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1. INTRODUCTION

The purpose of this investigation is to produce high purity

beryllium and to study its deformation and fracture characteristics.

2. ZONE REFINING

2.1 Zone Melting

During the past quarter, the zone melting of another one inch

diameter SR grade Pechiney beryllium (vacuum cast and extruded) bar was

completed. This bar, the third one inch diameter bar of this particular

grade starting material, was subjected to a total of ten zone passes at

a rate of one half inch per hour.

Four zone passes at this same rate were also made through a

one quarter inch diameter SR grade Pechiney (vacuum cast and extruded)

bar.

A second 5 w/o Cu-Be alloy bar was made by melting the appropriate

amount of high purity copper wire (wound on the surface of the beryllium

bar) into a seven pass SR grade Pechiney (hot extruded flake) bar. This

bar was previously seeded to orient the c-axis of the crystal 90' to the

bar axis. An additional zone pass was made after the melt-in to attempt

to zone level the copper concentration along the length of the bar.

2.2 Automating Device

Some effort has been devoted recently to the development of

a scheme for automating the floating zone melting process. This has

been done in order to decrease the tediousness and the expense associated

with this operation, which at present requires constant visual observation

and manual power control. It is also hoped that by automating the

process an improvement can be made in the effectiveness of the zone

purification. The latter effect can be achieved if fluctuations in the

zone interface motion can be minimized through improved control of the

length of the molten zone.

-1-
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The first step in automating the floating zone melting process

is the development of a means for accurately sensing the length of the

molten zone. Since the zone interface itself is in many cases very

r,1"Pf"i,'11+ + n ,rl+ý,,-+ ' br' r 1,) rr +Iih 1,- 1 ,' .nh nc n n or"fr+,'r l 1 ',q i•-

maintaining a constant temperature at some point within the molten zone.

Presumably this could be done by means of a sufficiently sensitive

optical pyrometer device. In the zone melting apparatus of the type used

for the highly reactive metals, however, it is quite difficult to sight

directly at the molten zone. The reason for this is that considerable

vapor deposition occurs on the glass protection tube in the vicinity of

the molten zone. An alternative approach then, is to control the length

of the molten zone by holding constant the temperature of the bar at

some fixed position a short distance below the induction coil. While

this technique eliminates the need for sighting through a region of

vapor deposition, the optical sensing device employed must now be

sufficiently sensitive to minimize any delay in its response to changes

in temperature of the molten zone.

It has been demonstrated recently in our laboratories that a

device using a CdSe photoconductive cell does have sufficient sensitivity

for this purpose. By placing the photoconductive cell in one leg of a

standard DC bridge circuit, any changes in the amount of light falling

on the cell are reflected in the output potential of the bridge circuit.

This potential can be readily monitored by standard potentiometric or

galvanometric instruments. The photoconducting cell is mounted in an

opaque bakelite collimating tube which can be positioned to sight on the

bar being zone melted, at some fixed position below the induction coil.

By maintaining a constant temperature at this point, the location of

the zone interface is fixed with respect to the induction coil and the

length of the molten zone will remain constant.

-2-
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It is understood, of course, that this relation between the

molten interface and the control position will be affected by changes

in heat flow conditions. These changes will occur at the ends of the

oar ana in _ 1-i±•gL... . .

Both the latter effects, however,, are relatively long range in nature

because of the slow travel rates used for zone melting. As a result,

these changes can be compensated for by making gradual adjustments in

the temperature of the control position. It is of significance, however,

that all present tests indicate that the sensing device is far superior

to visual control in reducing the more undesirable short range fluctuations

of zorp length. The ease of operation has also been greatly increased

by permitting the operator to observe changes on a greatly expanded

scale on an indicating meter rather than by intently studying the molten

zone itself.

At the present time, several schemes are being considered for

utilizing the output of the DC bridge circuit as a direct feed-back

control for the output of the induction unit. This, of course, is the

next step in achieving full or at least semi-automation of the floating

melting process. The progress of this next phase of development will

be reported in subsequent reports.

