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Abstract

The deformation processes active in zirconium

deformed at room temperature have been examined. Tension

and compression tests were performed on single crystals

and large grained samples of crystal bar zirconium and

arc-melted crystal bar zirconium. After removal of

hydrogen from the samples, two methods of crystal produc-

clon were used. One was to heat the samples in vacuo for

sight to ten davs at 840° C; the other was to cycle the

samples one to three times between four hours at 1200° Cc.

and five to ten days at 840° cC.

The onl slip system observed at room temperature

210], with sa critical resolved shear stresswas (107

for slin of about 0.65 Kg/mm® in compression. The twin

planes observed were {1012}, {1121}, {1122}, and { 1123}.

The twln parameters -
’ N ’ Le 2 and shear magnitude

were determined experimentally for {1012} and {1122}

twins, and a tentative value for the shear magnitude was

obtained for f11213 twinning.



In addition to the use cv conventional stereographic

analysls, two vector analysis methods were developed for

the solution of twin indices. Approximate thicknesses

were found for §1012}, {1121}, and {1122} twins, and it

Nas observed that there was an inverse relationship

hetween twinning shear and twin thickness.

Thesis Supervisor: Albert R. Kaufmann

Assoclate Professor of Metallurgy

Massachusetts Institute of Technology
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L Introduction

Zirconium is currently of interest because it

combines some physical properties that are highly desir-

able in nuclear reactor applications. In particular,

zirconium combines excellent corrosion resistance with a

low neutron capture cross-section. This combination of

properties suggests 1ts use as a structural component in

reactors. In addition to the properties mentioned,

zirconium 1s easily formed, 1t has a falrly low density,

and 1t can be strengthened considerably by alloying.

The structure of zirconium 1s close-packed hexagonal

at temperatures below 863° C., with a c/a value of 1.5931

at 25° Cc. (Russell, 1954, p. 1047). Above 863° C. the

metal is body-centered cuble and it melts at about 1834° C

Although zirconium 1s quite corrosion resistant at

temperatures near room temperature, it 1s very reactive at

olevated temperatures, tending to react wlth its container

and to act as a scavenger for various gases such as oxygen.

nitrogen, and hydrogen.

Zirconium is ¢ trav “tlon element, having only two

electrons in the 4a shell and two electrons filling the 5s

shell. In thls respect 1t is similar to titanium which

has only two electrons in the 3d shell and two electrons

filling the 4s shell. This similarity in electronic con-

figuration presumably accounts for the marked similarity

of the chemical and physical properties of the two metals.



Although work has been performed to determine the

physical and mechanical properties of polycrystalline

zirconium (Miller, 1954), very little has been done to

jetermine the mechanisms of deformation of single crystals

of the metal. One reason has been the difficulty encoun-

tered in growlng crystals of sufficlent size. The subject

of the present work is the growth of crystals of adequate

size and the testing of these crystals to determine the

operative deformation processes at room temperature.

The mechanics and techniques of determining the

deformation processes of zirconium were very much like

those used in many of the other metals whose deformation

modes have been investigated. A study of this sort

consists of obtaining single crystals, determining thelr

orientations, deforming them under known conditions, and

-hen analvzing the marks and traces left on the sample

surfaces. Some innovations and modifications of procedure

were made in this work, and some interesting and unusual

jeformation systems were found. The great majority of

data reported for deformation processes In close-packed

hexagonal metals show slip occurring on the (0001) plane

and twinning on the {1012} planes. However, in this work

zirconium showed no (0001) slip, and f1012} was only one

of four observed twin vlanes.

All work was done at room temperature on the purest

avallable zirconium. The slip and twin systems reported

vere produced by controlled mechanical deformation; no



extensive experiments were performed to determine the

effect of incidental deformations, such as those caused

by abrasion or thermal stresses.



[I. Discussion of Previous Recorded Work

Verv little work has been reported in the determina-

tion of the deformation processes of zirconium. The only

recorded work found at the time of this writing was by

F. D. Rosi (personal communication to A. P Kaufmann,

1953). This work stated that at room temperature slip

osccurred predominantly on planes of the form {1010} and

twins occurred on planes of the forms {1012} and f11m}.

In addition, Rosl suspected the presence of f1011} slip and

1122} twinning, although he had not found these planes

experimentally.

Titanium is a close-packed hexagonal metal that

behaves chemically and physically very much like zirconium.

value for titanium at 25° C. is 1.5873, which is

quite close to the 1.5931 value for zirconium at the same

temperature. Both elements are in Group IV-A of the

periodic table; both elements have two electrons in an

outermost d shell and two electrons filling the following s

shell. For these reasons the literature concerning the

jeformation processes of titanium was surveyed with care.

Titanium, also. proved to be a metal with somewhat un-

usual deformation modes, similar, in fact, to those found

in zirconium.

Deformation processes in coarse crystals of titanium

jeformed at room temperature were reported by Rosi, Dube,

and Alexander (1953). The deformation processes of single



crystals and large crystals of titanium deformed at room

semperature were reported by Anderson, Jillson, and

Dunbar (1953), by Liu and Steinberg (1952), and by Church-

nan (1954). These studies are summarized in Table I.

churchman (1954) has presented an argument to explain

the variance in the active slip planes as listed in Table

I. This explanation states that the interstitial Impurity

content affects the critical resolved shear stress for slip

In the systems observed. Churchman further states that

{1010} is the principal slip plane and 1s favored by

increased purity.

The direction of slip for titanium in the {1010} plane

has been found to be £1120&gt; (Anderson, Jillson, and Dunbar

1953, and Churchman, 1954). The direction of slip in the

{1011} plane was deduced to be {11203 (Rosi, Dube, and

Alexander, 1953, and Churchman, 1954). The direction of

slip in the basal plane was found to be £1120) (Anderson.

Jillson, and Dunbar, 1953, and Churchman, 1954). The

critical resolved shear stress for slip in titanium was

reported for the active slip planes by the above workers

and is summarized in Table II.



Table I: Summary of deformation planes observed

in titanium deformed at room temperature.

nosi, Liu Anderson,
Mechanism Plane Dube, Stelnper Jillson, Churchman

Alexander &amp; Dunbar

Slip

Slip

Slip

Twinning

Twinning X

Twinning 12,
Twinning {1123

Twinning 1124} |

(~,

(b)

a)
T 1

I

f~)

(0)

(b)

-

(0)
Ie

(b)

(b)

Xt plane observed

(2): no slip analysis reported
b): not reported as an actlve plane

Fable II: Summary of the critical resolved shear

stresses required for slip on the active planes
of titanium deformed at room temperature.

nverage Minimum
Slip Plane Investigator Direction value Value

=" (Kg/mm2) (Kg/mm2)

Tension 5¢3 h.5[1010} Anderson,
Jillson, Dunbar

Anderson, Compression 6.5 (a) 6.5 (a)
Jillson, Dunbar

churchman Tension 9.2 1.

{1011} Churchman Tension 9.9

{00013 Anderson,
Jillson, Dunbar Tension 12.5 10.1

Churchman Tension 10.9 6.73

(a) only one value renorted



I'he twinning indices other than the composition plane

have not been reported on the basls of experimental data

for either titanium or zirconlum. However, there has been

speculation of some of the other indices based on crystal=

lographic geometry (Hall, 1954, and Rosi, Dube, and

Alexander, 1953). Cahn (1954) has given some criticism of

the use of crystal geometry to determine twinning indices

in the absence of experimental data.

Some work has also been reported on the mechanisms of

jeformation operative in titanium deformed at elevated

cemperatures (McHargue and Hammond, 1953) in which it was

found that no new deformation modes occurred.

It 1s to be noted that the slip systems and twin

systems described above for titanium are quite different

From those found in other close-packed hexagonal metals,

Tabulatlons of slip and twin systems are given for some

close-packed hexagonal metals by Barrett (1952), Hall (1954).

and Schmid and Boas (1935). All the close-packed hexagonal

netals listed by these authors have predominantly the (0001)

[1120] slip system and a {1012} twin plane active. Some

exceptions to thls generallty have been found: however,

none of the exceptions have the varlety of active planes

that have been found in zirconium and titanium.

Table III is a summary of the deformation processes of

some of the close-packed hexagonal metals other than

sltanium and zirconium. The data for thls table was



obtained primarily from Barrett (1952), Hall (1954), and

Schmid and Boas (1935). The data on beryllium 1s from

Tuer (1954), and existence of {1010} s1ip in zinc is

»btained from B. Chalmers (personal communication).



Fable III: Crystallography of slip and twinning
for some close-packed hexagonal metals.

c/a at first Second
Metal room Slip Slip Undistorted Undistorted Magnitude

temperature Plane Direction Twinning Plane Twinning Plane of Shear
K K S

Beryllium 1.568

Magnesium 1.624

Zina 1.856

cadmium

ZN =

Zn - £

(000:z

al

(coc.

(20

(cr
[ -

mer

—

(:c1™"

(1012)
TY (1011)

(1012)
LE

(101

(1c17

(o1

(1012) (2)

(1012) (a)

(1012)

(1012) (¢"

(1012) (.

{~01° Vf

0.199

0.12C

0.1 3C

O.171

SA

a) In these twins K_ was not experimentally determined. In line with the

experimental results on zine, K, was assumed to be (1012) and the shear

calculated accordingly.

(b) Found at elevated temperatures.



ITI. Plan of Work

The outline given below is the general plan followed

in the performance of this work.

I. Preparation of samples

A. Fabrication of sample bars

B. Removal of hydrogen from samples

CZ. Growth of large crystals

1) Long time anneal in vacuo

2} Cyclic heat treatment, annealing above
and below alpha-~beta transformation

temperature

D. Selection of usable specimens

1) Polishing samples after growth of

crystals

2) Etching to reveal grain structure

3) Selecting suitable grains for
observation

i. Cutting compression samples to length and
rolishing ends

Ff. Determination of geometry of specimens

1) Measurement of dihedral angles between

specimen faces

2) Preparation and analysis of Laue
photographs of specimens

3) Measurement of mass and cross-

sectional area



[T. Deformation of specimens

\. Final electropolish

B Alignment of deformation equipment

C,» Measurements and observations on samples

heing deformed

1) Deformation by known tensile strains

2) Deformation by known tensile stresses

3) Deformation by known compressive
stresses

III. Analysis of deformation

A. Analysis of slip

1) Determination of slip plane and slip
dlrection

2) Determination of crf*ical resolved
shear stress

Be Analysis of twins

1) Determination of twin planes

2) Determination of other twin indices

a) Vector analysis using goniometric
data

b) Vector analysis using metallographic
data

c) Stereographic analysis using
econliometric data

2) Miscellaneous observations on twinning

2) Relative size versus uniform shear

component

b) Lack of annealing twins



2

T'ne plan of work may be considered to be divided into

-hree phases.

