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High purity single crystals of zirconium were produced and

mechanically strained in the temperature range from 4. 2°K to 293°K.

The crystals were produced by thermal treatment with a specially

constructed electron beam zone refiner which provided the abrupt

temperature gradient necessary for crystal growth. Specimens were

electrolytically machined to have a reduced center section and chem-

ically polished. Both examination under polarized light and Laue

back reflection patterns were necessary to select specimens without

alpha variants.

Single crystals were tested at liquid helium temperature in a

cryostat which was constructed for this study. Intermediate test

temperatures were obtained with the specimen immersed in the

proper refrigerant.

The flow stress was determined for strains of 0. 02%, 0. 1%,



and 0. 2%. Strain rate was cycled from 0. 002 inches per minute to

0. 02 inches per minute to obtain data for calculation of activation

volumes. The flow stress versus temperature curve was found to

level off at a temperature of approximately 120°K which is 330°K

lower than the lowest temperature observed previously for the phe-

nomina. A pronounced peak in the curve of activation volume versus

temperature was found at 230°K. Two possible explanations are

proposed for the peak in activation volume. Inverse strain rate

sensitivity was observed in three specimens two of which were tested

at room temperature and one in liquid nitrogen. No evidence of basal

slip or twinning was found at any temperature.

A complete description of the design and operation of the zone

refiner and cryostat is given in separate appendixes.
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LOW TEMPERATURE DEFORMATION
CHARACTERISTICS OF HIGH PURITY

ZIRCONIUM SINGLE CRYSTALS

I. INTRODUCTION

There are 23 hexagonal close packed metals 21 of which have a

c/a ratio less than ideal. Zirconium is one of the latter, which has

several unique and interesting properties making it worthy of a basic

study of deformation behavior.

Zirconium development was stimulated by the demand for a

cladding material for fuel in nuclear reactors . A low thermal neutron

capture cross section combined with good corrosion resistance and

moderate strength made zirconium a highly desirable choice. Re-

search on zirconium is still stimulated by the demands of reactor

designers who want higher operating temperatures, increased strengths,

and a greater degree of predictability. Reactor use is the largest

dollar volume market; however, the largest volume is zirconia

(ZrO2) which goes into refractories for furnace linings, crucibles,

insulators, and other applications where zirconia's stability is

required.

Chemical processing plants use zirconium pumps and fittings

because of its exceptional corrosion resistance, which also makes it

useful for surgical instruments and surgical implants. Zirconium's

highly exothermic oxidation at higher temperatures is utilized in
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flashbulbs and flares as well as for a "getter" material in electronic

tubes and in research work. Other uses of zirconium include addition

of the tetrachloride as a grain refiner in magnesium castings and

application of the sulphate for tanning white leather goods.

The deformation behavior of zirconium is important in thermo-

nuclear reactors where control of deformation is critical. Distorted

and ruptured fuel rods remain a very real problem in reactors.

Based on theoretical considerations zirconium should have a much

higher strength than that which is observed. A basic understanding

of deformation mechanism could therefore lead to the discovery of

more advantageous strengthening techniques. Knowledge of deforma-

tion behavior might also lead to control of texture in fabricated parts.

Texture control is quite important because of the severe anisotropy

inherent in the hexagonal close packed structure.

Single crystals are normally used to study basic deformation

mechanisms in order to minimize variables. The present investiga-

tion utilized single crystals to extend the available information on

zirconium deformation down to liquid helium temperature. The

temperature range from 4. 2° K to 300° K was investigated filling in

some intermediate temperatures which had not been thoroughly invest-

igated previously. Lower temperatures should favor basal slip and

possibly other deformation modes not previously observed in zircon-

ium. Both higher purity and higher interstitial concentration have
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been proposed as a means of promoting basal slip. Indirect evidence

of basal slip in kink bands and electron microscopy has been observed.

Twinning in zirconium has also been reported as a temperature depend-

ent deformation mode with more twinning observed at lower temper-

atures.

The project as proposed was first to produce single crystals of

the highest possible purity and then to study deformation character-

istics in the temperature range from room temperature to liquid

helium temperature.



4

II. THEORY AND LITERATURE REVIEW

Zirconium crystalizes from the liquid into a body centered

cubic phase at a temperature of 1852° C. The body centered cubic

phase is stable to a temperature of 862° C, where it transforms to

the hexagonal close packed structure (1). The transformation takes

place either by a shear mechanism similar to a martensitic trans-

formation or by nucleation and growth depending on the cooling rate.

The crystallographic relationships for the phase transformation are:

{ 110} beta parallel to {0001} alpha, and <111> beta parallel to

1%\<1120> alph 23),, where beta represents the cubic phase and alpha

the hexagonal phase.

The crystallographic structure of hexagonal metals is thoroughly

described in a review article by Partridge (26y. Axes of the unit cell

are al = a
2

/ c with corresponding angles alpha = beta = 90°; gamma

= 120° (Figure 1). The two atomic positions within the unit cell have

coordinates 000 and 2/3, 1/3, 1/2. The hexagonal structure becomes

apparent when three unit cells are stacked together as indicated by

dotted lines in Figure 1. The ratio of the length of the c axis to the

length of the a axis is an important parameter which can frequently

be used to predict deformation behavior. Table 1 (13) lists the

hexagonal close packed metals with the corresponding c/a ratios.
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TABLE 1. c/a ratios and a values for
hexagonal close packed metals (13).

Metal c/a at 300° K
0

a
o

(A)

Cd 1.88 2.973

Zn 1.86 2.660

Co 1.623 2.50

Mg 1.623 3.203

Re 1.615 2.76

Tc 1.60 2.735

T1 1.598 3.50

Sc 1.594 3.308

Zr 1.593 3.23

Gd 1.590 3.63

Ti 1.587 2.95

Lu 1.583 3.505

Tb 1.583 3.599

Ru 1.582 2.70

Hf 1.581 3.19

Os 1.579 2.73

Dy 1.574 3.592

Y 1.572 3.645

Tm 1, 572 3.537

Er 1.571 3.559

Ho 1.571 3. 576

Be 1.568 2. 281

Li 1.564 3. 086

Von Mises criterion states that for a crystal to undergo general

three dimensional, homogeneous plastic deformation, five independent
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slip systems are necessary C15 . The independent slip systems for

hexagonal close packed structures are given from Partridge (26) in

Table 2 and are illustrated in Figure 2. Deformation modes 1 and 2

from Table 2 each contain two independent slip systems. Deformation

mode 3 is equivalent to types 1 and 2 combined and is therefore not

independent. No direct evidence of types 5 and 6 deformation modes

has been observed although it has been reported as a possible explana-

tion for kink bands in zinc and magnesium (26). Regnier and Dupouy

(31) have an illustration of the corrugated nature of the { 1010} planes

which indicates that type 5 deformation is unlikely because of the

corrugations (Figure 3). Type 6 deformation seems to be more likely

from structural models although in this case the dislocation would have

to move as two partial dislocations. The most likely means(of satis-

lying Von Mises criterion in order to obtain large amounts of ductil-

ity, is to facilitate type 4 deformation (12).

Ease of dislocation movement has been related to the calculated

values for dislocation width divided by the Burgers vector. The

parameter, when calculated, indicates that second order pyramidal

slip (type 4) is most facile in all hexagonal metals for which the

calculation was made. Second order pyramidal slip is only signifi-

cant in the deformation of cadmium and zinc and then, it is less signif-

icant than basal slip (37). Yoo and Wei concluded that the extended

nature of type 4 dislocations and hence, the stacking fault energy
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TABLE 2. Independent slip systems in
h. c . p. metals (26)

Slip
system

Burgers
vector

type
Slip

direction
Slip plane

No. of slip systems

Total Independent

1 a <1120> basal 3 2
(0001)

2 a <1120> prism type 1 3 2

{ 1010}

3 a <1120> 1st -order
pyramidal

type 1

6 4

{10T1}

4 c+a <1123> 2nd-order
pyrimidal

type 11

6 5

{1122}

5 c <0001> prism type 1 3 2

{101-0}

6 c <0001> prism type 11 3 2

{ 1120}

play an important role in the mobility of dislocations (37). Disloca-

tion width is calculated from the following expression (5):

where

b
=

871-N
2- { Ke (1-2 cos 2a) + Ks (1+2 cos 2a)}]

2

= dislocation width

magnitude of the Burgers vector of a Shockley partial

fault tension (also called stacking fault energy)

9
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Figure 3. Corrugated nature of prism planes.
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The ratio of dislocation widti to Burgers vector (w/b) as well as the

ratio of the stress to move a dislocation to the stress to move atomic

planes rigidly over one another (S) has been calculated for all pos-

sible dislocations in: Cd, Zn, Mg, Co, Zr, Ti, and Be by Yoo and

Wei (37). Values obtained for zirconium are given in Table 3.

TABLE 3. Dislocation parameters for zirconium

Dislocation Type

Plane Spacing
Divided By

Burgers Vector w/b S

1 edge basal 0.80 0.67 0.13

1 screw basal 0.80 0.42 0.37

2 edge prismatic 0.87 0.65 0.14
2 screw prismatic 0.87 0.41 0.39

3 edge first order pyramidal 0.76 0.58 0.19

3 screw first order pyramidal 0.76 0.37 0.45

4 edge second order pyramidal 0.23 0.16 0.74
5 edge type 2 prismatic 0.31 0.28 0.61

5 screw type 2 prismatic 0.31 0.16 0.74
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Zirconium, titanium, and hafnium share the preferred prism slip

system at room temperature. Prismatic slip of the {10-10} <1120>

type is the only slip system observed in zirconium single crystals

and in most zirconium-polycrystalline work. Variations in tempera-

ture and interstitial concentrations have both been utilized to force

slip on other slip systems. The effect of interstitials is related to

the perturbation of the octahedral void. Nitrogen is found to have

twice the strengthening effect of oxygen for a given concentration

which is consistent with its larger size than the oxygen atom (35).