3. SINGLE CRYSTAL STUDIES

A room temperature tensile test was performed on a single

crystal tensile specimen (CuBe-2-1) from the 5 w/o Cu-Be alloy. The

test was performed to determine the critical resolved shear stress for

prism slip in this alloy. The specimen was prepared by a combination

of electre-spark discharge and electro-chemical machining. The c-axis

of the crystal was within 1° of being perpendicular to the tensile axis.

The results of the test are as follows:

-3-
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Crystal CuBe-2-1

CRSS (lO1O) 11,300 PSI X0 310
. u, leau-L u,10l 0/0 -- 0

Shear Strain 72.5%

Resolved shear stress at 24,500 PSI
fracture (lOO)

The crystal deformed entirely by duplex glide and exhibited

a knife edge fracture.

The increase in the critical resolved shear stress for prism

glide resulting from the addition of 5 w/o copper, is much less marked

than the corresponding increase observed for basal glide; (from 9000 psi

to 11,300 psi for prism glide; from 400 psi to 7800 psi for basal glide) ()

These present results further emphasize the relative insensitivity of

prism glide to impurity content.

4. POLYCRYSTALLINE STUDIES

This section describes the swaging of beryllium at five

different temperatures, from 4250C to 2500C. In all cases, the starting

material was a cylindrical single crystal, one quarter inch in diameter,

one and one eighth inch long. These crystals were sectioned from a one

inch diameter, eleven pass SR Pechiney bar (1" SR-1). The crystals were

all encased in Armco iron jackets and reduced - 10% per pass to a final

reduction of about 90%, following the hot swaging technique previously

described(1).

The annealing procedure was different in some instances. S-5,

swaged at 425 0 C, was annealed three times at 8000C after the second,

fourth and sixth passes. S-6, S-7, and S-8 were annealed three times

at 6500C in the same sequence described for S-5. S-9 was annealed once

at 8000C after the fourth pass. Each of the crystals received a total of

16 to 18 passes. The as-swaged structure of S-5, Figures 1 and 2 appears to

-4-
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be that of a large grained, polycrystalline aggregate. The grain

boundaries are wavy and indistinct. The grains themselves are only

moderately twinned, consVidring that 70-80% reductions followed the

last anneal. An i -eresting aspect to this particular bar is that the

longitudinr.i section differs only slightly from the transverse section.

The lack of grain elongation and the moderate twin density indicate

that, during the swaging operation, some form of recrystallizaticn has

occurred at temperatures well below that at which recrystallization

would occur statically.

Some annealing experiments were performed on the as-swaged

bar. The annealing was performed in vacuum at pressures _ 10-6 mm Hg.

Figure 3 is the longitudinal section of a specimen annealed for 30

minutes at a temperature uf 500"C. The main difference between this

structure and the as-swaged structure is the absence of twins. The

grain boundaries are still wavy and the grain size not markedly changed.

When annealed at 400C for 30 minutes, the structure appeared nearly

identical to that of the as-swaged condition.

Figure 4 is a micrograph of a specimen annealed for 15 minutes

at 750°C. The grains are now distinct, the grain boundaries straight.

This specimen has all the aspects of a completely recrystallized structure.

It should be noted, however, that throughout this annealing series there

was no definite evidence of nucleation. initially, the twins annealed

out of the structure, followed, at the higher temperatures, by grain

boundary migration.

The bar designated S-6 was swaged at 375°C to attempt to

refine the as-swaged structure, so that after annealing a fine grained

structure could be produced. Figure 5 is a micrograph of the transversc

section of S-6. The structure is a refined version of that found in

S-5. Figure 6 is a micrograph of the longitudinal section, It appears

to have a larger grain size than the transverse section. Annealing

-6-
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experiments performed on this bar also proved disappointing, so that no

micrographs are shown.

Bend tests at room temperature were made on the S-6 wire in

the as-swaged condition and after annealing at 750' for 1> minutes.

The as-swaged wire was quite brittle. The annealed wire underwent only

slight bending prior to fracture.

S-7 was swaged at 300'C. The structure of the transverse

section is seen in Figure 7. This micrograph reveals areas of very

fine grained structure and areas of larger grains containing twins.