First is the preparation of good quality zirconium

crystals large enough to yleld quantitative information on

the stresses. nresent in slip and twinning. Included here

are such problems a determination of geometry and fabrilca-

tion cf deeirel samnle shapes.

Second 1s the deformation of the zlrconlum crystals

under known conditions, in apparatus suitable for quanti-

ative studies. This phase required bullding special

equipment for compression testing and the modification of

axisting tensile apparatus.

Third is the analysis of the slip and twinning systems

operative In the deformed crystals. This phase includes

ase of vector analysis methods for the determination of

twin indices as well as application of conventional

stereographic analysis to this problem.



[V. Description of Material and Apparatus

A. Material

The zirconium used was of two types: (1) as

jeposited crystal bar zirconium, and (2) arc-melted and

Forged crystal bar. Chemical and spectrographic analyses

of these materials were made, and Table IV shows typical

results. All zirconium used was Westinghouse Grade I

material, low in hafnium content.

The tantalum foll used to wrap samples was quite

sure, as was the fused silica used as container materilal.

B. Apparatus

1) Apparatus for Annealing and Heat Treating

Three furnaces with controllers, and a vacuum system

vere the major apparatus used in heat treatment of the

samples. Two of the furnaces were Hevi=-Duty Electric Co.

furnaces type M-2018=8, chromel wound. These two furnaces

used in conjunction with Minneapolis-Honeywell regulators

nodel 105CLUPS-13 gave a temperature stability of one or

wo degrees centigrade for long periods of time. A zone

six inches long, uniform to two degrees centigrade, was

rbtained in these furnaces by the use of a stainless steel

muffle and careful adjustment of power in each of the three

neating zones.

The third furnace was platinum wound and was used to

attain temperatures bevond the range of the Hevi-=Duty

furnaces. The platinum wound furnace had a four inch zone



Fable IV: Typical chemical and spectrographic

analysis of zirconium crystal bar and
arc-melted zlrconium crystal bar.

Jontent in Content In

Arc Melted Zirconium Crystal Bar Zirconium

ilement Crystal Bar (parts per million,
(parts per million, by welght).

by weight)

Oxygen

Nitrogen

Jarbon

Hydrogen

y

3

J

30

hE

ch

&gt;

110

ho

Aluminum

Calcium

chromium

Jopper

Iron

Magnesium

Vlanganese

Molybdenum

Nickel

Lead

Silicon

Tin

Titanium

vanadium

20 ho

30

30

20

DD)

50

30

25

5

3 A

3

LO

50

9

30

L5

20

20

5

10

10

10

20

3

20

20

Note: Carbon found by combustion.

Oxygen found by hydrogen chloride volatilization
method in which oxygen 1s left as zlreonium oxide.

Jydrogen found by vacuum fusion techniques.

Nitrogen found by a micro-Kjeldahl process after
solution in hydrofluoric acid.

Vletallic elements found by emlssion spectroscopy.



uniform to five degrees centigrade. This furnace was

regulated by a Wheelco controller glving a variation of

plus or minus five degrees centigrade at 1200° c.

The vacuum system was mounted on a movable table and

was capable of producing a vacuum of 5x10™ 1 mm. of

mercury. The diffusion pump was an Eimac Diffusion Pump,

Type HV-1l, and was backed up by a Welsh mechanical pump.

Two vacuum gauges were mounted in the system: a Philips

Jauge, and an lonlzatlion gauge.

The temperatures were measured with calibrated

chromel=alumel and platinum-platlinum, ten percent rhodium

thermocouples. The voltages were read on a Brown Portable

Potentiometer, model 126W3, which was calibrated against

an Eppley Standard Cell, No. 100, by the use of a type B.

Rubicon Potentiometer.

2" Apparatus for Determination of Sample Geometry

The gross geometry of the samples was found by the use

of a Wilder optical comparator, and two machlinist’)s squares,

one six inch size and one three inch size. Auxiliary equip-

ment such as a level and protractor were also used.

The ends of the samples were made flat and parallel by

the use of the jlg shown in Figure 1. This jig positioned

the sample qulte accurately, so that very good end geometry

Jas attained.



”

fixture

sample

-
16 _

90° groove, i/8°

faces ground

perpendicular
to top and bot-

tom surfaces.

lo

Fig. 1. Fixture used to make ends of com

pression samples parallel to one another,

and also perpendicular to one edge of the

sample.



Equipment for Crystal Orientation
Determination

Laue back reflection photographs of the zirconium

3%

crystals were taken on a Unicam S.25 Single Crystal

Oscillation Goniometer. This apparatus ls shown in

Figure 2. A Philips X-ray Diffraction Unit, model 5001,

was used as a voltage source for most of the photographs.

A Philips molybdenum target tube, model 32113, was used

in conjunction with the diffraction unit.

4) Apparatus for Deformation of Samples

Two types of tensile apparatus were used. These are

shown in Figure 3% and Figure 4. The apparatus shown in

Figure 3% allowed a known increment of strain to be put on

a sample wlthin the tensile grips. Thls was done by turne-

Ing the large knurled nut at the top of the apparatus

which in turn pulled a shaft connected to the movable pair

of tensile jaws. This apparatus was very carefully

machlned so that the shaft connection to the movable Jaw

nad only about one-~thousandth of an inch of free play.

The compression apparatus used is given in Figure 5,

Figure 6, Figure 7, and Figure 8. One of the compression

platens of the apparatus 1s the flat face of a halved

ball-bearing, and the other is the polished end of a micro-

neter spindle. The half ball-bearing is mounted in a

bearing metal and the micrometer spindle rides in a

machinists preclsion vee=block.,. The ball-bearing was

nalved to an accuracy of half a thousandth of an lnch by



Figure 2: Unicam S.25 Single Crystal
Oscillation Goniometer arranged to

sake Laue backereflectlon photographs
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Screw

Arrangement
for Applying

Stress

Shank of

Movable Jaw

29

Movable Jaw —

Sample—

J

Stationary
Jaw

Fig.3. Diagram of device used for applying ten-
sion to zirconium tensile specimens.
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|
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| oose Fitting

Steel Collar
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|

Fig4. Tensile grips used for straining zir-

conium samples.
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Fig.5.Schematic diagram of compression apparatus used to deform

single crystals of zirconium.
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Compression Sample

5 gross Clip
“Micrometer Spindle

Vee Block
-

Steel Shaft

|

Lhe

Steel
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Fig.6. Schematic section drawing of the head

assembly of the compression apparatus used to

deform zirconium sinale crystals.
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Flgure T: Photograph of compression
apparatus used to deform single

crvstals of zirconium.



Figure 8: Photograph of the head assembly
of the compression apparatus used to deform

single crystals of zirconium.



dT
pr

orinding, and then a metallographic polish was given 1t.

The compressive force was obtained bv siphoning water

into a bucket at the weight pan ¢f the scale. The force

vas transmitted to the sample bv a pusher rod poised

between the pan of the scale and the base of the micro-

meter spindle. A microscone was mounted to focus on the

surface of the sample for investigation of the surface as

the sample was deformed.

This apparatus was designed to enable compressive

Forces to be accuratelv determined and to minimize bend-

ing momentslnthe sample. The f~lctional resistance of

the micrometer snindle against the vee-block was measured

and found to be negligible:

vas obtalned with good acri

seat the halved ball-hes+”

very small eccentric load

insure that th.

nearly plane

FaTI

Nith the si» ™
I"

"1
rl

77 turn under

E|

taken to

4.
hast-~was very

Coney de ".d

dota bh. y established

o

“mnTme a comt Ta,

» Examinatir~n ~° Deformed Samples

The fefcrmaint wi maviiings we °° examined on a Bausch

and Lomb Research Metallographe. The circular revolving

stage on thls model made 1t varticularly useful for the

determination of the angles of deformation markings, as it

had a vernler marked to read rotation to one tenth of a

jegree.,
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A Bausch and Lomb callbrated eyeplece was also used

on the metallograph as a check on the measurement of the

angles made by the deformation markings. This instrument

had an accuracy of about one fourth of a degree,



T Report of Work Performed

A. Preparation of Samples

The samples were made of Westinghouse Grade I, low

hafnium, crystal bar zirconium. Some crystals were made

directly from the crystal bar by heat treatment, and some

were made from arc-melted and forged material. See Table

IV for typical analyses of the material used.

The first step in the growling of the zirconium

:rystals was to machine the samples to slze. They were

then hand polished and chemlcally etched several times,

and glven an electropolish. A suitable heat treatment was

then employed to grow the crystals, and the crystals were

Fashioned into test specimens. These steps are given

relow in detall.

lL. Preparation of Crystal Bar Samples

The zirconium was machined into rectangular parall-

slepipeds about 0.2 inch on a side and two inches long.

The last step in the machining was a grinding operation.

yielding a good surface and a sample of known external

geometry. The samples were then hand pollshed on emery

paper through 3/0 grade, and given a chemlcal etch

followed by repolishing on 3/0 emergy paper. The chemical

stch used was a solution of 50 percent distilled water, 45

percent concentrated nitric acid, and 5 percent hydro-

fluoric acid, by volume.

The geometry of the parallelepipeds was malinftalned by

“requent measurement of thickness at various points on the
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lengths. After the second hand polishing the samples were

clven an electropolish in a bath containing five parts

acetic acid to one part perchloric acid, by volume. The

cathode used was titanium sheet, and the applied voltage

Nas about sixty volts.

After electropolishing, the samples were washed care-

fully with soap and water, rinsed in distilled water, then

rinsed with pure acetone. They were then wrapped in cleaned

tantalum foll and inserted into a clean quartz tube about

three feet long, sealed at one end. Acetone was poured into

the tube and the samples were agaln carefully rinsed. In

this operation the end of the tube was placed in hot water

30 that the acetone would boll and lnsure thorough cleans-

ing of the samples. Most of the acetone was poured off, and

the acetone remalning in the tube was removed with a

nechanical vacuum pump.