Both hydrogen and carbon have low solubilities in zirconium so that

their effect is generally that of precipitation hardening rather than

interstitial hardening (35). Carbon has 1/4 the strengthening effect

of nitrogen up to 1 atomic per cent.

Rapperport and Hartley (29) found prism slip to be the only active

slip system in a crystal stressed in such a manner that the resolved

shear stress on the basal plane was 25 times that on the prism plane.

Other authors (6, 10, 18, 25, 32, 33, 34, 35) have reported inter-

stitial hardening of prismatic slip but none have identified other slip

systems. Levine in his work with beryllium found that higher puri-

ties favored basal slip (20). Churchman conversely reported that

higher purities favored nonbasal slip in titanium (6). The other slip

systems reported for polycrystalline zirconium include: {0001}

<1120> basal slip, {1101} <1120> first order pyramidal slip; and
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{ 1122} <1123> second order pyramidal slip. Martin and Reed-Hill

(22) reported basal slip as "very probably" the active slip plane in

kink bands which they observed. Reed-Hill (30) indicates in a later

article that basal slip is observed in oxygen alloy specimens but is

not observed in pure zirconium. In the same article Reed-Hill

concludes that oxygen promotes slip on nonprismatic slip planes.

The earlier work (22) in which Martin and Reed-Hill observed basal

slip was done with 880 ppm oxygen, which is relatively high and

would agree with the later findings.

Slip on the {10T1} and {1122} planes was reported by Baldwin

and Reed-Hill (3). Both slip modes were induced by torsionally

straining polycrystalline wires of 0.09 inches in diameter in the

temperature range from -196° C to 350°C. No purity data was given

for the zirconium. The slip planes were identified by single surface

slip trace techniques with an approximate average grain size of 0. 1

MM.

Twinning is commonly observed in zirconium deformation and

the following twin systems have been reported: {10.12} <1011>,

{1121} <1 126> , {1122} <1123> (17), and {1123} . The {1121}

<11.26> twins are the most prevalent at all temperatures while the

{ 1123} twins are rarely observed (29). Rapperport and Hartley (29)

plotted relative frequency of observed twins against temperature

showing that for all twin planes the frequency of twins observed
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increases with decreasing temperature. Reed-Hill states that

frequency of twinning increased with temperature to a maximum at

373° K then decreased with temperature (30).

Hexagonal polycrystalline metals have not been found to satisfy

Von Mises criterion of five independent slip systems. Consequently,

twinning is considered to be an important deformation mode. Kocks

and Westlake argued that every grain does not have to accomodate

any arbitrary shape change so that internal stresses in one grain can

be relieved by slip in the next (17). The observed high ductility for

polycrystalline zirconium of low interstitial concentration is particu-

larly difficult to explain because it has only the two independent slip

systems associated with prism slip (17). If a zirconium crystal is

completely twinned on the {1121} plane it will accomodate 18%

deformation in the <0001> direction. Basal shear of up to 50% is

permitted when the {1121} <1 126> twin system operates. The

amount of strain is not limited if twinned volumes may retwin or

slip after reorientation by twinning (17).

Conrad (8) lists three dislocation mechanisms with temperature

dependency at low temperatures and with an activation volume in the

range 10- 100b3. The mechanisms listed are: overcoming high

Peierls-Nabarro stress, cross slip, and interaction with impurity

atoms. Other important mechanisms are intersection of dislocations,

nonconservative motion of jogs, and climb, all of whichhave activation
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volumes greater than 100 b 3
(7). Athermal barriers to dislocation

movement are obstacles which produce long range stress fields on

the order of ten atomic diameters or more such as precipitates or

second phase particles (8). Conrad concludes that further work is

required on determining the effects of impurities at low temperatures

before any further evaluation of the thermal component can be made

(7).

Properties and deformation of hexagonal metals have been

related to the c/a ratio. An ideal c/a ratio is 1.633 which gives

each atom twelve equally spaced neighbors. No hexagonal metal has

exactly the ideal ratio. When the ratio is greater than 1.633 each

atom has six nearest neighbors all within the same basal plane.

Metals with a c/a ratio less than 1.633 have three nearest neighbors

above in the next basal plane and three nearest neighbors below. The

neighbor atoms in the same plane are then further away. The signifi-

cance of the c/a ratio is apparent when one considers the general

rule that slip will take place on the most dense atomic planes with the

widest spacing and the direction of the closest neighbors. Hexa-

gonal metals with c/a greater than 1.633 should exhibit basal slip,

while those with c/a less than 1.633 should exhibit prism slip. The

greatest objection to this generalization is found in the predominant

basal slip of beryllium with the lowest c/a raio. Both cobalt and

magnesium also violate the generalization, however their c/a ratios
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are only slightly under the ideal. The minor discrepancy for the

latter two metals has been accounted for on the basis of the corrugated

shape of the prism planes. Several investigations have attempted to

prove that prism slip for beryllium is locked by impurities or other

mechanisms. Yoo and Wei found that anisotropic elasticity theory

could explain slip systems for most hexagonal metals, however

beryllium was again an exception (37). Beryllium has a very small

atom size which may make interstitials more significant. Rhenium

and beryllium are the only elements which have a c /a ratio that

decreases with increasing temperature. No successful explanation

has been found for basal slip in beryllium.

The stacking fault energy has been calculated by Ramaswami

and Craig (27) using both the expression of Thornton and Hirsch

which gave a lower limit of 250 ergs per square cm and the express-

ion of Chou (5) which resulted in the same value. The separation of

partial dislocationS necessary for the Peierls-Nabarro mechanism

is less likely with high stacking fault energy (12).

Crystal growing for zirconium is an art which requires a con-

siderable amount of trial and error to obtain acceptable results.

Three basic methods are used all of which have been successfully

employed by various authors. The methods are: thermal cycling,

electron beam heating, and zone melting. Rapperport and Hartley

(28), Levine (19), and Higgins and Soo (16), report single crystal
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production with thermal cycling techniques. The general technique

is to hold four hours at 1200° C followed by seven days at 840° C.

The cycle is repeated three times to produce crystals of acceptable

size. Rapperport indicated that single crystals could not be grown

until the hydrogen was removed. Argon also reportedly retards

crystal growth (36). The procedure used by Rapperport was to

remove the hydrogen by heating in a dynamic vacuum. The specimen

was then encapsulated in an evacuated quartz tube and the thermal

cycling procedure carried out.

Wilson and Picklesimer (36) developed an electron beam heating

technique which allowed them to control temperature gradients in

the specimens. Grain growth in their experiments depended on a

steep temperaturegradient. Maximum temperatures of 1200° C

were used while the beam was carefully controlled to promote beta

grain growth. The beta to alpha phase transformation was not said

to be a problem in their apparatus. They reported, however, that

there was a difference in crystal yield depending on which starting

material was used. Beta stabilizers of low solubility such as iron

may promote the growth of beta grains as they are swept by the

temperature gradient along the specimen (36). Mills used a technique

similar to that of Wilson and Picklesimer in his investigation (24).

Both Mills and Wilson and Picklesimer reported that Laue patterns

were diffuse until a 30 hour annealing heat treatment was employed.
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III. MATERIALS

Zirconium used in this research was purchased from Nuclear

Metals Corporation. The analysis supplied with the metal is given

in Table 4 along with analysis by Wah Chang Corporation as received

and an analysis made after a zone pass.

Zirconium is produced by a rather unique process which is

complicated by the occurrence of hafnium in zirconium ore. The

most important ore is zircon (ZrSi ) which is found as a sediment

after weathering of igneous rock. Large crystals are considered to

be semiprecious gems, however most zircon is found in small grains.

Zircon has a brown color, a specific gravity of 4.7, and is harder

than quartz. The ore is usually concentrated in stream beds or in

beach sands. The beach sands are worked for titanium so that zircon

is a biproduct of titanium production. Zircon is further concentrated

by gravity separation after which electrostatic separation removes

only the zircon and monazite. Monasite is removed by magnetic separ-

ation. Zircon is therefore rather easily separated from the gange.

Baddeleyite, a nearly pure Zr02 , is more economical to reduce,

however , it is not as readily available as zircon and is therefore

not as important.

Zircon is reduced by heating with carbon to form zirconium

carbide, which then reacts spontaneously with chlorine to form



19

zirconium tetrachloride. Zirconium tetrachloride is fed into an ion

exchange column which separates hafnium from zirconium. The

zirconium output from the column is treated with ammonium hydroxide

precipitating zirconium hydroxide. Zirconium hydroxide is roasted

TABLE 4. Zirconium crystalbar analysis

Names Wah Chang
As ReceiVed

ppm

Wah Chang
After Run

ppm
Element Bar 1

ppm
Bar 2
ppm

Al
B

<35
< 0.5

<35
< 0.5

C 14 43 140 100
Ca <15 '<15
Cd < 0.5 < 0.5
Co <5 <5
Cr <25 <25
Cu <25 <25
Fe 90 270 115 285
H 8 13
Hf 200 250
Mg <15 <15
Mu <25 <25
Mo <5 <5
N <10 <10 34 33
Na <20 <20
Ni <25 <25
0 51 30 50 130
Po <10 <10
Si <25 <25
Sn <10 <10
Ta <50 <50
Ti <25 <25
V < 5 < 5
W <25 <25 <25 <25
Zr <9 9 . 9 6%

to form zirconium oxide. The oxide is again converted by chlorine

to form the tetrachloride. Zirconium tetrachloride is reduced by
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the Kroll process which is essentially the reduction of a metal halide

with a more reactive metal, in this case replacement of zirconium

with magnesium in the tetrachloride. The magnesium tetrachloride

is vacuum distilled off leaving zirconium sponge. Sponge zirconium

is compacted and vacuum melted in a consumable electrode arc

furnace producing reactor grade ingots.