The longitudinal section, Figure 8, shows some stringiness but maintains

the general appearance of the transverse section. This micrograph is

evidence that there is perhaps an additional stage of recrystallization

taking place during swaging, producing extremely small and apparently

untwinned grains.

Annealing experiments performed on S-7 showed promising results.

Figure 9 is a micrograph of a longitudinal section of S-7 annealed at

700'C for 20 minutes. This structure has the appearance of a well

annealed polycrystalline aggregate, although it does appear that the

grains are strung out along the swaging direction.

The results on S-8 and S-9 may be considered together. S-8

was swaged at 250 0 C, and S-9 at 275°C. Both specimens were cracked

longitudinally. Figure 10 is a micrograph of the transverse section

of S-8. The structure is completely fine grained and untwinned.

Figure 11 is a micrograph of the longitudinal section of S-8. There is

some stringiness along the swaging direction, but the grains are small.

Figure 12 is a transverse micrograph of S-9. The 25°C

elevation of the swaging temperature is evidenced in the isolated areas

of coarser, twinned grains.

-9-
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In all cases investigated here, at swaging temperatures from

425°C to 250°C, it appears that at least one form of dynamic recrystallization

is occurring, during which some twins are eliminated and new grains are

formed. Decreasing the temperature uecreau un: uqu-±,L±u±i-wL .. c.-±L

size" and the length and number of twins, until finally an extremely

small grain size results with an absence of twins. Unfortunately, at

the swaging temperature at which this fine grain size could be produced,

the specimens cracked longitudinally.

At present, work is being done to ascertain at what stage of

the swaging process the cracking originates. By learning this, it may

then be possible to alter the swaging process so as to produce a fine

grain size without longitudinal cracking. At the same time, an effort

will be made to follow systematically this apparent dynamic recrystallization

at various stages of the swaging operation.
C,

5. ELECTRON TRANSMISSION MICROSCOPY

During the quarter covered by this report, the study of dis-

locations in foils cut from bulk specimens deformed in tension continued.

Particular attention was paid to the examination of foils prepared from

the beryllium copper alloys described in another section of this report.

The techniques used for cutting, shaping and thinning pure beryllium

proved for the most part to be applicable to the beryllium copper alloys.

Difficulty was encountered in the final stages of electropolishing.

The electrolyte used for pure beryllium, containing 90 parts phosphoric

acid, 30 parts sulphuric acid, 30 parts ethanol and 30 parts glycerine,

produced a reddish brown film on the specimen at low current densities.

Optically bright surfaces were obtained by critically adjusting the

current density while observing the surfaces. Examination of the foils

in the electron microscope revealed that the surface was considerably

rougher than those obtained for pure beryllium and the dislocation

- 13 -
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contrasts were frequently obscured. The best polish was obtained by

frequently changing the polishing bath.

Prplimninnarv observations were conducted on a beryllium

copper single crystal which had been deformed for prism slip. The

1120 surface was parallel to the plane of the foil and the [0001]

was normal to the tensile axis. The extinction contours were found to

lie in bands parallel to the [00011 direction and perpendicular to

the growth axis (also tension axis), as shown in Figure 13. This

suggested that the surface was corrugated as a result of preferential

attack of the surface during electro-polishing. Such segregation of

solute during the solidification of crystals grown from the melt are

known to occur as a result of constitutional super-cooling or as a

result of fluctuations in the growth conditions during zone refining.

Additional observations of other alloyed crystals will be required

before any conclusions may be drawn about the segregation of copper in

beryllium.

The dislocations in Figure 13 for the alloyed crystal have

many similarities to the dislocations observed for pure beryllium

deformed for prism glide. Dislocations appear to have been impeded at

tiny dislocation loops, as reported for pure beryllium. Further studies

of the alloy crystals are anticipated. One is interested to compare

the dislocations in the alloy crystals with those observed in the

pure beryllium crystal. It is important to determine whether the

stacking fault energy of the alloyed crystals is lowered sufficiently

to reveal extended nodes, pile up of dislocations on the basal plane

and the elimination of cross slip from the basal to prism plane.

In addition to this work on foils the examination of slip

lines using replicating techniques is anticipated. Preliminary work to

develop techniques for replicating slip lines has started. The techniques

being tried are due to Bradley2 and Fourie.