The open end of the quartz tube was then connected to

the vacuum system and a vacuum drawn on the samples. The

tube was flamed and sparked to attain a good vacuum, and

after the vacuum system had run for several days, the

pressure was less than 1076 mm of mercury. The movable

vacuum system was then positioned so that the end of the

Jyuartz tube containing the samples lay lnside a muffle

furnace initially at room temperature.

The temperature of the furnace was raised at a slow

rate (about 200° ¢ per day) so that adsorbed gases might be
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driven from the samples and from the tube walls into the

racuum system. The temperature was raised to the equil-

ibrium value of 840° C slowly enough to malntaln the

pressure below 1072 mm of mercury at all times. The

samples were held at 840° C for about ten days. This heat

sreatment markedly reduced the hydrogen content of the

samples and ylelded some fairly large grains in the

crystal bar zirconium.

Some samples of the crystal bar zirconium and the

arc-melted zirconlum were analyzed for hydrogen before and

after the above heat treatment. These analyses ylelded

the followlng results:

a) Crystal bar zirconium: the hydrogen content

before annealing was forty parts per million by

welght, and after annealing it was two parts per

million.

b) Arc-melted and forged crystal bar: the

hydrogen content before was forty-six parts per

million by weight, and after annealing it was one

part per million.

These samples were analyzed atv Battelle Memorial

Institute by dissolving the samples in an iron bath at

1600° C and analyzing the evolved gases for hydrogen by

the low pressure, fractional freezing method. The

sensitivity of the apparatus used 1s equivalent to about

plus or minus 0.5 part per million of hydrogen for the

CWO gram sample submltted.
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Zirconium seems to form a hydride with even very

small amounts of hydrogen present, and this hydride

appears as a second phase in the microstructure and

changes the deformation char-~-+~ristics (Schwartz and

Mallett, 1953). A photomicrograph of the typical

structure of zirconium before hydrogen removal 1s given

along with a photomicrograph of the structure after an-

nealing in Figure 9.

Samples of zirconium were also analyzed for silicon,

oxygen, and nitrogen before and after annealing to deter-

nine the extent of pick-up of these elements. It was

expected that these would be the major impurities intro-

duced in the annealing process. It was found that the

impurity level of these elements remained quite close to

that given in the initial analysis (Table IV). A typical

analysis of the final level of these elements was found

to be about two hundred parts per million of oxygen, ten

parts per million of nitrogen, and fifteen parts per

million of sllicon, for samples treated as described

above-

The soaking temperature of 840° ¢ given above was

chosen because it was reasonably close to the alpha-beta

transformation temperature of zirconium. This transform-

ation occurs at about 865° C (Burgers, 1934, p. 563).

Samples cycled through this transformation have rumpled

and corrugated surfaces. Therefore, it was desirable to

keep the samples below the transformation temperature
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(A)

3)

Figure 9: (A) Photomlcrograph of crystal
bar zirconium before hydrogen removal.

150x, polarized light.

(B) Photomicrograph of crystal bar
zirconium after hydrogen removal.

150x, polarized light.



oven though the hydrogen might be removed more quickly at

semperatures above the transformation.

Some of the gralns produced by the above treatment

covered the entire cross-section of the sample and grew

to lengths of one-half inch. Grains produced in this

nanner had smooth surfaces and required no paper polish-

ing after the annealing. Judged by the sharpness of the

spots on the Laue back reflection photographs, and from

the appearance of the grains under polarized light in

the metallograph, the crystals were of good quality.

This method gave a yleld of about one good sample for

every twelve or fifteen treated. A photograph of a good

sample produced ln this fashion is given in Figure 10.

figure 10: Photograph of large gralns produced
in a sample of crystal bar zirconium by a

long anneal at elevated temperature.
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One of the main troubles with this method, so far as

this work was concerned, was that the crystals produced

all had roughly the same orientation with respect to the

sample axis. The basal planes of the samples were all

within eighteen degrees of belng parallel to the sample

sxls. Another poor feature of the crystal bar was that

it had growth flaws, such as cracks and crevices, and

these could make it difficult to obtain values of critlcal

resolved shear stress for slip.

The particular preferred orientation observed in

these samples might be expected if one assumed The large

crystals to be formed by simple grain growth. The reason

For this expectation is that the crystal bar zirconlum,

as grown, has this same preferred orientation (Burgers,

1934, pp. 564-569).

At least one other investigation has yielded failrly

coarse crystals of zirconlum by methods basically the

same as that glven above (Brick, Lee, and Greenewald, 1950,

op. 3). However, these particular samples seemed to contain

the zirconium hydride phase which presumably prevented the

ocrowth of larger crystals.

2. Preparation of Arc-Melted Samples

The initial steps in making large crystals of the

arc-melted and forged zirconium was the same as that given

above for the crystal bar samples. Samples of the arc-

melted material recelved the same machining, cleaning, and

annealing treatment. They were then examined for large



ocrains, and those that did not have large grains were

riven an addltlonal heat treatment.

This heat treatment was basically a cycle above and

below the alpha-beta transformation temperature, repeated

several times. Thls was essentlally the mefhod used by

one group of investigators to make large crystals of

titanium (Anderson, Jillson, and Dunbar, 1953, pp. 1191=-

1192).

The zirconium samples that were to be heat treated

by cycling were re-wrapped in tantalum foll after thorough

cleansing, and sealed ln a quartz container at a pressure

below 10-6 mm of mercury. These samples were then annealed

at 1200° C for four hours and then qulckly transferred to

a second furnace set at 840° C and allowed to remain at the

lower temperature for five to ten days. At the end of the

lower temperature anneal, the samples were transferred

sack to 1200° ¢ furnace, and the whole cycle repeated once

or twlce more to complete the treatment. At the end of

the last hold at 840° C the furnace temperature was dropped

to room temperature at a rate of about one hundred degrees

centigrade per hour to avold stressing the samples. When

the furnace reached room temperature, the sealed contalners

vere opened by breaking the ends 1n a vise, This method of

opening insured that very little damage was done to the

samples.
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After cycling, the quartz tubes generally had a

thin flaky coating inside, but The zirconium and

cantalum were quite bright. A typical silicon content

after cycling was about fifteen parts per million, the

oxygen was about two hundred parts per million, and the

nitrogen content about ten parts per million. This

analysis may be compared with that of the untreated

naterial as given in Table IV to show that there was very

little contamination during the heat treatment. The

tantalum foll tended to stick to the zlrconlium samples at

the edges but the wrapping was generally pried off with

no difficulty.

The surface of the samples after this treatment was

rough and rumpled. A photograph of such a sample is

shown in Figure 11. It was necessary to repolish these

samples on emery paper to obtaln rectangular cross-

sections and plane faces. Accordingly, the samples were

very carefully polished by hand on kerosene lubricated

2mery paver through 3/0 paver. They were then given a

chemical eteh in the nitric acid-hydrofluoric acid solu-

tion described above, and repolished on 3/0 and 4/0 emery

napers. The samples were given an electropollsh at this

point and were inspected metallographically. Those

rryvstals larce enoush to use in deformation studles were

gett aside.
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Figure 11: Photograph of a zirconium

sample cycled several times through
~he alpha-beta transformation temperature.

The usable crvstals obtained in this manner covered

che entire cross-section of the rod and were up to three-

quarters of an inch long. It was found that these grains

vere produced with a more random orientation than grains

grown in crystal bar, and the orientations ranged through-

out the stereographic triangle.

Ph stereographic triangle is glven in Figure 12 in

which 1s plotted the axes of all the samples tested. The

point plotted represents, for each sample, the direction

»f the tension or compression axils with respect to the

crystallographic poles at the corners of the trilangle.

The crystals produced by thls method gave sharp

spots on Laue back reflection photogravhs, and looked quite
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uniform under polarized light when examined metallograph-

ically. A typlcal Laue photograph, representative of

srystals produced this way as well as by simple soaking,

1s shown in Figure 1%.

In addition to the methods detalled above, several

other processes of obtaining single or coarse crystals

vere tried. The strain-anneal method was tried with no

success. Luetzow (1950) has made a study of the critical

strain of zirconium and has made crystals up to about

four millimeters in diameter. Churchman (1954), however.

nas been quite successful in using the strain-anneal

technique to make large crystals of titanium.

Another unsuccessful experiment that was tried was

CO cool the samples very slowly from 1200° ¢ through the

transformation temperature. This was done by two methods:

one was to lower the temperature of the furnace contalning

the samples, and the other was to slowly lower the samples,

suitably sealed in quartz, from a 1200° C zone in a furnace

through a gradient into a cool zone. A good deal of ex-

perimentation was devoted to these methods, but they were

not successful.

5. Selection and Preparation of Tensile and

Compression Samnles

The crvstals made by the above methods were examined

and it was declded whether a glven bar was to be retalned

28 a tensile specimen, cut into compression samples, or
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Figure 13: Laue back reflection photograph
of a zirconium crystal. Unfiltered molyb-

jenum radiation, 40 kilovolts, 8 milliamperes,
and 90 minute exposure. (Reduced to
approximately one-half actual size.)
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recycled. In good crystals the factors that influenced

the decision were such things as the location and size of

the usable crystal within the bar and the presence of

other usable crystals in the same bar. For those bars

containing several crystals to be tested in tension maps

of the surface traces of the grain boundarles were made.

These maps were made with the ald of an optical comparator

at twenty times magnification so that faithful reproduc-

tion was obtained. The tracing was then useful for grain

identification and for keeping the geometry and Laue

photographs in good order,

Samples that had onl one large crystal in them with

that crvstal at one end of the sample were cut to make

compression specimens. Also cut Into compression specimens

vere samples with several long crystals, or samples which,

vhen sectloned, would give a larger number of useful

arystals.,

The samnles were mounted and cut quite carefully to

insure minimum damage to the crystals. The samples to be

cut were first glued to flat bars of steel. The steel

could then be gripped in a vise without stressing the

sample. A bar with a sample glued to it was then aligned

under an abrasive cut-off wheel and the cuts were made.