Ultra high purity zirconium is further refined by the iodide

process. The zirconium sponge is placed in an iodine solution within

a vacuum chamber. Zirconium iodide vaporizes in the chamber con-

tacting hot zirconium wires where the iodide dissociates depositing

a pure metal in relatively large crystals. The product is called

crystal bar zirconium which was the material used in this work.
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IV. APPARATUS

The special equipment required for the present work included

a zone refiner, a cryostat, and a cell for electrolytic machining. An

Instron tensil machine, diffraction equipment, and metallographic

equipment were available.

The largest single equipment effort was the design and construct-

ion of the zone refiner. Figure 4 is a photograph of the complete zone

refiner in operation. Details of the design and construction are

included in Appendix 2. The vacuum system for the zone refiner in

its final form consisted of a two stage mechanical pump with a water

cooled trap, a small diffusion pump, and a sublimation pump which

in operation was only used to bake out the system. The zone refiner

was contained in an 18 inch bell jar resting on a feed-through collar.

Figure 5 is a diagram of the vacuum system. High current feed-

throughs were added so that the specimen's resistance could be used

for heating before, after, and during the run. The electron beam

gun was operated at a high positive voltage while one end of the

specimen was grounded to provide the electron acceleration necessary

for the heating. The electron beam was traversed along the specimen.

The power supplies were adequate to melt specimens with either

resistance heating or electron beam heating alone. A diagram of the

overall electrical system is given in Figure 6.
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Figure 4. Zone refiner in operation.
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Figure 5. Diagram of vacuum system.
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Figure 6. Diagram of overall zone
refiner power supply.
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The electrolytic machining cell consisted of a d. c. power

supply, a beaker to contain the salt water, a wire loop, and a lid for

the beaker which held the specimen and wire in position. A Buehler

Electropolisher was used as a d. c. power supply.

The cryostat was designed similar to the one reported by

Behrsing and Lucas (4). The specimen was gripped in stainless steel

grips as shown in Figure 7. The grips were attached to the tensile

rods with titanium pins to minimize thermal conduction into the

specimen. A plastic cup contained the refrigerant while a brass

shield on the upper grip contained the gasses and acted as a radiation

shield. The assembly was surrounded by insulating foam which was

contained in a relatively heavy liquid nitrogen cooled aluminum radia-

tion shield. Outside of the shield was another layer of foam and

finally the vacuum tight outer container also constructed of aluminum.

The upper vacuum seal transmitted the load to the load cell through

a bellows to prevent friction forces from altering the readings. An

Instron Model TTC testing machine with a speed reducer described

in Appendix 4 was used for straining the specimens. Metallographic

examination was done with a Bausch and Lomb research metallograph.

The metallographic preparation was carried out by chemically polish-

ing after hand sanding with 600 grit paper. Only chemical polishing

was used on specimens after the crystals were produced.
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Figure 7. Specimen in one grip.
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V. PROCEDURE

Specimens were prepared from crystal bar by swaging and

centerless grinding to approximately 1/4 of an inch in diameter.

The specimens were heated by an electron beam using the method

developed by Wilson and Picklesimer. Initial beta grains grew easily

to lengths of up to four inches. The beta-alpha transformation, how-

ever, did not form single crystals. Alpha grains had a crystallo-

graphic relation to the original beta and in many cases a continuous

alpha matrix was observed with islands of alpha in a different orienta-

tion. The specimens usually appeared to be single crystals from

their diffraction patterns; however, other variants were brought out

clearly in polarized light. The round specimens were rolled to make

flat specimens 0. 050 inches thick by about 0.30 inches wide to

improve the internal temperature gradients. Flat specimens im-

proved the beta-alpha transformation but did not completely solve the

problem of islands of another orientation.

Seventeen of the 84 specimens which were originally electron

beam heated were found to contain clean single crystals with a

minimum amount of variants. The criterion for acceptance was that

there be a clear path across the specimen in which slip could occur

without intercepting any variants on either side.

The specimens were selected by examination under polarized
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light. They were carefully cut from the bar by a water cooled cut

off wheel and electrolytically machined in a salt water bath to produce

a reduced center section. Specimens were again chemically polished

and re-examined under polarized light. The variants observed in the

specimens would have gone unnoticed without a careful examination of

properly prepared specimens under polarized light. A stain etching

technique was developed which made the alpha variants visible to the

unaided eye. The reliability of this technique, however, was question-

able for some of the specimens, consequently it was only used for a

preliminary selection of areas for more careful examination. A

chemical polish was developed which gave more consistant results

than the ones taken from the literature. The chemical polish designat-

ed AILBIO (2) consisted of 45 ml 30% hydrogen peroxide 45 ml nitric

acid and 10 ml hydroflouric acid. Ammonium biflouride was

added slowly to this solution because of a rather violent reaction until

a saturated solution was obtained. The final solution was then added

to an equal amount of distilled water. No attempt was made to store

the chemical polish.. The original polish (AILBIO), however, does

keep with refrigeration and was stored prior to its use in the modified

solution. A stain etch which distinguished alpha variants consisted of

400 ml water, 200 ml nitric acid, 100 ml hydroflourosilicic acid, and

50 grams ammonium biflouride. The stain etch is a modification of

the chemical polish designated AL 3-15 (2). Both chemical polishes
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are used by either immersing the specimen in the solution or by

swabbing.

Typical photomicrographs using polarized light of both accept-

able and unacceptable specimens are shown in Figures 8 and 9 respect-

ively. Figure 10 shows a macrographof a stain etched specimen with

alpha variants present.

Specimen machining was performed electrolytically. The area

of the reduced section was carefully marked with a marking pen

before applying a relatively heavy layer of "Microstop ". After the

"Microstop" dried the area to be machined was cut away with a razor

blade. The specimen was placed in a beaker of salt water and

positioned at the center of a copper wire loop. The wire was insulated

down to the loop so that only the loop acted as the cathode. The

specimen was electrically connected at the top to form the anode. The

voltage from a d. c. power supply was increased until a current of 5

amps was reached, usually near 30 volts. The zirconium specimen

was attacked rapidly producing a finished specimen in one to two

minutes. The finished surface was frequently rough, however, the

width of the reduced section was quite uniform from top to bottom.

The rough edges were readily smoothed out with a chemical polish

which was used before the final examination under polarized light.

If the specimen was acceptable under polarized light, a diffraction

pattern was made on both the front and back surfaces. Only those
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Figure 8. Acceptable specimen.

Figure 9. Unacceptable specimen.
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1

Figure 10. Macrograph of specimen stain etched
to show alpha variants.
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specimens which gave sharp diffraction patterns and which gave the

same orientation from both surfaces were used in the study. The

zone axes were plotted from the diffraction patterns onto a stereo-

graphic projection to facilitate calculations of the resolved shear

stress.

The temperatures used for testing crystals were liquid helium

boiling point 4. 2° K, liquid nitrogen boiling point 78° K, isopentane

freezing point 113° K, carbon dioxide sublimation temperature 195° K,

chlorobenzene freezing point 228° K, carbon tetrachloride freezing

point 250° K, and room temperature 293° K. Refrigerant was added

until a thermocouple on the specimen indicated that the test tempera-

ture was reached. Specimens were initially loaded at 0. 002 inches

per minute. The specimens usually deformed only a few thousandths

of an inch plastically before the stress level became essentially

constant. The strain rate was then cycled between 0. 002 and 0.02

inches per minute. The chart drive speed was simultaneously

changed by a factor of ten allowing a direct interpretation from the

Instron chart paper. The adaptation of the Instron Model TCC to load

at 0. 002 inches per minute is described in Appendix 4. Slip angles

were verified by aligning the slip lines with one of the traverse

directions on the metallograph's specimen stage. The slip angle

was the angle between the specimen axis and the traverse line.
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Intermediate test temperatures were obtained by the following

procedure. A stainless steel cup was soldered to the lower grip and

extended up over the top of the specimen so that the specimen was

immersed in a bath of the refrigerant (Figure 11). The cup was

filled with the proper solvent to produce the desired temperature.

A copper tube sealed at one end was placed in the solvent and liquid

nitrogen added until a large block of frozen solvent was formed

around the tube. The freezing point of the solvent was thus maintain-

ed by adding liquid nitrogen to the tube as required to maintain solid

solvent in the bath. The exception to this technique was the dry ice

in acetone bath in which the dry ice was added directly to the acetone.

Temperatures were measured in all cases by a thermocouple in the

bath to ensure that the temperature remained constant.

Liquid helium data was obtained by the following techniques.

The specimen was clamped in the grips with a plastic cup positioned

to retain the refrigerant. The transfer tube was attached to a small

extension tube which sprayed the liquid directly on the specimen. The

thermocouple was attached by a thin copper wire to the specimen on

the side opposite the side sprayed by the helium refrigerant. A brass

"shim stock" radiation shield was lowered over the cup and transfer

tube extension to help retain the helium gas. The whole assembly

was surrounded by foam insulation. Outside of the insulation was an

aluminum box which had a tank to contain liquid nitrogen and act as a
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Figure 11. Specimen in
refrigerant
cup.