- 14 -
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A'

FIG. /3 ELECrRON TRANSMISSION MICROGRAPH OF B#Cu ALLOY CRYS-A.L
DEFORMED FOR PRISM SLIP. MA G. 21, OOOX
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6. SE:F-DIFFUSION IN BERYIIIUM

6.1 Self-4bsorption of Beryllium y-Radiation

In order to use either the residual activity method or the

surface counting method to determine the concentration profile of a'

radioactive diffusing tracer; a detailed knowledge of the radiation

absorption coefficient of the p6rticular diffusion system is necessary.

Although measurements of y-ray absorption coefficients of rany

combinations of elements have been made in the past, no value of the
7self-absorption coefficient of the y-radiation of Be can be found in

the literature. It is the purpose of this part of the present

investigation to measure the self-absorption coefficient of beryllium

y-radiation. According to the existing theory of Y-ray absorption, a

theoretical Value for beryllium self-absorption is also calculated.

6.1.2 Review of Previous Investigations

The interaction of y-rayS with matter has been studied very

extensively during the past two decades. Theories for different types

of y-ray interaction with matter have been developed. Davisson and

Evans4 ' 5 have made comprehensive investigations of this subject. They

measured the absorption of *'-rays in AlI CU, Sn, Ta and Pb by .using

the y-emissions of 1131, Cu64, Mn5, Co60, Zn65, and Na 24. They have

also made a detailed study of the theories of the absorption processes

for the y-rays of energy ranging from 0.1 mev to 6.0 mev. In general,

three types of interaction of y-rays with matter are considered to

occur. They are. 1) the photoelectric effect, in which a photon gives

all its energy to a botnd electron; which uses part of the energy to

overcome its binding to the atom and takes the rest as its kinetic,.

energy upoh emission, 2) the Compton effect, in which a photon is.,

scattered by an electron of the atom, the photon going off in a different

-16
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direction with decreased' energy and the electron recoiling with the

remaining energy; 3) pair production, in. which a photon in the field

of the nucleus produces an electron-position pair,. whose total energy

is equal to the energy of photon.

The three processes act independently of each other. Each of

these is responsible for a certain, portion of the intensity change

occurring when y-radiation, passes through an absorber. Let AIp, LIe

and AIe represent the components of the intensity change due to

photoelectric, Compton effect and electron-position pair production,

respectively, and T, a and K be their corresponding absorption coefficients.

The ratio of the intensity change to incident radiation is found to be

proportional to the small thickness A X of the absorber as:

&I /I = -Tt (1)

•Ac/i -ca (2)

Aee/I = -Kx (3.)

The s-m of the fractions may be expressed as

= - (+ +K )AX (4)
I

0

or AI/I° -PX (5)

where p is defined as total linear absorption coefficient. If j is a

constant, the integration of Equation 5 yields:

= exp(-.X) (6)
I

0

Equation 6 gives the intensity of radiation, I, after a
beam of initial intensity, Io, has transversed the thickness, X, of a

particular material. It is the basic equation by which the absorption

coefficient p is experimentally determined.

"- 17 -
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6.1.3 Fxperimental Procedure and Results

Radioactive beryllium (Be 7 ) was obtained from Nuclear Science

and Engineering Corporation where it was prepared by cyclotron activation

than 99%, Be7 has a 0,48 mev y-emission with a half life of about
753 days and a soft x-ray emiss4on of 52 ev. The source of Be for

this measurement was prepared by deposition a small amount of BeC1 on
2

to the surface of a piece of metal. This thin point source was

immediately covered by a piece of transparent scotch tape in order to

hold the source on the surface of the metal,

The absorbers were cut from an extruded, SR grade, Pechiney

beryllium bar, The density of the bery!!ium bar was found to be

1.85 gr/cm3 . Wafers of different thickness, from 0.02"1 to 0.25" were

prepared with parallel surfaces.