A coolant was used and the cuts were made vers slowly and

N1th extreme care. The cutting process generally caused

mild twinning of the crystal on the cut surface; however,



these twins extended only a few thousandths of an inch

into the crystal and were easily polished off on emery

naper.

The cut ends of the crystals were made flat and

parallel to one another by the use of the fixture shown

in Figure 1. This fixture positioned the samples so

that on each sample the two ends were made flat and also

perpendicular to one edge of the sample. The fixture

was made from a machinistt!s parallel and has a 90° groove

ocround in one face. This groove 1s perpendicular to the

two faces 1t intersects, and it has a slit at 1ts vertex

to accommodate the edges of samples that vary from a

verfect fit.

The sample 1s placed in this fixture and held in

position with onetl!s finger. The fixture and sample are

then pushed across a sheet of emery paper to effect the

polishing of one end. The device 1s pushed in one direc-

tion only, and when one end 1s finished the sample is

turned about so that the opposite end 1s positioned to be

polished. One ought to have the same faces of the sample

against the fixture for each of the two ends polished, so

that the two ends will be perpendicular to the same edge

3f the sample.

Samples ground in this jig had ends that gave the

same micrometer readings on the four corners to within

one ten-thousandth of an inch. The ends were perpendicular

co the two faces which lav acainst the fixture, as was



evidenced by closing out light in the right angle of a

machinistt!s square. These ends were also quite smooth as

they were polished through

this f*rture samnles were mad + that had good end

ceometrvy f Tamraced rating.

I me ~ Refween Faces of the Speclmens

t between adjacent faces of each of

- measured. These angles were Important

Thre

the samples we

hecause thev were necessarv in obtaining the twin and slip

indices, and thev were also necessary in one method of

calculating the cross-sectional area of the specimens.

Figure 14 illustrates the method used to measure the

dihedral angles between the faces of the samples. A sample,

vhose cross-section 1s revnresente’ “rnd, was placed on a

sample in someplane piece of paper, and. bv str

clay, was posltioned so that far were perpen-

dicular to the nlane of the naner
-

ras done by the use

of a three iv. machinist!s square. Pingody were placed at

positions T er

paper. The reflection of these pins off surface ab was

sighted in a thin slit placed normal to the plane of the

paper. A mark was made at four or five polnts where the

observer saw the two plns aligned as one. The line deter-

mined by these marks, ON in Figure 14, 1s the reflected

"and were made normal to the plane of the

jirection of the beam determined by I and II. The line OM,

pisecting the angle made by the lncldent and reflected
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Fig. 14. Optical method of obtaining the dihe-

dral angle between two planes.



beam, is normal to the plane of face ab.

A similar set of operations is performed on the

adjacent face, be, to determine the normal PQ. The angle

between the faces ab and bc 1s then found by extending QP

and MO to intersect at K, ylelding the angle OKP. This

angle is the supplement of the angle ObP, the angle between

che two adjacent faces.

If the sample has plane faces and a uniform cross-

section, one may find all four dihedral angles wilthout

~hanging the initial position of the specimen. Careful

polishing of the specimens Insured this condition. If

this condition were not met, one would align the two faces

&gt;f interest and obtaln the dihedral angle between these

wo faces. Then, upon golng to the next pair of faces,

one would realign the sample so that the second pair of

faces was perpendicular to the plane of the paper. Thus,

n determination of all four angles could be made.

An additional method for determination of the dihedral

angles between faces was used on the compression samples.

This method consisted of measuring the angles directly by

a18ing an optical comparator to project the end of the

sample onto a viewer. Angles measured in this manner

agreed with those measured by the other method to within

plus or minus half a degree, generally, and always within

one degree. This second method also provided a convenlent

method of measuring the cross-sectional area of the



compression samples, since the entire cross-section was

magnified twenty times on the viewer of the optical

comparator. Traces were made from the image on the viewer,

and the measurements made from these traces.

&gt;. Preparation and Analysis of Laue Photographs
:  .rystals

Rack reflection Laue photographs were made of each

srystal to determine the crystal orientation. These photo-

ocraphs were made on a Unicam S.25 Single Crystal Oscillation

GJonlometer. This equipment is shown in Figure 2 with a

sample in place.

Particular care was taken in the alignment of the

apparatus to ensure accurate determination of crystal

orientation. A specimen holder was made to position the

samples so that a face on the sample could be made parallel

50 the film, and one edge in that face parallel to the edge

of the frame of the film holder. The face to be photo-

graphed was posltioned three centimeters from the film to

within one hundredth of a centimeter. All lines and planes

that were to be parallel were checked by the use of surface

plates, squares, and dial indicators. These lines and

planes were all made parallel to tolerances of less than

rne~tenth of a degree.

It 1s estimated that the major errors of orientation

determination stemmed from film shrinkage and errors in the

Greninger chart and the Wulff net. However, these errors

are estimated to be under one-half a degree.
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On each crystal, Laue photographs were taken on each

»f three faces. Each set of Laue pictures so taken was

plotted cn a singlr stereogram, and the orientation of

the ¢rvsta) determlnea 1 -  ns ® standard technlques

(Barrett 1052)

cenersltv checker

me # a

-=he of = glven crystal

x

“the £0 within one degree.

In the few cases Frm rota» than this the fault lay

in misalignment ¢~ +1 sample. Tn thear cas."?r elther a

~ taken. or the remaining two photographs

vere accepted as renmresenting the correct orientation.

new photograph wa:

Care was taken to keen the error of the crystal orienta-

tion determinations te &amp; minimum because the precision was

needed to distinguv’-»among the multiple posribllitles of

active deformatt -» r?anes.

The Lzue photnerrrphs were taken at forty kllovolts

across the =

ment. The t-»

tirrhe and eight milliamperes in the fila-

rr -t ad, 11 was molybdenum and no filter

was used. Evr-v ‘mes ranged from one hour to one and

one~half hours “~t+1~ being the most satisfactory.

All the photograr’- ry. - on me 3 either on a Philips X-ray

Diffraction Unit or "tt alre~ Unit.

" tvplenl photograph, exposed for one and one half

hours at fortv killovolts and elght milliamperes with a

molybdenum target, 1s shown in Figure 13. Some satis-

factory Laue photographs were also made wlth a copper

target at twenty-three kilovolts and thirteen milliamperes.

Hlth no fllter and a seventy minute exposure.



B. Deformation of Samples

The samples, as prepared and processed above, may

be divided into two groups: tensile specimens and

sompression specimens. A detalled description of the

deformation of samples from each of these groups 1s given

below.

l 4 Deformation of Samples ln Tenslon

© Strain Measured

fF{ivo 4 ~ r=ratals deformed 1n tension were

jeformed in the tensll: apparatus pictured in Figure

which was previously discussed in the section on apparatus.

Samples deformed in thls apparatus were elongated to

specific strains. with no measurement of the stresses in-

volved. The flve crystals so tested were A-2la, A-21D,

A-21lc. A-21d, and A-21le. BA singl+«+ bar containing these

five crystals was gilven an electropolish and then care-

fully positioned in the tensile grips of the apparatus.

The bar was strained 0.55 percent and then examined

metallographically to record the strain markings, i.e.

fhe slip and twin traces. The bar was then placed back in

the apparatus and strained enough to bring the total strain

co 1.4 percent. Again the strain markings were observed

metallographically and the traces and general features

recorded. The sample was then stralned to a total of 2.2

percent and examined. Thils procedure continued to a total

strain of 10.7 percent, with intermediate inspections at

3.7 percent and 6.3 percent.



i.

The five crystals deformed in this manner were pre-

pared from crystal bar zirconium and were made by holding

at 840° C as described above under Preparation of Crystal

Bar Samples. The orientations of the five crystals

described above are glven in Figure 12 together wlth the

srientations of the other crystals tested.

b) Stress Measured

Four additlonal crystals were deformed in tension

mder conditions of known stress, buf unknown strain.

These samples were held in grips as shown in Figure 4, and

leformed by the actlon of known loads.

The four crystals deformed in this manner were in two

bars, each bar containing two crystals. These crystals

are B-23%a, B-23b, B-24a, and B-24b, and their orientations

are given in Figure 12.

Samples deformed by thls method were observed wlth sa

microscope while the force was steadlly increased. The

load was added by allowing water to flow into the load-

rarrving container.

A microscope was used to observe the first visible

evidences of slip or twinning. The load corresponding to

these first deformation markings was taken, and the sample

axamined metallographically to obtaln the active planes.

The samples were then replaced and the deformation con-

Cinued untll new markings were observed. These were

determined as they appeared, and the loads to produce them

vere noted. The maximum load applied to these crystals was
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about ten times that to produce the initial deformation

markings.

2. Deformation of Samples iu Compression

Five single crystals were made and tested in compres-

sion. These samples were tested in compression apparatus

shown in detail in Figure 5, Figure 6, Figure 7, and

Figure 8. The apparatus 1s described in the section on

Apparatus for Deformation of Samples. These flve crystals

are B-21, B-22, B-32, B-51, and B-52, and their orientations

are glven in Pigure 12. A photograph of these five crystals

Ls glven in Figure 15.

Figure 15: Photograph of five compres-
sion samples after testing.
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Each of the samples was placed between the compres-

sion platens and loaded to produce deformation markings.

The samples were observed with a microscope so that the

First visible traces of slip or twinning might be noted.

The loads applied to glve these traces were recorded,

and the samples carefully removed and examined in a metal-

lographe. The angles that the traces made with the reference

adges were measured and the twin or slip planes obtalned as

ziven below in the section on Analysis ofDeformation

Processes,

After the initial loading and examination, the compres-

sion loading was continued to produce more deformation

traces. The loads corresponding to these new traces were

measured and the traces were examined in a metallograph to

determine the active planes and the features of the deforma-

~ion produced. The progressive loading followed by metallo-

rraphle examination was continued to loads about three times

that required for the 1lnitlal visible deformation.

C. Analysis of Deformation Processes

l. Analysis of Slip

Slip was observed in all fourteen crystals tested,

and in every case 1t was found to occur on {1010} planes.

The analysis of the slip elements, the plane of slip and

che direction of slip, may be done in several ways. Those

used in this work are discussed in the following section.