I' '11,71Tui.I-1:1

Figure 12. Specimen in
cryostat as
used for liquid
helium testing.



35

radiation shield. Beyond the liquid nitrogen radiation shield was

another layer of insulation and finally the outer aluminum vacuum

tight container (Figure 12). Detailed instructions for use of the

cryostat are given in Appendix 3.
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VI. RESULTS

The raw data is listed in Appendix 1. Proportional limit was

determined by laying a straight edge on the stress-strain curve which

was made with the load rate at . 002 inches per minute and the chart

rate at one inch per minute. The values after calculation are given

in Table 5 with the 0. 02%, 0. 1%, and 0. 2% flow stress for compari-

son.

Strain rate sensitivity data were measured from the difference

between the lower strain rate curve and the higher strain rate curve.

The load amplification scale was set in most cases at 500 pounds full

scale so that . 1 inches represented five pounds. Machine lag com-

bined with the low sensitivity gave a possible reading error as great

as one pound in most instances. Loading rate was cycled several

times; however, the load change increased with strain so that the

first cycle was usually measured.

Critical resolved shear stress was calculated from the angles

measured on the Laue pattern and verified with the metallograph.

Laue patterns were overlaid with the appropriate Greninger chart and

were plotted on a stereographic projection. The angles were measured

from the tensile axis to the pole of the slip plane and to the slip direct-

ion. Shear stress was calculated by the following equation:

CRSS = P/A. Cos 0 Cos (I)

where 0 and (I) are the angles shown in Figure 13 (11).
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Table S. Calculated results.

Specimen Proportional
Limit

psi

Flow Stress Activation
Vov17 e

Number
Temperature

°K
0.02/

psi
0. 1%

psi
0. 2%

psi

62 4.2 12, 300 12,600 12, 750 13, 000 5.2

75 4. 2 12, 500 12, 880 13, 400 13, 950 7. 8

71 78 9, 940 10, 500 11, 450 12, 350 55, 3

74b 78 10, 800 11, 400 12, 200 12, 450 40.2

64 123 4, 780 5, 380 6, 580 7, 030 80.2

64b 123 5, 270 6, 120 8, 160 8, 500 61. 7

72 170 4, 820 4, 990 5, 700 6, 060 109

61 195 5, 280 5, 600 6, 340 6, 920 109

73 195 S, 660 5, 980 6, 410 6, 800 149

60 228 5, 530 5, 820 6, 370 6, 580 304

72b 228 5, 220 5, 650 6, 740 7, 050 246

71b 250 S, 600 5, 780 6, 680 7, 050 129

59b 293 5, 870 6, 200 6, 380 6, 540 85



Activation volume was calculated by the following equation:

v = kT p

v =

k =

T =

activation volume

Boltzmann's constant (1.38 x 1016 ergik)

absolute temperature

strain rate sensitivity

The strain rate sensitivity is calculated by the following equation:
O 0

ln( )

T1 - T2

where

39

resolved strain rate

T = resolved shear stress

The validity of the approximation for beta was demonstrated by

cycling the load rate from 0. 02 to 0. 2 inches per minute and observ-

ing the same value for beta. Calculated values for the proportional

limit and for the activation volume are listed in Table 5 and plotted

as a function of temperature in Figures 14 and 15 respectively.

Twins were not observed at any temperature. Twice, at high

strain rates, a single twin was observed by a load drop and the

associated sound from the specimen. The characteristic sound of

twinning was frequently heard as: the grips were tightened. No twin-

ning was observed in specimen number 6' shown in Figure 16.

Specimen 62 was strained 21% at liquid helium temperature. Figures
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Figure 16. Specimen 62 after straining at 4. 2°K,
polarized light 50X.
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17, 18, 19, and 20 show slip without twinning at liquid nitrogen,

chlorobenzine, dry ice, and room temperatures respectively. Twins

were observed in specimen 50 which was a polycrystalline specimen

tested at 4. 2°K (Figure 21).

Serrated stress-strain curves were not observed at liquid

helium temperature which indicated the Portvin-Le Chatelier effect

is not significant in zirconium single crystals.

One zone melted specimen yielded a negative strain rate

sensitivity until a rather high amount of deformation had taken place.

After 12% deformation the strain rate sensitivity became positive but

still not as large as that of a zone heated specimen. Two other

specimens exhibited negative strain rate sensitivities, one in liquid

nitrogen and the other at room temperature. The specimen tested at

room temperature exhibited a positive activation volume when it was

cycled between 0. 002 and 0.02 inches per minute, however, when the

strain rate was cycled between 0.002 and 0. 2 inches per minute the

strain rate sensitivity became negative. Button ends were used with

split ring grips for the room temperature specimen which eliminated

the possibility of the specimen slipping in the grips.

A flat crystal was used in liquid nitrogen when a negative strain

rate was observed. A gradual decrease in load was noted when the

load rate was increased to 0. 02 inches per minute while a sharp load

increase was seen when the load rate was decreased to 0.002 inches
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I'.

Figure 17. Specimen 47 after straining at
78°K, polarized light 50X.

Figure 18. Specimen 72 after straining at
170°K, polarized light 50X.
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Figure 19. Specimen 73 after straining at
195°K, polarized light 50X.
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Figure 21. Twinning in a polycrystalline specimen
strained at 4. 2°K. Polarized light 50X,
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per minute. Figure 22 is a copy of one cycle of a typical stress-

strain curve where negative strain rate sensitivity was observed. All

three specimens which exhibited inverse strain rate sensitivity did

return to positive strain rate sensitivity after a considerable amount

of plastic deformation had taken place.

Specimen number 75 was pulled to a total strain of 6. 5% in

liquid helium while the strain rate sensitivity was determined by

strain rate cycling. After the specimen warmed to room tempera-

ture the load rate was again cycled and it was found that the strain

rate sensitivity was unchanged from the liquid helium results.

Structure developed in liquid helium straining was therefore apparent-

ly retained when the specimen was warmed to room temperature.

Retained low temperature deformation structure in zirconium is the

basis for a patent granted Reed-Hill at the University of Florida (15).



400

350

o = Load rate change from 0. 02, to 0. 002 ipm

A = Load rate change from 0. 002 to 0. 02 ipm

I I I i 1 1

0 2 4 6 8 10 12

Strain in inches x 10-3.



49

VII. DISCUSSION

Crystal growing was a major difficulty in this project. The

first attempts at crystal growing were thermal cycling techniques.

The supplier's hydrogen analysis of 11 ppm led us to believe that the

dynamic vacuum hydrogen removal was unnecessary as was the

experience of Soo and Higgins (16). The first specimens were

encapsulated in quartz with zirconium chips and zirconiumfoil.. After

several unsuccessful attempts it was found that the off-on furnace

control resulted in variations of 25° C.

A Lindburg Type 59545 proportional control tube furnace was

purchased and found to give uniform control. The thermal cycling

technique was again unsuccessful. Wilson and Picklesimer had

indicated that argon suppressed grain growth; however, when vacuum

sealed quartz tubes were used they collapsed developing leaks before

the end of the three cycles. No vacuum furnace was available for

extended heat treatments.

Since we had seen no significant grain growth up to this point

another means of crystal growing was investigated. A zone refiner

was found to be available with a small ion pump on the vacuum

chamber. Several low temperature passes were required over a

period of days to keep the ion pump within its operating range. When

the 1200° C pass was finally run . 25 inches in diameter grains were
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developed in the specimen. The undersized ion pump and mechanical

problems with the zone refiner traverse mechanism finally dis-

couraged this effort.

Since the zone refiner was the only technique that indicated

promise, a new vacuum system and zone refiner were designed and

constructed as described in Appendix 2. Initial attempts with the

zone refiner using round specimens were encouraging. Beta grains

several inches in length were rather easily grown. A series of

specimens were produced, some of which were electrolytically

machined and prepared for testing. It was later discovered that

alpha variants could be distinguished in the specimens under polar-

ized light. Single alpha strips were found to run the full length of

the original beta grain but there were also strips of mixed alpha

variants. Initial x-ray patterns did not reveal this problem until a

strip of mixed alpha variants was deliberately aligned in the beam.

An attempt was made to change the cooling rate to promote the

transformation. Both fast and slow traverse rates were attempted

with similar negative results. The electron beam gun shields were

altered first to make the beam narrower and then to spread it out.

Finally, flat strips rather than round specimens were tried and a defin-

ite improvement was observed. The problem of alpha variants was

still not completely solved. The equipment was modified to allow

superimposed resistance heating in a further attempt to control the
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cooling rate as was proved successful for yttrium by N. L.

Mezetsev (23) . Several resistance heating power levels including

one producing an initial temperature above the transformation

temperature were employed. Superimposed resistance heating

aggravated the problem of alpha variants. Annealing for twenty-four

hours below the transformation temperature with resistance heating

was also unsuccessful. Finally a large number of flat specimens

were run without resistance heating, 17 of which were selected as

having acceptable crystals long enough to make specimens.

Figure 23 illustrates the problem of detecting alpha variants.

The specimen has a nearly continuous outer layer of single crystal

with alpha variants near the middle. Other specimens were observed

to have a major portion of single crystal with alpha variants at the

surface.

Several specimens were zone melted. The apparatus, while

rather unsophisticated in that light bulbs were used for a current

limiter, was surprisingly stable and did produce zone melted

specimens with good surface finish (Figure 24). The specimens

produced by zone melting, however, had the same alpha variants

as did the specimens produced by the lower temperature method

of Wilson and Picklesimer. Annealing for three weeks at 840° C

did reduce most of the alpha variants in the melted specimen but had

no apparent effect on another zone heated specimenencapsulated with it.