.18-
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A 27-geometry scintillation counter was used to measure the

radioactivity of the source. A collimator was made of a-brass which

also serves as the absorber holder. The source was placed about 6 centi-

meters away from the counter. The geometry of the counter system is

qThcnum ir 'F m 1)

RADIOACTIVE SOURCE

VX Rx - a-BRASS ABSORBER HOLDERVX
DXX

VXDxx I cm--• x

2c 2m LEAD COLLIMATOR
SV>(

V 4'., w--LEAD SHIELD

m I AN SCINTILLATION COUNTER

,',.4. SCHEMATIC PLAN VIEW OF y-RAD/AT/ON COUNTING APPARATUS

In Figure 15, the logarithim of the radioactivity measured

after passing through absorbers was plotted against the thickness of

the absorbers. The value of the total linear absorption coefficient,

I determined from the slope of the plot is 0.11 cm .

6.1.4 Discussion

As mentioned previously, three mechanisms can participate in

the y-ray absorption process depending on the energy of the \y-emission.

Therefore, the absorption coefficients of the three processes are

expected to vary with the energy of the emission and the atomic number

of the absorber. In order to determine the dominant process in the

- 19 -
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X EXPERIMENTAL

8-

A SLOPE =0.11

6 
______

X X
""----X--'.'-.- E -'-X-------- - -X

B SLOPE =0. 14

I-
u)3

I-I

2
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FIG. 15. PLOT OF INTENSITY vs. THICKNESS OF ABSORBER IN COMPARISON WITH THEORY
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absorption of y-rays by Be, the measured value of p will be compared

to theoretical estimates of the contributions due to each process.

Tt is known that the rest mass energy of an electron-position

pair is about 1.02 mev. In order to produce such a pair of particles,

each photon of the y-radiation must give up 1.02 mev of its energy or

more during its interaction with the absorber. Since the y-emission

of Be7 has a kinetic energy of about 0.48 mev, the pair production

process should not appear in the self-absorption system of beryllium.

Hulme, McDougall, Buckingham and Fowler6 have carried out

an exact calculation of the photoelectric absorption coefficient for

the energy range from 0.35 mev to 2 mev and the atomic number of the

absorberŽ ranging from 0 to 38. According to their calculations, the

photoelectric self-absorption coefficient of beryllium can be evaluated

as:

S= 2.5 x 10-3-2 PA NZ5  (7)A

-where p is the density of the beryllium absorber; n, the energy ratio

of a photoelectron of the rest mass of the y-radiation; N, Avogadro's

number, Z, the atomic number, and A, the atomic weight of beryllium.

T is calculated as 3.2 x 10-6 cm-I, which is negligibly small in

comparison with the experimental total absorption coefficient.

After eliminating the pair production and the photoelectron

effect mechanisms for the particular absorption system, the dominating

cause of the absorption must be the Compton effect.

Klein and Nishina7 have carried out a quantum mechanical

treatment on the subject of y-ray energy scattering. In a given

direction, they have obtained the equation

=4 I + cos2 e + (± (I - cos 9)2 (8)
0 2 m2C4r2 [i + a (1-cos 9)] 3  1 lose ) Ll+a (1-cos J

- 21 -
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where I1 is the intensity of the incident beam y-ray; I, the intensity

of the scattered beam at the angle e; r, the distance from the scattering

electron of charge, e and mass, m, and a. = hv/mc2, the energy ratio.
TT _r _ 8 _- . ... _ 5

equation for the calculation of the total cross section of the absorption

coefficient a due to the Compton effect. Using linear dimensions, the

equation can be expressed as:

2 + F(i+ a) 1 I i +3aa =2r 2 L[ - l l(n (1 + 2a) - 1 2+ )

Where r = e2/mc2 is a constant which has a value of about 1.99 x 10-13;

p, N, Z and A are as defined in Equation 7, and a = hv/mc2 is the energy

ratio. Carrying out the calculation for beryllium self-absorption,
-1

one obtains a value for p -which is 0.14 cm

The "best" straight line drawn through the experimental points
-1

as shown in Figure 15 gives a value of p. equal to .11 cm . Line B

corresponds to the theoretical value (.14 cm), calculated above. The

causes of the deviation at large values of X are currently being

investigated.

Marvin Herman, Manager
Metallurgical Laboratory

Approved by 2
H. G. F. Wilsdorf
Technical Director
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