3) Determination of Slip Plane

" Determination of Slip Plane by Two Trace

Method
l

Srystals of various orientations (see Figure 12) were

pulled or compressed to produce deformation traces. These

traces very often were produced on two adjacent faces and

intersected at the common edge. An example of this 1s

siven in Figure 16 for {1122} twinning. If traces on two

adjacent faces may be paired without ambiguity, the active

plane may be uniquely determined, as the two traces define

2 plane in the crystal lattice.

The angles that these traces make with the common

reference edge are easily obtained using a metallograph

ith a revolving circular stage and an eyepiece with a

reference line in it. With the equlvment used it was

possible to determine these angles to a maximum accuracy

of three minutes of arc. As an additional check, a goniometer

attachment was used in one of the eyepleces of the metallo-

graph. This goniometer read the angles to an accuracy of

about fifteen minutes of arc.

The deformation traces were examined at various magni-

fications ranging from twenty dlameters to five hundred.

Metallographlce examinatlon was done in bright field as well

as with polarized light.

If one has traces on two adjacent surfaces paired with

one another, and desires the crystallograrhic indices of

the active plane, one makes use of a Laue photograph of the

2rystal and the application of stereogravhic projection.
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Face I

* Edge

Face II

Figure 16: Traces of

on two adjacent faces

175x, polarized

{1122} twins
of a sample.

liesht.
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This method 1s fully described in Chapter II of Barrett

(1952)

The Laue photograph 1s first plotted on : 1» stereo-

graphic projection of the crystal with the aid of a

areninger chart and a "»7°f net. The angle between the

slip trace and the common edge 1s plotted on this same

stereogram for each of two intersecting slip traces on

two adjacent faces. The plane of the two traces 1s then

jefined and 1ts pole easily obtained.

This method is illustrated in Figure 17, parts (A)

and (BR). The diagram in Figure 17(i represents a crystal

that has £1 °=»ad (or twinned) producing traces on surfaces

I and IT

the referen

x with ©

I and 7

rr  -.

“rejection of this crystal is

made as 3 TY po one may obtaln the pole of the

1agram surface I was made the plane

was plotted on this dlagram as a

creat circle at an angle &amp; from surface I. The reference

active plane. T

&gt;f projection. Surf:

edge NS 1s common to both surfaces and is so given 1n the

projection. The angles al and a2 were plotted 1In the pro-

jection on the planes of surface I and surface II as points

X and ¥. These angles represent two lines of the active

plane, and the plane 1s found by rotating a Wulff net about

he projection to obtain the great circle containing both X
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Fig. 17. (a) Crystal with slip or twin traces

on two adjacent faces.

(8) Stereographic solution for pole of

active plane. Projection plane is plane of

surface I.
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and Y. The active plane is this great circle, given as

£Y7. Thc pole of this plane 1s found at point P and the

activ Tane 13 then defined-

Tane photograph of the crystal, sultably plotted

on this same stereographic projection, would permit deter-

mination of the crystallographic indices of the actlve

plane.

5 Determination of Slip Plane by Single
Trace Methods To

The yee aingl~ surface trace to determine an

active deformat?t~ » Tans *s not so definitive as the use

of two traces. [f sine? ftr--

possible positions fr-

This locus is the equaft ~~

th ¢~1¢ ef the actlve plane.

"pret olives of the stereo-

oraphic projection ther th £
,

- cuestlon 1s the

projectic» rlane and th~ pole~ cof the Wnlff net are

rotated sc that on pele lies at the angle alpha from the

reference line. The notation used here is consistent

with that used in the section above, and reference 1s

again made to Flgure 17

The locus described above 1s given graphically in

Figure 17. In this figure the great circle DOE is the

locus of poles of all planes Intersecting surfaceIto

zive traces at an angle xT from the reference line NS in

rhe sense drawn in Figure 17.

IT one plots a Laue photograph of the deformed crystal

n this same stereogravhic projection, one may determine



those crystallographic poles lying on the great clrcle

DOE. By repeated experiments, or by crystallographic

reasoning one may then selest the active crystallographic

plane.

If many different crystals are to be analyzed by a

single trace method, it is often best to refer all the

crystals to a standard projection. The great clrcles glven

by the loci of possible active poles are also plotted on

this standard projection. The loecl will then intersect at

the pole of the active plane, thus giving a definitive

solution from the active plane (Cahn, 1951, p. 9).

In thls work very few single trace determinations were

made, and those planes so found were all confirmed by the

two trace method. The slip planes found by these methods

vere {1010}, the prism planes of type I.

b) Determination of Slip Direction

Po completely define the slip systems of a metal one

needs to specify both the slip planes and the directions

of slip in these planes. Generally, the plane of slip is

the crystallographic plane of densest atomic packing, and

the direction 1s almost always the crystallographic dlrec-

ion of densest atomic packing (Schmid and Boas, 1935,

p. 86, and Barrett, 1952, p. 338). The slip plane of

zlrconlium, {1010}, is not the densest packed plane, but

the slip direction, &lt; 1120) , is in the direction of

iensest packing.
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There are several methods cf determining the slip

direction by the use of X=rays (Maddin and Chen, 1954,

OD o 68-72, and Hall, 1954, p. 35). However, the method

used in this work was a modification of one described by

Cahn employing microscopic examlnation of a deformed

crystal (Cahn, 1951, pp. 20-21). The slip direction was

found by making use of the fact that a crystal that has

andergone slip shows no steps on a surface containing the

slip direction. Thus on five of the crystals having a

slip direction lying approximately in a surface, 1t was

possible to establish the slip direction. The slip mark-

Ings on the surfaces contalning the slip direction were

quite faint and difficult to see, whereas the slip traces

on the adjacent faces were prominent and easily seen. In

all five cases the direction was determined as &lt;1120&gt;

which 1s consistent with the statement that the direction

of closest packing is the slip direction. The direction

of slip was determined by the use of stereographlc projec-

tions of the crystals. It was possible to determine how

nearly parallel the &lt;1120&gt; direction was to the surface

showlng falnt markings by the use of the stereographic

projections. In all the crystals in which the slip direc-

tlon was reported. the {11200 direction was within fifteen

degrees of being parallel to the surface, and in several

cases 1t was within two degrees. The

{1120&gt; was determined to be the sliv direction are B-21,

. five crystals in which
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B-22 ’ B- 32, B-51 9 and B-52 °

2) Determination of Critical Resolved Shear

Stress ‘or Slip

The critic? ~~ -1lwed shear stress for slip is

jefined as that shear stress, resolved in the plane of

slip and in the direction of slip, required to initiate

slip. Experiments have been performed on many metals to

find this quantity, and it has been found to be a

sonstant for each metal. If does depend, however, on the

condition of the crystals and on thelr purity. In metals

containing more than one slip system the critical resolved

shear stress may vary from slip system to sllp system, but

lt 1s a constant within each system. More information

concerning the general factors of this topic may be

obtained from Barrett (1952) and from Schmid and Boas

(1935).

Very often the critical resolved shear stress 1s

computed from data obtained from a stress-strain curve of

2. single crystal deformed in tension. This curve shows a

marked change in sloveat the initiation of slip, and by

suitable extrapolation a value for the axlal stress at

which slip first started may be obtained. This information,

In conjunction with knowledge of the crystal orientation.

is enough to allow computation of the critical resolved

shear stress.

The crystals of zlrconlum used in this work were not

chought to be long enough to employ the above method



20

satisfactorily. Instead, the method outlined below was

ised

As the crystals of zirconium were too short to make

reliable tensile tests, 1t was declded to compress single

crystals for measurement of critical resolved shear stress.

The principle of the measurement of the critical resolved

shear stress was to obtaln the axlal force required to

Initiate visible slip. This axial force was resolved to

give the shear stress in the plane of slip and in the

direction of slip. This shear stress was taken to be the

critical resolved shear stress. In some systems this 1s

not a good method because slip occurs before the first slip

traces become visible; however, in systems where the slip

traces are well defined and rapidly lncrease in density

vith increasing deformation, this system 1s llkely to be

applicable (Orowan, personal communication, 1954). The

slip traces in zirconium do increase in density rapidly

wlth increasing deformation and the traces are qulte

prominent, as may be seen in the series of photographs of

Figure 18. The relative constancy of the resolved shear

stress as determined by thls method with four crystals tends

to strengthen the assumption of the valldity of the method,

The actual testing of the single crystals was done in

the compression apparatus previously discussed in the

Description ofApparatusandMaterials,andplcturedin

Figures 5, 6, 7, and 8. A microscope was used to examine
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(A)

'B)
-

.3

Figure 18: Slip in zirconium crystal
at various gross strains.

(A) 0.55 percent (B) 1.4 percent
(c) 2.2 percent. 160x.
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the surfaces of the samples for the first visible traces

of slip while the load was belng applied. The loading

vas often interrupted to allow a static examinatlon of all

the sides of the compression sample. Loading was contin-

sed until evidence of slip was first observed. and the

load was then determined and recorded. The samples were

removed from the apparatus and examined I!  : metallograph

for analysis of the slion plane. The samp?~s were then

replaced in the compression apparatus and loading contin-

sed untill a new active plane was ohserve? and then the

sample was agaln removed and examined met-1lographlically.

The cross-sectional areas c¢© the speclmens were

obtained in several wavs.

measurement of the trons» ~imensions with a micrometer,

coupled with knowledge 7 77

On the compression samnle: an ontical comparator was used

to obtain images of the end:« ¢~ th. avneclimens. and the

average area for each sample wan ©

the two ends. The area was found ci som

cinedral angles between faces.

dren + the mean area of

~ samnles by meas-

uring the mass ¢© the sample and its length. and using this

data with the tabulated densitv of zirconium (Russell, 1954

p. 1047) to compute an average area. These methods all

checked with one another to approximately one half percent

of the mean cross-sectional area.

Some of the compression samples were oriented so that

-wins were produced soon after visible slip. These samples
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were used for measurements of twin indices. The samples

used for measurement of the critical resolved shear stress

for slin ~T A] showed traces cf onlv one set of

paralls™ “Tine

these sampl-

* the initial stazer oF slin. Use of

 fcvrt is” the complications of cross slip and

prior twinnine °° computation of the critiecal resolved

shear stress. Th ritical resolved shear stress observed

Nas about Lovo 5
“mm in compression on the slip system of

che tv
tw -

N15 vip =
i

“ata cn the critical resolved shear

stress was

taining two urs

‘htained in tension. A single sample con-

4

crainc (B-23%a and B-2%b), each about

three-elghths cf"on ine! long. wer milled in tension. The

~fteturel in Figure U4, Theocrips and loading was =

critical resolved shear stress observed was about O.l4

Kg/mm® in tension on the slip system of the type (1010)

1210].