J a

Figure 23. Cross section of specimen 58.
Polarized light 25X.



53

1111Pii

1111111111111111Ema...,---- -4141111111111ka

41111111ak Ntzulaam=e111;41412

Figure 24. Zone melted specimens.
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Critical resolved shear stress is generally defined as the

resolved shear on an atomic plane which will cause the first slip to

take place. The definition is extremely difficult to apply experiment-

ally. There is generally no way to detect the first slip line so that

various means are used to obtain reproducible results. Rapperport

(28) loaded specimens in increments. After each load application the

load was removed and the specimen examined for slip lines. Rapper-

port's technique is likely to detect the initiation of slip, however

several dangers are inherent in its use. Extreme care must be taken

to ensure that the grips are aligned and that specimens are straight

to eliminate bending which would give low values for resolved shear.

Care is required in handling zirconium single crystals to prevent

deformation from ordinary manipulation. Proportional limit avoids

some of the problems but still may be subject to error from grip

misalignment. Consistent loading rates and chart drive speeds will

allow consistent data points if care is taken. Relative differences

in values are more significant in the proportional limit technique than

are the actual values. A variation of the proportional limit is the

. 01% yield strength which does give a unique point provided the . 01%

is the resolved shear strain. Two-tenths per cent yield point is also

occasionally used. The objection to this method is that a considerable

amount of strain hardening may take place before the data point is

reached and there is difficulty in resolving the . 02% deformation on
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the slip plane. Probably the least well defined term is the one most

often used that being the flow stress. Flow stress at a given strain

is a useful term which has been properly used. Strain rate is a

significant variable in determining the proportional limit. The changes

in critical resolved shear stress with various indepenent parameters

may be much more significant because of the difficulties in definition

than the comparison of absolute values between various articles.

Activation volume is generally determined by measuring strain

rate sensitivity. The technique is either to alternate between two

strain rates or to determine stress relaxation properties. Stress

relaxation experiments are more easily performed on machines

which do not have instantaneous strain rate change capabilities. The

stress relaxation technique is sensitive to the elastic properties of

the tensile machine and generally involves more uncertainties so

that the strain rate cycling technique is preferred.

Strain rate cycling allows direct application by the relation

or the approximation

0

v
dln.y

)= kT (-
drr T

v = kT ( T1 - 72

0 0

1n Y i/Ni

Li (21) notes that the approximation is not a legitimate expression

unless there is only one active slip system and the gamma and tau
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terms are resolved for that particular slip system. Zirconium single

crystals do exhibit only one slip system and resolved shear stress

and strain rates can be calculated. The strain rate sensitivity para-

meter is also used frequently in the literature. Strain rate sensitivity

is usually designated with a beta and is defined by the expression

d 1nNP= dT

The peak in the activation volume curve at 230°K occurs well

within the athermal portion of the proportional limit versus temper-

ature curve (Figure 15). If the peak does in fact represent a change

from one athermal rate controlling mechanism to another the choice

of possible mechanisms becomes rather limited. Another possibility

is a single rate controlling mechanism with a temperature dependent

sensitivity to loading rate which undergoes a minimum or transition

at 228° K. Soo and Higgins reported a minimum in their strain rate

sensitivity curve for Zr-O alloys at room temperature. Levine (19)

showed a knee in his activation volume curve also at 300° K. No

explanation was given in either paper. Generally pure zirconium

single crystal deformation studies have assumed that the activation

volume versus temperature curve was uniform between 200° K and

300° K without data points in this range. Figure 25 is a plot of

Levine's activation volume data superimposed on the data from the

present research. It can be seen that the activation volumes agree
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rather well for the temperatures which coincide. Levine (19), in a

discussion referring to his titanium work, observed an unidentified

thermally activated process in the range of 220°K. to 300 oK which he

suggested might be related to strain aging. A further observation by

Levine was that strain aging temperature dependence would be quite

sensitive to impurity concentration. Stress induced precipitation is

possible as either a thermally activated or athermal process. Strain

aging near 230° K might explain the activation volume peak and could

also help in the explanation of the inverse strain rate effects.

Gillis (14) concluded that negative strain rate effects were

possibly explained by the Johnston-Gilman concept of yielding com-

bined with stress-induced structural instability where the material

is a super saturated solution which requires activation energy to

cause precipitation.

A sharp peak in activation volume may be interpreted as a

change in deformation mode. The change of mode would be easily

reconciled if the flow stress were temperature dependent in this

temperature range. Deformation rate controlling mechanisms in an

athermal region are generally the result of long range stress fields

such as dislocation pinning by large precipitate particles or disloca-

tions on parallel slip planes (12). The argument of stress induced

precipitation from a metastable super saturated solution would appear

to be an acceptable explanation for the observed results. The most
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likely precipitate would be zirconium carbide since carbon has a low

solubility and was present to the extent of 100 parts per million in the

specimens.

An equally acceptable explanation is that the flow stress curve

for the higher strains at which the data was obtained for activation

volumes goes from athermal to thermal dependency at 228° K. The

data indicates that the temperature of transition to thermal dependency

does increase at greater strains, however the shape of the activation

volume curve does not indicate a thermal to athermal transition.

The lower limit of the athermal portion of the flow stress curve

was found at approximately 120° K for 0.02% strain and 190° K for the

0. 2% strain. Generally the temperature at which the flow stress

versus temperature curve becomes athermal increases with increasing

strain.

Various authors have reported different temperatures for the

transition from thermal activation to athermal activation. Rapper -

port (28) placed the transition at 680° K. Das Gupta and Arunachalam

(10) placed it at 560° K and showed that the transition temperature

was independent of oxygen concentration. Tyson (35) in a review

article chose 620° K as the critical temperature and showed that it

was independent of both oxygen and nitrogen content. Soo and Higgins

(33) found a jog in their yield stress versus temperature curve

between 250° K and 300° K which they attribute to a shift in rate
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controlling mechanism from dislocation interaction with oxygen

interstitials to nonconservative motion of vacancy jogs in screw

dislocations. The thermal to athermal transition was placed at 600° K.

Soo and Higgins (32) also investigated zirconium hydrogen single

crystal alloys in which they indicated a break in their proportional

limit versus temperature curves at 200° K for all hydrogen concen-

trations including zero hydrogen. Levine gave the transition temp-

erature of 450° K.

There appears to be a poor correlation between carbon concen-

tration and temperature of athermal to thermal transition,(Table 6).

Oxygen, nitrogen, and hydrogen have been studied and shown to have

no effect on the transition temperature. No detailed study of carbon

effects has been reported.

TABLE 6. Transition temperatures and carbon
concentration from various authors

Author Carbon Concentration
ppm C

Transition Temperature

Levine

Soo and Higgins

23

Not given
450° K

600° K

Mills and Craig 100 560°K-600°K
Das Gupta and

Arunachalam 100 and 500 560°K

Rapperport 30 - 100 680°K
Present work 140 120°K



61

VIII. SUMMARY AND CONCLUSION

Zirconium crystals were produced by a variation of the electron

beam method of Wilson and Picklesimer. Transformation from the

beta to the alpha was the greatest difficulty in the study because of a

tendency to form isolated regions with a different alpha orientation.

The alpha variants were a problem regardless of the zone tempera-

tures used including both the low temperatures used by Wilson and

Picklesimer and zone melting. The final solution was to produce

many specimens and then to search for areas in the specimens which

were free of the alpha variants. A stain etchant was developed and

used to give a color contrast to the variants which facilitated the

initial selection of areas for further examination. Promising areas

were chemically polished to remove the stain and examined with a

microscope under polarized light. A verification of the absence of

variants was obtained from Laue diffraction patterns which were also

used to determine the crystallographic orientation of the single

crystals with respect totheir tensile axes. Extreme care with exam-

ination on both sides was required to avoid alpha variants in the final

specimens. Crystals were electrolytically machined in a saltwater

bath to obtain reduced center sections.

The crystals were strained in an Instron tensile machine at

temperatures from 4. 2°K to 293°K and examined along with the
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stress strain curves to determine deformation characteristics.

Verification of prism slip was made by measuring the angles of the

slip lines with the metallograph and then matching the angles with the

angles of the prism planes measured by x-ray diffraction. Prism slip

was the only deformation mode observed in the present investigation.

Deformation by twinning or basal slip both of which were expected to

be promoted by lower temperatures was not observed at any tempera-

ture. The resolved shear stress on the prism planes was calculated

for the proportional limit, 0. 02% strain, 0. 1% strain, and 0. 2% strain.

The flow stress information was plotted as a function of temperature

to determine the point at which dislocation movement became depend-

ent on temperature sensitive mechanisms. The temperature depend-

ence appears to be related to the strain at which the flow stress is

determined in the range from approximately 120°K to 200°K. Other

authors have found the temperature dependence to continue to at least

450°K and as high as 650°K.

Strain rate sensitivity was determined by strain rate cycling

between 0.002 and 0.02 inches per minute. Activation volume is

inversely related to strain rate sensitivity and is directly related to

temperature by definition. A plot of activation volume versus temp-

erature is frequently made to detect changes in rate controlling

mechanisms for dislocation movement.
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The present investigation revealed a pronounced peak in the

activation volume versus temperature curve at 230°K. Attempts

were made to relate the activation volume peak to strain aging effects

or to the thermal to athermal break in the flow stress versus temper-

ature curve. The cause for the activation peak was not completely

resolved.

Cycling of the load rate normally produces a stress strain curve

which is displaced upward to higher stresses at the higher strain rate.

