10 ^ 



TABLE II 

Crystal Temperature of 
No. Deformation 

326-3 

o 00 

326-2 78°K 

315-2 195°K 

324-2 195°K 

315-3 195°K 

324-1 195°K 

317-2 300°K 

312-3 300°K 

312-2 300°K 

334-3 300°K 

331-2 300°K 

325-2 373°K 

325-1 373°K 

350-3 373°K 

311 373°K 

350-1 373°K 

Final Strain Strain Rate 
(%) (xl0"4sec.-1) 

2.1 2.39 

6.8 2.39 

4.6 2.38 

8.3 2.38 

15.1 2.38 

35.7 2.39 

4.6 2.39 

4.7 2.38 

10.3 2.52 

16.9 2.38 

40.3 2.39 

3.4 2.36 

8.4 2.38 

20.8 2.47 

22.3 2.40 

36.5 2.52 



TABLE III 

Crystal Temperature Final Final Dislocation 
No. of Strain Stress Density 

Deformation (%) (psi x 103) (cm/ 3 9' v ' cnrxIO- 

326-3 78°K 2.1 60.9 00
 

• o
 

326-2 

o 00 
r- 6.8 70.8 10.6 

315-2 195°K 4.6 39.8 3.4 

324-2 195°K 8.3 42.8 4.4 

315-3 195°K 15.1 48.0 6.5 

324-1 195°K 35.7 53.0 14.8 

317-2 300°K 4.6 21.7 0.7 

312-2 300°K 5.7 20.0 1.4 

312-2 300°K 10.3 22.5 5.4 

334-3 300°K 16.9 23.1 5.0 

331-2 300°K 40.3 24.0 5.7 

325-2 373°K 3.4 6.5 1.2 

325-1 373°K 8.4 9.2 1.3 

350-3 373°K 20.8 13.0 3.6 

311 373°K 22.3 10.4 3.9 

350-1 373°K 36.5 13.0 5.1 

325-1 - 0 - 0.4 

350-3 - 0 - • 0.2 

333 0 • ■ ■ 0.3 



TABLE IV 

Temperature of 
Deformation 

Shear Strain 
(%) 

Jog Density 
(#/cm x 104) 

78K 2.1 17.2 

78K 6.8 16.7 

195K 4.6 7.6 

195K 8.3 8.7 

195K 15.1 11.4 

195K 35.7 22.3 

300K 4.6 4.4 

300K 5.7 4.4 

300K 10.3 8.5 

300K 16.9 8.9 

300K 40.3 8.2 

373K 3.4 3.9 

373K 8.4 4.1 

373K 20.8 5.1 

373K 22.3 4.5 

373K 36.4 6.0 
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Figure 3 Shearing Apparatus 



Figure 4» Shear Strain Measurement 
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Figure Calculation of 

Shear Stress - Shear Strain Curve 



Figure 6 Spark Cutter and Goniometer 



Figure 7. Zeiss-Jena Electropolisher 

Figure 9. Final Thinning Apparatus 



Figure 8. Teflon Dimpling Holder 
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