[tT is to be noted that there is a difference between

che values of critical resolved shear stress for slip as

reported in tension and compression samples. It 1s

probable that the values obtained in compression represent

the more accurate data, for there 1s greater possibility

of extraneous stresses in the tenslle tests. Such

extraneous stress concentrations may arlse at grain

coundaries, or ln bending moments from imperfectly aligned

-ensile grips. This second possibility 1s given some



credulity by the fact that the initial slip traces ln both

crystals in the tenslle bar were found to be located off

Yo one slde of the sample.

The slip traces in the compression samples appeared

50 be homogeneously spaced along the length of the sample,

indicating that no major stress concentrations were present

in the crystal. It 1s belleved, therefore, that the values

Por the critical resolved shear stress for slip obtained

Prom the results of the compression tests are more reliable

-han those from tenslon tests.

2. Analysis of the Crystallography of Twinning

a) Description of the Twinning Process

In the close-packed hexagonal metals twinning is an

important mode of deformation. In zirconium this importance

is magnified because there are more twin systems operative

than in most of the other close-packed hexagonal metals.

Pherefore, a brief summary of the crystallography of the

twinning process 1s given 1n the following pages.

The mineralogist Dana (1922, p. 160) has defined a

-winned lattice as one in which, "One or more parts,

regularly arranged, are in reverse position with respect

to the other part or parts." This means that the twinned

and untwinned portions of a lattice are mirror reflections

of one another in a specific plane. This plane is called

~he twin plane, or the composition plane. Figure 19 (A)

shows dlagrammatlically the results of a simple twinning

process in a two dimensional lattice.
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Fig. 19. (a)Illustration of formation of twin in

a two dimensional lattice by uniform shear.

(8) Relationship of twinning geometry
(Hall, 1954).
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The indices of twinning are given in Figure 19(B).

This figure represents a hypothetical single crystal

originally in the shape of a sphere. The upper half of

this sphere was then twinned wlth respect to the lower

half. For the purposes of definition this twin may be

sonsidered to be the product of : homogeneous, or uniform.

shear. The twinned portion of the solid figure is a part

of an ellipsoid and has the same volume as 1f had prior

to twinning. In PFlgure the commosition. or twin,

plane is given as 7 an’ t: direction of shear in this

plane 1s n.° K 1s &amp;n undistorted plane in the shear

process. A second undistorted nlane ta given by the

intersection of the surface of the

ning, and the surface of the sphe~

“anid after twin-

twinning. This

plane is denoted as K* and is the tri nr? vosition of the

plane K_. The direction 2a in the rlane

as the intersection of K, and the "plane

Y

ls formed by n and the normal to K,. The shear, 5, may

oe glven by the expression

g = 7~ cot 2°

vhere 2¢ is the acute angle between X. and K_,

A combination of several of the parameters described

above 1s necessary for the complete definition of the

crystallography of a twin. Verv often only K, is found,

ut 1t 13 necessary to obtain enough of the other indices

to make the geometry of Flgure 19 determinate, to completely

define the twin.
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Homogeneous shear on an atomic scale for the twin

Formation was assumed for purposes of definition;

however, in the general case twinning of a lattice does

not occur by this process. The end result of twinning

ylelds a gross or macroscopic geometry that may be

described by a homogeneous shear, but the detalled move-

nent of the atoms in the twinned portion of the lattice

in most cases does not appear to be a homogeneous shear.

The macroscopic shear seems to be related to the shear of

a certain group of space lattice points within the crystal.

These speciflc space lattice points within themselves

undergo what appears to be a uniform shear, and they are

defined by the following conditions (modified from Hall,

1954, p. 48).

1) IfAandRaretwo space lattice points, which

after the uniform twinning shear are mutual

reflections in the composition plane, then

before twinning the line Jolning them must be

parallel to 72:

2) The line AB 1s bisected

plane

7 che composition

The atoms that have not participated in the uniform

shear movement must, presumably, move in such a fashion

0 end up with the lattice restored in the twinned portion

of the crystal after twinning. This may involve movements

of atoms In directions other than P., and even in planes
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ther than K

Twins are often classified by the relationships of

£ 7 Kas ol Twins of the first type are those

having rational indices for K, and &gt; and irrational

indices for Ky and Ry: This type 1s the most general in

minerals. Type II twins have rational indices for XK, and

B15 and XK, and no are irrational. Reciprocal twins are a

pair of ing tn a lattice, one of which is a type I twin

having values of K. and n- which are the same as KX, and Rn.

of the second twin, which is type II. Twins ——— in

2rystals of high lattice symmetry often have all four

Indices rational and are termed "rational twins" or

"compound twins." Most of the twins occurring in metals

are rabtlonal twins

&gt;

“termination of Twinning Tndices

The compe tion nlen- " the easlest twiln

varameter to ohtain. a! ’ ‘ss most often found by

Ehe two surface methc? Y Cm surface method described

 I’Slip Plane. Other

f o54) and Cahn (1954).

in the section c¢ NA -—a— ~

methods are dlgeir=:

The other parameters of twinning found in this work

vere obtained from optical goniometric measurements of the

deformation produced in the surfaces of samples that had

been twlnned. A description of these various methods of

analysis follows. Some of these glve the shear and 9.

and some give additional indices: however, speclflcation



of K,, Ry» and S completely defines the twin system.

A method of using metallographic measurements of the

iistortion of the crvstal surface to determine the twin

indices is also dlscussed. This method served as an

independent check on the goniometric data.

Figure 20 and Figure 21 show the parameters used in

two methods of vector analysis devised to obtain the twin

indices an” shear associated with twinning. Figure 20 (A)

27 + drawing of a twinned crystal, and

 2 ncrmal projections of the crystal

a

Figure

Faces
oY
“i " and IT were sheared in twinning

TTa. The trace of Ia on I makesto form the si

an angle ol 1

by the vector Tn: similar situation on face II gives the

vector B. The sheared surface Ia makes an angle gt with

face T=. an” © makes an angle a with II.

The nrojections of the crystal faces I and II glven in

Figure 20(B) and (C) give the vectors A and B correctly;

however, they glve projections of the true angle between the

original edge and the sheared edge. These projected angles

are glven as ol and oll, A photograph of the face of a

crystal containing a twin which sheared the reference edge

ig given for illustration in Figure 22.

Figure 21 is a diagram of the geometry of the twinning

shear. The plane of the dlagram is the plane defined by the

shear direction, 7. and the normal to the composition

sylane. The portion abcd of the crystal has twinned to
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Fig.20. Perspective of a twinned crystal (A)

and normal projections of two of the twin-

ned faces. (B) and (C).



Fig.2l. Diagram of geometry associated

with twinning shear.



Figure 22: Photograph of twins Inter-

secting the reference edge of a crystal

to produce a sheared edge. Twins are

{1122} twins. 200x, polarized light

pecome abfe. The llne bd 1s the projection of the refer-

ence edge on this plane before twinning, and the line bf

1s the projectlon of this same edge after twinning. Thus.

the shear associated with twinning may be obtained by

dividing the shear distance df, by mn, the normal distance

from df to the twin interface, ab.

The first method of vector analysis to find the shear

of twinning utilizes measurements of I $I, «1, and a

as given in Figure 20. From these measurements and a

knowledge of the crystal orientation, one may obtain the

win indices, K,» 7.5 Ks» Ds the shear, and the shear



angle, 90° - 24. This method of analysis 1s outlined

below along with a second method which uses measurements

of ol, etl, «t, and «TT as show 7

1) Vector Anal-r aces from

Measurements ¢

he \ Define vectorially t"

ITa, by thelr normals

x I, Ia, II, and

II, and IIa,

respectively, which are vectors of arbltrary

length (see Figure 20). It is to be noted that

surfaces I and II are not necessarily perpendic-

lar to one another.

B) IxIT = Ry3; I, x II, =R'
= ps 0 —a Ta

where Ry = a vector in direction of original
— reference edge

R' = g vector 1ln direction of sheared

reference edge

L

(C) Obtain the normal to the twin plane from the

relation

AxB="¥
A = g vector of arbitrary length in

- direction of twin trace in I

(defined by measurement of «I)

ra

B = a vector of arbitrary length in

— direction of twin trace in Il
(defined by measurement of «11)

N = a vector in direction normal to

— twln plane



(D) Consider the twin formed, with its parallel

faces shearing the reference edge Ry" to a new

position. © Let vector Ro, (which is parallel

to Ro") be what was the positlon of the original

reference edge between the parallel faces of the

twin. Let R be the vector that 1s generated

when Ro 1s sheared to 1ts new position. (R is

in the direction of R'). Thus the magnitudes of

Ro and R are not arbltrary.

Thus W., the direction of shear, 1s glven by the

relation

7, = R = Ro R

and the shear may be defined by

Nhere
~

ow

ES yi,

R | cos €

‘ehenr

!

\

€ == anels hatween R, and N; hence

a

'E} The relatiocil belie may be obtained by

* ecgual to thesetting the projection

projection of R, on w,

was formed from RA bv a gimnle shear process.

i» true because R

Thus one may obtain the following relationship

For R



R -

= N (a! =)

SAR]FA (CAR)
Ei (R . WN)

(5

Nherr

(F) One may then combine equations (3) (4) and (5)

 rf re\
Rt

and obtain §S and pn . .

[R'.N)_  _
2 as R' - R,'

AR'.N)

BY COS €

BN 7. _ |= - R)|

R,| cos € EN cos €

-—y

R ' R
| 7 | /

Inasmuch as each vector occurring in the numerator

&gt;f (6) occurs also in the denominator, the final

expression for shear 1s independent of the magni

tudes chosen for the direction vectors R.', R

and No Since Ry» R', and N are obtained from

= 3, al, and Tl the shear 1s obtained from

these primary measurements.

(H) From the parameters 8S, ®., and the knowledge of K;

(obtained from step (C)), one may deduce all the

other twin indices.