Occasionally a negative strain rate sensitivity is observed in some

materials. Inverse strain rate sensitivity in stainless steels has

been related to strain aging phenomena. Three specimens in the

present investigation exhibited negative strain rate dependency. One

of the specimens yielded the inverse strain rate dependency in liquid

nitrogen while the other two were tested at room temperature. Strain

aging may be possible with some kind of impurity precipitate, however

no precipitates are seen in the strained specimens.

The following conclusions were reached:

1. Zirconium single crystals grown by the method of Wilson and

Picklesimer should be examined carefully for alpha variants.

2. A plot of flow stress versus temperature is temperature

sensitive from 4. 2°K to 120°K.

3. A peak was observed in the activation volume versus temp-

erature curve at 230 °K.
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4. Neither basal slip nor twinning was observed as a deforma-

tion mode at any temperature from 4. 2°K to 300°K.

5. Inverse strain rate sensitivity was observed for three

specimens.



65

SUGGESTIONS FOR FURTHER INVESTIGATION

1. The negative strain rate sensitivity is an extremely inter-

esting phenomenawhich has not been previously reported in

single crystal work. A thorough understanding of the mechan-

ism involved could contribute to our knowledge of dislocation

movement or to localized stress fields around moving dis-

locations.

2. A zirconium carbide deposit with a highly preferred orienta-

tion was deposited in a continuous adherent layer on the

zirconium specimen when the zone refiner was allowed to

operate in one place at a low power setting for a long period

of time. The carbide layer was much more resistant to

attack by hydroflouric acid than either zirconium or bulk

zirconium carbide. The zirconium carbide structure was

verified by diffractometer studies while the preferred

orientation was inferred from a large difference in relative

intensities between the bulk carbide and the deposit.

3. A considerable scatter in data was observed for the flow

stress at 78°K with most of the results falling above the best

curve through the other data points. A more thorough study

in the liquid nitrogen temperature range might be warranted

to determine whether another mechanism is controlling

deformation at that temperature.
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APPENDIX I.

RAW DATA AND CALCULATIONS

Specimen width and thickness was measured directly with a "v"

anvil micrometer before the specimens were tested. The length of

the reduced section was measured with a scale calibrated in tenths of

an inch. Specimen dimensions are listed in Table 1.

The angle from the slip plane to the tensile axis and from the slip

direction to the tensile axis were taken from a stereographic projection

which was made from the Laue pattern as described in Cullity (9).

Values for 0 and it. are given in Table I. 1.

Proportional limit was determined by laying a straight edge on

the load versus deformation curve and noting the load at which the

curve first deviated from a straight line. The offset at which loads

at various shear strains were measured was determined by multiply-

ing the length of the specimen by the decimal equivalent of the percent

deformation and the cos 43. term.

The strain was calculated from the loading rate and chart speed.

Loads at 0.02%, 0. 1%, and 0. 2% shear strain are given in Table I. 2.

The load change with strain rate is read directly from the Instron

chart.
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Table 1. Specimen dimensions.

Specimen
Reduced Section

0

Number

Test
Temperature

°K
Width
Inches

Thickness
Inches

Length
Inches

62 4.2 .271 .042 .5 45 45

75 4.2 .267 .048 .5 52 40

71 78 .270 .046 7 36 54

74b 78 .227 .040 .4 37 52

64 123 .302 .050 .6 34 57

64b 123 .258 .050 .8 58 34

72 170 .298 .048 .4 39 49

61 195 .271 .042 7 57 35

73 195 .328 .048 .6 49 39

60 228 .293 .057 .5 44 46

72b 228 .272 .041 . 5 41 50

71b 250 .291 .046 .8 38 52

59b 293 .256 .055 .4 45 48
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Table 2. Raw data.

72

Load at Percent Shear Strain

Specimen
Proportional
Limit Pounds

0.02%
Pounds

0.1%
Pounds

0.2%
Pounds

Load with Strain
Rate Change

0.002-0.02 ipm PoundsNumber Temp, o K

62 4.2 280 287 290 295 2.5

75 4.2 340 350 365 380 2

71 78 260 275 300 323 5

74b 78 204 215 230 235 5

64 123 160 180 220 235 7

64b 123 155 180 240 250 8

72 170 135 140 160 170 6

61 195 135 143 162 177 6

73 195 17S 185 198 210 5.5

60 228 185 195 213 220 3.5

72b 228 120 130 155 162 3

71b 250 155 160 185 195 8

59b 293 175 185 190 195 15
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APPENDIX II.

CONSTRUCTION AND OPERATION OF
THE ZONE REFINER

The zone refiner as originally designed consisted of an electron

beam gun, a mechanism for raising and lowering the gun and an

insulated specimen holder. The electron beam gun was an annular

tantalum section supporting a tungsten filament. The filament was

shielded with tantalum discs above and below to concentrate the

electron beam. One end of the filament was grounded to the gun

while the other was insulated with a boron nitride sleeve. A boron

nitride block was placed under the filament loop to prevent shorting

in case the filament sagged during operation. A high positive voltage

was applied to the specimen to cause an electron acceleration from

the grounded gun to the specimen. The filament was heated by a

positive d. c. power supply so no electron drift to the gun would occur.

The specimen holder consisted of a molybdenum rod supported by

insulators with steel arms extended towards the specimen. The

lower support had a sheet tantalum spacer to prevent physical contact

between the zirconium and steel since the zirconium-iron system

forms a low melting eutectic. The upper support had a large tanta-

lum clamp to hold the specimen firmly and provide adequa,te electrical

contact.
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The electron beam gun was raised and lowered by an Acme

thread screw which in turn was driven through a high vacuum rotary

feed-through. The drive motor was reversible and was coupled to a

Graham variable speed transmission to give continuous speeds in

either direction. Further speed reduction was achieved by a one to

twenty gear reduction followed by a one to five final belt drive which

could slip in case the internal mechanism jammed. The combination

allowed useable zone speeds of from one inch in four hours to fifteen

inches per hour.

The electron beam power supply is described in a master's thesis

"Development and Application of a Vibratory Cavitation Tester" by

Sam Edlefsen Graf, Jr. written at Oregon State University in 1951.

Graf's equipment was modified for the project by bypassing the

oscillator section and installing a d. c. filament power supply with a

capacity of 15 amps and 14 volts which was controlled by a variable

transformer. Tungsten filament light bulbs were added in series with

the input to the high voltage supply as a current limiting device. Three

sockets were provided so that by changing or adding light bulbs the

filaments operated in a highly temperature sensitive portion of their

temperature resistance curves. The light bulb arrangement provided

a surprisingly stable electron beam which could be left unattended

even when the specimen was being zone melted.
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The high voltage circuit then consisted of first the light bulb

sockets wired parallel with each other and in series with the variable

transformer. The variable transformer was connected to the input

of a forty to one high voltage centertap transformer. The centertap

was grounded through on overload relay while the ends of the high

voltage windings were connected to the collectors of mercury vapor

rectifier tubes. The d. c. output was filtered by three inductors with

capacitors to ground between them.. An ammeter and voltmeter were

connected to the high voltage line to measure the electron beam power.

Incidental necessities included a filament power supply for the mercury

vapor rectifier tubes, a bleeder resistor for the high voltage as well

as a main power switch and interlock switch to minimize high voltage

shock danger. The electron beam filament power supply described

above was housed in the same cabinet but had a completely separate

circuit after the main power switch.

The zone refiner was originally designed as described above, to

operate with the specimen at high positive voltage and with the gun

and support mechanism grounded. It was later decided that better

control of heating and cooling rates could be achieved by resistance

heating in the specimen while the zone refiner was operating. The

change required a change in polarity of the power supply, isolation

of the electron beam gun and a filament power supply which was

isolated with adequate insulators to withstand the superimposed high
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voltage for the electron beam.

The change in polarity of the high voltage power supply was

accomplished by rewiring the rectifier tubes so their collectors were

grounded rather than the transformer center tap. The high voltage

wiring was also upgraded to withstand the high current required for

heating the electron beam filament. The power supply wiring is

diagrammed in Figure II. 1 after modification.

The filament power supply after modification consisted of a five

amp 110 volt variable transformer with its output connected to the

primary winding of an isolation transformer. The isolation trans-

former output is 12.8 volts with 128 volts input and 20 amps maxi-

mum current with insulation for 2000 rms volts a. c. The output is

rectified by a bridge of four silicon power rectifiers rated at 15 amps

each. (Motorola No. 153). These silicon rectifiers are mounted on

an aluminum heat sink which is isolated from ground by high voltage

ceramic insulators. The negative side of the rectifier output is

connected to the electron beam high voltage output while the positive

side is connected to the insulated end of the elctron beam filament. A

high voltage d. c. ammeter is connected between the rectifier and the

filament to measure the current to the filament. The filament current

is controlled by the variable transformer. The power supply proved

quite satisfactory to reach saturation current with 0. 011 inches in

diameter tungsten wire in a loop using about two inches of wire not
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Filament Power Supply

High Voltage Power Supply

Figure II. I. Zone Refiner Power Supply
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including the connector ends.

The electron beam gun was isolated by replacing the molybdenum

carrier rods with mullite. Isolation could have been readily accomp-

lished except that the carrier rods had to be bent and a considerable

amount of experimenting with both alumina and mullite was required

before satisfactory results were obtained. The filament heater wire

is insulated by a quartz tube which guides it past the grounded parts

of the zone refiner. The high voltage wire is left bare and is heavy

enough so that it will support itself without sagging. The high voltage

power supply is protected from shorting by both the light bulbs and

a disconnect relay as described in the high voltage power supply

section.