2) Vector Analwats ~° in Indices from Measure-

ments of 6%

In principle this method is the same as the method

outlined above, The difference between the two methods

1s that in thls case one uses ol and olf to determine the
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vector R', the sheared edge, whereas in the above method

one uses - TX, A photograph of a twinned sample

from which measurements of of and, ott were taken is shown

in Figure 22.

Since ©T is the ang. formed by the reference edge,

Ros and the projection of r

situation holds for oll on sur‘e~ TT

information to formulate the vect:

by noting that one mav obtain tt =n~*7?coordinates for

R' from each value ¢' ¢ ~~~ ' / malkine the common

coordinates equal, the thre

R' are obtained. Having found F

on surface IT and a similar

~~ one has enough

This may be seen

method given above in the analysis from measurements of

yt and

3) Stereographic Analysis of TwinIndicesfrom
Measurementof¥'  ~% ~~ ait

The followlng method of stereographic analysis of the

twin indices from measurements of eI, st, «Tl, and «IT was

obtained from work done by Greninger (1949, pp. 596-597)

and by Hall (1954, pp. 54-55). The stereographic solution

for the twin indices is given ln Figure 23. In this figure.

the plane of projectlon is the twin or composition plane.

Phe other indices are noted on the dlagram.

The steps in the stereographic solution are as

Follows:
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 specimen
axis.
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An)

pole of plane
of shear —

pole of surface I,
/

ole of «&gt; i

surface i xe”
. 0

Jpole ol
surface

-

oole of

surface II

Fig.23. (a) Twinned crystal with sheared surfaces.

(8) Stereographic analysis of twinning indices.
K, is plane of projection.



1) Plot the poles of I, Ia, II, and IIa on a stereo-

gram of the crystal, using surface I as the

projection plane.

2) Rotate the projection to make the twin plane, K

the plane of projection.

3) On the projection given in step (2) plot the

surfaces I, Ia, II, and IIa as great circles,

This stage is shown in Flgure 23,

I and IX intersect at Rg, glven as a

Ta and IIa intersect at R', glven as b

Figure 23%.

in Flgure 23.

in

The line connecting a and b in the stereogram

lies on a great circle and goes in the direction

of shear, 7.

1) To evaluate 2¢, the Wulff net 1s rotated on the

projection until the shear direction,

with the equator of the net, and then Il

are found by using the requirement that FK

R., colncides

an

and hd4
4

nust be at equal angles from the normal t+ XK .

Since XK= and K_,' intersect I, Ia, II, and TTa, the

requlrement may be made that points ¢ and d must

be equal angles from the projection normal, and the

same must be true for e and f. 2¢ is then given as

the angle between K, and K,.

(5) The remaining twin parameters may easily be

obtained from those derived In the above analysis.



4) Gonlometric Measurement of ¥* and ¥TIT

The angle between the surface of the untwinned portion

of the crystal and the twinned portion of the crystal was

measured on several faces of each crystal. These angles

are the angles $1 and or given in Figure 20, and a

description of the method of measuring them is given below,

The samples were mounted in a goniometer and positioned

so that an incident beam of light was reflected from the

sample surface into the low-power microscope. The plane

defined by the incident light beam and the reflected beam

vas made perpendicular to the twin trace on the surface of

the sample. The angles vt and were then found, on

thelr respective surfaces, by rotating the sample about an

axls through the twin trace until one had obtalned a

reflection of the light beam into the microscope by both

che surface of the untwinned portion, and the twinned

sortion, of the crystal. The difference in angle of the

cecurrence of these two reflections gave directly the angle

petween the two surfaces.

One must take care to keep the light beam well

collimated and falrly fine. The source should also be far

onough away so that the change in position of the sample as

1t 1s rotated does not affect the geometry by an appreciable

amount .

The method described above is an excellent method for

che measurement of y I and a so long as the width of the

sheared surface, Ia, formed by the twin 1s large with



y =

respect to the wavelength of the light used. As the

width of the sheared surface approaches the wavelength of

light, one obtains a diffracted beam that diffracts

through a larger and larger angle.

The angle defined by the first minima of the dif-

fFracted beam from a twin trace is glven by the expression:

9 = 2 sin* A (Born, 1951, pp. 76=79)

there © = angle of divergence of diffracted beam

A = wavelength of incident light

 Nn ~ Width of reflecting surface

This effect can become quite Important as the twins

become thinner. It was thls effect that limited the pre-

cision of the determination of the shear in the {1121}

twin system.

[ff one assumes a wavelength of about 5000 angstroms,

and widths of the various twin systems corresponding to

widths calculated from the photomicrographs of Figure 24,

one obtains the approximate values of © shown in Table V.

Table V: Widths, and calculated values

of the angle of divergence, of twin

planes of zirconium.

'win Plane

{1012}

{1122}

{1121}

Width of Trace Angle of DLvergence(microns) 6 (degrees

Ll
po

L2 3

~



ere

(A) (B)

(C)

figure 24: Typical appearance of twins

in zirconium. (A) {1012}, (B) {i122},

(c) {1121}. 300x, polarized light.
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The goniometric measurements were satisfactory for

the {1012} twins and the {1122} twins because the divergent

beam was narrow enough to select a reasonable intensity

maximum. However, the angle of divergence was too great

on the {1121} twins to obtain good measurements, and

because of this, the shear measurement and the determina-

tion of the other 1lndices of twinning are relatively

uncertain for this twin type. Uncertainty in measurement

of very narrow twins has also been experienced by Cahn

(1951) and Paxton (195%).

¢) Discussion of the Application of the Methods
Determination of Twin Indices

Three methods ¢Z analysis of twin indices were

presented in Determination of Twin Indices. Two of these

methods were vrct &gt;» methods of similar derivation, but

using different data. and one method was a stereographic

nethod. One vector analvsis method and the stereographic

analysis method utilize the same measurements of ¥I, yt

«T, and » (shown “1 Figure 20). The stereographic

method is nerhans 1.  nrecise than the vector method, but

it is often quicker and easier. The stereographlic method

also has the advantage cf allowing one to see the crystal-

lographlc nelghborhood of the derived indices, and thus

obtain a better overall view of the twinning process.

This virtue alsc allows the smoothing of slightly faulty

data. If the initial measurements are sufflclently accurate,

however. the vector method will give the values of shear
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and 29 to greater accuracy than does the stereographic

method.

The second vector method, which uses measurements cf

of, of, x, and «'* (shown in Figure 20, is useful in

several resmects. I! °. ~ use first as an independent

check on the other two methods because it ii based on

measurements of different angles. Thls method may also be

of use on crystals which do not lend themselves to the

neasurement ¢~ and ii, Thls may occur if many differ-

ant twins are formed, making the surface a poor reflector.

Another advantage of thls method 1s that all the angles

nsed in 1t may be found using onlv sz metallograph wlth a

revolving stage. The measurement ¢ end yv11 in the

ther methods requires carefu’. determination on an optilcal

conlometer or simllar instrument.
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JI. Results and Dlscussion of Results

Fourteen zlrconium crystals, selected on the basis

of size and quality were deformed: nine in tension, and

five in compression. From the deformation of these

crystals, information on the deformation processes cf

zirconium was obtained. A sterecgram showing the orien-

cation of the axes of the crystals used is given in

Figure 12. Table VI, Table VII, and Table VIII summarize

the experimental data on the slip systems and twin

systems observed in these crystals of zirconium.

A. Slip and Twinning Systems

The planes found to be active as twinning planes in

cach of the crystals tested are shown in Table VI. A

summary of the data concerning slip in the crystals tested

is given ln Table VII. The critical resolved shear

stresses for slip, glven in Table VII, were obtained on

crystals which had slip occurring as the only visible

deformation mode in the 1lnitial stages of plastic deforma-

“201

A summary of experimentally determined twin indices

is given in Table VIII. Indices of {1012}and {1122} twins

have been determined by vector analysis from both

conlometric data and metallographle data, and also by

stereographlic analysis using goniometric data. The twln

Indices found by these methods checked with one another,

and the shears found experimentally agree to less than

three degrees with the calculated shears obtained using
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Table VI: Active twinning planes in
zirconium crystals deformed in tension

and compression at room temperature.

magnitude ou Observed Twin Planes

Direction cf Max. Gross K_ Values
Crystal Stress Strain = % L

hi.I———

A=211 tension

A-21b

A-2lc

A-21d

A-2le

tension

tension

tension

tension

B-"" compression

R-C rompression

B-272a

B-23b

B-24a

B-2Uh

tenslon

tenslon

tension

tension

B- compression

B-" compression

B-52 compression

1)

‘0

10

10

&lt; 0.1

&lt; 0.1

&lt;0.1

&lt; 0.1

&lt;0.1

&lt; 0.1

&lt;0,

&lt; 0.07

&lt; 0.05

{ro12? Mazi} {1123}

(1012; {11217 {1122} {1123}

fio12} {1121} {1122} ==

1012} {1121} {1123}

{1012} {1121}

{1121}

{Lao

L

_-



Table VII: Summary of slip deformation on crystals of zirconlum

tested in tension and compression at room temperature.

Length Raw Direction Slip Slip poonear Stress
Crystal Inches Material of Stress Plane Direction Direction and Pare

(Xg/mm2)

A-21la

A-21b

A-21c

A-21d

A-21le

B-21

B-22

B-23%a

B-23b

B-2ha

B-24°
3-~

B-E2

B~-5..

x ©

AY
~~

"7 erystal bar

crystal bar

crystal bar

crystal bar

crystal bar

arc-melted

arc-melted

arc-melted

arc-melted

arc-melted

arc-melted

arc-melted

arc-melted

arc~-melted

tension

tension

tension

tension

tension

compression

compression

tension

tension

Cension

tension

compression

compression

compression

 010

ada Ll

f101CT

{1010} (

{1010} (2)
flo10} “12°

Loic” rua”
fLo1

flor ()
ors {° (v)

for (2) (b)

Loic 1120 &gt; (v)

flo1o} &lt;1120&gt; 0.61 + 0.05

{1010} &lt;1120&gt; 0.62 + 0.05
all

a! probably &lt;1120&gt; , but not determined

b) not determined
of grain did not extend completely around sample

J



Fable VIII: Summary of twin indices of twinned zirconium crystals

deformed in tenslon and compression at room temperature.