Resistance heating is accomplished by clamping the two specimen

ends to the output of a high current d. c. power supply. The resistance

heating power supply consists of a multitap transformer with course

and fine switching arrangement connected to a copper oxide rectifier

rated at 500 amps. The control unit is equipped with a voltmeter and

ammeter so power input can be measured. Maximum voltage is

6-1/2 volts. Either the elctron beam or resistance power supply is

individually adequate to melt specimens. The combined power supply

is stable and does provide controllable heating rates. Figure II. 2

is a photograph of the zone refiner.
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Figure II. 2. Zone refiner.
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The vacuum system was originally designed to pump down into

the one micron region with a two stage mechanical pump and then

pump on down by sublimation pumping. The sublimation pump in

operation was unable to getter the system and in fact the pressure

increased with time. A 1-5/8 inch diffusion pump was then purchased

and installed in order to obtain a better starting vacuum. The pres-

sure still increased when the sublimation pump was turned on and

continued to increase after several hours running. Sublimation of

titanium by an electron beam heating arrangement was found to be

effective but even then the pressure remained constant for about one

hour before the vacuum started to improve. The pressure then

dropped rather suddenly to below 10-7 Torr and remained there for

several hours after the electron beam was shut off. The resistance

type sublimation pump still would not operate even with the 10-7 Torr

starting pressure. The vacuum immediately deteriorated to the 104

Torr range when it was turned on. It was found that the specimens

evolved hydrogen during a zone pass and since zirconium oxide is

unstable at the zone temperature with a vacuum better than 105

Torr there was no necessity for making the vacuum system more

elaborate. Some backstreaming of pump oil was encountered which

may be responsible for the ineffectiveness of the titanium sublimation

pump. The vacuum was measured with a cold cathode ionization gage

which is also very sensitive to backstreaming pump oil.
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The electron beam at low power settings would deposit a sub-

stance on the specimen which was almost unaffected by the chemical

polish. This substance was subsequently identified as zirconium

carbide by x-ray diffraction techniques.

The chemical polish does attack bulk zirconium carbide rather

violently so that the layer deposited by the electron beam must have

some crystallographic relationship to the parent zirconium. The

phenomenon might warrant further study as a possible means of

increasing zirconium's corrosion resistance.

The deposited layer on the specimen disappeared as the beam

was brought up to power indicating that either the layer was unstable

or was diffused into the specimen. The analysis after zone heating

showed no increase in carbon which would support the conclusion that

the carbide layer is unstable at higher temperatures.

A water cooled trap was added to the mechanical pump which

was effective in reducing the oil contamination in the cold cathode

gage. An attempt was made later at decreasing the backstreaming

of diffusion pump oil with a dry ice and acetone trap. No measureable

improvement was noted so that this trap was not used in the zone

heating of specimens used in the thesis.

The vacuum system used in the crystal growing consists of a

two stage mechanical pump with a base pressure of 10-4 Torr, a

water cooled trap, a bellows sealed roughing valve, a normally
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closed solenoid operated backing valve, the 1-5/8 inch diffusion

pump, a bellows sealed high vacuum valve, a sublimation pump

chamber, and a bell jar mounted on a feed through collar. The

bleeder valve, cold cathode ionization gage and thermocouple gage

are mounted on a common fitting between the roughing valve and the

sublimation pump chamber (Figure II. 3).

Fifteen inches of stainless steel pipe with a nominal diameter

of 12 inches was used for the walls of the sublimation pump chamber.

An "o-ring" groove was cut in each end of the pipe to form a seal

with 3/4 inch aluminum tooling plate used for the top and bottom of

the chamber. The bottom plate has three additional "o-ring" seals,

one for the titanium sublimation unit, one for the roughing line, and

one for the high vacuum line. The top plate has a 7 inch diameter

hole leading into the bell jar. Three electrical feed throughs and a

rotary feed through were installed in the top plate before the feed

through collar was purchased. Eight steel rods are tapped into the

top plate and extend through the bottom plate to hold the assembly

together. The sublimation pump chamber hangs from the top plate

which is supported with foam rubber spacers on a steel frame. The

steel frame is also mounted on foam rubber to minimize vibration

transmitted through the floor from the mechanical pump. The high

vacuum feed through collar with 16 ports is sealed to the top plate

with an "0-ring". A Neoprene "L type" gasket seals the bell jar to
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Figure II. 3. Zone Refiner Vacuum System. View A.
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the high vacuum collar. The bell jar is made of pyrex with an outside

diameter of 18 inches and with a height of 18 inches. An expanded

metal safety screen was constructed and placed over the bell jar for

protection in the event of an implosion. The bell jar was cooled from

one side by an electric fan. During operation when large zirconium

specimens were resistance heated near their melting point, the bell

jar became quite warm on the side away from the fan.

The diffusion pump is protected against both low water pressure

and power failure. The normally closed solenoid operated backing

valve will close in a power failure to prevent air from coming back

through the mechanical pump. A 60 second delay keeps the valve

closed long enough for the mechanical pump to pump down the rough-

ing lines. Cooling water for the diffusion pump is routed through a

pressure sensitive switch. The switch actuates a relay interrupting

the power supply to the diffusion pump when the water pressure is

either decreased or shut off.

The operating procedure was as follows. Normally the mechan-

ical and the diffusion pumps were both left on and were left pumping

on the vacuum chamber unless a prolonged period without use was

anticipated. A specimen was loaded by first closing the valve be-

tween the diffusion pump and the vacuum system and then bleeding

nitrogen or air into the system with the bleeder valve. When the

system reached atmospheric pressure the bell jar was removed
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exposing the zone refiner. The previsously zoned specimen was

removed and the new one mounted in the grips taking care to center

the specimen in the electron beam gun. The gun was then run through

its complete travel by turning the pulley by hand to make certain the

specimen would not come too close to the gun in any part of the travel.

Filament continuity was checked by turning on the power supply and

quickly increasing and decreasing the filament power just enough to

move the ammeter. After both of these checks were completed the

bell jar was replaced on the feed through collar making certain that

no lint was on the seal or ring and that a very small amount of

vacuum grease was still present on the seal. The diffision pump

backing valve was closed before the roughing valve was opened to

prevent air from oxidizing the hot diffusion pump oil. The rough

vacuum was monitored by the termocouple gage while the system

was initially pumped down. When the vacuum reached 100 microns

(102 Torr) the roughing valve was closed and the backing valve

opened while the system was filled with pre-purifiednitrogen gas.

The backing valve was again closed before the roughing valve was

opened. The diffusion pump was isolated, that is closed off at both

ends, during the roughing cycle so in the event that the system did

not pump down to 100 microns within a half hour the roughing valve

was closed and the backing valve reopened for about a minute to

prevent a build up of air leaking into the diffusion pump assembly.

After the system reached 100 microns the second time the backing
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valve was opened, the roughing valve closed, and the high vacuum

valve opened to the system. The high vacuum valve was opened slow-

ly to minimize the diffusion pump oil backstreaming problem. Due to

the small diffusion pump size relative to the system size a fairly long

pump down time was required. The cold cathode ionization gage was

turned on when the thermocouple gage showed one micron. The most

satisfactory procedure was to wait about ten minutes for the vacuum to

reach 10-4 Torr and then turn on the sublimation pump to filament

number one (where the titanium was exhausted) and run at 35 amps

for half an hour or until the entire sublimation pump chamber was

quite warm on the outside. The sublimation pump was turned off and

after a few minutes the electron beam filament was heated to outgas

the filament and gun assembly. Filament outgassing required about

one hour for a new filament and only a few minutes for one that had

been used previously. The cold cathode gage was turned on for a

reading and then turned off during this outgas sing period to minimize

gage tube contamination. The filament was turned off and the diffusion

pump allowed to pump overnight on the system. The vacuum was

usually about 2 x 10-6 Tor r in the morning. The cold cathode

gage was frequently slow to start at this pressure but would usually

start when the filament was again heated. Occasionally it was nec-

essary to provide a pressure burst by turning on the sublimation

pump in order to start the gage. If the gage still refused to start or
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was unstable due to contamination, a power supply was borrowed for

the hot cathode gage tube which was permanently installed in the feed

through collar. When both gages were operating properly their agree-

ment was within a factor of two below 5 x 10-4 Torr.

Operation of the zone refiner is described as follows: The

power supply was turned on and the voltage increased to about 500 volts.

Filament power was increased until saturation was reached. Power

was controlled by the voltage applied to the electron beam gun assem-

bly. Temperature was measured by an optical pyrometer with a

correction due to the deposited metal on the bell jar. The correction

was determined when necessary by placing a light bulb behind the bell

jar and adjusting its filament temperature to the specimen temperature

with a variable transformer. The correction used was one half of the

difference in temperature measured when looking through both thick-

nesses of the bell jar and when looking directly at the light bulb. The

temperature measured was not the highest temperature of the speci-

men since the hottest portion was obscured by the electron beam gun

assembly. It was however possible to correlate from one run to the

next by measuring the temperature just above the gun assembly.

When the desired temperature was reached the light bulbs in series

with the power supply were changed until the filaments were operating

in a "bright yellow" temperature range. The gun was left stationary

for a few minutes to allow a large starting grain to grow. Finally the
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traverse drive was started and the speed adjusted by measuring the

time required for the drive gear to make a full revolution. One

revolution per minute on the drive gear represents one inch in 25

minutes traverse rate. As the electron beam gun moved away from

the lower grip a power reduction was necessary particularly when

melting. The zone refiner traverse was run until the desired length

had been covered when the traverse was stopped and the power gradually

decreased. At least one hour was allowed before the system was

opened.

Cooling rate may be increased after ten minutes initial cooling

by closing the high vacuum valve and slowly introducing pre-purified

nitrogen. A slight vacuum was left in the bell jar for about one half

hour before the final bleeding and opening of the system. The run

was started as early in the day as possible so that the specimen could

be removed and replaced by a new one in time for the pump down

procedures. A specimen per day was possible without rushing when

the equipment was operating properly. No change in procedure was

required for superimposed resistance heating. The resistance heating

unit was turned on and adjusted to the desired power level usually

before starting the zone refiner but could be readjusted or turned off

during the run if necessary. The cooling fan on the resistance heating

power supply in its present position did create enough draft to cool

the diffusion pump below its operating temperature when the draft
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shield was removed. The most important considerations in operating

the system are first to never allow air to enter the diffusion pump

when it is hot, second to never allow air in the vacuum chamber when

the equipment is hot, and third to respect the high voltage output from

the electron beam power supply as it is operating in a voltage range

and with enough power where it can be lethal. When using the hot

cathode gage allow a few minutes for cooling after it is shut off to

prevent oxidation of the filament and radiation shields.
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APPENDIX III.

CRYOSTAT

The cryostat was designed from a description and drawings in

an article by Behrsing and Lucas (4). The liquid helium transfer tube

was inserted vertically through the top of the cryostat rather than

horizontally through the back.

Grips were made from two stainless steel plates which pinched

down on the specimen by four screws. The grips were attached to

the cryostat tensile rods with titanium pins. A bellows seal connected

the upper tensile rod to the vacuum chamber while the loading rod was

"o- ring" sealed. No friction forces were transmitted to the load cell

although vacuum loading on the bellows may be significant and was

substracted from specimen load. The correction for the bellows was

29 pounds at 26 inches of Hg. The cryostat door is loosely held so

that only vacuum will be sealed while pressure is immediately re-

leased. Figures III. 1 and III. 2 are photographs of the cryostat

installed on the Instron.

The tensile machine used is an Instron Model TTC. A four

gear speed reducer was made to provide a ten to one reduction ahead

of the final synchronizer drive gears :to allow loading rates down to

0. 002 inches per minute. (See Appendix IV.) The quick change load

rate selector allowed selection of the gear train in the special low
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Figure III. 1. Cryostat mounted in the Instron
testing machine.
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Figure III. 2. Specimen in plastic cup used to
contain liquid helium.
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position or with a 10X multiplication in the special high position.

The helium transfer tube (Figure III. 3) was specially built to our

dimensions by Cryolab division of Statics-Dynamics, Inc. Vacuum

insulation was used and a valve provided to control the flow of liquid.

It was thought that the valve could be used to throttle the flow provid-

ing temperatures between liquidhelium and liquid nitrogen. In practice

with the valve barely open the specimen temperature was close to that

of liquid helium. As the valve was opened the temperature stayed

essentially constant until liquid reached the specimen. The time

temperature curve would suddenly break when liquid helium temper-

ature was reached with the specimen reaching 4. 2°K very quickly.

A copper- constantan thermocouple was attached directly to the

specimen on the side away from the helium transfer tube with copper

wire. A calibration of the thermocouple was made. The thermo-

couple was tied directly to the end of the transfer tube inside a

plastic cup with foam pieces arranged so that the cup was protected

from thermal radiation. The transfer valve was opened and several

liters of helium transferred rapidly to assure that the thermocouple

junction was actually immersed in liquid helium. A test tube filled

with mercury immersed in an icewater bath was used for a "cold

junction". The temperature dropped immediately to 4. 2°K and was

stable as long as the helium valve was open. The procedure for

liquid helium testing is as follows: The cryostat is temporarily
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Figure III. 3. Liquid helium transfer tube.
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supported on the crosshead and lowered to the lowest position. The

transfer tube was slowly inserted in the 25 liter helium Dewar which

was positioned behind the Instron on 1-5/8 inch blocks. The valve

was opened for a minute to purge the tube before the tube touched the

liquid. After closing the valve the transfer tube was lowered far

enough so that the elbow would clear the top of the Instron. The

Dewar was slid with the blocking until the end of the transfer tube was

directly over the center of the hole in the cryostat. The crosshead

with the cryostat was then slowly raised, with care to avoid binding

or bending the tube, above the working position and the set screws

run out to support the assembly. The cryostat was lowered onto the

set screws and the pin was placed through the tensile rod. Blocking

under the cryostat was removed by lowering the crosshead. The

transfer tube was lowered until it touched the bottom of the Dewar

and then raised about 1/4 inch. The other end of the transfer tube

was then in position in the cryostat, however adjustments up to 1/4

of an inch up and down could be made without damaging the tube. The

"o-ring" seal was pushed into its groove and the brass retaining

clamp tightened down with the two screws provided. After the top

grip was attached to the specimen the thermocouple was attached to

the forward side of the specimen with fine copper wire. A thermo-

couple check was made by holding a finger on the bead and noting an

output at the recorder. The plastic cup was fitted onto the bottom
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of the specimen before attaching the lower grip. The Instron cross-

head was lowered until the tensile rod heater almost touched the

bottom of the cryostat. The upper grip was connected to the upper

loading rod with the titanium pin provided. The crosshead was

raised while carefully guiding the lower grip into the lower loading

rod t o avoid damaging the specimen. The lower titanium pin was

inserted when the holes were aligned. The "S" shaped stainless steel

tube was attached to the end of the transfer tube while the other end

was positioned so that it is headed directly at the back side of the

specimen inside the plastic cup. The nitrogen transfer tube slid in

its feed through so it could be raised, sprung over, and lowered into

the cup. The brass radiation shield was lowered over the cup. Two

slits in the radiation shield allowed the two transfer tubes to pass

through the shield. The plastic cup was transparent enough so that a

final check of the position of the transfer tubes and thermocouple

could be made. The inner foam block was then inserted. The door

of the liquid nitrogen shield was put in place and the outer foam block

inserted. The outer door was closed and a vacuum pulled to remove

moisture from the cryostat insulation.

The tank for the inner shield was filled with liquid nitrogen and

kept full. Thermal contraction of the loading rods and specimen

preloaded the specimen so it was necessary to unload it periodically

during the cool down.
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Liquid nitrogen was introduced into the chamber either through

the nitrogen transfer tube or through the upper loading rod. It was

necessary to allow time for all parts to cool. The nitrogen transfer

was stopped and a vacuum ptilled to remove the remaining nitrogen.

The helium transfer valve was opened slowly to obtain maximum

cooling effect of the helium gas and to avoid an explosive pressure

surge that would result if too much liquid was suddenly transferred

into the relatively warm chamber. After the temperature stabilized

the valve was set at the minimum setting to maintain liquid transfer

and the test begun. Low strain rates of 0.002 inches per minute were

employed which minimized internal heating. The vacuum pump was

stopped after completing the test and before shutting off the helium so

a positive helium pressure remained in the cryostat during the warm

up. The loose heater was lowered into the liquid nitrogen tank and

both were connected to a variable transformed to speed the warm up

period. A maximum of about 50 volts was applied to avoid melting

the foam. Heat transfer was relatively slow inside the cryostat so

an hour or more was required to bring the temperature up to a level

where frost would not form immediately on the cold surfaces.

Additional heaters would reduce this waiting time. Care was required

in removing the specimen so no further deformation took place before

the microscopic examination.
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APPENDIX IV.

ADAPTATION OF THE INSTRON MODEL TTC
TO LOAD AT 0. 002 INCHES PER MINUTE

A four gear, ten to one, speed reducer was designed using the

standard Instron chart drive gears to fit on the selsyn motor-sender

unit. The final speed selector gears were added on top of the four

gear train to select 10% of any of the usual cross head speeds. The

additional equipment consisted of two small shafts on which the gears

ran. The two shafts are supported by the threaded ends of the syn-

chronous motor and sender units so that no additional supports are

required (see photograph Figure IV. 1). The dimensions for the two

shafts are given in Figure IV. 2.

The driver gear fits on the original shaft so the gear is prevent-

ed from turning by the pin through the driver shaft. The second gear

in the train is put on backwards with a Teflon washer so the pin through

the driven shaft is not engaged. Two small square keys are fitted in

the square grooves provided and are situated so the second gear

drives the third gear on the same shaft. The second and third gears

are free to turn on the shaft. The fourth and fifth gears are similarly

keyed together and are free to turn on the other shaft. The sixth gear

fits up against a shoulder on the driven shaft and is secured to the

shaft between the shoulder and a washer wits a screw. The first gear
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Figure IV. I. Speed reducer as used to drive
Instron testing machine.
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drives the gear train and the sixth gear drives the driven shaft while

the second, third, fourth, and fifth gears are idler gears.

The tolerances on the two shafts are rather close so the gears

will mesh properly and so the idlers will not bind. Teflon washers

were used to minimize friction at both sides of both sets of idler gears.

A few problems are encountered in assembling the gear train to

the Instron. The two gear trains must be put in the opening simultan-

eously since there is insufficient room to move either past the other.

This particular Instron model required a small notch in the frame

around the opening because there was not quite enough room for the

outside gear during assembly of the gear train. The final difficulty

came with holding the driven selsyn unit while the shaft was tightened.

The pushbutton cross head speed selector unit is in the way so that

the driven unit can not be seen. It is poss'ible, however, to remove

the side panel from the Instron and reach the driven unit. A small

allen screw secures the Instron driven shaft to the driven selsyn unit

so that with care an allen wrench inserted in the set screw will hold

the shaft from turning while the outer shaft is tightened. The Instron

power cord was disconnected during this operation to eliminate danger

from electrical shock.