Twin Indices®
Calculated Shear Parameter:

for Glven XK, 7 Xo
90%-2¢

Experimental
Shear Parameters

3 90° -2¢
Crystal

K
2

(1012) [To11] (1012) [1011

Ty
scamer———

B-24a 0.167 J.80 a) 0.190 5,50
b) 0.210 6 ©

c) 0.154 LL uo

B30 (1122) [1123] (112) [224% N.225 6,00 a, 0.246

r.252

245
( 228

280

oO

7420
7 O

 oO

0.5,
-

~A

-

-

B-21 (1121) (£) (f) (£)

(1121) (rf) (£) (rf)

3)\ + (£) eg) 0.35 (g) 10 ©

R.22 (.;° (£) (2) 0.35 (g) 10 ©

La
b

See Flgure 19 for nomenclature of indlces

Shear found on stereogram, from ¥1 and vil (see Figure 20)
Shear found by vector analysis from ©+_and 6Il (see Figure 20)
Shear found by vector analysis, from 1 ang yII (see Figure 20)

Shear analysis for second set of planes in sample B-32, from stereogram, using ¥I ang v1]

Shear analysls for second set of planes in sample B-32, vector anajysis using ¥I and ¥
Not definitive because shear measurement inaccurate since ¥I and &amp; only approximate
Approximate values because small size of twin caused uncertainty in yi and y

a

e

2)

oo



the known crystal geometry and the experimentally

obtalned values 2, and 7 .

Although measurements were atbempbed to determine

the twin indices of f1121} twinning, the data obtained was

not reliable. These twins were so thin that the beam of

light incident on thelr surface traces was diffracted over

3 large angle (see Table V). Because c® this diffraction

effect, only an anoroximate value for the twinning shear

of {1121} twins wa: obtained.

Figure 25 1s :

{1012} twinning. Iu thi: ¢* ~ram. part (A) shows the twin

plane, (1012), and t “ear (1210), in a hex-

agonal cell. Part

plane of shear

lattice point

of motion is ghownm hr

space lattice nositions (oven circles). to the final

twinned positions (rf21l1ed circles). The twin indices are

drawn in the diagram so that the twin 1s completely

escribed.

The projection of the uniform shear component of

{1122} twinning is given in Figure 26. The projection

olane of this diagram is (1100) and again the initial and

final positions of the space lattice points in the uniform

shear are denoted by open and closed circles respectively.

In this case it 1s to be noted that not all the space

lattice positions on the projection can undergo homogene-

nis shear. The anace lattice positions that do take part
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plane of shears (i210) K,=(1072)

r
af

(A)

trace of k, = (1012

=~ Rov

trace of kp =(1012)

m, = [tot]

-

40)

 Cc
o
a

O
wn

— O

y LO

basal plane in matrix

O = untwinned space lattice point positions

® = twinned space lattice point positions from homogeneous shear

(B)

Fig.25. (A) (1072) twin and (i210) shear plane in the hexa-

gonal cell.

(8) Diagram of crystallography of homogeneous
shear component of (i012) twinning in zirconium. Pro-
jection plane is (1210).
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K, = (1122)

lane of shear=(1100)

(A)

basal plane in matriy t ‘race of «k, =(1122), 7 = (1T23]
“ CN

x

T})

race of ko = (1123)

mM, = [2243]

Jntwinned space lattice point positions.

Twinned space lattice point positions from

homogeneous Shear. o)

Fig. 26. (A) (122) twin and (1100) shear plane in the

hexagonal cell.

(8) Diagram of crystallography of homo-

geneous shear component of (1122) twinning in

zirconium. Projection plane is (1100).
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in the homogeneous shear deliniate a cell that is a

multiple of the unit cell in the hexagonal close-packed

structure. Thus, presumably, only a fraction of the space

lattice points take part in the uniform shear dilsplace-

ment.

One of the important features ¢° twinning with

respect to the mechanical working of metals 1s that 1t re-

orients a portion of a crystal so that further deformation

by slip might 'oce: “arret~ “77” n. 378). Thus, a

knowledge of thy

respect to the

tion studiles

the angl« het

crystal an’

The twili

that th +

plane -

twlers +

»

&amp;

¢

4» os -

Since tlw

twlnh planes am

4- 2

vf? the untwinned part of the

© th twinned part of the crystal.

Shh qgls between these two axes requires

en Pg wn WB

TNT &gt; NTN «™ cn another» in the twin

~e The ov between the two ¢ axes is

hatween the exl: £7 the twin plane.

tetween the axls and the poles of the

mown. the angles between the two ¢ axes

are readlly calculated. Thls Information is tabulated in

Table TX for the twins of zirconium.
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Table IX: Angles between¢axls of
untwlnned portion of zirconium

srystal and ¢ axis of twin

for various twins,

ngie Between g hxas angle Between c¢ Axisand Pole of in of Untwinned and

Twin Plane Plane Untwlnned Parts of

(degrees) Crystal (degrees)
J——— are— LT ta NF Tire TT —b

{1012}

f11213

{1122}

f1123}

h2.61 35.77

724%”

57.87

zh ON

£1

WG 77 86.74

B. Relationship of Twinning Shear and Twin Thickness

Figure 24 shows nhotogpran'+ -

f1122} twins. These photomie-

jiameters and were taken with nolari~ad light. The thick-

+ are all shown at 300

ness of the twinned portion of the crystal remained

roughly constant for eae familly of twins from fest to

test, and from samn’ sample. The absolute thickness,

28 calculated from th nrojected thicknesses of Figure 24.

are given in Table I. along with the value of shear for

sach twin famllve

able X: Twin thickness and twinning
shear for {1012}, {1121}, and {1122}

twins in zirconiume

Twin
Twinning Shear Twin Thickness

)) (microns)

fio12,

f1122%

1121"
(2) approximate value

0.167

De225

De 35 (2)

31

10
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It may be seen from the data in Table X that as the

magnitude of the twinning shear increases, the thickness

of the twin decreases. Cahn (1951, pp. 30-32) has

reported thls observation and has offered several possible

sxplanations for it.

One tentative explanation that may be put forth here

is based on the premise that the layers of atoms in twins

of higher shear have greater barrier energies to overcome

in going to twin positions than do layers of atoms in

twins of lower shear. It would be expected that atoms

which move closer to thelr neighbors in a shear movement

would have a higher barrier energy than atoms that do not

pass so closely to thelr neighbors. This 1s consistent

with the observation that the larger the shear, the closer

the shearing atoms have to pass each other; 1.e. the

interatomic distances in the structure momentarily attained

vhen the shear is half completed, are reduced wlth respect

to the normal values, and that fractional reduction 1s the

oreater, the greater the shear (Cahn, 1951, p. 32).

One may postulate that the energy reservoir for twin-

ning, 'l.e. the elastic energy within the crystal, 1s roughly

the same for all the twin families. It would then be

expected that layer after layer of atoms would shear, draw-

ing energy from thls reservoir, and the process would stop

yhen the energy level of the reservoir dropped to the level

nf the barrier energve. Thus more lavers would shear in
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twins of low barrier energy than in twins of high barrler

energy. Since twins of low barrier energy are presumably

twins of low shear. one may expect these to be thicker

than twins of high shear.

 + Kinking

Kinking was observed near the grain boundaries of

some of the grains pulled in tension to a strain of 10.7

percent. Kinking was also seen in samples that had been

deformed by bending; however, no kinking was observed on

the tension or compression samples that were only slightly

deformed.

Ds Notes on Twin Formation

The twins in these experiments were zll formed under

stress; that 1s they are all mechanical twins. Subsequent

annealing of twinned crystals did not seem to promote

rrowth of twins; in fact, twins subjected to annealing

seemed generally to be consumed. No annealing twins were

observed in zirconium. Some twins were produced by

abrasion on emery paper, but no analysis was made to

determine the famllles of these twins.

The twins formed under stress always ylelded a "cry"

or "click" during their formation, and these twins always

vere formed after an interruption in the loading. This

interruption came about when the loading was stopped for

inspection of the specimen surfaces for deformation traces.

Jery often, twinning would occur immediately upon

resumption of loading.
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The broader twins, fio12} and {1122}, often had small

flaws in thelr sides. Photomicrographs of twins showing

some of these flaws may be seen in Pigure 24. These two

twin families also seemed to have more of a tendency to

end in the volume of a crystal than did the other twins.
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VII. Conclusions

l. After removal of hydrogen, zirconium single crystals

can be produced by one of two techniques. One 1s to heat

the samples in vacuo for eight to ten days at 840° ¢; the

other 1s to cycle the samples in vacuo several times between

four hours at 1200° C and five to ten days at 840° C.

2. Slip has been observed at room temperature only on

the system (1010) [1210], in crystals of relatively high

purity. The critical resolved shear stress for {1010} slip

1s about 0.65 Kg/mm2 for single crystals tested in compres-

sion, the lowest value observed being 0.61 Kg/mm®. No

basal slip has been observed in any of the crystals tested,

the crystals tested representing a falrly complete

~overage of orientations.

3, Deformation twins having composition planes of

(10123, {1121}, {1122}, and {1123} are observed in zirconium

crystals tested at room temperature. Complete specification

&gt;f twin parameters is given for 1012} and f1122} twins and

an approximate shear magnitude has been obtained for

{1121} twins.

\ The shear values of §1012%, {1122}, and {1121}

-wing are found to increase in the above order, whereas

-he absolute thickness of the twinned layer decreases in

the above order.
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He Two methods of finding the twin indices by vector

analysis have been developed, and thelr application

discussed. The two methods utilize independent observa-

tions and may yield greater accuracy than 1s obtained by

stereographic analysis.

Se I design for apparatus to perform guanftitotive

compression testing on single crystals has been

presented.



VIII. Suggestions for Further Work

The following are some suggestions for further work

in the studv cf the deformation of zirconium:

. Ao 3naatication into the slin processes of

zirconium cmt -i-7 interstitial impurities, to deter-

mine the possibls occurrence of such additional slip

planes an 42011 an® (0001). This study might also

include the determination of the variations of critical

resolved shear stress with temperature.

&gt;. An investigation into the inverse relation

between the macroscopic twinning shear of the various

twins and the thickness of the twinned layer. A study

~f the variation of twin occurrence and twin thickness

vith temperature might be included.

3, Determination of the remaining twin indices of

che £1121} and {1123} twin planes.

Ll, Develovment of a method for producing larger

single crystals of alpha zirconium.
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